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ABSTRACT: A new bis-heteroleptic ruthenium(II) complex (1) of 2-(1-
methyl-1H-1,2,3-triazol-4-yl) pyridine (L) ligand was extensively explored for
anion sensing studies. 1[PF], shows selective sensing of dihydrogen phosphate
(H,PO,”)/hydrogen pyrophosphate (HP,0O,*") among halides, HCO;~, AcO™,
NO;, ClO,~, HSO,~, OH™, BzO~, H,PO,”, and HP,0,>” in acetonitrile. En-
hancement of emission intensity of 1[PF,], along with a 10 nm red shift of the
emission maximum is observed in the presence of H,PO, /HP,0,*~ selectively.
The photoluminescence (PL) titration experiment of 1[PF], results in binding
constants (K,) of 5.28 X 10* M~ and 4.67 x 10* M™! for H,PO,™ and HP,0,",
respectively, which is in good agreement with the K, values obtained from
UV—vis titration experiments (2.97 X 10* M™" and 2.45 X 10* M~ for H,PO,~
and HP,0,*", respectively). High selectivity of 1[PF], toward these two anions in
acetonitrile is further confirmed by PL intensity measurement of 1[PF¢], upon
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addition of these two anions in the presence of a large excess of other competitive anions. Further, considerable changes in the
lifetime (7) as well as in the decay pattern of 1[PF], in the presence of H,PO,”/HP,0,*~ among all tested anions support the
selective binding property of 1[PF¢], toward these two anions. Significant downfield shift of the triazole —CH proton of 1[PF],
with 1 equiv of H,PO,” (AS = 0.26 ppm) and HP,0,*~ (AS = 0.23 ppm) in deuterated dimethyl sulfoxide proclaim binding
mechanism via C—H---anion interaction in solution state. Finally, single-crystal X-ray structural analysis confirms the first example
of dihydrogen pyrophosphate (H,P,0,*”) recognition via solitary C—H---anion interactions.

B INTRODUCTION

Inorganic phosphates are indispensable for their crucial roles in
signal transduction, ' energy storage to living organisms, as well
as eutrophication of water body.* Detection of larger and higher
charge analogues of dihydrogen phosphate, that is, pyrophos-
phate, has attracted growing attention in recent times because of
the role played by analogues in real time DNA sequencing and
DNA replication catalyzed by DNA polymerase.” Receptors
consisting of N—H bond donor groups (e.g., indole, pyrrole,
ammonium, guanidinium) or cationic C—H bond donor groups
(e.g., imidazolium and triazolium)® are found to be suitable can-
didates for such detection. Several reports show participation
of 12,3-triazole unit in noncovalent interactions.” Electro-
negativity of three nitrogen atoms of the triazole ring polarize
the triazole C—H bond, and the lone pair of nitrogen atoms exert
alarge dipole toward triazole C—H bond. These two effects assist
triazole C—H to behave as an amide bond alternative for the
recognition of anions.® On the other hand, triazole nitrogen
centers act as an excellent metal ion coordinating site.” Thus,
binding of this triazole pyridine unit with a metal center could
further enhance the binding ability of the triazole C—H toward
anions. However, attachment of a suitable signaling unit is nec-
essary to establish the anion binding event via signaling output.'’
On the other hand, Ru(II) polypyridyl complexes exhibit inter-
esting photophysical/photochemical properties that make them
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useful as luminescent sensors, dye-sensitized solar cells, photo-
active devices, etc.'' Ru(II) polypyridyl complexes have received
a great deal of attention as luminescent sensors because of
their interesting photophysical properties such as visible light
excitation, large Stokes shift, relatively long excited state lifetime,
etc.'” So, complexation of triazole pyridine unit with Ru(II)
center may serve a dual purpose of making triazole C—H a more
efficient hydrogen bond donor as well as in establishing anion
recognition event via signaling output. Herein, we report a bis-
heteroleptic Ru(II) complex of triazole pyridine and phenanthro-
line hybrid for the selective sensing of H,PO,” and HP,0,*" in
acetonitrile via C—H---anion interactions. Moreover, single-
crystal X-ray analysis reveals the solid-state structural evidence of
binding of dihydrogen pyrophosphate with 1[PF], by only
C—H---anion interactions. To the best of our knowledge, this
is the first example of H,P,0,>” recognition via solitary neutral
C—H---anion interactions.

