ACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by UNIV AUTONOMA DE COAHUILA UADEC

Selective Binding and Quantitation of Calcium
with a Cobalt-Based Magnetic Resonance Probe
Kang Du, Agnes E. Thorarinsdottir, and T. David Harris

J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/jacs.9b02661 « Publication Date (Web): 04 Apr 2019
Downloaded from http://pubs.acs.org on April 4, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 11

oNOYTULT D WN =

Journal of the American Chemical Society

Selective Binding and Quantitation of Calcium with a Cobalt-Based
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Department of Chemistry, Northwestern University, Evanston, Illinois 60208-3313, United States

ABSTRACT: We report a cobalt-based paramagnetic chemical exchange saturation transfer (PARACEST) magnetic resonance (MR) probe
that is able to selectively bind and quantitate the concentration of Ca?* ions under physiological conditions. The parent LCo complex features
CEST-active carboxamide groups and an uncoordinated crown ether moiety in close proximity to a high-spin pseudo-octahedral Co" center.
Addition of Na*, Mg?*, K*, and Ca®" leads to binding of these metal ions within the crown ether. Single-crystal X-ray diffraction and solid-
state magnetic measurements reveal the presence of a cation-specific coordination environment and magnetic anisotropy of Co'!, with axial
zero-field splitting parameters for the Na*- and Ca?"-bound complexes differing by over 90%. Owing to these differences, solution-based
measurements under physiological conditions indicate reversible binding of Na* and Ca?* to give well-separated CEST peaks at 69 and 80
ppm for [LCoNa]* and [LCoCa]*", respectively. Dissociation constants for different cation-bound complexes of LCo, as determined by 'H
NMR spectroscopy, demonstrate high selectivity toward Ca?". This finding, in conjunction with the large excess of Na' in physiological
environments, minimizes interference from related cations, such as Mg?" and K*. Finally, variable-[Ca>*] CEST spectra establish the ratio
between the CEST peak intensities for the Ca?*- and Na'-bound probes (CESTsg ppm/ CESTe9 ppm) as a measure of [Ca>"], providing the first
example of a ratiometric quantitation of Ca®" concentration using PARACEST. Taken together, these results demonstrate the ability of
transition metal PARACEST probes to afford a concentration-independent measure of [Ca”*], and provide a new approach for designing MR

probes for cation sensing.

INTRODUCTION

The concentration of Ca?* ions in blood serum is a vital bi-
omarker for bone-related diseases, such as cancer,' hyperparathy-
roidism,? and Paget’s disease.> These diseases are associated with
the dissolution of bone tissue, which releases Ca?" into the blood
stream and results in hypercalcemia, a medical condition where the
total Ca?" concentration in serum exceeds 2.6 mM.* In current clin-
ical settings, the presence and extent of hypercalcemia is evaluated
by blood tests. This form of analysis provides only an estimate of
the total Ca?* concentration in serum, with no information on the
spatial distribution or local concentration of Ca>* near the bone le-
sion. As such, while blood tests can conveniently confirm the pres-
ence of hypercalcemia, they do not enable an assessment of the un-
derlying source and cause of high Ca?* concentrations.’ For these
reasons, realization of an imaging technique able to quantitate the
local Ca®* concentration near bone tissue would be highly useful in
the early detection of bone-related diseases and in pathological
studies.

Magnetic resonance imaging (MRI) is a non-invasive technique
that is particularly well suited for measuring the concentration of
Ca?" near bone tissue owing to its unlimited depth penetration of
tissue and its ability to provide spatiotemporal images.® Toward
this end, several Gd'"-based probes have been developed to detect
Ca?" ions by virtue of relaxivity changes upon binding Ca*.” Here,
extensive synthetic modifications have been employed to impart
selective binding of Ca* in the presence of other cations.” Never-
theless, the utility of these probes is limited by heterogeneous bio-
distribution of Ca*" and/or the probes themselves. It is therefore
critical to develop MRI probes capable of selectively binding and
quantitating Ca?* through a concentration-independent method.

Lanthanide-® and transition metal-based® paramagnetic chemical
exchange saturation transfer (PARACEST) probes, which deliver
magnetization to bulk H>O through chemical exchange of protons,
have been reported to detect a number of biomarkers, such as redox

environment, ' pH,°>!! temperature,'?> and Zn>" ions.'* The ex-
changeable proton resonances, commonly from coordinating H,O,
carboxamides, and nitrogen heterocycles, are paramagnetically
shifted, thus minimizing interference from labile protons in biolog-
ical systems. Furthermore, the large chemical shifts allow for faster
proton exchange, hence more pronounced contrast can be realized.
The frequency-specific contrast afforded by PARACEST probes
enables simultaneous detection of more than one CEST peak. As a
result, the intensity ratio of two distinct CEST peaks that exhibit
different responses can provide an effective and concentration-in-
dependent measure of biomarkers, 8-910¢11a.b.d-£hj.k

An ideal Ca*"-responsive PARACEST probe should feature a
recognition moiety that is moderately selective for Ca*,%¢ yet can
reversibly bind other cations of concentrations that are relatively
constant in serum, in order to enable a ratiometric measurement.
One such cation is Na*, which exhibits a relatively constant con-
centration of ca. 140 mM in serum.'* In addition, the frequencies
of CEST peaks for Ca**- and Na*-bound complexes should be well
separated to avoid interference, analogously to the attributes of a
19F probe.!> Along these lines, alkali and alkaline earth cations have
been shown to significantly influence the magnetic anisotropy of a
nearby paramagnetic metal ion, by causing distortions in the local
coordination environment.'® Because the proton hyperfine shift is
highly sensitive to changes in metal coordination environment and
magnetic anisotropy,'’ the CEST peak frequency can be indicative
of the identity of the bound cation. As such, we set out to design a
probe that features (1) a cation binding moiety with proper affini-
ties toward Ca®* and Na* to allow for an equilibrium between the
Ca?"- and Na*-bound probes under physiological conditions, (2) a
paramagnetic center with magnetic properties and coordination en-
vironment that is highly sensitive toward the identities of cations
within its vicinity, and (3) a functional group capable of producing
CEST effects.

A high-magnetic anisotropy Co!" complex that features coordi-
nated carboxamide ligands and a proximate crown ether satisfies
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all of these criteria. Encouragingly, complexes of a Schiff base-18-
crown-6 dinucleating ligand have recently been employed to mod-
ulate the electronic structure of Co! via cation complexation.'
Herein, we present a Co'-based PARACEST probe that can revers-
ibly bind Ca?" and Na"under physiological conditions. The ratio of
CEST signal intensities from the resulting Ca?*- and Na*-bound
probes enables, for the first time, the concentration-independent
quantitation of Ca* concentration by a MR-based method.

