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Impact of varying the phenylboronic acid position
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The selective recognition of anions in water by artificial receptors remains a significant research challenge.
The creation of a receptor selective for adenosine monophosphate (AMP) is particularly difficult due to its
similarity in structure with the more negatively charged anions, ADP and ATP. We recently developed a
macrocyclic Eu(i) complex that selectively binds AMP in water, by incorporating a sterically demanding
quinoline arm that inhibits coordination of commonly interfering anions such as ATP. A phenylboronic
acid motif was installed within the ligand to engage the ribose sugar of AMP through reversible covalent
bonds. Herein we report two new Eu(i) complexes, [Eu-oBOH,]* and [Eu-pBOH,]*, to investigate the
impact of varying the position of the phenylboronic acid group on the anion binding properties of the
Eu(m) receptors. We found that [Eu-pBOH,]* showed preferential binding to AMP over ATP, but exhibits a
lower level of discrimination between AMP and ADP compared with the isomeric complex [Eu-mBOH,]*.
Surprisingly, [Eu-oBOH,]* showed no response to anions but displayed a unique response to pH, ascribed
to the direct coordination of the ortho-boronate ester to the Eu(i) centre. Finally, we present first prin-
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Introduction

The development of molecular sensors for the selective reco-
gnition of anionic guests requires the supramolecular inter-
action of the two components that induces an optical or
electrochemical change.' For luminescent sensors, the emis-
sion produced can be through energy transfer or electron
transfer processes of purely organic molecules, or from in-
organic coordination complexes.*® The use of lanthanide
coordination complexes containing a strongly absorbing
chromophore is advantageous, due to the long luminescence
lifetimes (up to milliseconds) that allow for time-gated
measurements, and sharp line-like emission spectra that
enable ratiometric analysis.” '® Through careful design of the
organic ligand, water-soluble lanthanide complexes can be
devised that bind reversibly and selectively to anions, inducing
a fast and sensitive luminescence response.’*™”

Department of Chemistry, Loughborough University, Epinal Way, Loughborough,
LE11 3TU, UK. E-mail: s.j.butler@Iboro.ac.uk

tElectronic supplementary information (ESI) available: Synthesis, characteris-
ation and photophysical analysis of Eu(ur) complexes, spectroscopic and compu-
tational studies of host-guest complexes. See DOI: https:/doi.org/10.1039/
d2qo01067d
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plexes, aiding the design of responsive lanthanide probes with specific photophysical properties.

Adenosine monophosphate (AMP) is an important target
for detection because of its crucial roles in biological pro-
cesses, including maintaining energy homeostasis and mediat-
ing signal transduction events. However, receptors that selec-
tively bind AMP in water are rare,'®>° due to the tendency of
receptors to form stronger electrostatic interactions with sub-
strates with higher negative charges, in particular ADP and
ATP. Indeed, the majority of receptors for nucleoside phos-
phate anions display the selectivity trend ATP > ADP >
AMP?*'?* and reversing this trend is very difficult. AMP
sensing has been reported through water soluble coordination
complexes of zinc(u),>> copper()*® and europium(ur),"®*° as
well as gold(u) nanoparticles.”” In a few cases, AMP recognition
has been achieved by exploiting the structural aspects of the
organic receptors to provide highly complementary sites for
AMP binding, including strong electrostatic contacts sup-
ported by n-r interactions with the nucleobase.?®*’

We recently established a method to selectively bind and
sense AMP using a stable Eu(ur) complex based on a sterically
demanding macrocyclic ligand.”® Two complexes were syn-
thesized, [Eu-Bn]" and [Eu-mBOH,]" (Fig. 1a),>° each featuring
a bulky 8-(benzyloxy)quinoline pendant arm that coordinates
to the Eu(m) ion in a bidentate manner, creating a single
coordination site for the monodentate binding of the phos-
phate component of AMP. Crucially, oxyanions that prefer a

This journal is © the Partner Organisations 2022
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Fig. 1 Family of cationic Eu(i) complexes designed to bind AMP in water. (a) Previously reported complexes [Eu-Bn]*™ and [Eu-mBOH,]*.2° (b) New
complexes [Eu-oBOH,]|* and [Eu-pBOH,]* and (c) structures of anions investigated in this work.

chelation binding mode including ATP, bicarbonate and
lactate, do not bind to the complexes due to the steric hin-
drance imposed by the ligand. A boronic acid motif was intro-
duced at the meta-position of the phenyl ring of [Eu-mBOH,]"
to interact reversibly with the 1,2-diol moiety of the ribose
sugar. Phenylboronic acids have been utilized in a range of
receptors for sensing of saccharides with great success, due to
their ability to form reversible covalent bonds with 1,2-
diols.*>**?