B RESULTS AND DISCUSSION

Designing Aspect of Complex 1. Recognition of anion
generally occurs via interaction of guest anion with the acidic
hydrogen of receptor. When the receptor unit is attached with a

Received: May 6, 2014
Published: July 23, 2014

dx.doi.org/10.1021/ic5010598 | Inorg. Chem. 2014, 53, 8061—-8070


pubs.acs.org/IC

Inorganic Chemistry

Scheme 1. Synthesis of 1[PF],

+ cis-[Ru(Phen),Cl,]

Ethanol / Water (2:1)
Reflux, 48 hrs

KPF

1[PFe¢l2

suitable signaling device, the recognition event can be moni-
tored by signaling output. Thus, a suitable signaling unit needs to
be integrated with the anion recognition motif. Considering
these aspects, we designed the chelating triazole pyridine (L)
and phenanthroline-based Ru(II) complex (1[PFq],). Thus, the
ruthenium (1) center of (1[PF],) could enhance the acidity of
the triazole C—H, which eventually makes C—H a more eflicient
hydrogen bond donor toward anion. Simultaneously, ruthenium(II)
center can also act as a probe to monitor the anion binding event

through the change in photophysical properties.
Chemical structure of complex 1(PFs),

(PFe)»

Synthesis and Characterization. The ligand (L) and cis-
[Ru(Phen),Cl,] are synthesized according to the reported
literature procedures.””> Ruthenium(II) complex (1[PF],) is
prepared by refluxing L with cis-[Ru(Phen),Cl,] in ethanol/
water (2:1,v/v) mixture under argon atmosphere for 48 h fol-
lowed by counteranion exchange of Cl~ with PF,~ (Scheme 1).
The 1[PFq], is characterized by one-dimensional (1D) (‘H,
DEPT-135, ¥C) and two-dimensional (2D) (*H-'H COSY,
'H-DEPT-135 HSQC, and 'H-"3C HMBC) NMR, electro-
spray ionization mass spectrometry (ESI-MS), and elemental
analysis techniques. Photophysical properties of 1[PF¢], are
determined by UV—vis, photoluminescence (PL), and time-
resolved spectroscopic methods. 1D and 2D NMR spectra for
1[PF], in acetone-d, (in 500 MHz) at room temperature have
shown all expected resonances of phenanthroline and pyridine
units. All characteristic peaks in "H NMR spectrum are assigned
by '"H-'"H COSY NMR (Figure S2, Supporting Information).
All the carbon signals in DEPT-135 (Figure S3, Supporting
Information) and *C NMR (Figure S4, Supporting Information)
of 1[PF,], are assigned using HSQC and HMBC (Figures SS
and S6, Supporting Information) NMR spectra.

In ESI-MS two characteristic peaks are found at m/z 311.04
(caled. 311.06) and 767.08 (calcd. 767.08), which can be assigned
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as doubly charged ([C;,H,,NgRu]*") and singly charged
([C5,H 4 NgRu(PFy)]*) species, respectively (Figure S7, Sup-
porting Information). The experimental isotopic distribution
patterns of the singly- and doubly charged species are matched
perfectly with their calculated patterns (Figure S8, Supporting
Information).

Photophysical Properties of 1[PF¢l,. Photophysical
properties of 1[PF], are determined by UV—vis, PL, and time-
resolved spectroscopic methods. The UV—vis spectrum of
1[PFq], shows bands at ~262 (¢ = 64 850 M~ cm™), ~403 (& =
10850 M™' cm™) and ~445 nm (¢ = 8637 M™! cm™) in
acetonitrile at 25 °C (Figure S9a, Supporting Information). The
band at ~262 nm can be assigned as intraligand (IL) z—z*
transitions, whereas the bands ~403 nm and ~445 nm could be
due to metal-to-ligand charge transfer (MLCT); one from Ru
center to phenanthroline unit and another from Ru center to
pyridine—triazole unit."** Excitation of 1[PF4], at 403 nm results
in broad centered weak luminescence spectrum ~590 nm at
room temperature in acetonitrile (Figure S9b, Supporting
Information). However, excitation at 445 nm does not perturb
the nature of luminescence spectrum achieved in case of exci-
tation at 403 nm, which indicates that the emission is occurring
from the same MLCT excited state. 1[PF], shows rapid decay
pattern in acetonitrile with a lifetime ~5 ns as evident from the
time-resolved spectroscopic study. This could be due to
molecular movement that favors luminescence decay via
rotational and vibrational pathways.