EXPERIMENTAL SECTION

General Considerations. Unless otherwise specified, chemicals
and solvents were purchased from commercial vendors and used
without further purification. Deuterated solvents were purchased
from Cambridge Isotope Laboratories. When necessary for mois-
ture sensitive experiments, glassware was flame dried or stored in
an oven at 150 °C for at least 4 h, followed by cooling in a desic-
cator. Air- and water-free manipulations were carried out in a Vac-
uum Atmosphere Nexus II glovebox or using standard Schlenk
techniques under a dry dinitrogen atmosphere. Air-free experi-
ments involving the use of water were carried out in an MBraun
LABstar glovebox under a humid dinitrogen atmosphere. Acetoni-
trile (MeCN), diethyl ether (Et,0), and methanol (MeOH) were
dried using a commercial solvent purification system from Pure
Process Technology. MeCN was stored over 4 A molecular sieves
prior to use. Water was obtained from a purification system from
EMD Millipore. Experimental details on the syntheses of organic
ligand precursors are provided in the Supporting Information.

Synthesis of 2,2'-(I°,8*-dihydroxy-9,12,15,18-tetraoxa-3,6-di-
aza-1,8(1,3)-dibenzenacyclooctadecaphane-3,6-diyl)diacetamide
(H>L, see Scheme S1). Under a dry dinitrogen atmosphere, 13,16,
19,22-tetraoxa-3,6-diazatricyclo[21.3.1.1%!?]octacosa-1(27),8,10,
12(28),23,25-hexaene-27,28-diol (0.20 g, 0.48 mmol) and diiso-
propylethylamine (0.12 g, 0.96 mmol) were dissolved in MeCN (20
mL) to give a brown solution. The solution was heated at reflux and
2-bromoacetamide (0.13 g, 0.96 mmol) was added dropwise to the
boiling solution with vigorous stirring. After stirring at reflux for
12 h, basic alumina (2 g) was added and the mixture was evaporated
to dryness under reduced pressure. The resulting powder was dry-
loaded on a basic alumina column, which was packed using CH,Cl»
eluent. After loading, the column was first eluted with 2% (v/v)
MeOH/CH,Cl, until no compound was detected by thin-layer chro-
matography (TLC), as visualized by I, vapor, to remove an impu-
rity (Rf = 0.6 in 5% (v/v) MeOH/CH,CL). The column was then
eluted with 5% (v/v) MeOH/CH,Cl, to obtain the desired product
(R¢=0.3 in 5% (v/v) MeOH/CH,Cl). The combined fractions were
evaporated to dryness under reduced pressure to give the product
as an off-white solid (25 mg, 10%). '"H NMR (MeOH-d.): 6.88 (t,
2H), 6.72 (m, 4H), 4.14 (m, 4H), 3.88 (m, 4H), 3.77 (s, 4H), 3.65
(s, 4H), 3.03 (s, 4H), 2.72 (s, 4H).

Synthesis of LCo-3.1H;0 (1, see Figure 1). Under a dinitrogen
atmosphere, HoL (25 mg, 0.047 mmol) was dissolved in MeOH (5
mL). To this colorless solution, a solution of Co(CH3COO),*4H,0O
(12 mg, 0.048 mmol) in MeOH (5 mL) was added. The resulting
light magenta solution was heated at reflux under a dinitrogen at-
mosphere for 12 h. The solution was evaporated to dryness and the
residue was dissolved in MeOH (2 mL). The pink solution was
added to Et,O (15 mL) with vigorous stirring, to induce the for-
mation of a pink precipitate. The pink solid was collected by filtra-
tion, washed with Et;O (5 mL), and dried in vacuo for 20 h to give
1 (25 mg, 82%). Anal. Calcd. for CysHa02CoNsO111: C, 48.4; H,
6.28; N, 8.68. Found: C, 48.2; H, 5.62; N, 9.14. UV-visible absorp-
tion spectrum (H,0, 25 °C): 517 nm (£=59.5 M ' em™), 526 nm
(6=57.7M 'em™). FT-IR (ATR, cm™): 3341 (s, broad); 2916 (m);
2872 (m); 1662 (s); 1589 (s); 1562 (s); 1456 (s); 1304 (m); 1229
(s); 1110 (s); 1070 (s); 987 (m); 955 (m); 932 (m); 894 (m); 840
(m); 737 (s); 587 (w); 439 (w); 407 (w). Solution magnetic moment
(D20, 37 °C): ymT = 2.4(3) cm® K mol . Slow diffusion of acetone

H,N NH, H,N NH,
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Figure 1. Synthesis and molecular structure of LCo.

into a pink solution of 1 in H,O over two weeks yielded single crys-
tals of LCo"0.50C3Hs0-9.05H,0 (1') suitable for X-ray structural
analysis.

Synthesis of LCoNa(NO3)-1.7H>0 (2). To a stirring pink solution
of 1 (30 mg, 0.046 mmol) in MeOH (5 mL), a solution of NaNO3
(4.3 mg, 0.051 mmol) in MeOH (0.5 mL) was added. The resulting
pink solution was stirred for 5 min at ambient temperature and then
filtered through diatomaceous earth. Slow diffusion of Et,O into
the pink solution over three days resulted in pink crystalline solid,
which was collected by filtration and dried in vacuo for 20 h to
afford 2 (34 mg, 95%). Anal. Caled. for Cy6H374CoNsNaOy27: C,
44.3; H, 5.35; N, 9.93. Found: C, 44.3; H, 5.16; N, 10.1. FT-IR
(ATR, cm™'): 3356 (s, broad); 2921 (m); 2873 (m); 1666 (s); 1591
(m); 1564 (m); 1476 (s); 1458 (s); 1302 (m); 1270 (m); 1231 (s);
1107 (s); 1086 (s); 987 (m); 956 (m); 930 (m); 896 (m); 840 (m);
741 (s); 409 (m). Slow diffusion of acetone into a pink solution of
2 in H,O over two weeks yielded single crystals of
[LCoNa(H,0)](NO3)o5(OH)p5:5.8H,O  (2") suitable for X-ray
structural analysis.

