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The hollow [PdLI[BAr], complex 1 of a tetra-pyridyl (py) ligand (L)
has a [Pd(py)4]?* coordination environment. Addition of coordinat-
ing anions resulted in the formation of a neutral species with
Pd(py).(anion), coordination environment (12%). These species bind
further to the coordinating anions in the order Cl” > N3~ > Br™ >
I~ > AcO~ with K,1'! < 414 M, With relatively non-coordinating
anions 1 remains intact and displays 1:2 binding behaviour domi-
nated by the 1:1 stoichiometry in the order NOs~ (~10° M™% »
ClO,~ and BF,~ (~10% M™Y). As evidenced by crystal structure data,
DFT calculations and {*H-'°F}-HOESY NMR with BF,", the anions
are bound by charge assisted [C—H]*---anion interactions.

Anion recognition chemistry has potential applications in the
biochemical domain, medicine, and catalysis, and anion bin-
ders can be used to detect/extract anionic pollutants from waste
streams." Conceptual strategies to achieve selective anion
recognition are plentiful’ and historically have revolved around
the use of metal bonding,> hydrogen bonding interactions,® or
a combination thereof." In recent years it has become clear that
other types of interactions such as anion-rn interactions,’
halogen bonds® and other c-hole interactions” can be used
to interact with anions. It has even been reported that the
weakly polarized hydrogen atoms of C-H bonds can act as
hydrogen bond donors for anions, especially when several such
interactions work in concert.® Unsurprisingly, employment of
electron withdrawing groups such as a somewhat distant positive
charge can reinforce these otherwise weak C-H---anion
interactions.®” Molecular frameworks that preorganize hydrogen
bond donors are typically flexible or more rigid podand-like
architectures,®** or macrocyclic designs.**! Discrete coordina-
tion compounds where the metal acts as organizing entity (e.g.
large molecular knots and links,"” and pyridyl complexes'®) have
also been explored for their solution phase anion recognition
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potential. One interesting class of compounds in this regard are
the so-called ‘M,L, cages’ where ‘M’ is a transition metal ion and
‘L’ is a ditopic ligand."® When M is a square-planar metal such as
Pd>* or P*" and the ligand is a dipyridyl ligand of appropriate
size, the resulting M,L, coordination cage can bear a hollow
interior suitable for hosting other molecules.’*** Examples of
guests include anti-cancer drugs,'® carbohydrates,'® and anions."”
Interestingly, anion binding with Pd,L, complexes can be facili-
tated by (charge assisted) C-H- - -anion interactions,"’* and M,L,
complexes have been reported as selective binders for nitrate'”” or
perchlorate. 17174

We recently reported on the new type of hollow molecule 1
shown in Fig. 1a for the purpose of binding carbohydrates."®
This hybrid-design of the type ‘PdL’ combines design principles
from M,L, coordination cages with those of potent covalent
macrocyclic receptors.'® A particularly attractive feature of the
design represented by 1 is that the formation of a hollow
molecule is nearly stoichiometric as opposed to the often low-
yielding macrocyclizations needed to make covalent macro-
cycles. Indeed, the addition of Pd(BAr*),'*” to the parent ligand
gives 1 in a stoichiometric fashion based on NMR analysis.

It was observed that when 1 binds to monosaccharides, the
polarized C-H bonds of the coordinated pyridyl ligands are

‘intenio@view

{OPAVIEW

Fig.1 (a) Coordination compound 1 studied in this work for anion
recognition. R = —(CH>),-p-Ph-C(para-t-Bu-Ph)s solubility handle and
the counter anions are tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
(BArf);*® (b) perspective views of the molecular electrostatic potential
map of a fragment of 1 calculated at the DFT/wB97X-D/6-31G* level of
theory. The fragment was derived from an energy minimized structure of 1
and for clarity the ‘bottom’ biphenyl with four methylamides are omitted.
The colour scale ranges from 41-167 kcal mol™.
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typically involved in a (charge assisted) [C-H]"---O hydrogen
bonding interaction. This made us wonder about the anion
binding properties of 1 and the possible role of charge-assisted
[C-H]"- - -anion interactions.