Detection of Anions by UV—vis and PL Spectroscopic
Methods. 1[PF], is explored for the recognition and sensing of
various anions like halides, nitrate, acetate, benzoate, hydrogen
carbonate, hydroxide, hydrogensulfate, phosphates, and per-
chlorate as their corresponding tetrabutylammonium salts by
UV—vis and PL studies. Upon addition of various anions to the
acetonitrile solution of 1{PF], (40 uM), MLCT band at 445 nm
is red-shifted only in the presence of H,PO,” and HP,0,*~
(1 equiv), whereas addition of 10 equiv of other anions do not
make any change in the UV—vis spectrum of 1[PF,], (Figure 1a).
This selective binding of H,PO,~ and HP,O,*~ over other anions
makes 1[PF], a selective chemosensor for H,PO,~ and HP,0O,*".

Selective sensing of 1[PF], toward H,PO,” and HP,0,* is
further established by PL studies. Broad centered luminescence
spectrum of 1[PF], remained unperturbed upon addition of dif-
ferent anions except H,PO,~ and HP,0,*". Addition of 10 equiv
of H,PO,” and HP,0,*~ enhances the emission by 6-fold and
3-fold, respectively, with a 10 nm red shift (Figure 1b). It can be
assumed that the binding of H,PO,~ and HP,0,* with weakly
luminescent 1[PF], causes rigidity of the framework and lowers
the nonradiative decay via rotational and vibrational relaxation
pathways, thus enhancing its emission intensity."* This selective
emission enhancement in the presence of these two anions
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Figure 1. (a) Changes in UV—vis of 1[PF], (40 #M) in the presence of various anions (10 equiv). (b) PL spectrum of 1{PF,], (10 uM) in the presence
of various anions (10 equiv) in acetonitrile at 25 °C; (A, = 403 nm, excitation and emission slit width = 5.0 nm). Anions were used as their corresponding
tetrabutylammonium salts. (inset) Photograph of (1) 1[PF],, (2) 1[PF4], in the presence of H,PO,”, and (3) 1[PF], in the presence of HP,0,*"
under UV light irradiation.
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Figure 2. (a) Changes in UV—vis spectrum of 1[PF,], (40 #M) upon the addition of increasing amounts (0—2 equiv) of TBAH,PO, in acetonitrile at
25 °C. (b) Plot of changes in absorbance against different equiv (0—2) of TBAH,PO, added.
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Figure 3. (a) Job’s plot and (b) Benesi—Hildebrand plot for 1[PF], with H,PO,” from UV—vis titration in acetonitrile at 25 °C.

allows us to detect H,PO,” and HP,0,*” over other tested with the addition of 1 equiv of H,PO,” to the above solution,
anions. the MLCT band of the complex shifts from 445 to 465 nm,

UV—vis and PL spectra of 1[PF,], in acetonitrile remains and enhancement in the emission intensity is observed with
unperturbed even in the presence of 10 equiv of OH™. However, a 10 nm red shift as observed in the absence of OH™
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Figure 4. (a) PL titration profile of 1[PF], (10 uM) upon the addition of increasing amounts (0—1.5 equiv) of H,PO,” in acetonitrile at 25 °C.
(b) Changes in emission intensity against different equiv (0—1.5) of H,PO,".
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Figure 5. (a) Job plot of PL of 1[PF¢], with H,PO,~ in acetonitrile at 25 °C ([1(PF),] = [ H,PO,”] = 20 uM). (b) Benesi—Hildebrand plot from PL
titration of 1[PF], with H,PO,~ showing good fitting for the 1:1 model.

(Supporting Information, Figure S10). No further change in the
UV—vis and PL spectra is observed after further addition of
excess H,PO,” (Supporting Information, Figure S10).