Synthesis of LCoCa(NO3),-0.25Et,0-0.50H;0 (3). To a stirring
pink solution of 1 (30 mg, 0.046 mmol) in MeOH (5 mL), a solution
of Ca(NOs),"4H,0 (12 mg, 0.051 mmol) in H,O (0.5 mL) was
added. The resulting pink solution was stirred for 5 min at ambient
temperature and then filtered through diatomaceous earth. Slow
diffusion of Et,O into the pink solution over four days resulted in
pink crystalline solid, which was collected by filtration and dried
in vacuo for 20 h to afford 3 (30 mg, 83%). Anal. Calcd. for
Cy7H375CaCoNgO14.75: C, 41.5; H, 4.84; N, 10.8. Found: C, 41.5;
H, 5.03; N, 10.9. FT-IR (ATR, cm'): 3341 (s, broad); 2922 (m);
2874 (m); 1662 (s); 1600 (m); 1566 (m); 1475 (s); 1325 (s); 1303
(m); 1233 (s); 1105 (s); 1086 (s); 1071 (s); 1022 (m); 983 (m); 958
(m); 942 (m); 843 (m); 828 (m); 738 (s); 444 (w); 431 (m). Slow
diffusion of Et,O into a pink solution of 3 in MeOH over two weeks
yielded single crystals of [LCoCa(NO3)(MeOH)](NOs3)-MeOH (3')
suitable for X-ray structural analysis.

X-Ray Structure Determination. Single crystals of 1’, 2, and
3’ were directly coated with Paratone-N oil and mounted on a Mi-
croMounts™ rod. The crystallographic data were collected at 100
K on a Bruker APEX II diffractometer equipped with a MoKa
sealed tube source. Raw data were integrated and corrected for Lo-
rentz and polarization effects using Bruker APEX2 v. 2009.1."
The program SADABS was used to apply absorption correction.?
Space group assignments were determined by examining system-
atic absences, E-statistics, and successive refinement of the struc-
ture. Structures were solved by SHELXT?!*® using direct methods
and refined by SHELXL2'%® within the OLEX2 interface.?'® All hy-
drogen atoms were placed at calculated positions using suitable rid-
ing models and refined using isotropic displacement parameters de-
rived from their parent atoms. Thermal parameters for all non-hy-
drogen atoms were refined anisotropically. The solvent mask pro-
cedure as implemented in OLEX2 was applied to the structures of
1’ and 2’ to account for severely disordered solvent molecules that
could not be properly modeled. Void volumes of 9484.8 and
11161.8 A3 with a total of 4060.8 and 3043.0 electrons, respec-
tively, were found per unit cell in the crystal structures of 1’ and 2’,
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respectively. These were ascribed to 8.5 and 6.3 H,O molecules per
LCo unit in the structures of 1’ and 2’, respectively. In the structure
of 2', the occupancies of Na" and NOs™ ions within each asymmet-
ric unit were found to be 1.0 and 0.5, respectively. As such, 0.5
OH™ ion per LCo unit is likely present for charge balancing. Crys-
tallographic data for 1, 2, and 3’ at 100 K and the details of data
collection are listed in Tables S1-S3.

Solid-State Magnetic Measurements. Magnetic measurements
of'1, 2, and 3 were performed on polycrystalline samples dispensed
in icosane. Samples were loaded in quartz tubes under a dinitrogen
atmosphere, attached to a sealable hose adapter, and flame sealed
under vacuum on a Schlenk manifold. All data were collected using
a Quantum Design MPMS-XL SQUID magnetometer. The reduced
magnetization data were collected between 1.8 and 10 K at applied
dc fields ranging from 0 to +7 T. The program PHI??> was employed
to simulate the reduced magnetization data using the following spin
Hamiltonian:

H=DS}+gusS'H (1)

In this Hamiltonian, D is the axial zero-field splitting parameter, S,
is the z component of the spin angular momentum operator, g is the
electron spin g-factor, y, is the Bohr magneton,  is the spin angular
momentum, and H is the applied magnetic field. Isotropic g values
0f2.30(1), 2.28(1), and 2.33(1) were used for fitting the data for 1,
2, and 3, respectively, to extract the D values (see Table 1 and Fig-
ure 2).

Solution Magnetic Measurements. The solution magnetic mo-
ment of 1 was determined at 37 °C using the Evans method®® by
collecting 'H NMR spectra on an Agilent DD2 500 MHz (11.7 T)
system. Samples contained 5 mM of 1 in a mixture of 0.5% (w/w)
of dimethyl sulfoxide (DMSO) in D,O and were prepared under
dinitrogen atmosphere to ensure no degradation due to oxidation by
air. A capillary containing the same solvent mixture but without 1
was inserted into each NMR sample tube as a reference. Diamag-
netic corrections were carried out based on the empirical formula
of 1 using Pascal’s constants.?* The paramagnetic molar suscepti-
bility P (cm® mol ') was calculated using the following equa-
tion:?3

LT = GAVM)/ (Arnvym) — M2 (2)

In this equation, Avis the frequency difference (Hz) between the
DMSO resonance in the sample and reference solutions, M,, is the
molecular mass of the paramagnetic compound (g mol™"), v, is the
operating frequency of the NMR spectrometer (Hz), m is the con-
centration of the paramagnetic compound (g cm?), and ,,% is the
diamagnetic contribution to the molar susceptibility (cm?® mol™).
The reported value of y,,T is an average from three independent
measurements.

'H NMR Spectroscopy. 'H NMR spectra of H,L and ligand pre-
cursors were collected at 25 °C on an automated Agilent DD MR
400 MHz (9.4 T), an Agilent DD2 500 MHz (11.7 T), or on a Var-
ian Inova 500 MHz (11.7 T) spectrometers. All '"H NMR spectra of
cobalt complexes were recorded at 37 °C. Data for dissociation
constant (Kg) measurements in D,O were collected on a Bruker
Avance III HD Nanobay 400 MHz (9.4 T) system (for Na" and K*)
or on a Bruker Neo 600 MHz (14.1 T) system equipped with a QCI-
F cryoprobe (for Mg?* and Ca?*), and data for K4 measurements in
50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES) buffer solutions at pH 7.3—7.5 were collected on an Ag-
ilent DD2 500 MHz (11.7 T) system. 'H NMR spectra of samples
of 1 in D,0 and in 50 mM HEPES buffer solutions at pH 7.4 were
collected on a Bruker Avance III HD Nanobay 400 MHz (9.4 T)
system and on an Agilent DD2 500 MHz (11.7 T) system, respec-
tively. For the HEPES buffer solution samples, D,O was placed in
an inner capillary within each NMR sample tube to lock the sample.
Samples were prepared and stored under dinitrogen atmosphere to
ensure no degradation due to oxidation by air. Note that the pH of
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the buffer solutions was adjusted to the desired values using aque-
ous HCI and NMe4OH solutions to avoid introduction of inorganic
cations. Chemical shift values (J) are reported in ppm and refer-
enced to residual signals from the deuterated solvents (7.26 ppm
for CDCls, 3.31 ppm for MeOH-ds, and 2.50 ppm for DMSO-d).
For measurements of complexes in D,O or H,O, the chemical shift
of the solvent signal was set to 0 ppm to simplify comparison be-
tween '"H NMR and CEST spectra (see Figures S1 and S2).

