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The selective binding of anions continues to garner immense interest in designing tailored molecular
receptors for chemical, biological, and environmental applications. In particular, dinuclear complexes
that are designed with two metal centers can be harnessed to bind a compatible anion through
selective metal-ligand interactions. In this work, we have created a furan-based dinuclear copper(ll)
complex strongly binds halides, leading to a striking visual color change in acetonitrile-water. The
strong discriminating capability of this receptor for halides coupled with the biocompatibility towards
living cells demonstrates that this compound holds promise as a sensing probe for various biological
and chemical applications.
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Charge-Density Induced Discrimination of Halides with a Rigid
Dinuclear Copper(IT) Complex

) Md Mhahabubur Rhaman,® Mohammad H. Hasan, ® Zulfikhar A. Ali, Douglas R. Powell, ¢ Ritesh
Received 00th January 20xx,
Accepted 00th January 20xx Tandon,*® Bryan M. Wong,*< Md. Alamgir Hossain*?

DOI: 10.1039/x0xx00000x A rigid dinuclear copper(ll) complex L based on furan spacers has been synthesized and studied for its
binding interactions with halides by colorimetric studies, UV-Vis titrations, and density functional theory
(DFT) calculations. Our results from the titration studies demonstrate that L binds each of the halides in
the order of fluoride > chloride > bromide > iodide, correlating directly with the charge density of the
respective halide. Fully unconstrained DFT geometry optimizations have been carried out on both the
isolated L as well as the anion-bound motifs. Binding energies (AE) were calculated for each of the
optimized geometries, yielding an attractive AE of -92.39, -27.14, -23.16, and -13.37 kcal/mol for
fluoride, chloride, bromide, and iodide, respectively, which is in accord with our experimental results.
The compound has been further investigated for its biocompatibility on Hela cells, demonstrating an
excellent cell viability up to 500 uM concentration.

Introduction In particular, dinuclear complexes can effectively bind a

. . . . compatible anion between the two metal centers through
Anion recognition is an emerging area of research at the

interface of chemistry and biology due to the key roles of anions
in chemical, biological, and environmental processes.!?
Complementary receptors could selectively recognize anions
with different geometries, sizes, and charges through a variety
of non-covalent interactions such as hydrogen bonding,3-®
electrostatic,”1° and metal-ligand bonds.’*13 In this context,
designed receptors functionalized with signaling components
are of special interest since they can serve as rapid and cost-
effective compounds to identify certain guest species,
displaying detectable spectroscopic or visible color changes.'*
16 Among the various chemical systems previously studied,
transition metal-based molecular receptors have been used to
achieve selectivity in anion recognition via Lewis acid-base
interactions under neutral conditions.72° Furthermore, the
positive charges on the metal centers provide an increased
Coulombic force to attract an anionic guest.

metal-ligand interactions.??31 For example, a dinuclear
copper(ll) complex derived from para-xylyl-based macrocycle
was found to bind an oxalate, as well as a succinate anion
between the two metal centers.??2 Beer and coworkers reported
that porphyrin-based macrocycles coordinated with zinc(ll)
functioned as optical sensors for anions in acetone—water
solution.?> Stang and coworkers synthesized several bowl-
shaped tetranuclear complexes containing ruthenium ions,
showing strong affinities for carboxylates in methanol.?®
Because of the excellent coordinating nature of copper ions,
macrocycle-based  dinuclear copper complexes have
successfully been used for the selective binding of target anions
through the utilization of metal-ligand interactions.3%-33 We
previously reported an N-methyl-2,2'-diaminodiethylamine-
driven dinuclear copper complex based on p-xylyl-based
azamacrocycle with a Cu-Cu distance of 7.101 A, which was
shown to selectively bind an iodide between the two metal
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Scheme 1. Chemical structures of 1 and its copper complex [Cu,(1)Br,], L.
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As demonstrated, the metal-metal distance in a dinuclear
complex may lead to an excellent selectivity for a specific anion
due to the perfect match of the guest between two metal
centers.?%3! |t is known that a chelating ligand upon the
coordination with metal ions becomes more rigid than its
precursor. Therefore, it is possible to manipulate the inner
cavity introducing variable metal centers as well as spacers into
a macrocycle. In order to reverse the selectivity, we have
chosen a furan-based macrocycle that is smaller than the p-
xylyl-based macrocycle used earlier,?® and converted it into a
dinuclear copper complex L. Herein, we report that the
synthesized L (Scheme 1) with a Cu-Cu distance of 5.439 A,
exhibits significant interactions for halides, exhibiting a binding
trend with fluoride > chloride > bromide > iodide, which directly
correlates with the charge density of the respective halide, with
fluoride being the most strongly bound and iodide being the
least.

