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ABSTRACT: A Zn2+ based complex, 3, displays greatly increased
fluorescence emission in the presence of Mg2+. Fluorescent and
computational studies suggest that 3 selectively interacts with Mg2+

due to optimal cavity size formation between two uncoordinated
pyrazole side arms. This work thus represents a new approach to
the development of fluorescent chemosensors.

■ INTRODUCTION
The first fluorescent chemosensor was developed by
Goppelsröder in 1867 for the detection of Al3+ ions.1 Since
then, fluorescent chemosensors have seen wide application in
fields from analytical chemistry to physiology for the accurate
measurements of various analytes in solution. An important
area of fluorescent chemosensor application is in the detection
of biologically relevant cations, which maintain vital functions
for human health. Critical for these measurements is the ability
of the sensor to respond with high selectively to the desired
analyte. Because of this, researchers are still working on
developing probes for a wide range of cations, while also
looking into the fundamental factors affecting selectivity. While
a range of methods for developing chemosensors exist,
including the development of fluorescent MOF-based sensors,2

the most common approach for cation detection is through the
use of molecular sensors. This is especially true for sensors
developed with the goal of studying in vivo analyte
concentrations.

Most fluorescent chemosensors are developed using strictly
organic motifs.3−5 However, organic probes can adopt a
limited number of geometries (commonly due to sp2 and sp3

hybridizations). Given the need for a highly conjugated
fluorophore, many organic probes are required to be planar
which, in turn, may limit selectivity.3−6 Indeed, it is well known
that, in proteins, 3D geometric parameters such as cavity shape
and size may play a significant role in determining with which
cation a given receptor best binds.7 Given this, we were curious
to see if inorganic complexes, which may readily adopt a
number of geometries, may be used to create and fine tune
binding site cavities in order to increase specificity for a

biologically relevant cation. Surprisingly, an extensive review of
the available literature suggests that cation sensors using a
molecular inorganic scaffold are rare.3−5,8 Thus, to study the
fundamental benefits of using inorganic fluorescent chemo-
sensors, we set out to design a fluorescent probe in which
initial complexation to a metal center enhanced the ability to
selectively detect a desired analyte. To our satisfaction, this
concept worked well in the design of a sensor capable of highly
selective interaction with Mg2+. Notably, the magnesium ion is
not only an important biological ion but is also known to be
harder to detect using fluorescent chemosensors when in the
presence of Ca2+.3,6−14 While designing the sensor, we were
inspired by the zinc-finger protein motif, in which d10 zinc ions
support protein folding,15 and targeted zinc-based complexes
with adjustable binding site cavities. Thus, we synthesized a
series of novel homoleptic Zn2+ complexes supported by two
NNN pincer ligands, CztBu(PyrR)2− (R = H, Me, iPr).16

Further modifications are needed before the most successful
sensor, 3, is available for biological applications. Still, our
results act as a “proof-of-concept” and support the need for
further investigation of fluorescent chemosensors that take
advantage of the fundamental benefits of using an inorganic
approach toward sensor design.
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■ EXPERIMENTAL SECTION
Materials and Methods. All manipulations were per-

formed under a nitrogen atmosphere using standard Schlenk
techniques or in an M. Braun UNIlab Pro glovebox. Glassware
was dried at 150 °C overnight. Acetonitrile, dichloromethane,
diethyl ether, n-pentane, tetrahydrofuran, and toluene were
purified using a Pure Process Technology solvent purification
system. Before use, an aliquot of each solvent was tested with a
drop of sodium benzophenone ketyl in THF solution. All
reagents were purchased from commercial vendors and used as
received. HCztBu(PyrH)2, HCztBu(PyrMe)2, and HCztBu(PyriPr)2
were prepared according to a modified literature procedure.15
1H NMR data were recorded on a Varian Inova 500 MHz
spectrometer at 22 °C. Resonances in the 1H NMR spectra are
referenced to residual C6D5H at δ = 7.16 ppm. UV−visible
spectra were recorded on an Agilent Cary 8454 UV−vis
spectrophotometer equipped with a Unisoku Scientific Instru-
ments Cryostat USP-203B for variable temperature experi-
ments. Fluorescence emission spectra were recorded on a
Shimadzu RF-6000 spectrofluorometer. Elemental analyses
were conducted by Midwest Microlab, LLC (Indianapolis, IN).
General Synthesis of (CztBu(PyrR)2)2Zn (R = H (1), Me