CEST Experiments. All CEST experiments were performed at
37 °C on an Agilent DD2 500 MHz (11.7 T) or a Varian Inova 500
MHz (11.7 T) systems. Samples for measurements contained 2.5-
11 mM of 1 in 50 mM HEPES buffer solutions at pH 7.4, in the
absence and presence of inorganic cations. All samples were pre-
pared and stored under dinitrogen atmosphere to ensure no degra-
dation due to oxidation by air. Z-spectra (CEST spectra) were ob-
tained according to the following protocol. 'H NMR spectra were
acquired from —100 to 100 ppm frequency offset (chemical shift
with respect to the bulk H,O signal) with a step increase of 1 ppm
using a presaturation pulse applied for 3 s at a power level (B1) of
21-22 pT. The B; values were calculated based on the calibrated
90° pulse on a linear amplifier. D,O was placed in an inner capillary
within each NMR sample tube to lock the sample. The obtained 'H
NMR spectra were plotted as normalized integrations of the H,O
signal against frequency offset to produce a Z-spectrum. Direct sat-
uration of the H>O signal was set to 0 ppm. CEST peak intensities
from 20 to 40 ppm were fitted using a linear model to construct
baselines, based on which the relevant CEST intensities were cor-
rected. Exchange rate constants were calculated based on a reported
method.? In particular, '"H NMR spectra were acquired at various
presaturation power levels ranging from 7.4 to 21 pT applied for 6
sat37°C.

Determination of Dissociation Constants (K4) by '"H NMR Ti-
tration Experiments. '"H NMR titration experiments were per-
formed following modified literature procedures.?® In order to ob-
tain accurate chemical shift and peak integration values, samples
were prepared in D>O under dinitrogen atmosphere. Reported val-
ues of Kq for each cation-bound complex are averages from two
independent experiments. For [LCoM]"?" (M*"?* = Na*, Mg?*, K"),
values of Ky were estimated by monitoring changes in '"H NMR
chemical shift for two different resonances (see Table S4) and av-
erages from these data sets are reported in Table 2. To estimate K4
for the interaction between LCo and Na* and Mg?* ions, samples
containing 2.5 or 1.0 mM of 1 were mixed with various amounts of
NaNOjs or Mg(NOs), to give final concentrations of Na™ and Mg?*
ranging from 0 to 18.7 mM and 0 to 56.7 mM, respectively. The
interconversion rate between {LCo +M*™>*} and [LCoM]"?" (M™2*
= Na*, Mg?") was fast compared to the 'H NMR acquisition time
scale (ca. 1073 s), as evidenced by the presence of a single set of
NMR resonances for the whole series of spectra for both ions. The
changes in chemical shift (Ao) for the peaks at ca. 202 and 123 ppm
were monitored for each added ion (see Figures 3, left, and S3-S5)
and fitted using the program Dynafit®’ to extract values of K4 (see
Script S1, and Tables 2 and S4). Representative fits of these data
are shown in Figures S6—S9.

Because K4 for [LCoK]" was expected to be lower than that for
[LCoNa]*, 150 mM of Na*" was introduced to compete with K* for
bindingto LCo, so an equilibrium could be established at a concen-
tration of 1 high enough to be observed by 'H NMR. Samples con-
taining 2.5 mM of 1 and 150 mM of NaNO; in D,O were mixed
with various amounts of KNOj to give final concentrations of K*
ranging from 0 to 18.6 mM. The interconversion rate between
{[LCoNa]" + K*} and {[LCoK]" + Na*} was fast compared to the
"H NMR acquisition time scale (ca. 107 s), as evidenced by the
presence of a single set of NMR resonances for the series of spectra.
The changes in chemical shift (AJ) for the peaks at ca. 212 and 133
ppm (see Figures S10 and S11) were fitted using Dynafit,?” using a
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competition model (see Script S2), to afford values of K4 (see Fig-
ures S12 and S13, and Tables 2 and S4).

To determine K4 for [LCoCal?*", K™ was used as a competing ion.
Samples containing 1.0 mM of 1 and 30 mM of KNO; were mixed
with various amounts of Ca(NOs); to give final concentrations of
Ca?" ranging from 0 to 3.65 mM. The increase in the intensity of
the peak at 245 ppm with increasing concentration of Ca?>" and the
concomitant decrease in signal intensity for the peak at 207 ppm
indicated a slow interconversion rate between {[LCoK]" + Ca®*}
and {[LCoCa]** + K"} compared to the "H NMR acquisition time
scale (ca. 1073 s). The integration values for the peaks at 207 and
245 ppm were normalized to represent the relative percentages of
[LCoK]" and [LCoCa]*"in the samples (see Figure S14). The value
of Ky for [LCoCa]** was estimated using the following equation
(see Table 2):

K (Lcoca) = Ka ooy ¥ [Ca2V/[KT] (3)
In this equation, Ky wcox) is the average Ky value obtained for
[LCoK]", and [Ca?'] and [K'] are the concentrations of free Ca®*
and K* ions when [LCoK]" : [LCoCa]** =1: 1.

To investigate the effects of pH on cation binding to LCo and
compare to the data obtained in D,O, 'H NMR titration experiments
were repeated for Na* in deoxygenated 50 mM HEPES buffer so-
lutions at pH 7.3-7.5. Samples containing 5.0 mM of 1 and 50 mM
of HEPES buffered at pH 7.3, 7.4, and 7.5, respectively, were
mixed with various amounts of NaNOs to give final concentrations
of Na* ranging from 0 to 18.2 mM. The change in chemical shift
(A9) for the peak at ca. 123 ppm was monitored and fitted using a
non-competition model in Dynafit?’ (see Script S1) to obtain values
of Ky as described above. These data are summarized in Figures
S15-S17 and Table S5.