Results and discussion
Synthesis

The synthesis of the macrocyclic amine 1 was made through a
condensation reaction of N-methyl-2,2'-diaminodiethylamine
with  2,5-furandicarboxaldehyde, following a literature
procedure.?* The dinuclear copper(ll) complex L was obtained
from the reaction of 1 with two equivalents of CuBr; in a
methanol-water mixture (Scheme 1). Crystals suitable for X-ray
analysis were grown by the slow evaporation of the complex in
a water-methanol mixture (v/v, 1:1). However, our humerous
attempts to grow X-ray quality crystals of L with halides were
unsuccessful.

Crystal Structure Analysis

The X-ray diffraction analysis of L revealed that the complex was
crystallized in the monoclinic space group P2/c having the
molecular formula of C,,H3gBr;Cu,;NgO,.4(H,0).¥ Two copper(ll)
ions are coordinated within the macrocycle, each to form the
desired dinuclear complex. As opposed to the bowl-shaped
geometry observed in the previously reported p-xylyl-based
dinuclear copper(ll) complex,3%34 the inner cavity of L
surrounded by two metal centers and two furan rings adopts a
rectangular-type shape (Fig. 1). Each copper(ll) ion is
coordinated by three N atoms and two bromides in a square-
pyramidal coordination environment, showing a chair
conformation as viewed through two aromatic planes. Two Cu-
Br bonds connected to each copper are almost perpendicular,
with Cu-Br distances of 2.6450 A (Cu-Br.,.) and 2.4361 A (Cu-
Brequatorial). Two axial Cu-Br bonds on Cul and Cul' are anti-
parallel to each other. Each coordinating axial bromide (Br2 or
Br2i) forms a strong hydrogen bond (NH--Br = 3.525(5) A) with
an opposite NH, leading the macrocyclic cavity to a rectangular
shape. The distance between the two copper(ll) atoms is 5.439
A, which is significantly shorter than the corresponding distance
(7.101 A) observed in p-xylyl-based dinuclear copper(ll)
complex.3° Furthermore, the axial bromides (Br2 and Br2) point
outward from the macrocyclic cavity, leading to a vacant site
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within the cavity that could be accessible for an anionic guest
with a comparable size.

Fig. 1. Perspective views of the crystal structure of [Cu,"(1)Br,].4H,0. Water
are omitted for clarity.

Colorimetric studies

The receptor L was found to be insoluble in acetonitrile; thus,
we performed the colorimetric study of L in CH3CN-H,O (v/v,
3:1). As shown in Fig. 2, the receptor showed a greenish-blue
color in CH3CN-H,0O. The addition of one equivalent of each
halide to L showed a noticeable color change, indicating a
different absorption. Such a color change is due to the
interaction of L with the respective halide. As shown in Fig. 2,
the greenish-blue color of the free L changed to sky blue for
fluoride and light blue for chloride and bromide. A distinct
yellowish-green color developed for the addition of iodide to L.
A similar color change was previously observed with a dinuclear
copper(ll) complex3® and a tren-based acyclic copper(ll)
complex3>

Fig. 2 Colorimetric studies of L for halides (F-, CI-, Br-, and I~ in CH;CN-H,0 (v/v, 3:1)
at room temperature.
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Fig. 3. Change in the absorbance of L (1 x10* M) in the presence of 10
equivalents of different halides in CH;CN-H,0 (v/v, 3:1) at room temperature.
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Fig. 4 Changes in the absorption spectra of L (1 x 10 M) with an increasing amount of (a) fluoride, (b) bromide, (c) chloride, and (d) iodide in CH;CN-H,0 (v/v,

3:1). The titration curves are shown in the insets of each plot.

UV-Vis binding studies

The binding interactions of L were initially investigated for
various halides (F-, Cl-, Br—, and I) by UV-Vis studies in CH3CN-
H,O0 (v/v, 3:1). The receptor L showed an absorption band at 294
nm. As shown in Fig. 3, a significant change was observed in the
absorption band upon the addition of each of the halides to L.
Such a change is attributed to the possible bridging of a halide
between the copper centers via metal-halide bonds,3° as also
supported by DFT calculations (discussed later). This
in accord with the results obtained from
colorimetric studies. The absorbance of L at 294 nm
disappeared due to the addition of fluoride. For chloride,
bromide, and iodide, the absorption bands were blue-shifted,
although the change was small for bromide in terms of
wavelength and intensity. The addition of iodide to L resulted in
the highest increase in the absorption band, showing a new
peak at 349 nm. This observation further supports the sharp
colour change observed in colorimetric studies, which is due to
the formation of an iodide complex.