Computations on lanthanide complexes are a powerful
means to obtain deeper insight into the structural arrange-
ment of the ligands, the binding modes of the guest mole-
cules, and the properties of the f-electrons. However, these
computations can be highly challenging due to the presence of
unpaired electrons as well as the importance of solvation
effects and conformational flexibility. Well-established proto-
cols for obtaining accurate structures using density functional
theory (DFT) are in use, relying on an effective core potential
for the f-electrons and implicit solvation models.>*"°
Conversely, computing anion binding energies in solution®” is
a highly challenging endeavour and is therefore not routinely
performed for lanthanide complexes. As opposed to the
described DFT simulations, in which the f-electrons are only
implicitly considered within the core potential, it would be
necessary to include them explicitly for an ab initio compu-
tation of emission spectra or magnetic properties. Indeed,
magnetic properties of lanthanide complexes have been mod-
elled successfully***° using multireference ab initio theory.*"
However, to the best of our knowledge, no first principles
simulation of lanthanide emission spectra has been reported

This journal is © the Partner Organisations 2022

so far. Emission spectra are usually computed using phenom-
enological models based on Judd-Ofelt theory.***?

Herein, we present two new cationic Eu(m) complexes,
[Eu-0BOH,]" and [Eu-pBOH,]" (Fig. 1b) bearing a boronic acid
motif at the ortho- and para-position of the phenyl ring,
respectively, allowing us to evaluate the optimal geometry for
AMP recognition in water through comparison with the pre-
viously reported meta-substituted complex [Eu-mBOH,]". The
ligand design retains sufficient host rigidity and steric hin-
drance at the metal centre to ensure monodentate binding of
AMP, whilst preventing the chelation of common oxyanion
interferents. The complexes are studied experimentally using a
combination of photophysical techniques, mass spectrometry
and NMR spectroscopy. Computations are performed to
further investigate binding geometries and energies. We
explore the possibility of computing lanthanide emission
spectra using a first principles approach.

Results and discussion
Synthesis

The synthesis of the target receptors [Eu-0BOH,]" and
[Eu-pBOH,]" (Scheme 1) was undertaken using similar
methods described for [EuBn]" and [Eu-mBOH,]".*° Full
details of the synthesis and characterisation are provided in
the ESL} The 8-(benzyloxy)quinoline pendant arm was obtained
in two steps, involving initial O-alkylation of 8-hydroxy-
quinoline-2-carbaldehyde with the appropriate regioisomer
of iodobenzyl bromide to give compounds 20 and 2p, followed

Org. Chem. Front,, 2022, 9, 5494-5504 | 5495
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Scheme 1 Synthesis of boronic acid-functionalised Eu(i) complexes [Eu-oBOH,]* and [Eu-pBOH,]".

by reduction of the aldehyde with sodium borohydride in
methanol to give the desired alcohols 30 and 3p. Subsequent
mesylation of the alcohol in dichloromethane produced the
methanesulfonate esters 40 and 4p in quantitative yields,
which were used to alkylate one of the secondary amines of
the macrocycle DO2A*" (bearing two trans-related protected
acetate arms) to give compounds 50 and 5p. The tert-butyl
ester protecting groups were removed using trifluoroacetic acid
followed by complexation with Eu(m) chloride in water (pH
7.5) affording the benzyl iodide precursor complexes [Eu-o0l]"
and [Eu-pI]’, as chloride salts. The target boronic acid-functio-
nalised complexes [Eu-0BOH,]" and [EupBOH,]" were
obtained by reacting the benzyl iodide complexes with bis
(pinacolato)diboron using Pd(dppf)Cl, in DMSO, followed by
purification by reverse-phase HPLC under basic or acid con-
ditions providing the target complexes as the chloride and
formate salts, respectively.

Photophysical properties

Photophysical data of the two new Eu(m) complexes and the
previously reported complex [Eu-mBOH,]" are given in Table 1.
The UV-Vis absorption spectra of [Euw-0BOH,]" and
[Eu-pBOH,]" display a broad band centred at 322 nm (Fig. S3}
and Table 1), very similar to [Eu-mBOH,]".