(2), iPr(3)). To a stirred solution of HCztBu(PyrR)2 (500 mg,
1.01−1.22 mmol) in THF (3 mL) at ambient temperature
under a N2 atmosphere was added a solution of lithium
diisopropylamide (LDA) (1.06−1.28 mmol) in THF (2 mL)
for 1 h. Solid ZnCl2 (0.5−0.61 mmol) was added, and the
resulting slurry was stirred for 12 h at ambient temperature.
Volatiles were removed under reduced pressure, and the
residue was extracted with toluene and filtered through Celite.
The filtrate was dried in vacuo to yield a light yellow solid.
(CztBu(PyrH)2)2Zn (1). Yield: 91%. Crystals suitable for X-

ray diffraction were grown from slow evaporation of a DCM
solution at ambient temperature. 1H NMR (500 MHz, C6D6,
δ): 8.67 (s, 2H, ArH), 7.42 (s, 2H, ArH), 6.81 (s, 2H, ArH),
5.34 (s, 2H, ArH), 1.52 (s, 18H, C(CH3)3). UV−vis
(acetonitrile, 22 °C) λmax (ε [M−1·cm−1]): 214 (176582),
255 (46257), 261 (46386), 268 (31756), 315 (19421). Anal.
Calcd for (CztBu(PyrH)2)2Zn: C, 70.46; H, 6.37; N, 15.80.
Found: C, 70.06; H, 6.36; N, 15.86.
(CztBu(PyrMe)2)2Zn (2). Yield: 62%. Crystals suitable for X-

ray diffraction were grown from a concentrated toluene
solution at ambient temperature. 1H NMR (500 MHz, C6D6,
δ): 8.52 (s, 2H, ArH), 7.74 (s, 2H, ArH), 7.47 (s, 2H, ArH),
5.27 (s, 2H, ArH), 1.46 (s, 18H, C(CH3)3), 1.36 (s, 6H, CH3).
UV−vis (acetonitrile, 23 °C) λmax (ε [M−1·cm−1]): 208
(64090), 243 (26070), 313 (11960). Anal. Calcd for
(CztBu(PyrMe)2)2Zn: C, 71.36; H, 6.84; N, 14.86. Found: C,
70.97; H, 6.90; N, 14.60.
(CztBu(PyriPr)2)2Zn (3). Yield: 86%. Crystals suitable for X-

ray diffraction were grown from slow diffusion of n-pentane
into a THF solution at ambient temperature. 1H NMR (500
MHz, C6D6, δ): 8.50 (s, 2H, ArH), 7.79 (s, 2H, ArH), 7.49 (s,
2H, ArH), 5.49 (s, 2H, ArH), 2.31 (m, J = 2.0 Hz, 2H,
CH(CH3)2), 1.44 (s, 18H, C(CH3)3), 0.66 (d, J = 2.0 Hz,
12H, CH(CH3)2). UV−vis (acetonitrile, 23 °C) λmax (ε [M−1·
cm−1]): 209 (76970), 243 (26840), 312 (12640). Anal. Calcd
for (CztBu(PyriPr)2)2Zn: C, 72.88; H, 7.65; N, 13.28. Found: C,
72.61; H, 7.40; N, 13.66.
Crystallography. Data for 1 was measured using a Bruker

Kappa APEXII diffractometer with Mo Kα radiation (λ =
0.71073 Å). Data for 2 and 3 were collected using a Bruker

