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Fluoride ion chelation via pnictogen bonding
using a distibora[1.1]ferrocenophane

Arunabha Thakur,*ab Brendan L. Murphy,a You Jiang,a Nattamai Bhuvanesha and
François P. Gabbaı̈ *a

As part of our interest in anion binding platforms, we now report

the synthesis and structure of a neutral distibora[1.1]ferroceno-

phane, which behaves as a bidentate Lewis acid as demonstrated

by its ability to chelate a fluoride anion. This bonding mode,

confirmed by single crystal X-ray diffraction, is associated with a

fluoride ion affinity of 346 kJ mol�1.

As part of our efforts in the chemistry of bidentate bis-antimony
Lewis acids1 for the chelation of anions via convergent pnicto-
gen bonding,2 we have investigated a family of bifunctional
systems featuring catecholatostiboranes as s-hole donors.3–5

These systems can be accessed with high fidelity through a
route involving oxidation of the corresponding distibine with an
ortho-quinone, typically 3,4,5,6-tetrachloro-1,2-benzoquinone
(o-chloranil).6 The success of this approach is illustrated by
derivatives such as A3 and B4 (Fig. 1) which were shown to
chelate the fluoride anion through the formation of an Sb-F-Sb
bridge. To further elaborate this class of compounds, we won-
dered whether our approach would also be compatible with
ferrocene as the backbone. This question was stimulated by prior
reports exploring ferrocenylboranes as anion-binding platforms7

as well as more recent reports of ferrocenylstibines in which the
ferrocene fragment survives antimony-centered oxidation by
ortho-quinones.8 Against this backdrop and with applications in
anion capture and transport as an ultimate objective,9 we have
now set our eyes on ferrocene-based distibines in view of their
conversion into the corresponding distiboranes.

Aiming for rigidity, we decided to target a distiba[1.1]ferroceno-
phane, a class of compounds that has remained unknown even
though the diphospha-10,11 and diarsa-congeners12 are prece-
dented. In this communication, we report the synthesis and
characterization of a distiba[1.1]ferrocenophane and its subse-
quent oxidation via treatment with o-chloranil. We further show
that the resulting distibora[1.1]ferrocenophane is capable of

fluoride anion chelation, which is evident by both NMR spectro-
scopy and cyclic voltammetry (CV).

To begin, 1,10-dilithioferrocene�tmeda (tmeda = N,N,N0,N0-
tetramethylethylenediamine) was reacted with one equiv. of
PhSbCl2 which, following column chromatography, afforded
the distiba[1.1]ferrocenophane 1 as a yellow-orange solid
(Fig. 2a). Compound 1 is a rare example of a ferrocenophane
which was isolated directly from the reaction mixture at room
temperature without light irradiation of its isolated
monomer.11,13 In the course of fully characterizing this com-
pound, 1H NMR spectroscopy indicated the formation of two
distinct species that are differentiated by their cyclopentadienyl
(Cp) proton resonances. As has been found for other heteroatom-
bridged ferrocenophane species,11 this suggests the formation of
syn and anti-conformations of distiba[1.1]ferrocenophane 1. This
proposal was confirmed by the crystallization and determination
of the solid-state structures of 1syn and 1anti by single-crystal X-ray
diffraction (scXRD, Fig. 2b and c) analysis, which indicated that
1anti exists as a centrosymmetrical dimer. Unfortunately, the lack
of an adequate amount of isolated pure 1anti precluded its
characterization by 1H and 13C NMR spectroscopy. Nevertheless,
examination of the solid-state structures demonstrates that the
Cp ligands in both 1syn and 1anti are oriented in a nearly eclipsed
conformation and that the two ferrocene units of each isomer

Fig. 1 Selected examples of known catecholatostiborane-based biden-
tate Lewis acids (A) and (B) as fluoride anion chelators and structure of the
fluoride complex obtained in this work.
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stand in registry with one another. The two antimony centers are
separated by 3.754(6) Å in the case of 1syn; however, the distance
between the two stibine centers for 1anti is significantly greater at
5.221(6) Å. In both cases, the antimony atom adopts a trigonal
pyramidal geometry with a slightly broader C(Cp)-Sb-C(Cp) angle
for 1anti (103.8(1)1) compared to that for 1syn (101.8(2)1). We note
that these isomers do not interconvert even upon heating a
mixture of 1syn and 1anti to 100 1C in toluene-d8 (Fig. S5), in
contrast to the phosphorus congener.11