Each complex displays characteristic Eu(u) emission in the
red region of the visible spectrum when excited at 322 nm.
The emission spectrum of [Eu-pBOH,]" (Fig. 2b) displays two
distinguishable components in the AJ = 1 (585-600 nm) emis-
sion band and three components in the AJ = 2 (605-630 nm)
band. Analysis of the intensity ratio of the AJ = 2/AJ = 1 emis-
sion bands gave the value of approximately 1.4, similar to that
seen for complex [Eu-mBOH,]|" (Fig. S47). A rather different
emission spectrum was obtained for [Eu-0BOH,]" (Fig. 2a),
characterised by a dominant AJj = 2 emission band and a
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-
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Fig. 2 Emission spectra of (a) [Eu-oBOH,]* and (b) [Eu:pBOH,] + in
10 mM HEPES at pH 7.0 and 295 K, Aexc = 322 nm.

Table 1 Photophysical data for Eu(i) complexes measured in 10 mM HEPES at pH 7.0, unless stated otherwise

Complex Amax/IM &M em™ Ty,0/ms Tp,0“/ms q Do 1%
[Eu-0BOH,] 322 3800 0.422 + 0.002 (0.210)” 0.532 + 0.004 (0.281)" 0.3 (1.1)° 9.0 +0.7
[EupBOHz] 322 2900 0.192 + 0.037 0.260 + 0.069 1.2 2.0+£0.3
[Eu -mBOH ] 322 2700 0.199 + 0.004 0.283 + 0.002 1.5 1.5+0.2

Values of hydration state g (calculation error is +20%) were derived usmg literature methods.*”
sulfate in 0.05 M HZSO4 as standard (Pem, = 59%).*® Calculation error in quantum yields is +15%.
Emlssmn lifetimes and hydration state in parentheses were determined at pH 4.0. Mean + standard deviation for three
¢[Eu-mBOH,]" data from ref. 20 shown for comparison.

dent measurements.
independent measurements.
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Quantum yields were measured using quinine
“Mean = standard deviation for two indepen-
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higher intensity ratio AJ = 2/AJ = 1 of 3.0, signifying a different
coordination environment at the Eu(m) centre.***® Excitation
spectra collected for each complex were similar to the absorp-
tion spectra, confirming that the quinoline antenna is respon-
sible for sensitising the Eu(m) emission (Fig. S57).

The quantum yields of the metal-centred luminescence of
[Eu-pBOH,]" and [Eu-0BOH,]" were found to be 2.0 and 9.0,
respectively. The ortho-complex was notably more emissive,
and the emission lifetimes in H,O and D,O were also consider-
ably longer, at 0.422 ms and 0.532 ms respectively (Table 1).
These differences correspond to a lack of coordinated water
(g = 0) in the first coordination sphere of [Eu-0BOH,]", whereas
the number of coordinated water molecules calculated for
[EupBOH,]" is ¢ = 1. The higher emission intensity, distinct
spectral shape and longer emission lifetime of [Eu-0BOH,]" all
point to a distinctive conformation that potentially involves an
interaction between the ortho-substituted boronic acid and the
Eu(m) ion. We corroborate this hypothesis via pH analysis as
well as computed binding free energies and emission spectra.

pH analysis

Evidence in support of the boronic acid-Eu(m) interaction in
[Eu-0BOH,]" was given by comparison of the pH dependence
of the emission spectra of the two Eu(u1) complexes in water at
295 K. For complex [Eu-pBOH,]’, the intensity ratio of the AJ =
2/AJ = 1 emission bands increased by approximately 2-fold as
the pH was increased from 4 to 11 (Fig. 3c). Different pH
behaviour was found for [Eu-0BOH,]"; the emission intensity

@) (b)

[Eu.0BOH,]* (e)

View Article Online

Research Article

increased significantly from pH 3.5 to 6 and remained essen-
tially unchanged from pH 6 to 10 (Fig. 3d). By fitting the
change in the intensity ratio AJ = 2/AJ = 1 with pH, a pK, value
could be estimated by nonlinear least squares regression ana-
lysis. Note that the pK, corresponds to the hydroxylation of the
boron atom accompanied by the release of a proton.’>*° A
value of 8.91 + 0.05 was estimated for [EupBOH,]’, which is
comparable with the pK, of the phenylboronic acid/boronate
ester couple of 8.9 (Fig. 3a).>' Thus, the boron centre of
[Eu-pBOH,]" is expected to be sp> hybridised at neutral pH.
The pK, of [Eu-pBOH,]" is very similar to [Eu-mBOH,]" and the
emission is stable over the physiologically relevant pH range
6.0-7.5 (Fig. 3c), thus the complex shows promise for potential
sensing applications in biological media.