observation is

The binding constants of L for halides were determined by UV-
Vis titrations in CH3CN-H,O (v/v, 3:1). As shown in Fig. 4a, the

This journal is © The Royal Society of Chemistry 20xx

progressive addition of fluoride to L resulted in a gradual
hypsochromic (blue) shift of Ana, showing the progressive
decreasing of the absorption intensities (/). An isosbestic point
appeared at 275 nm. For chloride, a blue shift was observed
(294 to 280 nm) with gradual increasing of /, exhibiting an
isosbestic point at 300 nm (Fig. 4b). The addition of bromide to
the receptor resulted in little increase in the absorption
intensity without showing any band shifts (Fig. 4c). On the other
hand, the addition of iodide to L resulted in a different
absorption pattern, showing a hyperchromic shift, while the
absorption band remained almost unchanged (Fig. 4d). A new
band at about 350 nm appeared, showing two isosbestic points
at 308 and 335 nm.

Table 1. Binding constants (log K) and energies (E) of L with halides.

Anion Log K@ E (kcal/mol)®
Fluoride 4.54(4) -92.39
Chloride 4.44(3) -27.14
Bromide 4.27(3) -23.16
lodide 3.49(2) -13.37

9 Estimated from UV-Vis titrations, b Calculated with density functional theory (DFT)
using the MO6L meta-GGA functional.

J. Name., 2013, 00, 1-3 | 3
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Fig. 5. Optimized structures of the complexes of L with (a) fluoride, (b) chloride, (c) bromide, and (d) iodide, calculated with density functional theory (DFT)
using the MO6L meta-GGA functional [Colour codes: yellow green = fluoride, green = chloride, dark red = bromide, purple = iodide, gray = carbon, sky blue =

nitrogen, red = oxygen and orange = copper].

The distinct response of L with fluoride (hypochromic shift at
294 mm) compared with other halides (hyperchromic shift at
294 nm), could be due to the different coordination mode of the
attached anions to copper(ll) centres during the titration
processes. In particular, the attached bromide could be
exchanged with a chloride or iodide, which is larger than a
fluoride anion, influencing the absorption bands of the
complex. The relative changes in the intensity of the absorption
band at 294 nm as a function of the halide concentration were
analyzed by a non-linear regression method, providing the best
fit to a 1:1 binding model (insets in Fig. 4).3% The resulting
binding constants are listed in Table 1, indicating the highest
affinity for fluoride over other halides. The observed binding
order (F- > ClI- > Br~ > I") directly correlates with the charge
density of anions (F~ > ClI~ > Br~ > I7), thus exhibiting a typical

4| J. Name., 2012, 00, 1-3

Hofmeister-bias selectivity.3” As shown in Table 1, fluoride is
bound only 1.25 and 1.84 times more strongly than chloride and
bromine, respectively, demonstrating rather low-to-moderate
selectivity. A similar binding trend was reported by Beer and
coworkers for triazolium-containing zinc(ll)
metalloporphyrins,?®> and by us with a tren-based copper (Il)
complex.3® It is interesting to note that the bite-length (Cu-Cu
distance) of L is 5.439 A, as determined by single X-ray
crystallography, which is compatible to fit the tiny fluoride
between the two copper(ll) centers. The novelty of this work
and the advantage of L compared to our previously p-xylyl-
based dinuclear copper(ll) complex is its use of N-methyl-2,2'-
diaminodiethylamine to reverse the selectivity for halides.3° The
observed selectivity pattern in this study is different than that
found in p-xylyl-based dinuclear copper(ll) complex, which

This journal is © The Royal Society of Chemistry 20xx
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shows selectivity for iodide.3° This could be due to the longer
bite-length (7.101 A) in p-xylyl-based dinuclear copper(ll)
complex which was a good fit for the larger iodide.