AXS D8 Quest diffractometer with a PhotonII charge-
integrating pixel array detector (CPAD) with Mo Kα radiation
(λ = 0.71073 Å). A single crystal of each compound was
mounted on a MiTeGen micromesh mount using a trace of
mineral oil and cooled in situ to 120 or 150 K for data
collection. Data for 1, 2, and 3 was collected using an Apex2 or
Apex3,17,18 and the intensity data were corrected for
absorption using multiscan techniques (SADABS).19 The
space groups were assigned, and the structures were solved
by direct methods using XPREP within the SHELXTL suite of
programs and refined by full matrix least squares against F2

with all reflections using Shelxl2014 or 2018 using the
graphical interface Shelxle or OLEX2.17,20,21 H atoms attached
to carbon atoms were positioned geometrically and con-
strained to ride on their parent atoms, with carbon hydrogen
bond distances of 0.95 Å for alkene and aromatic C−H, and
1.00, 0.99, and 0.98 Å for aliphatic CH, CH2, and CH3
moieties, respectively. Methyl H atoms were allowed to rotate
but not to tip to best fit the experimental electron density.
Uiso(H) values were set to a multiple of Ueq(C) with 1.5 for
CH3 and 1.2 for CH2 and CH units. Additional experimental
details for all structures are given in the Supporting
Information. Structures, in CIF format, have been deposited
with the Cambridge Crystallographic Data Centre, CCDC
2182333−2182335. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
https://www.ccdc.cam.ac.uk/structures/.
Molecular Dynamics (MD) Simulations. MD simula-

tions were performed by using the general AMBER force field
(GAFF).22 Any missing parameters for the metal sites were
generated using the MCPB.py program.23 For each of
Compounds 2 and 3, one of the pyrazole moieties was flipped
to allow the compound to chelate with the metal ion. A 1 μs
production simulation was performed for each of the two
compounds in acetonitrile and in water. Further details of the
simulations are provided in the Supporting Information. This
work utilized the computational resources of the Extreme
Science and Engineering Discovery Environment (XSEDE).38

■ RESULTS AND DISCUSSION
Compounds 1−3 were synthesized according to Scheme 1.
Briefly, deprotonation of HCztBu(PyrR)2 (R = H, Me, iPr)
followed by transmetallation with ZnCl2 afforded 1−3 in good
yields. All complexes were characterized using 1H NMR

Scheme 1. Synthesis of 1−3
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spectroscopy, elemental analysis, single-crystal X-ray diffrac-
tion, UV−vis spectroscopy, and spectrofluorometry. Crystal
data collection and refinement details are summarized in Table
S1. An ORTEP diagram of 3 is shown in Figure 1, and ORTEP

diagrams of 1 and 2 are shown in Figures S1 and S2. The Zn2+

metal center resides in a distorted octahedral geometry in
compound 1. Interestingly, 2 resides in a distorted tetrahedral
environment best described as a seesaw geometry (τ4 = 0.75,
τ4’ = 0.64) with N3−Zn1−N8 and N3−Zn1−N6 bond angles
of 145.30° and 108.03°, respectively.24,25 The Zn2+ center is
coordinated by two CztBu(PyrMe)2− ligands in a κ2 coordination
fashion, with one pyrazole moiety from each ligand remaining
uncoordinated. The preference for a seesaw geometry, as
opposed to an octahedral geometry observed in 1, is believed
to be caused by increased steric hindrance due to the methyl
group substitution on the pyrazole rings. In a similar fashion to
2, 3 also resides in a distorted tetrahedral geometry (τ4 = 0.78,
τ4’ = 0.64) with N3−Zn1−N8 and N3−Zn1−N6 bond angles
of 137.00° and 116.19°, respectively, and one uncoordinated
pyrazole moiety from each ligand.