A much lower pK, of 4.47 + 0.02 was found for [Eu-0BOH,]"
(Fig. 3d). We postulate that the ortho-substituted boronic acid
coordinates to the Eu(u) ion, increasing the Lewis acidity and
electrophilicity of the boron centre, shifting the hybridisation
from sp” to tetrahedral sp® at neutral pH (Fig. 3b). DFT compu-
tations support this hypothesis by showing that this molecule
has indeed a strong binding affinity for the OH™ group,
forming a closed [Eu-0BOH;] species with OH™ bridging
between the Eu(m) and boron atoms (Fig. 3e), occupying a
similar coordination site to an isolated water molecule

(Fig. 7a). A free energy change of —17.3 k] mol ™" was obtained
for deprotonation of the water bound complex at pH 7, corres-
ponding to a pK, value of 3.96, in good agreement with experi-
mental results.

pK, = 4.47 £ 0.02
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OH o PH
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Fig. 3 (a) pH dependent hybridisation of phenylboronic acids, switching from sp2 hybridised boron at low pH to sp* hybridised at high pH. The pK,
value corresponds to the hydroxylation of the boron atom accompanied by the release of a proton;>! (b) structural representation of [Eu-oBOH,I*
showing coordination of the boronic acid with increasing pH, shifting the boron hybridisation from sp? (left) to tetrahedral sp® (right); pH profiles of
(c) [Eu-pBOH,]* and (d) [Eu-oBOH,]" measured in water at 295 K, showing the plot of emission intensity ratio AJ = 2/AJ = 1 as a function of pH and
the pK, determined by nonlinear least squares regression analysis; (€) DFT-optimised structure of [Eu-oBOH3].
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Analysis of the emission lifetime of [Eu-0BOH,]" in H,O
and D,O at pH 4 corresponded to one water molecule bound
to the Eu(m) centre (Table 1), suggesting that coordination of
the boronate ester is reversible with variation of pH. The pH
response of the [Eu-0BOH,]" in the range 4.0-5.8 could poten-
tially provide a means to probe the pH of acidic cellular orga-
nelles. Previous work in this area includes probes that interna-
lize in the low pH environment of lysosomes in viable cancer
cells. These probes contain a BODIPY moiety, with pK, values
ranging from 4.4-5.8.>

Anion selectivity studies

The anion binding behaviour of the two new Eu(ui) receptors
was assessed by recording their emission spectra in the pres-
ence of different biologically relevant anions in 10 mM HEPES
at pH 7.0. The addition of 1 mM hydrogen phosphate to
[Eu-pBOH,]", resulted in a 3-fold enhancement in overall
Eu(m) emission intensity and distinct changes in the spectral
shape (Fig. S7t) including a 3.5 fold increase in the hypersen-
sitive AJ = 2 band centred at 614 nm and changes in the Stark
splitting pattern within the AJ = 1 emission band caused by
change in crystal field.*>**"* These changes correspond to dis-
placement of the coordinated water by phosphate, modulating
the coordination environment of the Eu(m) centre. The spec-
tral form changes induced by phosphate are comparable with
the isomeric complex [Eu-mBOH,]".”° Emission lifetimes
measured in H,O and D,0, revealed that g = 0 in the presence
of phosphate (Table 2), confirming the displacement of water.
Pleasingly, the emission spectra remained essentially
unchanged in the presence of chloride (145 mM), bicarbonate,
lactate, sulfate and acetate (1 mM each) (Fig. S6 and S77), indi-
cating that these anions do not bind to [Eu-pBOH,]".

Next, we assessed the ability of [Eu-pBOH,]" to discriminate
between the nucleotide phosphate anions, AMP, ADP, ATP
between the nucleotide phosphate anions, AMP, ADP, ATP and
CAMP. Addition of 1 mM AMP to [Eu-pBOH,]" induced a 4-fold
enhancement in overall Eu(m) emission intensity and a strik-
ing 6-fold increase in the AJ = 2 band (Fig. 4a). Adding 1 mM
ADP caused a comparatively smaller (approximately 2-fold
increase) in total emission, whereas ATP induced only a minor
change in emission and cAMP and adenosine (Fig. S107)
induced no change in emission intensity or shape at all.