UV-vis and PL Titration Experiment. Binding affinity of
1[PFg], toward H,PO,™ and HP,0,*" is monitored via UV—vis
and PL titration experiments of 1[PF], with these two anions in
acetonitrile. Upon increasing the amount of these two anions to
the acetonitrile solution of 1[PF,], (40 uM), the absorption peaks
at403 (e=10850 M ' cm™) and ~445 nm (¢ = 8637 M ' cm™!)
decrease with concomitant increase in the absorbance peak at
~465 nm (¢ = 5751 M~ em™). A clear isosbestic point is
observed at 455 nm upon 0—1 equiv addition of these two guest
anions, which clearly indicates the existence of single equilibrium
between 1[PF], and corresponding 1-anions adduct (Figure 2a
and Figure S11, Supporting Information). No further change is ob-
served upon addition of anionic guest beyond 1 equiv (Figure 2b
and Figure S12, Supporting Information), confirming the 1:1 stoi-
chiometric binding pattern between 1[PF], and the correspond-
ing anions (Figure 3a and Figure S13, Supporting Information).
The UV—vis titration data shows best fit for 1:1 model
and association constants are calculated as 2.97 X 10* M™" and
245 x 10* M™! for H,PO,” and HP,0,*, respectively, from
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Figure 6. Selectivity studies of 1[PF], with H,PO,” in the presence
of other anions in acetonitrile. Color code: red bars correspond
to 1[PF,], in the presence of all anions, and green bars correspond
to 1[PF4], in the presence of other competitive anions and H,PO,".
Number code: (1) 1[PF4], (2) F~ (3) CI” (4) Br~ (5) I" (6) AcO™ (7)
BzO™ (8) NO,;™ (9) HCO,™ (10) HO™ (11) ClO,~ (12) HSO,™ (13)
HP,0.*~ (14) H,PO,".
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Figure 7. A calibration curve for HyPO,” over the concentration range between 0 and 10.0 #M derived from the PL titration with probe 1[PF(],

(10.0 uM).

Table 1. List of Lifetimes of 1[PF,], in the Presence of Various
Anions in Acetonitrile

entry lifetime (ns)
1[PF], 5.45
1[PF,], + F~ 5.44
1[PE¢], + CI™ 445
1[PF¢], + Br~ 5.39
1[PE], + NO, 443
1[PF¢], + AcO 4.61
1[PE], + BzO 4.38
1[PF¢], + HCO;~ 427
1[PF,], + ClO, 5.29
1[PF¢], + HSO, 5.39
1[PF], + HP,0, 12.01
1[PE¢], + H,PO, 28.60

Benesi—Hildebrand plot analysis (Figure 3b and Figure S14,
Supporting Information).

PL titration experiment is also carried out by gradual addition
of guest anion to the acetonitrile solution of 1[PF], (10 uM).
Upon addition of increasing amount of guest anions (H,PO,~
and HP,0,°"), gradual increases in PL intensity (Figure 4a and
Figure S1S, Supporting Information) at 600 nm are observed
up to 1 equiv addition of guest anions (Figure 4b and Figure S16,
Supporting Information). The Job plot analysis shows the
inflection point at 0.5 indicating the 1:1 stoichiometry between
the host and guest (Figure Sa and $17, Supporting Information).
Binding constants are calculated as 5.28 X 10* M™" and 4.67 X
10* M~ for H,PO,~ and HP,0,*", respectively, from Benesi—
Hildebrand plot analysis (Figure Sb and Figure S18, Supporting
Information).

When the PL intensity change (I — I,) of 1[PF,], is plotted
against different concentrations of H,PO,~ and HP,0,*~ a good
linear relationship is shown from 0 to 15 mM concentration of
these two anions, and after that no further change is observed.
This linear relationship between (I — I;) and concentration of
corresponding anion also helps to determine the concentration
of these anions in unknown samples (Figure S19, Supporting
Information).

Selectivity and Sensitivity. To prove the selectivity of
1[PF], toward H,PO,~ and HP,0,*~ over other anions, com-
petitive PL study is carried out. From the anion detection experi-
ment in PL channels, no change in luminescence spectrum of
1[PF,], is observed in the presence of other competitive anions
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Figure 8. Changes in the time-resolved luminescence decays of 1[PF],
(10.0 M) in acetonitrile solution at 25 °C upon addition of different
anions as their corresponding tetrabutylammonium salts. Color code:
red spectrum corresponds to 1 + H,PO,”, green spectrum corresponds
to 1 + HP,0,>".