Particularly as the inwards facing C-H fragments are very
polarized due to the dicationic nature of the [Pd(py)s]”" complex
that gives structure to the cavity. As is shown in Fig. 1b, an
electrostatic potential map of a fragment of 1 indicates that the
positive potential on these C-H fragments (+150 kecal mol™")
is similar to that on the adjacent amidic N-H protons
(+167 kcal mol™).

Binding of 1 to anions was studied by monitoring the
"H-NMR resonances of 1 as a function of increasing concen-
tration of the "N(n-Bu), salts listed in Table 1.

As is shown in Fig. 2a, addition of one equivalent of C1~ led
to the disappearance of resonances that belong to the 1 with
the proportional appearance of an unsymmetrical species. This
is particularly evident for the resonances belonging to the
inwards pointing s3-NH (10.5 ppm) and C-H p2 (9.5 ppm).
Both resonances are replaced by two sets of four resonances in
the region 10.7-10.5 and 9.2-9.8 ppm respectively (highlighted
with red lines). Addition of more Cl~ caused the gradual
disappearance of these eight resonances with the concomitant
emergence of two sets of new resonances around 10.5 ppm in a
~1:1.5 molar ratio. These resonances shifted about 0.4 ppm
downfield upon addition of more Cl~ salt, and the shifts could
be fitted to a 1:1 binding model with K, = 414 M™~" as listed in
entry 1 of Table 1 (see also Fig. S1, ESIT). These observations are
consistent with pyridyl ligand (py) displacement by one anion
(forming [Pd(py)s(anion)]*, 1*) followed by a second (forming
[Pd(py),(anion),], 1*4). Given that for the species 1*4, two sets of
signals were observed, it is likely that these originate from
cis- and trans-isomers. A similar phenomenon has been
observed before with Pd,L, cages, but leading exclusively to
trans-coordinated neutral rings.?® Species like 1** were also
obtained in the titrations with Br—, I, N5, and AcO~ with
accompanying affinities given in entries 2-5 of Table 1. These
affinities are ordered CI~ > N3~ > Br~ > I" > AcO~, which is
likely a reflection of the relative ‘hardness’" of these anions.

The titrations of 1 with salts of the relatively non-
coordinating NO;,**> ClO, , BF,  and PF, anions did not
result in the formation of new species. Instead, as is illustrated

Table 1 Overview of binding studies performed between 1 and *N(n-Bu),
salts in CD,Cl, with 5% DMSO-dg

I(al 01 Kal 12

K.(M™") Goodnessof (M) (M™') Goodness of
Entry An.  for 1** fit (%) for 1 fit (%)
1 Cl™ 414 0.9979 —
2 Br~ 169 0.9982 —
3 I 74 0.9942 —
4 N;~ 193 0.9887 —
5 AcO™ 15 0.9777 —
6 NO; — 91.960 2.484 0.9976
7 clo,” — 6.102 33 0.9941
8 BF, — 4.141 24 0.9965
9  PFy, — —
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for nitrate in Fig. 2b, only peak shifting occurred. Notably, the
resonance of the inwards pointing pyridinic C-H p2 around
9.5 ppm shifted upfield to about 9.1 ppm after addition of
about one equivalent of nitrate. Addition of more nitrate caused
the resonance to shift an additional ~0.1 ppm. Contrariwise,
the major shift of the outwards pointing pyridinic C-H p3 was
observed after adding one equivalent of nitrate, and occurred in
a downfield direction. The upfield shift of p2 can be seen as
atypical'>*? and likely originates from displacement of interior
bound DMSO, and/or a conformational change of the pyridyl
rings upon binding of the nitrate (p5 also shifted significantly).

These shifts are highly indicative of a 1:2 host (1) to guest
(nitrate) binding stoichiometry with very strong 1:1 binding to
the interior of 1 (p2 shifts first) and weaker exterior 1:2 binding
(p3 shifts later). The shifts of s3-NH, p2, p3, p5, b2 and s4 were
used simultaneously for curve-fitting analysis with HypNMR,??
as is detailed in Fig. S6 (ESIt). As anticipated, straightforward
fitting to a 1:1 binding model of 1 vs nitrate was not possible.
Unexpectedly, assuming a 1:2 model did not give an accurate
fit (r* = 0.9328). As is shown in Fig. 2c, also incorporating 2:1
binding resulted in an excellent fit to give K,>*' = 36 M,
K, =91.960 M and K,'*?> = 2.484 M~ " (r* = 0.9976 over
168 data points). Presumably, nitrate anions can act as a bridge
between two molecules of 1 by binding to the exterior of the
cage. Such a 2:1 species would be present only in the very
beginning of the titration, when 1 is in excess.