Electrochemical Measurements. Cyclic voltammetry measure-
ments were carried out in a standard one-compartment cell using

CH Instruments 760 ¢ potentiostat under a humid dinitrogen atmos-
phere inside an MBraun LABstar glovebox at ambient temperature.
The cell consisted of a glassy carbon electrode as a working elec-
trode, a platinum wire as a counter electrode, and a saturated calo-
mel electrode (SCE) as a reference electrode. The analyte solutions
were prepared using 50 mM of HEPES buffered at pH 7.4 with ei-
ther 100 mM of NMe4Cl or a mixture of inorganic cations at their
physiological concentrations (150 mM of NaCl, 4 mM of KNOs, 2
mM of Ca(NOs),, and 0.2 mM of Mg(NO3),) as an electrolyte. The
voltammograms were converted and referenced to the normal hy-
drogen electrode (NHE), using a literature conversion factor.?

Other Physical Measurements. Infrared data were collected on
a Bruker Alpha FTIR spectrometer equipped with an attenuated to-
tal reflectance accessory. Solution UV-visible-NIR spectra were
obtained using an Agilent Cary 5000 spectrophotometer. Elemental
analyses of 1, 2, and 3 were performed by Midwest Microlab (In-
dianapolis, IN).

RESULTS AND DISCUSSION

Syntheses and Structures. The design of H,L was inspired by
previous reports of transition metal Schiff base complexes featur-
ing an appended crown ether pocket.!®®!82° An S\2 reaction be-
tween 2-bromoacetamide and a reduced salen precursor afforded
H,L (see Scheme S1). The crown ether group is responsible for cat-
ion recognition, whereas the hexadentate chelating fragment fea-
tures exchangeable carboxamide protons and accommodates an an-
isotropic metal center suitable for PARACEST. Co" is an ideal
metal ion for these purposes owing to high magnetic anisotropy and
fast electronic relaxation time.!” The crown ether moiety was ex-
pected to be well suited for selective and reversible binding of Ca?*
under physiological conditions as it mimics the organic molecule
18-crown-6, which is well known to bind cations with different af-
finities based on their size and charge.’® Furthermore, structural
changes in the crown ether pocket caused by cation binding were
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Figure 2. Upper: Crystal structures of LCo (left), [LCoNa(H20)]" (middle), and [LCoCa(NOs)(MeOH)]" (right), as observed in 1, 2, and 3’, respectively.
Magenta, cyan, lilac, red, blue, and gray spheres represent Co, Ca, Na, O, N, and C atoms, respectively; H atoms are omitted for clarity. Lower: Low-
temperature magnetization data for 1 (left), 2 (middle), and 3 (right), collected at selected dc fields (see legends). Colored circles and black solid lines represent

experimental data and corresponding fits, respectively.
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Table 1. Selected mean interatomic distances and octahedral distortion pa-
rameter (2)*' for 1’-3’, and axial zero-field splitting parameter (D) for 1-3.

1/1 2'/2 3'/3
Co0_... (D) 2.158(4) 2.15(3) 2.12(3)
Co0 e @) 2.00(2) 2.009(8) 1.978(1)
Co—N (&) 2.22(3) 2.18(3) 2.141(5)
() 97.8(5) 91.6(4) 66.3(2)
D (cm™) -18.7(3) —20.8(2) —40.0(1)

envisioned to influence the coordination geometry of the hexaden-
tate chelate, and thus affect the magnetic anisotropy of the para-
magnetic Co! center. These changes in magnetic anisotropy of Co!'
were anticipated to impact the hyperfine shifts of carboxamide pro-
tons from the pendent donors, providing CEST peaks with cation-
dependent frequencies.

Reaction of HoL with Co(CH;COO),-4H,0'%*1829 afforded the
pink compound LCo-3.1H,0 (1) in 82% yield (see Figure 1). Sub-
sequent addition of stoichiometric amounts of NaNO; or
Ca(NOs3),-4H,0 yielded the compounds LCoNa(NO3)-1.7H>O (2)
or LCoCa(NOs),-0.25Et,0-0.50H,0 (3), respectively. Slow diffu-
sion of acetone into aqueous solutions of 1 or 2, or Et,O into a so-
lution of 3 in MeOH, gave pink block-shaped crystals of
LCo-0.50C3H¢0-9.05H,0 (1'), [LCoNa(H,0)](NO3)o.5(OH)o5-5.8
H,O (2'), and [LCoCa(NO3)(MeOH)](NO3)-MeOH (3'), respec-
tively. Single-crystal X-ray diffraction analyses of 1'-3' (see Ta-
bles S1-S3) revealed that the Co™ ion resides in a distorted octahe-
dral environment in all three structures, with the N,O, pocket of
L% comprising the equatorial plane and the O atoms from the pen-
dent carboxamide groups coordinating the axial sites (see Figure 2,
upper). In 2’, a Na™ ion is ligated by four of the six O atoms from
the crown ether unit of L?>~ and a H,O molecule to give an irregular
five-coordinate complex. In stark contrast, 3’ features a nine-coor-
dinate Ca" ion that induces only a minimal distortion to the crown
ether, where all six Ca—Oerown distances are shorter than 2.74 A. The
remaining three coordination sites of Ca®* are occupied by a MeOH
molecule and an 77-NOs™ ion. Because Ca?" and Na* have similar
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ionic radii,! the less distorted structure in 3’ than 2’ likely stems
from greater electrostatic attraction between Ca?" and the O atoms.

The conformational differences between the crown ether units in
1', 2', and 3’ caused significant structural differences at the Co"
center in the three compounds. This effect can be quantified
through the octahedral distortion parameter (2), which is defined as
the sum of the absolute deviations from 90° for all 12 cis L-Co-L
angles.3? Across the series, 1’ features the largest distortion from an
octahedral geometry at Co' with X'=97.8(5)°, followed by 2’ with
2=91.6(4)°, and 3’ with 2'=66.3(2)° (see Table 1).

Solid-State Magnetic Properties. Given the significant differ-
ences in coordination geometry at Co' across the three compounds,
one would expect associated changes in magnetic anisotropy. To
probe the influence of coordination geometry on magnetic anisot-
ropy in these compounds, low-temperature magnetization data
were collected for polycrystalline samples of 1, 2, and 3 at selected
dc fields (see Figure 2, lower). The non-superimposability of the
resulting isofield curves for all compounds, along with their satu-
ration magnetization values below M = 3 ug expected for an iso-
tropic S =3/, Co"! center, indicates the presence of significant zero-
field splitting, which is a measure of magnetic anisotropy. This ef-
fect was quantified by fitting the data using equation 1 (see Exper-
imental Section),? giving axial zero-field splitting parameters of D
= —18.7(3), —20.8(2), and —40.0(1) cm™ for 1, 2, and 3, respec-
tively. Here, the magnitude of D increases with decreasing distor-
tion from octahedral geometry at Co', which is in line with a pro-
gression toward orbital degeneracy in moving from 1 to 2 to 3.