DFT Calculations

To shed additional mechanistic insight into the binding motifs
of the dinuclear copper complex, we carried out a series of
density functional theory (DFT) calculations using the MO6L
functional. We have specifically chosen the MO6L functional for
our studies due to its accuracy and widespread use in various
supramolecular complexes3® as well as noncovalent interactions
for large systems.3® We used an all-electron polarized 6-
31g(d,p) basis set for all atoms except for F, Cl, Br, and |, which
utilized a larger 6-311G(d,p) basis. The initial geometry of the
empty receptor was taken from the refined structure obtained
by the X-ray diffraction of L. Fully unconstrained geometry
optimizations were carried out on both the isolated receptor as
From the optimized
geometries, a binding energy was calculated using the following
expression: E = E; + Efxj - Ej1.x;, where X = F-, CI, Br-, or I. For
each of the optimized geometries, the binding energy (AE) was
calculated, yielding an attractive AE of -92.39, -27.14, -23.16,
and -13.37 kcal/mol for the F-, ClI5, Br, and |- anions,
respectively (Table 1). The numerical results for these binding
energies are in accord with the experimental results and directly

well as the anion-bound motifs.

correlate to the charge density of the halogen anions, with
fluoride being the most strongly bound and iodide being the
least. We also carried out additional DFT calculations to test
other conformational energies of the host, such as geometries
where the oxygen atoms of the furan rings were oriented
outward from the macrocyclic cavity. Upon full re-optimization
of these other configurations, we found that the host reverted
back to the geometry where the oxygen atoms still pointed
towards the center of the host. Upon closer inspection of these
optimized geometries, we found that this configuration was not
particularly surprising since the CH-CH groups on the furan rings
are sterically quite large and actually occupy more space than
the lone pairs on the oxygen atom.

The optimized structures of halide-bound complexes of 1 are
shown in Fig. 5. Each of the chloride and bromide complexes is
optimized with a halide bonded to the two copper centers with
nearly equal Cu---X distances (Cu---Cl = 4.12 and 4.16 A; Cu---Br =
4.35 and 4.50 A). For the fluoride complex, the anion is bonded
with one short (Cu---F = 2.33 A) and one long bond (Cu---F = 3.57
A). The corresponding Cu-X-Cu angles are 149.6, 106.5, and
98.4°, while the distances between the two coppers are 5.72,
6.63, and 6.67 A for fluoride, chloride, and bromide complexes,
respectively. These observations indicate that the bite-length
(the distance between the two copper centers) of the cavity is
suitable to fit the tiny fluoride between the two metal centers.
On the other hand, the iodide is bound to one copper ion (Cu--I
= 2.77 A) instead of two in the iodide complex (Fig. 5d),
indicating that the cavity is too small to host the larger iodide
anion.

This journal is © The Royal Society of Chemistry 20xx
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Cytotoxic Assessment

The biocompatibility of L was tested on Hela cells. A monolayer
of Hela cells was treated with different concentrations (10-750
uM) of L for 24 hours, and bright-filed images of living cells were
acquired (Fig. 6 and 7). Compared to a control solution, no
apparent cell death was detected with the treatment of L up to
500 uM (Figure 7). However, some cell death was visualized at
concentrations of 750 uM. For a quantitative measurement of
the biocompatibility of L, HeLa cells were treated with L (10-750
uM) for 24 hours, and cell viability was determined using a
trypan blue exclusion assay.3? In accord with living cell imaging,
L does not have any impact on cell viability up to 500 uM of
concentration (Fig. 6 and 7). Taken together, these data indicate
excellent biocompatibility of Lin mammalian cells up to 500 uM.

Fig. 6. Bright-field images of Hela cells treated with L. Cells were either mock-
treated (control) or treated with L for 24 hours at the concentrations
specified. The black arrow in the 750 uM panel points towards a single dead

cell.
80
60-
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% Cell Viability
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Fig. 7. Effect of L on mammalian cell viability. Hela cells were either mock-
treated (control) or treated with L (10-750 uM) for 24 hours, and cell viability
was quantified using a trypan blue exclusion assay. Error bars denote a
standard error of the mean from three independent experiments.

Conclusions

We have shown that a furan-based dinuclear copper(ll) complex
strongly binds halides, exhibiting a visual color change in

J. Name., 2013, 00, 1-3 | 5
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acetonitrile-water. Distinct absorption bands have been
observed upon the addition of different halides, suggesting the
coordination of a halide to the coordinatively unsaturated
copper centers. Results from UV-Vis titrations reveal that the
receptor exhibits strong interactions for halides, providing a
binding trend of fluoride > chloride > bromide > iodide,
exhibiting low-to-moderate selectivity for fluoride over
chloride, bromide, and iodide. This binding trend is in accord
with the charge density of the respective halide, with fluoride
being the most strongly bound and iodide being the least. The
highest affinity of the receptor for fluoride is due to the best
match of the tiny fluoride between two copper(ll) centers
having a bite-length (Cu-Cu distance) of 5.439 A, as well as the
highest charge density of fluoride among the series.
Furthermore, the DFT calculations give additional insight into
these complexes, showing binding energies for halides in the
order of fluoride > chloride > bromide > iodide. The observed
variation of the structural and bonding features is consistent
with the experimental results. Additionally, the compound does
not show any cytotoxic effect on Hela cells at 500 pM,
demonstrating an excellent cell viability on living cells. The
strong discriminating capability of this receptor for halides
coupled with the biocompatibility towards living cells
demonstrates that this compound holds promise as a sensing
probe for various biological and chemical applications.