UV−vis spectra of 1−3 in acetonitrile (MeCN) are shown in
Figure S3. Complex 1 displays an absorption maximum peak

(λmax,abs) at 404 nm, and both complex 2 and 3 exhibit λmax,abs
at 374 nm. The UV−vis spectra of 2 and 3 are practically
identical, whereas 1 is different. This suggests that 2 and 3 do
indeed retain a distorted tetrahedral geometry in solution, as
opposed to rapid interconversion between 4- and 6-coordinate
environments. Complex 1 has a maximum emission peak
(λmax, em) at 426 nm (Figure S4). Complex 2 exhibits λmax,em at
410 nm (Figure S5). Complex 3 displays λmax,em at 421 nm
(Figure 2).

The ability of 1−3 to selectively detect cations was then
studied by recording the emission spectra of each complex with
varying amounts of biologically relevant cations (Ca2+, Mg2+,
K+, Na+, Zn2+) as well as Cd2+. A moderate decrease in
fluorescence intensity was noted for 1 in the presence of all
cations tested (Figure S4). Conversely, 2 responded to cations
with a shift in λmax,em to 387 nm as well as a significant increase
in fluorescence intensity (ca. 6-fold), albeit unselectively
(Figure S5). Complex 3, however, exhibited a similar peak
shift to 387 nm and increased fluorescence in the presence of
Mg2+ with high selectivity and little to no response in the
presence of Ca2+, Na+, K+ (Figure 2). Current Mg2+ probes
often have selectivity issues with cadmium and zinc ions,
though for imaging purposes, this does not pose a significant
problem.6 3 did exhibit a moderate increase in emission
intensity in the presence of Cd2+ and Zn2+ (Figure S6).
However, Cd2+ is not present in healthy cells, and Zn2+

concentrations inside eukaryotic cells are drastically lower
than that of Mg2+ (fM vs mM, respectively) as well as 100-
times lower intracellularly.26−28

To ensure that all changes in fluorescence were due to metal
complex 3 as opposed to the dissociated free ligand, the
emission spectra of HCztBu(PyriPr)2 (Figure S7) and
CztBu(PyriPr)2− (Figure S8) were measured. Both emission
spectra intensities vary greatly from that of 3 and exhibit a
slight decrease in intensity in the presence of Mg2+, thus
confirming that only 3 acts as the fluorescent probe. The fact
that the ligand backbone only displays favorable interaction
with Mg2+ when it is complexed to Zn2+ further supports the
use of inorganic scaffolding for fluorescent chemosensors.

Figure 1. Molecular structure of 3 with thermal ellipsoids at the 50%
probability level. Hydrogen atoms and solvent molecules are omitted
for clarity. Color key: yellow = Zn, blue = N, gray = C.

Figure 2. Fluorescence emission spectra of 5 μM 3 in acetonitrile at 22 °C, alone, and in the presence of cations (1 equiv of each cation added).
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A plot of fluorescence intensity reveals a linear range of
detection from 0.27 to 0.8 equiv of Mg2+ (Figure S9).
Additionally, the result suggests that the magnesium ion
interacts with 3 in a 1:1 fashion. The dissociation constant
(Kd) of Mg2+ with 3 was determined using a previously
reported method in which Kd is found as the x intercept on a
plot of −log[β(R − Rmin/Rmax − R)] as a function of
−log[Mg2+].29 Here, β represents the ratio of minimum and
maximum emission at the shifted emission peak (387 λmin/387
λmax), Rmin is the ratio of emission peaks with no Mg2+ present,
Rmax is the ratio determined when 3 is saturated with Mg2+, and
R is the ratio of emission wavelengths at some point in the
linear range of detection.29 The double log plot (Figure S10)
gives a mean Kd value of 3.62 μM. An alternative method, the
Benesi−Hildebrand linear regression analysis, gave an averaged
Kd value of 7.41 μM over three trials within the linear range of
detection.30 Due to its incorporation of the change in λmax,em, it
is believed that the first method of determination is more
accurate. Overall, both methods support a Kd in the
micromolar range, which is significantly lower than most
available Mg2+ sensors and is an encouraging sign for the use of
3 as a fluorescent probe.6