Solution 'H NMR Properties. To probe how changes in mag-
netic anisotropy of Co' affect the NMR hyperfine shifts of ligand
protons in 1, 2, and 3, "H NMR spectra were collected at 37 °C for
solutions containing 5 mM of 1 and 50 mM of HEPES buffered at
pH 7.4, in the absence and presence of 15 mM of NaNOs or
Ca(NO3),. Note that excess amounts of Na* and Ca>* were used to
ensure complete cation binding, and no further spectral changes
were observed beyond this concentration. Spectra for all three so-
lutions display sharp peaks spanning from —23 to 245 ppm vs H,O,
consistent with high-spin Co! in all compounds (see Figure S1).
Carboxamide resonances were observed at 77, 69, and 80 ppm for

'H Chemical Shift (ppm)
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Figure 3. Left: Change in 'H NMR chemical shift of a selected resonance for a 2.5 mM solution of 1 in D20 upon incremental addition of NaNOs. Right:
Changes in "H NMR signal intensities of selected resonances for a DO solution containing 1.0 mM of 1 and 30 mM of KNO3 upon incremental addition of
Ca(NOs),. The resonances at 207 and 245 ppm correspond to [LCoK]" and [LCoCa]*', respectively. Data were collected at 37 °C at 9.4 and 14.1 T for Na'
and Ca”', respectively. Numbers next to spectra denote the concentrations of respective added cations (mM).
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Table 2. Summary of dissociation constants (Kq) for cation-bound com-
plexes of 1 in D20 at 37 °C.

[LCoNa]* [LCoMg]** [LCoK]*  [LCoCal**

Kq (mM) 4.8(3)* 23(2)* 0.3(2)* 0.01(1)°
2 Average value from monitoring "H NMR chemical shift changes upon cat-

ion addition for two different resonances. ®Estimated by a method de-
scribed in the Experimental Section.

1, [LCoNa]", and [LCoCa]*", respectively, as evidenced by their
disappearance in the spectra recorded in D,O (see Figure S2). The
observation of a single carboxamide peak for all compounds sug-
gests chemical equivalence of the two carboxamide groups in each
molecule. Importantly, the difference in chemical shift of 11 ppm
between the Ca”*- and Na'-bound compounds is more than two or-
ders of magnitude greater than that of a diamagnetic analogue,'®
highlighting the high sensitivity of '"H NMR hyperfine shift toward
structural and magnetic differences at Co". Note that the carbox-
amide peak is not the most shifted resonance for any of the three
compounds. The most shifted resonances for 1, [LCoNa]’, and
[LCoCa]*" are located at 203, 210, and 245 ppm, respectively. The
increase in maximum hyperfine shift in moving from 1 to [LCoNa]"
to [LCoCa]*" is in good agreement with the increase in magnetic
anisotropy across the series, as evident from solid-state magnetic
measurements. The 35 ppm difference in maximum hyperfine shift
between [LCoCa]** and [LCoNa]" represents even higher cation
sensitivity, suggesting that there is a large room for improving the
sensitivity of cation-sensing MR probes.

Assessment of Cation Binding Affinities by 'H NMR. While
UV-visible absorption spectroscopy is commonly used to deter-
mine dissociation constants, the UV-visible spectra for aqueous so-
lutions of 1, [LCoNa]*, and [LCoCa]** reveal no significant differ-
ences (see Figure S18). However, because notable changes were
observed between the '"H NMR spectra for these compounds, and
"H NMR has been employed in studying cation binding for other
crown ether-based systems,?® we decided to assess the binding af-
finities of 1 toward Na*, Mg?*, K*, and Ca?* through '"H NMR titra-
tion experiments at 37 °C. Addition of Na* or Mg?" to solutions of
1 in DO resulted in downfield shifting of '"H NMR resonances. The
resonances shifted non-linearly with increasing concentrations of
Na* or Mg?*, suggesting the presence of equilibrium (see Figures
3, left, and S3-S5). The changes in chemical shift for the peaks at
ca. 202 and 123 ppm were most pronounced and could be mod-
eled?” to provide average dissociation constants of K4 = 4.8(3) and
23(2) mM for [LCoNa]* and [LCoMg]*", respectively (see Figures
3, left, and S3-S9, and Table S4). Owing to the structural similarity
between 18-crown-6 and the crown ether moiety of HoL, 1 was ex-
pected to display higher affinity toward K*than toward the smaller
ions Na* and Mg?".!8%° As such, Na* was introduced to compete
with K for binding to LCo, so an equilibrium could be established
at a concentration of 1 high enough to be observed by '"H NMR. A
similar non-linear shift of 'H resonances was observed upon incre-
mental addition of KNOj to a D,0 solution of 1 containing 150 mM
of NaNO; as observed in the Na* and Mg?" titration experiments,
albeit less pronounced (see Figures S10 and S11). A fit of the data
gave an average value of K4 =0.3(2) mM for [LCoK]" (see Figures
S12 and S13, and Table S4).

For the NMR titrations of LCo with Na*, Mg?*, and K*, only one
set of 'H resonances was observed in each case, indicating fast cat-
ion exchange rates compared to the "H NMR acquisition time scale
(ca. 1073 s). In contrast, when Ca?" was added to a DO solution of
1 containing K™ as a competing ion, two sets of 'H resonances were
observed (see Figure 3, right). This observation suggests a slow
cation exchange between [LCoK]" and [LCoCa]?** in aqueous solu-
tions. Integrations of the peaks at 207 and 245 ppm, corresponding
to [LCoK]" and [LCoCal]**, respectively, could be employed to de-
rive the mole fraction of [LCoCa]*" as a function of [Ca®'] (see

100 1
80 - Frequency Offset (ppm)
] 90 80 70 60
L 604 100
o 98
§ 96 <
N 40+ [0 8
= Lo4 S
20- LCo 92
|[——LCo +Na’ L 90
2+
0. LCo + Ca 88
—
100 80 60 40 20 0 -20

Frequency Offset (ppm)

Figure 4. CEST spectra collected at 11.7 T and 37 °C using a 3 s presatu-
ration pulse and B1 =21 pT for 5 mM aqueous solutions of 1 containing 50
mM of HEPES buffered at pH 7.4 (black), and with 15 mM of Na* (red) or
Ca*" (blue). Inset: Expanded view of relevant CEST peaks.