Table 2 Lifetime values for Eu() complexes alone and in the presence
of selected anions (1 mM each), measured in 10 mM HEPES at pH 7.0

Complex Anion Ti,0 “/ms Tp,0“/ms qb
None 0.192 + 0.037 0.260 + 0.069 1.2
HPO427 0.452 + 0.002 0.524 + 0.016 0.1
[EupBOH,|"  AMP 0.494£0.003  0.581+0.004 0.1
ADP 0.489 + 0.004 0.621 + 0.004 0.2
ATP 0.341 + 0.004 0.508 +£ 0.011 0.9
Citrate 0.315 + 0.044 0.412 + 0.064 0.6

“Mean =+ standard deviation for two independent measurements.
bvalues of hydration state g (calculation error is +20%) were derived
using literature methods."”
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Fig. 4 (a) Large enhancement in emission intensity of [Eu-pBOH,]* with

AMP (1 mM) compared with ATP, ADP and cAMP (1 mM each). (b) Lack of
response of [Eu-oBOH,]* towards nucleoside phosphate anions. All
spectra measured using 5 pM Eu() complex in 10 mM HEPES at pH 7.0
and 295 K, Aexc = 322 nm.

Similar to [Eu-mBOH,]", the para-substituted complex exhibits
the selectivity profile AMP > ADP > ATP, representing a reversal
of the selectivity order observed for most reported nucleoside
phosphate receptors, where the binding is governed by electro-
static interactions and thus follows the trend ATP > ADP >
AMP.>'** The remarkable sensitivity of [Eu-pBOH,]" for AMP
was demonstrated by the linear increase in AJ = 2/AJ = 1 emis-
sion intensity ratio over the 0-100 pM range (Fig. S117).

Based on the close similarities in the emission spectral
shape of [Eu-pBOH,]" in the presence of AMP and hydrogen
phosphate (Fig. 4 and S77), a similar monodentate binding
mode to the Eu(im) centre can be assumed. Luminescence life-
times revealed the displacement of water by AMP and ADP
(Table 2), however in the presence of ATP a g value of 1.0 was
found, consistent with lack of ATP binding. Our previous NMR
spectroscopic studies of a family of conformationally more
flexible Eu(m) complexes revealed the preference of ATP to
chelate the europium(m) centre via the a and y-phosphate
groups, whereas ADP adopts more than one binding confor-
mation (e.g. both bidentate and monodentate binding).** In
our current systems, we hypothesise that the increased rigidity
and steric demand imposed by the 8-(benzyloxy)quinoline
pendant arm prevents ATP or ADP from binding in a bidentate
manner. Since ADP induces a similar change in emission spec-
tral shape in [Eu-pBOH,]" to that of AMP (Fig. 4a), it is
assumed that ADP has a higher tendency for monodentate
binding to the Eu(u) complex via its terminal phosphate group
compared with ATP.

In contrast, complex [Eu-0BOH,]' showed no change in
emission intensity or spectral form in the presence of phos-
phate, bicarbonate, lactate, sulfate, acetate, or the nucleotide
phosphate anions, AMP, ADP, ATP and cAMP. This is consist-
ent with the lack of an available binding site due to the coordi-
nation of the ortho-substituted boronate ester (Fig. 4b and
S87). The only anion tested that induced a change in emission
for both Eu(m) complexes was citrate, which caused a
reduction in the overall emission intensity, most notably
within the AJ =1 and AJ = 4 bands (Fig. S7 and S8%), indicating
a common binding mode for this anion. The binding of citrate
may cause de-coordination of the quinoline antenna leading

This journal is © the Partner Organisations 2022
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to less efficient sensitization and partial hydration of the
Eu(w) ion, consistent with g = 0.6, in the presence of citrate
(Table 2).2°

Apparent binding constants were determined for
[Eu-pBOH,]" with phosphate, AMP and ADP in aqueous buffer
at pH 7.0, by following the change in the intensity ratio of the
AJ = 2/AJ = 1 bands as a function of anion concentration, fol-
lowed by fitting of the data to a 1:1 binding model (Table 3,
Fig. S7 and S12%). Stronger binding was observed for AMP
(logk, = 4.22) compared with phosphate (logK, = 3.29),
whereas a similar binding constant was obtained for ADP
(log K, = 4.35). It was not possible to estimate the binding con-
stant for ATP, due to the minor emission changes that took
place. The difference in binding affinities between AMP and
ADP for [Eu-pBOH,]" was less favourable compared with the
previously reported complex [Eu-mBOH,]". The presence of the
para-substituted boronic acid in [EupBOH,]' appears to
increase affinity for ADP, indicating the meta-substituted
boronic acid in [Eu-mBOH,]" provides a slightly better geome-
try for AMP binding over ADP. As such [Eu-mBOH,]" exhibits a
better level of discrimination for AMP over ADP (Fig. S9t); a
2.3-fold difference in emission is seen at 615 nm for
[Eu-mBOH,]" compared with a 1.9-fold difference observed for
[Eu-pBOH,]". However, the most striking feature of both these
complexes is their large emission enhancement for AMP with
almost no interference from ATP.