In the titrations with ClO,” and BF, significant shifting of
resonances was also observed (Fig. S7 and S8, ESIf). The
resulting peak shifts could be fitted accurately to a 1:2 binding
model without incorporation of the small 2: 1 binding constant
that was necessary in the case of nitrate. The resulting binding
constants are listed in Table 1 and are about two orders of
magnitude less than observed for nitrate. The weaker binding
can rationalize why the 2:1 stoichiometry did not have to be
incorporated in the fit for ClIO,” and BF, . For NO;™, ClO,~
and BF, the 1:1 stoichiometry was significantly larger than
1:2 binding (entries 6-8 in Table 1). The 1:1 stoichiometry
likely signifies binding of nitrate with the interior of 1 (i.e.: p2 is
shifting while p3 is stationary), followed by 1:2 binding to the
exterior of 1 (i.e.: p2 is stationary while p3 is shifting). Addi-
tional evidence for this dual binding mode was obtained in the
form of a {'H-""F}-HOESY NMR spectrum of a sample of 1 with
BF,  (Fig. S10, ESIt). Clear intermolecular nuclear Overhauser
effect (nOe) cross peaks were observed between BF, and the
inwards pointing s3-NH, p2, and s4, as well as with the out-
wards pointing p3. In the titration with PFs~ (Table 1, entry 9)
only relatively small shifts were observed, which could not be
fitted accurately to obtain a binding constant (see Fig. S9, ESIT).
Apparent, like the BAr" anion, PF;~ does not have any specific
interactions with 1. This was confirmed by {'H-'°F}-HOESY
NMR spectroscopy of a sample of 1 containing PFs~, where no
intermolecular nOe was observed (Fig. S10, ESIY).

The binding mode of NO;, ClO,” and BF, to the interior
of 1 was modelled with density functional theory (DFT) calcula-
tions and (parts of) the resulting molecular models are shown
in Fig. 3. In all three cases, the average C-H---O/F distance
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Fig. 2 (a) Partial *H-NMR spectra of 1 titrated with Cl~ salt. The top spectrum of 1 is assigned (see inset figure for labels) and the red lines are added as a
guide to the eye. For larger scale graphic see Fig. S1 (ESIF); (b) partial 'H-NMR spectra of 1 titrated with NOs~ salt. The top spectrum of 1 is assigned (see
inset figure for labels and Fig. S6, ESI+ for larger scale graphic); (c) HypNMR fit of peak shifting involving the indicated signals of 1 during the titration with
nitrate salt. Speciation is also giving as coloured lines. Fitting to all 168 data point gave r? = 0.9976 and K,2'! = 36 M™% K,1'2 = 91.960 M~ and

K12 = 2.484 M~ Solvent = in CD,Cl, with 5% DMSO-dg (/).

$3-NH
02 NO,- ClOo, BF,-

CH--0=2.18 A CH--0=222A CH---F=2.08 A
NH---O=3.14 A NH---O=3.10 A NH---F=3.10 A

Fig. 3 Partial molecular models of 1 with internally bound NOz~, ClO4~
and BF4~ as calculated by geometry optimization at the DFT/wB97X-D/
6-31G* level of theory. The average shortest distances between the anion
(O or F) and the H-atom of p2 (CH) or s3-NH (NH) are listed and differ
about 1 A

involving pyridinic C-H p2 are about 1 A shorter than the
average N-H- - -O/F distance with the amide s3-NH. Actually, the
average C-H- - -O/F distances are about 0.4 A shorter than the
sum of the van der Waals radii for H (1.09 A) and O (1.52 A) or F
(1.47 A). The average N-H- - -O/F distances on the other hand,
are about 0.5 A longer than this benchmark.