(e.g, F~,CI7,Br7,I,HCO;~,NO;~, ClO,~, AcO~,BzO7, HO",
HSO,”) except for H,PO,” and HP,0,*". However, 1[PF],
shows enhancement of emission upon addition of H,PO,”
and HP,0,*" (1 equiv) even in the presence of a large excess
(5 equiv) of other competitive anions (Figure 6). This selective
emission enhancement with these two anions, even in the
presence of other competitive anions, establishes this complex as
a useful candidate for the selective detection of these anions in
acetonitrile.

This selective detection of H,PO,™ and HP,0,*~ over other
competitive anions via emission enhancement could allow deter-
mining the detection limit for these two anions in acetonitrile.
The PL intensity change of 1[PF,], (I — I,) plotted against vary-
ing concentrations of H,PO,~ and HP,0,*~ shows a good linear
relationship (Figure 7 and Figure S20, Supporting Information),
and the detection limit (DL) is calculated from the equation
DL = 3 X SD/slope,'> where SD corresponds to standard
deviation of blank sample obtained by 10 consecutive scans of the
blank sample. Limit of detection is found as low as ca. 0.25 (M)
and 0.45 u(M) for H,PO,~ and HP,0,>", respectively.

Time-Resolved Spectroscopic Study. Lifetime-based
detection is advantz;geous over simple luminescence intensity-
based detections.'® Ruthenium polypyridyl complexes are

dx.doi.org/10.1021/ic5010598 | Inorg. Chem. 2014, 53, 8061—-8070
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Figure 10. (a) Job’s plot from "H NMR titration of 1[PF,], with H,PO,. (b) Changes in chemical shift upon the addition of various equivalents of

H,PO,™ to the solution of 1[PF], in DMSO-dg at 25 °C.

important from the aspect of bearing relatively larger
luminescence lifetimes than their purely organic counter parts.
Keeping this in mind, lifetime measurements of free receptor
(1[PF¢],) and receptor in the presence of various anions are
carried out in acetonitrile at room temperature. Lifetimes calcu-
lated for free receptor (1[PFq],) and receptor in the presence of
all competitive anions (F~, CI~, Br, NO;~, AcO~, BzO~, ClO, ",
HCO,;~, HSO,™) result in the same value of ~5 ns (Table 1)
except for H,PO,~ (29 ns) and HP,0,*~ (12 ns). The decay pro-
file also shows a similar decay pattern for 1[PF], as well as in the
presence of all anions except H,PO,” and HP,0,*~ (Figure 8).
Different decay patterns obtained for H,PO,” and HP,O,*~ can
be fitted as a sum of two exponentials. This biexponential decay
pattern obtained in case of these two anions indicate the exis-
tence of two different species in solution; one of them may be the
free receptor (1[PF,],) with shorter lifetime, and the other is
assigned to the hydrogen-bonded adduct of the receptor with
anion involving relatively longer lifetimes. In the presence of
these two anions, the hydrogen-bonded adduct contributes more
to the lifetime; as a result, the overall lifetime of the receptor
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(1[PF¢],) is enhanced in the presence of these two anions (12
and 28.6 ns for H,PO,™ and HP,0,, respectively). This selec-
tive lifetime enhancement in the presence of these two anions
(H,PO,”~ and HP,0,*") allows us to ascertain this metal-
loreceptor a suitable lifetime-based sensor for these two anions.

'H NMR Titration Experiment. To gain insight into the
mode of interaction between 1[PF], and H,PO,”/HP,0.,*~, 'H
NMR titration experiment is carried out in deuterated dimethyl
sulfoxide (DMSO-d). Upon addition of increasing amounts of
various anions the acidic triazole proton (H, of 1[PF],) shows a
gradual downfield shift only in the presence of 1 equiv of H,PO,~
and HP,0,* (Figure 9, 10a and Figure S21, S22a Supporting
Information). The addition of 1 equiv of other competitive an-
ions (i.e, F-, CI7, AcO™, NO;~, HSO,, etc.) does not induce
any noticeable change in the '"H NMR spectrum of 1[PF],.
However, addition of higher equiv (3 equiv or more) of the
highly basic anions, that is, F~ and AcO~, shows downfleld shifts
(A8 =0.1S ppm) of the triazole proton, indicating interaction of
these two basic anions with the acidic triazole proton at high
analyte concentration (Figure S23, Supporting Information).