High resolution mass spectrometric data supported 1:1
binding of AMP, ADP and phosphate to [Eu-pBOH,]". We
observed two overlapping signals at m/z 850.1501 and 854.1217
for the Eu(u) complex with phosphate (Fig. S14at). The former
signal corresponds to the host-guest complex [Eu-pBOH, +
H,PO, + Na]', and the latter can be tentatively assigned to loss
of one of the boronic acid OH groups [Eu-pBOH,-OH + HPO, +
2Na]". In the presence of AMP, the [EupBOH,]" complex
shows three signals (Fig. S151). The major signal at mj/z
1103.2074 can be attributed to the host-guest complex invol-
ving a boronate ester-1,2-diol interaction with the ribose sugar
of AMP, as depicted in Fig. 5 and Fig. S15.f The smaller
signals at m/z 1099.2368 and 1121.2178 are in agreement with
the singly charged species [EupBOH, + AMP + H + Na]" and
[EupBOH, + AMP + 2Na]’ involving no 1,2-diol interaction.
There was only one host-guest species observed for the Eu(im)
complex with ADP, [Eu-pBOH, + ADP + 3Na]’; this signal was

Table 3 Apparent binding constants for Eu(i) complexes measured in
10 mM HEPES at pH 7.0

Anion [Eu-pBOH,]" ¢ [Eu-mBOH,|" “”
HPO,>~ 3.29 + 0.04 3.31+0.04
AMP 4.22 +0.01 4.07 +0.01
ADP 4.35+0.01 3.84 +0.01

ATP n.d. n.d.

“Mean =+ standard deviation for two independent measurements.
bvalues previously reported in ref. 20. °Value not determined due to
insufficient increases in emission intensity preventing accurate data
fitting.
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Fig. 5 (a) High resolution mass spectrum of a 1:1 mixture of
[Eu-pBOH,]* (250 uM) and AMP. (b) Simulated mass spectrum of the
major signal corresponding to the host—guest complex. (c) Proposed
structure of the host—guest complex, showing the Eu(i)—phosphate
interaction and the boronate ester-1,2-diol interaction with AMP.

very weak compared with that of the free complex at m/z
730.1907 (Fig. S14bt).

Solution NMR studies

Further insight into the binding modes of phosphate and AMP
to [Eu-pBOH,]" was gained by 'H and *'P NMR spectroscopy.
The '"H NMR spectra of Eu(m) complexes [Eu-0BOH,]" and
[EupBOH,]" in D,O (pD 7.4) at room temperature resulted in
significant line broadening indicating exchange between con-
formation isomers. Increasing the temperature to 50 °C
resulted in slightly narrower line widths although the more
paramagnetically  shifted resonances remained broad
(Fig. S167). Addition of 0.5 equivalents of AMP to [Eu-pBOH,]"
resulted in the appearance of a new set of resonances, corres-
ponding to the AMP-bound species in slow exchange with the
monohydrated complex on the NMR timescale (Fig. S171). In
the presence of 1 equivalent of AMP, the original signals for
the monohydrated complex disappeared and only signals for
the AMP-[Eu-pBOH,]" complex remained. Significant exchange
broadening was observed for the most paramagnetically
shifted signals in the regions 22 to 40 ppm and —20 to
—5 ppm, indicating either conformational freedom in the
host-guest complex or the formation of more than one host-
guest complex.

The *'P NMR spectrum of [Eu-pBOH,]" in the presence of 1
equivalent of AMP revealed a signal at 3.4 ppm corresponding
to unbound AMP and two broads signals at —207 and
—222 ppm, indicating the strong likelihood of exchange
between more than one binding mode for AMP (Fig. 6b). The
existence of two AMP-receptor complexes may tentatively be
explained by the reversible interaction between the phenyl-
boronic acid moiety and the ribose sugar of AMP, consistent
with the mass spectral data (Fig. 5 and S157). In comparison,
the addition of 10 equivalents of sodium hydrogen phosphate
to [Eu-pBOH,]" produced 2 resonances in the *'P NMR spec-
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Fig. 6 *'P NMR spectra (202.5 MHz, D,O, pD 7.4) of (a) [Eu-pBOH,]*
(1 mM) with phosphate (10 mM) showing 3!P signals for both bound and
unbound phosphate; (b) [Eu:pBOH,]* (1 mM) with AMP (1 mM) showing
a sharp *'P signal for unbound AMP and two broad signals indicating
exchange between two binding modes for AMP.

trum (Fig. 6a), corresponding to unbound phosphate
(3.5 ppm) and phosphate bound in a single host-guest

complex (—187 ppm).