Figure S14). By using the previously determined Ky value for
[LCoK]" and [Ca®'] at 50% [LCoCal]** formation, a value of K4 =
0.01(1) mM was estimated for [LCoCa]** (see equation 3). Average
values of Ky for the different cation-bound complexes of 1 are sum-
marized in Table 2. Cation affinity for 1 follows the order Ca?" >
K*>Na*>Mg?". The tightest binding of 1 to Ca?" is likely a result
of an optimal ionic radius in conjunction with a high positive
charge. Most importantly, these Ky values suggest that 1 will near
exclusively bind Ca?>* and Na* over Mg?* and K* under physiolog-
ical conditions owing to low affinities and/or low concentrations of
the latter two ions. Furthermore, similar values of K4 = 1.8(9)-
3.7(9) mM were obtained for [LCoNa]"in HEPES solutions buff-
ered at pH 7.3-7.5 as observed in D,O (see Figures S15-S17 and
Table S5), indicating that ion binding to 1 is minimally affected by
pH in the physiological range.

CEST Properties. To investigate the potential of 1 as a cation-
responsive PARACEST probe, CEST spectra were collected at 37
°C for solutions containing 5 mM of 1 and 50 mM of HEPES buft-
ered at pH 7.4, in the absence and presence of 15 mM of Na* or
Ca?*. For solutions of 1, [LCoNa]’, and [LCoCa]**, CEST peaks
were observed at 77, 69, and 80 ppm, respectively, with 4.8, 3.9,
and 8.5% H,O signal reduction, respectively (see Figure 4). These
CEST peak frequencies are consistent with the assignment of car-
boxamide resonances from the '"H NMR spectra. Despite the low
signal intensities, the frequency difference between the three CEST
peaks highlights the effectiveness of LCo to distinguish between
Na* and Ca”" in solution. A second CEST peak was observed at 11
ppm in the spectrum for [LCoCa]?", likely stemming from a coor-
dinating H>,O molecule. Exchange rates for the carboxamide pro-
tons were estimated by the Omega plot method at 37 °C and pH
7.4.% Rate constants of kex = 4.0(5) % 102, 3.0(6) x 102, and 2.4(2)
x 102 s7! were obtained for 1, [LCoNa]’, and [LCoCa]*", respec-
tively, (see Figure S19). These values are in good agreement with
those reported for other carboxamide-based PARACEST
agents.>!0¢!achk The stronger CEST effect observed for
[LCoCa]*" compared to that for [LCoNa]", despite similar values
of kex for the two complexes, could be due to the presence of a third
pool of labile protons from the coordinating H,O molecule in
HEPES buffer solutions of [LCoCa]**. This hypothesis is supported
by the observation of an additional peak at 11 ppm in the CEST
spectrum for [LCoCa]*".

Quantitation of Ca** Concentration in Aqueous Solutions. To
evaluate the ability of 1 to enable a ratiometric quantitation of the
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concentration of Ca* under physiological conditions, CEST spec-
tra were collected at 37 °C for a solution containing 2.0 mM of 1,
150 mM of NaCl, and 50 mM of HEPES buffered at pH 7.4, upon
incremental addition of Ca(NOs),. In the absence of Ca?*, a single
CEST peak at 69 ppm was observed, indicating complete formation
of [LCoNa]*. However, upon addition of Ca>’, a new peak ap-
peared at 80 ppm, corresponding to [LCoCal*". The intensity of this
peak increased monotonically until reaching saturation at [Ca>*] =
3.13 mM. Due to partial overlap with the peak at 80 ppm, the CEST
peak intensity at 69 ppm first increased until [Ca?*] = 1.00 mM, but
then decreased substantially with increasing [Ca®"], reaching a
value of less than 1% at [Ca?'] = 3.13 mM (see Figure 5, upper).
The appearance of the CEST peak at 80 ppm demonstrates that 1
selectively binds Ca>* over Na* under physiological conditions.'*
Importantly, the intensity of the [LCoCa]>" CEST peak at 80 ppm
reached saturation at [Ca?"] = 3.13 mM rather than 2.00 mM, indi-
cating that cation selectivity is modest enough to allow for an equi-
librium between [LCoNa]* and [LCoCal*, thus enabling rati-
ometric quantitation of [Ca?"]. These observations are consistent
with the K4 values estimated for the two complexes.

To assess the influence of probe concentration on the CEST
properties of 1, variable-[Ca?"] CEST spectra were collected for
various concentrations of 1 in analogy to the 2.0 mM sample (see
Figures S20-S22). The intensities of the CEST peaks at 80 and 69
ppm changed considerably as the concentration of 1 was varied,
demonstrating the shortcoming of detecting [Ca?*] solely based on
CEST peak intensities. However, the ratio of peak intensities at 80
and 69 ppm (CESTso ppu/CESTs9 ppm) Was only minimally affected
by the concentration of 1 (see Figure 5, lower). Note that the CEST
effect at 69 ppm cannot be accurately determined when [Ca?"] > 3
mM owing to the low intensity (see Figure 5, upper). As such,
CESTs0 ppm/CEST69 ppm values for [Ca?*] >3 mM may contain sig-
nificant error. The correlation between CESTs ppm/CESTe9 ppm and
[Ca?"] for [Ca**] < 3 mM can be fitted using the following empirical
exponential model:

CESTs30 ppm/CESTe9 ppm = exp([Ca’"] —x) (4)

Fits of the CEST data to equation 4 afforded x = 0.92(4), 0.90(6),
1.6(1), and 2.8(2) for 2.0, 2.8, 5.6, and 11 mM of 1, respectively.
Therefore, when only data for [Ca?"] < 3 mM are examined, the
equations for 2.0 and 2.8 mM of 1 are statistically indistinguishable
(see Figure 5, lower, inset). However, the equations for 5.6 and 11
mM of 1 are significantly different, suggesting that [LCoNa]" and
[LCoCa]*" are not in equilibrium at higher concentrations of 1 (>
5.6 mM), likely due to strong Ca>* binding. These results establish
the validity of using the CEST peak intensity ratio to quantitate
[Ca?"] independent of the concentration of 1 within a regime where
the concentration of 1 is sufficiently low (< 3 mM) to allow for an
equilibrium between [LCoNa]" and [LCoCa]**. Accordingly, to ex-
pand the range of concentration-independent quantitation of [Ca®"]
using PARACEST, the probe should exhibit weaker binding affin-
ity toward Ca®" and stronger CEST effects.