Analysis of the crystal structures of 1−3 provided us with a
working hypothesis as to why 3 is able to interact with
magnesium ions selectively. Complex 1, with fully coordinated
pyrazole moieties, fails to display increased fluorescence in the
presence of any metal ion, whereas tetrahedral complexes 2
and 3 do. This suggests that the uncoordinated pyrazole arms
of 2 and 3 act as the binding site. We believe that the
difference in steric effects between the methyl and isopropyl
groups of 2 and 3 may correspond to the cavity size between
the uncoordinated pyrazole side arms. This cavity size could
relate to the size of the ions with which 2 and 3 are capable of
interacting via a “snug-fit” model. To gain further insight into
the validity of this hypothesis, we performed microsecond
molecular dynamics (MD) simulations for 2 and 3. We
calculated the angle between the two chelating pyrazole
moieties, defined as the angle between the two C−N vectors in
the uncoordinated rings (Figure S14). The distributions for 2
and 3 are Gaussian-shaped with a relatively large width,
indicating that both compounds are flexible for chelation to a
secondary analyte. However, we found that the distributions
for 2 and 3 are slightly different: 3 has a slightly more
dispersed distribution than 2 while it also showed a smaller

equilibrium angle. These subtle differences may imply that 2
and 3 have different abilities to selectively bind to metal ions.

Unlike the angle distribution, the distance distribution
differentiates the two compounds significantly (Figure 3). For
2, the N−N distance distribution has a peak centered at ∼5.3
Å. In comparison, the N−N distance distribution of 3 has a
peak centered at ∼4.1 Å. The two nitrogen atoms have lone
pairs that repel each other. This shorter N−N distance in 3
may be attributable to the greater steric hindrance of the
isopropyl groups preventing the two nitrogen atoms from
getting too far away when compared to the less bulky methyl
groups in 2. The difference of the N−N distance distributions
between 2 and 3 may explain their different selectivity when
coordinating with different metal ions. Specifically, the N−N
distance of 3 is in much better agreement with the sizes of
Mg2+ and Zn2+. Indeed, according to crystal structures, the
average distance between Zn2+ and ligating nitrogen atoms is
2.20 Å when coordinated with six imidazole groups.31

Similarly, the average distance between Mg2+ and ligating
nitrogen atoms is 2.18 Å when it coordinates with three
imidazole groups and three water molecules.32 In comparison,
Cd2+ showed a significantly larger ion size. For example, it
resides with an ion−nitrogen distance of 2.36 Å when it
coordinates with six imidazole groups.33 We have also analyzed
the distances between Ca2+ and the imidazole nitrogen atoms
for the Ca2+−histidine coordination bonds based on the
structures, which have resolution within 2 Å in the MESPEUS
database (version 2019).34,35 We find the averaged distance is
2.50 Å, which is larger than the Cd2+−nitrogen distance as
mentioned above. Such a size pattern can also be seen in the
aqueous solution, where both Mg2+ and Zn2+ exhibit an ion−
oxygen distance of 2.09 Å, while Cd2+ exhibits an ion−oxygen
distance of 2.30 Å in aqueous solution.36 In contrast, Ca2+ has
an ion−oxygen distance of 2.46 Å in aqueous solution,37 which
is also larger than that of Cd2+. Given that previous studies
have shown that ion size is important for ion selectivity,7 the
above results imply that complex 3 interacts stronger with
Mg2+ and Zn2+ than with Cd2+, which is consistent with the
observed experimental data (Figure S6). In contrast, the longer
N−N distance of 2 (∼5.3 Å) is similarly large for Mg2+, Zn2+,
and Cd2+, agreeing with the observed fluorescence emissions of
2 (Figure S5). In general, we believe that these MD
simulations provide molecular insights into the ability of 2
and 3 to interact with ions in solutions. Furthermore, these
results support our hypothesis that selective interaction