Simulation of anion binding

Starting from the crystallographic data of a structurally related
Eu(m) complex previously reported by us,*® we modelled the
two new Eu(ur) complexes bound to a single water molecule
and various phosphoanions. Molecular geometries of
[Eu-pBOH,]" are shown in Fig. 7, considering binding to water,
phosphate, and AMP in a monodentate and cyclic binding
mode. The macrocycle is shown at the bottom, the quinoline
antenna on the left, and the phenyl boronic acid at the top.

doyney = 2:650-2.702A oyneny = 2:630-2.796 A d
deony  =2670A oy =2677A d
evouy = 2.267/2.330 A ooy =2.392/2.399 A d
de, oy 2728 A dEu~O(eI) =2745A d
d =2522 A d =2237 A d

Eu-O(H20)

Eu-N(m)
Eu-N(q)
Eu-O(ac)

Eu-Ofet)
Eu-O(P)

View Article Online
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Binding of the analyte occurs from the right. Starting with the
water bound species (Fig. 7a) we find short bond distances for
the acetate oxygens (~2.30 A) and an intermediate value for
the water molecule (2.52 A) whereas the other atoms show
larger distances around 2.7 A. Binding of phosphate (Fig. 7b)
leaves the structure largely intact. The most important differ-
ence is that the oxygen of the highly charged phosphate group
is now very strongly bound (2.24 A) whereas the acetate
oxygens are somewhat further removed (2.39 A). AMP (Fig. 7c)
binds in a very similar manner to phosphate with most bond
distances unaltered and only a slight elongation of the dis-
tances to some macrocycle nitrogens.

The possibility of the multisite recognition of AMP by
complex [Eu-pBOH,]" was explored, involving Eu(ur)-phosphate
coordination combined with a boronate ester-1,2-diol inter-
action with the ribose sugar of AMP. Formation of the cyclic
boronic ester was possible (Fig. 7d) and this multisite binding
leaves the geometry around europium largely intact with a
similar geometry to the monodentate binding mode (Fig. 7c).
However, the bond lengths of Eu(u) to the quinoline nitrogen
and the ether oxygen are elongated indicating some ring strain
involved.

The computational effort required to obtain binding ener-
gies with accuracy high enough to reproduce the subtle trends
seen in Table 3 is well beyond the scope of this work.””
However, we shall continue with a qualitative discussion of
binding energies (Table S17}). First, the computations highlight
the strong affinity of these complexes for binding hydrogen
phosphate, and in line with experiment, binding to AMP is
enhanced. Furthermore, computations indicate that the cyclic
structure of AMP with [Eu-pBOH,]" is bound but that its
energy is disfavoured by about 30 k] mol™ compared to the
open analogue. However, the existence of such a complex with
a reasonable geometry and energy makes it plausible that both
proposed AMP-receptor complexes exist in aqueous solution,
consistent with the *'P NMR spectroscopic data which shows
two distinct resonances for the AMP-bound species.

(d)

=2.659 - 2.846 A yny = 2:632-2.892A
=2651 A dovny = 2763A
=2.392/2.399 A Oepony = 2363/2.381A
=2.736 A ooy =3-125A
=2239A d =2227 A

Fig. 7 Molecular geometries of [Eu.pBOH,]" bound to (a) water, (b) hydrogen phosphate, (c) AMP bound in a monodentate manner and (d) AMP
bound in a cyclic manner involving a boronate ester—ribose interaction. Bond distances of Eu(in) to donor atoms are shown: N(m) — macrocycle, N(q)
— quinoline, O(ac) — acetate, O(et) — ether, O(H,0O) — water, O(P) — phosphate.
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First principles computation of emission spectra

We were interested in the computational modelling of the
emission spectra of the complexes studied. As opposed to the
previously described DFT simulations, in which the f-electrons
are only implicitly considered within the core potential, it is
necessary to include them explicitly for the computation of
emission spectra. For this purpose, we use an ab initio multire-
ference treatment (see ESI{ for computational details).*>*?

A comparison of experimental and computational emission
spectra is shown in Fig. 8. Here, we consider the water bound
complex [Eu-pBOH,]" (as shown in Fig. 7a) and the phosphate
bound complex (Fig. 7b) as a model for AMP, considering their
similar binding geometries and assuming the electrostatic
effect of the phosphate group has the strongest influence on
the emission spectrum.