To further test the feasibility of 1 to quantitate [Ca?*] in physio-
logical environments, variable-[Ca?"] CEST experiments were car-
ried out at 37 °C for a pH 7.4 buffer solution containing 2.8 mM of
1, 150 mM of Na*, 4 mM of K*, and 0.2 mM of Mg?* to mimic their
physiological concentrations'* (see Figure S23). Prior to addition
of Ca*", a single CEST peak at 69 ppm was observed with 0.8%
CEST effect, suggesting that LCo exclusively bound Na*. Upon in-
cremental addition of Ca?", the intensity of this peak first increased
to 4% at [Ca>"] = 1.01 mM and then decreased monotonically with
increasing [Ca"], whereas a CEST signal at 80 ppm corresponding
to [LCoCa]** appeared and reached a maximum intensity of 6.5%
at[Ca®"]=3.40 mM. These spectral changes are analogous to those
observed in the absence of K™ and Mg?*. An equilibrium between
[LCoCa]*" and [LCoNa]* was again established, as the CEST peak
at 80 ppm reached a maximum intensity at [Ca®"] >2.8 mM. How-
ever, both CEST peaks were noticeably broader compared to those
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Figure 5. Upper: CEST spectra collected at 11.7 T and 37 °C using a 3 s
presaturation pulse and B =21 pT for 50 mM HEPES buffer solutions con-
taining 2.0 mM of 1 and 150 mM of NaCl at pH 7.4 with increasing [Ca?].
The legend denotes [Ca?'] (mM). Lower: Ratio of CEST peak intensities
from presaturation at 80 and 69 ppm vs [Ca?']. Inset: Expanded view of the
relevant data. Circles and solid lines represent experimental data and fits,
respectively. The legend denotes [1] (mM).

observed in the absence of K™ and Mg?*. Specifically, the two peaks
start to coalesce at [Ca>"] > 1 mM, as evidenced by the downfield
and upfield shifting of the CEST peaks at 69 and 80 ppm, respec-
tively. Together, these observations suggest an accelerated cation
exchange between [LCoCal*" and [LCoNa]", likely stemming from
the presence of K*and Mg?".

The plot of CESTso ppm/CESTgo ppm vs [Ca®*], as depicted in Fig-
ure S24, reveals that CESTgo ppm/ CESTe9 ppm increases with increas-
ing [Ca2"], following a similar trend as the data shown in Figure 5,
lower. Fits of the data to equation 4 using [Ca?"] < 2.5 mM gave x
= 1.56(8) (see Figure S25), which is significantly higher than the
value of x = 0.90(6) obtained for the 2.8 mM sample of 1 in the
absence of K and Mg?". This discrepancy can likely be attributed
to the increased cation exchange rate between [LCoCa]*" and
[LCoNa]" in the presence of K* and Mg?*. Note that the empirical
exponential model provided in equation 4 does not fit the CESTso
ppm/ CES T ppm vs [Ca?*] data for the physiological ion mixture very
well. However, an alternative exponential model given in equation
5 affords much better agreement, providing parameters of a =
0.38(6) and b = 0.73(7) (see Figure S26).

CESTs0 ppm/CESTe9 ppm=a X exp(b x [Ca']) (5)

Taken together, variable-[Ca>*] CEST experiments for solutions
of 1 with different cations confirm that 1 selectively and reversibly
binds Ca®>" and Na* over the related cations K* and Mg?*, verifying
the feasibility of ratiometric quantitation of [Ca®*] under physio-
logical conditions.!* While interference from binding other cations
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is insignificant, the rate of cation exchange was found to influence
the CEST peak intensity ratio, highlighting the necessity of con-
structing a calibration curve under conditions that strongly resem-
ble the targeted environment. As such, the effects of cation ex-
change rates on the CEST properties of different cation-bound
probes should be strongly considered in the design of future cation-
responsive CEST probes.

Stability Studies. Finally, we sought to investigate the stability
of 1 in aqueous solutions. Cyclic voltammetry experiments were
carried out for solutions of 1 with 50 mM of HEPES buffered at pH
7.4 in the absence and presence of a mixture of Na*, K¥, Mg?*, and
Ca?" ions at their physiological concentrations.'* In the absence of
the inorganic cations, 1 exhibits one pseudo-reversible redox pro-
cess at 440 mV vs NHE that is assigned to the Co™!"" potential (see
Figure S27). Surprisingly, the pseudo-reversible Co™ redox event
was shifted cathodically to 374 mV vs NHE in the presence of the
cation mixture (see Figure S28). The more reductive potential ob-
served in the presence of the inorganic cations could be attributed
to the different electrolytes in the sample solutions. Nevertheless,
both potentials are more reductive than that for the reduction of O,
to H,O in a neutral solution,?® suggesting that 1 is susceptible to
oxidation in air. To further study the stability of 1 under aerobic
conditions, a solution of 1 buffered at pH 7.4 was prepared under
dinitrogen atmosphere and exposed to air while a UV-visible ab-
sorption spectrum was recorded at regular intervals (see Figure
S29). Over a 24 h period, the intensities of the absorption bands
centered at 247 and 296 nm gradually decreased, likely correspond-
ing to the oxidation of Co?" to Co®" over the course of hours.

CONCLUSIONS AND OUTLOOK

The foregoing results demonstrate the feasibility of quantitating
Ca?" concentration in a ratiometric manner through cation-depend-
ent CEST effects. Importantly, the LCo probe features both a se-
lective and a reversible binding of Ca>* and Na™ in the presence of
similar cations. The CEST peaks for the Ca?>"- and Na*-bound
probes are highly shifted and can be distinctively addressed, thanks
to the sensitivity of '"H NMR hyperfine shift and magnetic anisot-
ropy to changes in the coordination environment at the paramag-
netic Co" center. Moreover, variable-[Ca?*] CEST experiments
confirmed the ability of LCo to quantitate [Ca?*], independent of
the probe concentration when an equilibrium between [LCoCa®*]
and [LCoNa"] was achieved ([LCo] <3 mM and [Ca?"] < 3 mM).

The current proof-of-principle study represents a first step to-
ward practical quantitation of [Ca?*], and potentially other physio-
logically relevant cations, in a concentration-independent manner.
While the weak CEST effects and air-sensitivity may preclude the
practical use of the current LCo probe, we have established that the
combination of magnetic anisotropy modulation and cation recog-
nition by a crown ether moiety is a promising cation-sensing strat-
egy. Future efforts will be directed toward tuning the transition
metal and pendent CEST-active groups to optimize sensitivity, cat-
ion binding affinities, CEST peak intensities, and probe stability,
as well as modifying the crown ether unit toward sensing cations of
different sizes.
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