Figure 3. Illustration of the distance between the two chelating N atoms (in red circles) in the NNN pincer ligands in (A) 2 or (B) 3 along with
(C) the distance distributions obtained from the MD simulations of these two compounds. Binsize was set as 0.1 Å for generating the histograms.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06058
ACS Omega 2023, 8, 3835−3841

3838

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06058/suppl_file/ao2c06058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06058/suppl_file/ao2c06058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06058/suppl_file/ao2c06058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06058/suppl_file/ao2c06058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06058/suppl_file/ao2c06058_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06058?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06058?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06058?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06058?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between Mg2+ and 3 occurs as a result of well-controlled cavity
size formation between the uncoordinated pyrazole arms.

To further characterize the structure of Mg2+-coordinated 3,
we performed additional QM calculations (Figure 4). The
B3LYP-D3/6-311G* level of theory was used with the PCM
implicit solvent model to mimic the acetonitrile solvent. For
each compound, geometry was optimized and frequency
analysis was performed to confirm the stationary point.
Moreover, the following correction was applied to calculate
the free energy of each compound in the liquid phase (G1M =
G1atm + RT ln C, with RT ln C = 1.9 kcal/mol). Herein, G
represents the Gibbs free energy, R is the gas constant, T is the
temperature, which is 298.15 K, and C is the volume ratio
V1atm/V1M when 1 mol gas (24.5 L) was dissolved in 1 L water
to yield 1 mol/L solution at 298.15 K and 1 atm. The results
show that the structure with Mg2+ coordinated to two
acetonitriles has comparable free energy to that of the
structure with Mg2+ coordinated to four acetonitriles, implying
that both structures are populated at room temperature.
Intriguingly, Mg2+ is 6-coordinated in both structures but with
different modes: in the former structure, two nitrogen atoms
act as bridging atoms, which coordinate to both Zn2+ and
Mg2+, with their distances to Mg2+ both as 2.36 Å. In contrast,
in the latter structure, these two nitrogen atoms do not
coordinate to Mg2+, with their distances to Mg2+ becoming
larger than 4 Å. The optimized geometries of the compounds
are shown in the SI.

Given the potential biological applications of analogous
complexes, we performed microsecond MD simulations for 2
and 3 in water to learn more about whether ion selectivity
would remain. The simulation details and the results are
provided in the SI. Interestingly, different results to those
recorded in acetonitrile were obtained in water. In particular, 2
and 3 show similar angle distributions between the C−N
vectors (Figure S15) and also similar N−N distance
distributions (Figure S16). Specifically, the most probable
N−N distances are ∼4.5 Å for 2 and ∼4.3 Å for 3. Both of
these two distances agree well with the size of Mg2+ (see
discussion above). These results imply that ion selectivity
might be conserved for 3 in water, while the selectivity might
be enhanced more for 2 in water than it is in acetonitrile.

■ CONCLUSIONS
We have designed a fluorescent probe, 3, that displays greatly
increased fluorescence in the presence of Mg2+. A review of the
available literature suggests that this is the first Zn-based probe
developed for the detection of cations, and our results indicate
that further development of inorganic fluorescent chemo-
sensors may be warranted. We hypothesize that the key
advantage displayed herein is the ability to fine tune the 3D
geometric parameters at the pyrazole moiety binding site, with
remarkable changes in selectivity based on steric effect. This
hypothesis is supported by microsecond MD simulations,
which suggest that 3 displays an optimal N−N distance
between the uncoordinated pyrazole rings for coordination to
Mg2+ ions. Future work will include modifying the ligand
scaffolding such that the resulting Zn2+ complexes emit at
higher wavelengths and are more water soluble. Additionally,
other, more redox active metal centers may be tested to study
the effect that metal oxidation state has on ion selectivity.
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