Pleasingly, our computational treatment naturally produces
the different emission bands (AJ = 0, 1, 2, 3 and 4) along with
their relative intensities. Remarkably, it does so without any
adjustable parameters aside from three trivial scaling factors
(discussed in the ESIY).

Starting with the water-bound complex, the simulations do
not reproduce the formally forbidden AJ = 0 band. Next, the Af
=1 band is well-reproduced including its crystal field splitting:
just as in seen by experiment, two states are close together at
lower wavelength with one isolated state at higher wavelength.
The presented simulations underestimate the intensity of the
hypersensitive AJ = 2 band, possibly due to missing vibronic
effects. Finally, the low intensity of the AJ = 3 band and the
high intensity along with its appropriate shape of the AJ = 4
band are well reproduced.

Moving from the water-bound complex to the phosphate-
bound complex the experimental emission spectrum shows
three notable changes: (i) an overall increase in intensity, (ii)
an increase in the AJ = 2/AJ = 1 emission intensity ratio, and
(iii) differences in the crystal field splitting. Effect (i) derives
from quenching by nearby water molecules and is not covered
by the present treatment. However, the other two are well
reproduced. The increase in the AJ = 2 (605-630 nm) emission
intensity is very pronounced showing a 16.1-fold increase
when binding phosphate. This rise is more pronounced com-
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Fig. 8 (a) Emission spectra of [Eu-pBOH,]* in the absence (pink) and
presence (blue) of hydrogen phosphate, measured in 10 mM HEPES at
pH 7.0 and 295 K; (b) computational modelling of the emission spectral
data shown in part (a).
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pared with the experimental value of a 4.2-fold increase but
certainly highlights that the correct physics is captured and
indicates that the approach can be used to screen for com-
plexes with large AJ = 2/AJ = 1 changes upon guest binding.
Finally, the simulations present appropriate crystal fielding
splitting in the phosphate bound complex, specifically the
structure of the A/ = 1 band changes with respect to the water-
bound complex with one state at lower wavelength and two
states at higher wavelength (which merge to form one apparent
peak in the experimental spectrum, Fig. 8a). The magnitude of
the splitting within the AJ = 1 band is also reduced. Taken
together, the experimental and simulated spectra indicate a
change in magnitude and sign of the crystal field coefficient.’®
The shape of the AJ = 2 band is also well-reproduced with a
large peak around 611 nm (deriving from four of the ’F,
states) and a smaller peak at 620 nm (deriving from the fifth
state).

These data suggest that first principles computation offers
a promising, albeit so far not exploited, approach to access the
emission spectra of lanthanide complexes. A qualitatively
correct description of the major features of the spectra along
with changes upon coordination was readily achieved with the
presented approach. We believe that this approach can be uti-
lized as a powerful tool in the rational design of responsive Ln
() complexes, including host-guest systems with predictable
changes in local crystal field and thus specific spectral pro-
perties, while also providing a useful way to crosscheck com-
puted structures with experiment.

Conclusions

We have synthesised two new cationic Eu(m) complexes and
evaluated the impact of varying the position of the peripheral
phenylboronic acid on their ability to detect AMP in aqueous
solution. Complex [Eu-pBOH,]" showed preferential binding to
AMP over ATP, eliciting a striking 6-fold increase in the AJ =2
emission band upon binding AMP, compared with almost no
response to ATP. In contrast, [Eu-0BOH,]" showed no
increase in emission in the presence of nucleoside phosphate
anions (or other biological anions), due to the direct coordi-
nation of the ortho-substituted phenylboronic acid to the
Eu(ur) centre.

NMR and mass spectral data supported by DFT calculations
indicated the existence of two AMP-receptor complexes in
aqueous solution, each stabilised by a phosphate-Eu(i) inter-
action and with one species involving interaction between the
boronate ester and the ribose sugar of AMP. Complex
[Eu-mBOH,]" showed the highest level of discrimination
between AMP and ADP, indicating that the meta-substituted
boronic acid provides a slightly better geometry for AMP
binding over ADP. Both complexes [EupBOH,]" and
[Eu-mBOH,]" exhibit the sensing selectivity order AMP > ADP >
ATP, representing a reversal of that observed for the majority
of receptors for nucleoside phosphates. This is attributed pri-
marily to the incorporation of a sterically demanding ligand
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that caps the ‘axial’ coordination site of the central Eu(m) inhi-
biting access of the larger chelating polyphosphate anions.

Finally, first principles simulations of lanthanide emission
spectra, both in the absence and presence of anionic guests,
reproduced all qualitative features well highlighting the power
of such an approach in the design of new responsive
lanthanide host-guest complexes with specific photophysical
properties.
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