dx.doi.org/10.1021/ic5010598 | Inorg. Chem. 2014, 53, 8061—-8070
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Figure 11. (a) P NMR of TBAH,PO, (bottom blue spectra) and in the presence of 1 equiv of 1[PF4], (top green spectra). (b) *'P NMR of
TBA,HP,0, (bottom blue spectra) and in the presence of 1 equiv of 1[PFq], (top black spectra) in DMSO-dj, PPh; as an external standard (—4.8 ppm

in DMSO-dg).

During the '"H NMR titration of 1[PF], with 0—1 equiv of
H,PO,” the sharp singlet at 9.30 ppm (corresponding to the
triazole proton of 1[PF],) shows downfield shift to 9.56 ppm
(0.26 ppm shift), whereas in case of HP,0,% this shift is
0.23 ppm (from 9.30 to 9.53 ppm). However, this downfield shift
of triazole proton in the presence of H,PO,”/HP,0, suggests
that phosphate binding occurs through the involvement of this
triazole C—H proton. The Job’s plot analysis from 'H NMR titra-
tion data shows 1:1 host/guest stoichiometric binding between 1
and these two anions (Figure 10b and Figure S22b, Supporting
Information). From "H NMR titration experiments log k values
are calculated as 4.75 and 3.54 for HP,0,>~ and H,PO,,
respectively.

31P NMR Experiment. *'P NMR of free H,PO,”/HP,0,*~
as well as in the presence of 1 equiv of 1[PF], are recorded in
DMSO-d, using triphenylphosphine (PPh;) as an external stan-
dard (—4.8 ppm in DMSO-dg). This *'P NMR spectrum shows
significant downfield shift of free anion signal upon addition of
1[PF],. Initial *'P signal of free H,PO,™ at 1.85 ppm is shifted
to 3.24 ppm (Figure 11a), whereas in the case of HP,0,*"
initial *'P signals at —3.31 and —7.44 ppm are shifted to 1.48 and
—5.77 ppm, respectively (Figure 11b). This downfield shift of >'P
signals of free H,PO,~ and HP,O,*~ upon addition of equivalent
amounts of 1[PF,], indicates that the binding of these two an-
ions must be occurring through the participation of neighboring
oxygen centers of P atoms.

Single-Crystal X-ray Diffraction Study. Pyrophosphate
adduct of 1, namely, (1[H,P,0,]), is crystallized by slow evapo-
ration of 1 with tris-tetrabutylammonium hydrogenpyrophos-
phate from DMSO solvent. 1[H,P,0;] crystallizes in triclinic
crystal system with P1 space group. Detailed crystallographic
parameters of 1[H,P,0O,] are listed in Table 1S, Supporting
Information. Asymmetric unit of 1[H,P,0,] contains complex 1,
one disordered dihydrogenpyrophosphate (H,P,0,°7), and one
disordered DMSO solvent. Structural analysis reveals that Ru(1I)
center adopts octahedral geometry through tris-bidentate co-
ordination of two ancillary phenanthrolines and one chelating
triazole pyridine unit (Figure 12). The Ru—N bond distances
in 1[H,P,0,] are in the range of 2.044—2.089 A, while trans
N—Ru—N angles are in the range of 170.46—174.46° (Table 28,
Supporting Information), which matches well with previously
reported ruthenium polypyridyl complexes.'” Interestingly,
H,P,0,*” binding in 1[H,P,0,] is assisted by multiple C—H--O
interactions between O atoms of H,P,0,*” and acidic C—H pro-
tons of 1. In 1[H,P,0,], C—O distances vary from 3.145t03.533 A,
whereas C—H---O angles vary from 121.24° to 169.44°. Hydrogen
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Figure 12. Single-crystal X-ray diffraction structure of 1[H,P,0,].
Solvent molecule has been omitted for clarity.