It is thus likely that interior binding of 1 for anions is
established predominantly by charge-assisted [C-H]'- - -anion
interactions (as was also evidenced for BF,~ with HOESY NMR).
Moreover, a model of [1-PFs | shown in Fig. S11 (ESIY) reveals
that PF,~ barely fits inside 1 and likely experiences F---m

FEDYOF YUPCUK TIFXEM
ro. e
CH--0=242A CH--0=254A CH--F=241A

Fig. 4 Crystal structures of [Pd(py)s®* complexes with a nitrate
(FEDYOF),?* perchlorate (YUPCUK)?® and tetrafluoroborate (TIFXEM)2®
anion bound to the Pd-complex with [C—HI*---anion interactions very
similar to those modelled with DFT for 1 (Fig. 3).
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repulsion with the biphenyl part of 1. This may offer a rational
for the lack of binding observed with PFs .

Finally, as is detailed in Section S5 (ESIt), a survey of the
Cambridge Structure Database revealed that [C-H]'- - -anion inter-
actions involving complexes of the type [Pd(py)s*" are rather
common. The survey also indicated a clear preference of such
interactions in the order NO;~ > ClO,” ~ BF, » PFs , which is
consistent with the observed order in 1:1 binding affinities
(Table 1). Three concrete examples of crystal structures with NO; ™~
(FEDYOF),* Cl0,~ (YUPCUK),”® and BF,” (TIFXEM)*® are shown
in Fig. 4. In each case, the anion is situated very similarly as
observed in the models obtained by DFT (Fig. 3) and short
C-H: - -O/F distances are present. Interestingly, in the di-acetone
solvate complex [Pd(pyridine),][NO;][PFs] FEDYOF, the PFs~
anions are not located near Pd, which implies that [Pd(py),]**
complexes are selective for nitrate over PFs~ in the solid state.
This is consistent with the strong binding of 1 observed for NO;™
and the absence of binding for PFs~ . Moreover, the nitrate anions
act as a bridge in between [Pd(pyridine),]*" complexes to form an
infinite one dimensional chain in the crystal structure. This can
be seen as evidence for the feasibility of a 1:2 stoichiometry in
solution. The observed bridging function of nitrate also lends
further credence to the 2:1 stoichiometry that was needed to
accurately fit the titration data with NO;~ (Fig. 2c). The dual
binding mode to a [Pd(pyridine),]** complex was also observed in
TIFXEM with BF, , but the anion does not bridge two
[Pd(pyridine),J*" complexes. This is in line with the model used
to fit the titration data with BF,™ to a 1:2 model without the use
of a 2:1 stoichiometry.

In summary, Pd-complex 1 reacts with coordinating anions to
eventually form charge neutral species with a Pd(py),(anion),
coordination environment (1%4). These species bind further to the
coordinating anions in the order CI” > N3~ > Br > 1 > AcO~
with a 1:1 binding stoichiometry and affinities below 10> M.

With relatively non-coordinating anions, complex 1 remains
intact and displays clear binding in the order NO;~ (~10° M ") »
ClO,~ and BF,™ (~10° M%), while no binding was observed for
PFs . The dominant binding stoichiometry is 1:1, which is

This journal is © The Royal Society of Chemistry 2021
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likely binding to the interior of 1. For NO;, ClO,” and BF, , a
weaker 1: 2 stoichiometry was also observed, while for NO;™ an
additional and very weak 2 :1 stoichiometry had to be included
in the fit. {"H-'°F}-HOESY NMR of a sample of 1 and BF,~
confirmed the 1:2 binding mode of 1. Several crystal structures
also support such 1:2 geometries as well as the 2:1 stoichio-
metry for a nitrate anion bridging two [Pd(py),]*" complexes.
The crystal structure data, as well as DFT calculation of 1
further evidence that NO;, ClO,  and BF, anions are bound
to [Pd(py)s]”* complexes by charge assisted [C-H]"--anion
interactions. We conclude that 1 is highly selective for nitrate,
but likely too labile for actual application purposes. Adjust-
ments of the parent ligand of 1 (e.g. to a di-picolinic acid
derivative) in conjunction with the employment of octahedral
metals might result in such more stable neutral species.

BJJT conducted the experimental work and helped write the
paper. TJM wrote the paper and directed the study.
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