Experimental
General

Reagents and solvents were purchased as reagent grades and
used without further purification. Nuclear magnetic resonance
(NMR) spectra were recorded on a 500 FT-NMR. Chemical shifts
were measured in CDCl; and calibrated with tetramethylsilane
(TMS) as an internal reference. Elemental analysis was carried
out using an ECS 4010 Analytical Platform (Costech Instrument)
at Jackson State University. The absorbance was measured on a
UV-2600 UV-VIS spectrophotometer (SHIMADZU). Mass
spectral data were obtained in the ESI-MS positive mode on a
TSQ Quantum GC (Thermo Scientific).

Synthesis

1:The synthesis of 1 was carried out following the literature
procedure as described earlier.? The dinuclear copper complex
L was synthesized from the reaction of 1 (42 mg, 0.1 mmol) with
CuBr; (45 mg, 0.2 mmol) in water. The greenish-blue metal
complex thus obtained was separated by filtration, washed by
diethyl ether, and dried under vacuum. Yield: 63 mg, 72%. Anal.
Calcd. for CyH34BrsCu;NgO;: C, 30.68; H, 3.98; N, 9.76. Found:
C, 30.73; H, 4.01; N, 9.82. Recrystallization of the complex in
water-methanol (1:1, v/v) provided X-ray quality crystals after
two weeks. The dinuclear copper(ll) complex was characterized
by a single-crystal X-ray diffractometer.

X-ray Crystallography

6 | J. Name., 2012, 00, 1-3
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The crystallographic data and details of data collection for
[Cu,(1)Br,].4H,0 are given in Table S1-S2. Intensity data were
collected using a diffractometer with a Bruker APEX ccd area
detector and graphite-monochromated MoKa radiation (A =
0.71073 A),%° The structure was solved by direct methods and
refined by full-matrix least-squares methods on F2.41

UV titration studies

Association constants of L were determined by UV-Vis titrations
using a UV-VIS Spectrometer (UV2600). All the measurements
were performed by titrating L with [n-BusN]*X™ (X-=F~, ClI~, Br~
and I7) in acetonitrile-water mixture (3:1, v/v) at 25°C. Initial
concentrations of L and anions were 1 x 104 M and 2 x 102 M,
respectively. Each performed via 13
measurements by varying the [anion]y/[L], ratio from 0 — 36,
and the association constant K was calculated by fitting the
change of absorbance with a 1:1 association model using the
equation, AA = ([X]o + [Llo + 1/K — ([Xlo + [Llo + 1/K)*-
4[L]o[Alo)Y2)AAmax/2[L]o (Where L = receptor and X = halide).3®
The error limit in K was less than 10%.

titration was

Computational Studies

Binding energies and structural optimization of copper
complexes were evaluated with density functional theory (DFT)
calculations.*? All calculations were carried out using the

Gaussian 09 package of programs.42

Cytotoxicity Assay

Hela cells were grown in Dulbecco's modified Eagle's medium
(DMEM) (Cellgro, Manassas, VA) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Flowery Branch, GA), 2 mM
L-glutamine, 1 mM sodium pyruvate, 4.5 g/ml glucose, and 100
U/ml penicillin-streptomycin (Cellgro) at 37°C with 5% CO,2.
Cells were seeded in a 12-well plate and incubated until
confluency (approximately 24 hours). The media was then
replaced with fresh complete media. L was dissolved in sterile
water and filter sterilized. Hela cells were either mock-treated
or treated with L at a final concentration of 10 uM to 750 uM
for 24 hours. At 24 hours post-treatment, bright-field images of
living cells were captured using an inverted Evos-FL microscope
(Thermo Fisher Scientific, Waltham, MA). After imaging, cell
viability was determined using a TC20 automated cell counter
(Bio-Rad Laboratories, Hercules, CA) as previously described.38
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¥ Crystal data for C,,H3gBrsCu;NgO,-4(H,0), M = 937.37,
monoclinic, a = 8.2177(15)A, b = 8.2395(14) A, c = 23.750(4) A, a
=90°, B = 93.288(2)°, y =90°, V = 1605.5(5) A3, T = 100(2) K, space
group P2/c, Z = 2, u(MoKa) = 0.261 mm, R1 =0.0406. CCDC
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