Table 2. List of Hydrogen Bonding Parameters in 1[H,P,0,]

D—-H:-O H--O (A) C--0 (A) £D—H--0 (deg)
C31-H31--04B 2.351 3.176 147.66
C26—H26---02B 2.626 3.533 165.34
CI12—-H12--06 2278 3.197 169.44
C13—-H13--06 2.607 3.190 121.24
C14-H14--06 2.531 3.145 123.87

Figure 13. A slice of hydrogen-bonded adduct obtained by assembly of
1[H,P,0,] along crystallographic (a) b axis and (b) ¢ axis.

bonding parameters in 1[H,P,0,] are listed in Table 2. Analysis of
crystal packing in 1[H,P,0;] reveals that the complex forms three-
dimensional (3D) network via C—H-+-O interactions between O
atoms of H,P,0,*” and acidic C—H protons of 1 (Figure 13).
In this context, it is noteworthy to mention that Sessler et al. have
first reported structural evidence of pyrophosghate encapsula-
tion by a pyrrolyl-based triazolophane receptor.” To the best of
our knowledge, 1[H,P,0,] shows the first solid-state structural
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evidence of H,P,0,>~ binding via solely C—H-+-anion interactions.
Crystals of 1[H,P,0,] are characterized by '"H NMR (Figure S24,
Supporting Information), UV—vis, and PL (Figure S25, Supporting
Information) spectroscopic techniques.

B CONCLUSIONS

In conclusion, we synthesized a simple bis-heteroleptic
ruthenium(II) complex of a click-derived triazole-pyridine unit
as a selective molecular probe toward detection of dihydrogen
phosphate (H,PO,") and hydrogen pyrophosphate (HP,0,"").
The receptor functions as a luminescence OFF-ON sensor for
H,PO, /HP,0,*". The 'H NMR titration experiment eluci-
dated the mode of binding of anions via C—H---anion interac-
tions. The calculated detection limit suggests that the complex
can selectively detect and quantify these two anions (H,PO,~
and HP,0,*") at submicromolar level even in the presence of
other competitive anions. Further, structural analysis confirms
binding of H,P,0,*" via the participation of C—H-+-anion inter-
actions. The present work serves to highlight the utility of anion
binding motif consisting only C—H functionality toward
decoration of new generation anion sensors.

B EXPERIMENTAL SECTION

Materials. All reactions were carried out in argon gas atmosphere
followed by workup at ambient conditions. Acetonitrile was dried over
CaH, and was collected before use. RuCl;-xH,0O, deuterated solvents,
tetrabutylammonium salts of F~, CI", Br, I, AcO™, BzO~, ClO,,
NO,~, HCO;~, HO™, HSO,™, H,PO,", and HP,0,*~ were purchased
from Sigma-Aldrich and were used as received. Ethanol was purchased
from Spectrochem Pvt. Ltd., India. Millipore water was used for the
synthesis of 1[PF,],. Ethanol was distilled and degassed prior to the
synthesis of 1[PF],.

Methods. Fourier transform infrared (FTIR) spectra were recorded
on SHIMADZU FTIR-8400S IR spectrophotometer with KBr pellets.
High-resolution mass spectrometry (HRMS) analysis was performed on
QToF—Micro YA 263 Mass spectrometer in positive ESI mode. 'H, *C,
DEPT, COSY, HSQC, and HMBC-NMR experiments were carried out
on FT-NMR Bruker DPX 500 MHz NMR spectrometer. The absorption
and emission studies were performed in a PerkinElmer Lambda 900
UV—vis—NIR spectrometer (NIR = near-infrared) (with a quartz cuvette
of path length 1 cm) and PerkinElmer LS-SS spectrofluorimeter, respec-
tively. Elemental analysis was performed on PerkinElmer 2500 series II
elemental analyzer, PerkinElmer, USA. For the time-correlated single-
photon counting (TCSPC) measurements, samples were excited at
405 nm using picoseconds diode laser (IBH Nanoled-07) in an IBH
Fluorocube apparatus. The luminescence decay data were recorded on a
Hamamatsu MCP photomultiplier (R3809) and were analyzed using IBH
DAS6 software. Chemical shifts for "H and *C NMR were reported in
parts per million (ppm), calibrated to the residual solvent peak set, with
coupling constants reported in Hertz (Hz). "H NMR titration was carried
out on 300/400 MHz Bruker DPX NMR spectrometer.