We next attempted to access the distibora[1.1]ferrocenophane
by treating a mixture of isomers of 1 with two equiv. of o-chlor-
anil in CH2Cl2. This reaction cleanly oxidizes the stibine units to
afford compound 2 as a single product in 80% yield (Fig. 2).
scXRD analysis reveals that 2 crystallizes with two independent
centrosymmetric dimers in the asymmetric unit. Each molecule
situates its two Lewis acidic catecholatostiborane centers anti to
one another (Fig. 2). Given the steric heft of the tetrachloroca-
techolate ligand, we contend that the anti-conformation lessens
the Pauli repulsions bewteen the bulky catecholatostiboranes. In
the independent molecule depicted in Fig. 2, the antimony atoms
adopt a distorted square-pyramidal geometry (t5 = 0.06)14 with an
Sb–Sb separation of 5.113(6) Å. However, we note that both
antimony atoms in the second independent molecule adopt a
distorted trigonal-bipyramidal geometry (t5 = 0.68) with an Sb–Sb
separation of 5.368(4) Å. Finally, no evidence for isomerization
into the syn isomer was obtained, including by 1H NMR spectro-
scopy in toluene-d8 at 100 1C (Fig. S12).

With this potential bidentate Lewis acid in hand, we aimed
to investigate its fluoride ion affinity (FIA) both computation-
ally and experimentally. Addition of [nBu4N][PF6] to a CDCl3

solution of 2 did not produce any fluoride adduct, indicating

that 2 cannot abstract fluoride from the PF6
� ion (Fig. S9–S11).

However, addition of one equiv. of [nBu4N][Ph3SiF2] (TBAT) to 2
in CH2Cl2 generates the air- and moisture-stable pale-yellow
solid [nBu4N][2-m2-F] in 80% yield (Fig. 3a). 19F NMR of this
material reveals a single resonance at �32.00 ppm, which is in
the range of other fluoride-bridged bis-stiborane species.3,4

scXRD analysis confirms the chelation of the fluoride anion
between the two catecholatostiborane units (Fig. 3b), which
now adopt a syn orientation with respect to the ferrocenophane
scaffold. At this geometry, fluoride anion chelation appears
perfectly symmetrical, as indicated by equal Sb1-F1 and Sb2-F1
bonds of 2.147(9) Å, a distance that is on par with the Sb-F
separations observed in previously described fluoride com-
plexes of A and B.3,4 The resulting Sb1-F1-Sb2 angle of
147.8(4)1 is quite oblique,5 reflecting the close proximity of
the two stiborane units (Sb-Sb separation 4.125(1) Å) and the
narrow fluoride binding pocket. This is also reflected in the
computed FIA of 2 of 346 kJ mol�1 which is lower than that of other
antimony-based fluoride chelators such a A (365 kJ mol�1) and B
(395 kJ mol�1), which we calculated previously using a marginally
different level of theory.9 To assess the electronic properties of the
host at the adduct geometry, we computationally removed the
fluoride anion and evaluated the electronic structure of 2 at that
geometry. This approach reveals the presence of the antimony-
baseds* orbitals that project into the binding pocket of 2 (Fig. 3c).
Moreover, the electrostatic potential map (ESP) displays a region
of positive potential between the two Lewis acidic centers (Fig. 3d).
Both of these findings substantiate that 2 acts as a dual pnictogen
bond donor to the fluoride anion.

But unlike A and B, which have their Lewis acidic centers
rigidly predisposed to chelate fluoride, we contend that

Fig. 2 (a) Synthesis of isomers of 1 and their oxidation to 2. Solid-state structures of (b) 1syn, (c) 1anti, and (d) 2. Thermal ellipsoids are drawn at the 50%
probability level. The hydrogen atoms and interstitial solvent molecules are omitted for clarity. Only one of the two independent molecules found in the
cell is shown for 2. Selected atoms are labeled. Selected bond lengths (Å) and angles (1): 1syn: Sb1-C1 2.135(4), Sb1-C11 2.133(4), Sb2-C6 2.129(4), Sb2-
C20 2.122(5); C1-Sb1-C11 101.8(2), C6-Sb2-C20 99.5(2); 1anti: Sb1-C1 2.169(4), Sb1-C7 2.131(4), C1-Sb1-C7 95.05(1); 2 (corresponding metrical
parameters of the second independent molecule are given in brackets): Sb1-C1 2.123(3) [2.124 (3)], Sb1-O1 2.075(2) [2.031 (2)], Sb1-O2 2.054(2)
[2.104(2)], Sb1-C9 2.103(3) [2.079(3)], C9-Sb1-C1 105.2(1) [106.4(1)], O1-Sb1-O2 77.6(7) [77.8(8)].
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formation of [2-m2-F]� is templated by the fluoride anion. That
is, the fluoride likely first binds to a single antimony center in
the anti configuration of the free receptor, which subsequently
rearranges into the observed syn configuration, with the fluor-
ide anion bridging the two antimony centers. We have com-
puted a possible pathway for this process which begins with a
highly favorable binding of the fluoride anion to one of the
antimony centers of 2 (Fig. 4). Powered by the excess energy of
this fluoride-binding step, the resulting intermediate (Int-1)
proceeds over a 26.2 kcal mol�1 barrier, ultimately enabling the
required conformational change and subsequent fluoride che-
lation. This mechanistic proposal hinges on the notion that the
excess energy of the first step enables an otherwise prohibitive
barrier to be overcome at room temperature. This notion is

supported by previous mechanistic investigations where simi-
lar arguments have been convincingly advanced.15

Finally, the electrochemical behavior of 1syn, 2, and crystal-
line [nBu4N][2-m2-F] was studied by cyclic voltammetry. The
voltammogram of 1syn shows two waves of almost equal height,
separated by B0.20 V (Fig. 3e, vide supra), suggesting two
sequential one-electron oxidations of the iron centers. Interest-
ingly, compound 2 shows a perceptible shift towards anodic
potential (DE1/2

1 = 10 mV and DE1/2
2 = 60 mV), indicating that

the ferrocene centers in 2 become more electron-deficient after
oxidation of the antimony center by o-chloranil. Furthermore,
the CV of complex [2-m2-F]� shows a shift towards cathodic
potential (DE1/2

1 = 20 mV and DE1/2
2 = 30 mV) with respect to

compound 2, consistent with the chelation of an anionic guest

Fig. 3 (a) Synthesis of [nBu4N][2-m2-F]. (b) Solid-state structure of [nBu4N][2-m2-F]. Thermal ellipsoids are drawn at the 50% probability level. The
hydrogen atoms and interstitial solvent molecules are omitted for clarity. Selected atoms are labeled. Selected bond lengths (Å) and angles (1): Sb1-C1
2.100(1), Sb1-F1 2.147(9), Sb1-O1 2.089(9), Sb1-O2 2.051(1), Sb2-O3 2.078(1), Sb2-O4 2.077(9), Sb2-F1 2.147(9), Sb2-C16 2.177(1); C1-Sb1-F1 87.1(5), C16-
Sb2-F1 85.8(5), Sb1-F1-Sb2 147.8(4), O1-Sb1-O2 79.4(4), O3-Sb2-O4 78.4(4). (c) Contour plot of the LUMO of 2 at the fluoride binding geometry
(isovalue: 0.05 a.u.). (d) ESP map of [nBu4N][2-m2-F] (isovalue: 0.03 a.u., gradient scale values given in a.u.). (e) Cyclic voltammogram of compounds 1syn, 2
and [nBu4N][2-m2-F] (1.0 � 10�4 M) in CH3CN/THF (1 : 1, v/v) with [nBu4N][PF6] as the supporting electrolyte at a scan rate of 0.1 V s�1. Potentials are
referenced to Fc/Fc+.

Fig. 4 Computed mechanism leading to the formation of [2-m2-F]�. All energies, the accuracy of which is affected by the level of theory employed, are
in kcal mol�1.
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that partially screens positive charge development at the iron
centers.16

This work provides access to a heretofore unknown
distiba[1.1]ferrocenophane, which can be accessed by conventional
synthetic routes and converted into a distibora[1.1]ferrocenophanes
without involvement of the iron centers in the oxidation process. The
anti structure presented by the latter rearranges upon fluoride
binding, to position the catecholatostiborane units in a conforma-
tion compatible with the chelation of the fluoride anion via con-
vergent pnictogen bonding. The narrow spacing of the Cp ring
makes for a rather snug binding pocket, resulting in the puckering
of the Sb-F-Sb bridge.
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