Calculation of Association Constants. Associations between
1[PF4], and H,PO, /HP,0,~ were calculated using UV and PL
titration data. Association constants were calculated using Benesi—
Hildebrand equation."

V= 1) = 1/(I = 1) + 1/{K(I — I)[guest]} (1)

I, is the PL intensity of free 1[PF4],, I is the PL intensity upon each
addition of guest anion. I; is the PL intensity at saturation point. The
errors were calculated within 10%.

Calculation of Excited-State Lifetimes. Experimental time-
resolved luminescence decays were analyzed using the following equation:>

P(t) = b+ ), a exp(—t/z) @)

Here, P(t) is the decay, n is the number of discrete emissive species, b
is a baseline correction, @; is the pre-exponential factor, and 7; is the
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excited-state luminescence lifetimes associated with the i component,
respectively. In case of multiexponential decays the average lifetime (7)
was calculated from the following equation:’

(r) = Z a4T; 3)
where a; is contribution of the i decay component and
a;=a;/ Z a; 4)

X-ray Crystallographic Refinement Details. The crystallo-
graphic details of complex 1[H,P,0,] are given in Table S2, Supporting
Information. A crystal of suitable size was collected from the mother
liquor, dipped in paratone oil, and was mounted on the tip of a glass
fiber. Epoxy resin was used to cement the crystal on the top of the
glass fiber. Intensity data of the crystal was collected using Mo Ka (4 =
0.7107 A) radiation on a Bruker SMART APEX diffractometer, which
was equipped with a CCD area detector at 150 K. SAINT'®* software
was used to process the data integration and reduction. SADABS'* was
used to apply an empirical absorption correction to the collected reflec-
tions. Direct method was used to solve the structure using SHELXTL"
and was refined on F” by the full-matrix least-squares technique using the
SHELXL-97”° program package. PLATON-97*" and MERCURY 3.1*
were used to generate graphics. The non-hydrogen atoms were refined
anisotropically until convergence. Hydrogen atoms were geometrically
fixed at idealized positions in the case of 1[H,P,0,]. Even though the
data were collected at 150 K several times, we are unable to assign
electron density for some solvent molecules in the unit cell. The routine
SQUEEZE* was applied to intensity data of 1[H,P,0,] to take into
account the disordered solvent molecules. The O1, 02, and O4 atoms
of dihydrogenpyrophosphate (H,P,0,*7) anion in 1[H,P,0,] are
disordered over three positions.

Synthesis. Synthesis of [2-(1-Methyl-1H-1,2,3-triazol-4-yl)-
pyridine] (L). Ligand L was synthesized following the reported literature
procedure'** and was used for the synthesis of complex 1.

Synthesis of [Bis(1,10-phenanthroline)(pytl-Me)jruthenium(ll) di-
hexafluorophosphate] (1[PF],). cis-[Ru(Phen),Cl,] was synthesized
following the reported literature procedure’® and was used for the
synthesis of complex 1. L (0.06g, 0.37 mmol) and cis-[Ru(Phen),Cl,]
(0.195g, 0.37 mmol) were dissolved in 30 mL of well-degassed ethanol—
water mixture (2:1 v/v). The mixture was heated to reflux under argon
atmosphere for 48 h, when the color of the solution became dark red.
Thereafter the reaction mixture was cooled to room temperature, and
ethanol was evaporated in the rotary evaporator. Then it was treated
with excess of KPF4 (450 mg). The orange-red precipitate was filtered,
washed well with water, and dried under vacuum. This crude product
was then purified by Silica gel column chromatography (CH,CN/H,0/
KNO; 80:19:1 as eluent). The dark orange-red band was collected as
nitrate salt. Volume of the collected portion was reduced by rotary
evaporation, and excess of KPF was added to the solution. Orange-red
product was precipitated from the mixture, which was filtered and
washed well by water. The compound was air-dried finally to get desired
product (1[PF¢],) as orange-red crystalline solid (0.226g, 68% yield).
Anal. calcd. for C3,H,,F|,NgP,Ru (MW =911.59) C, 42.16; H, 2.65; N,
12.23; found: C, 42.60; H, 2.49; N, 12.78%. FTIR in KBr disc (v/cm™):
3437, 1620, 1512, 1456, 1429, 1049, 841, 777, 721. ESI-MS
CyHyyNgRu: caled, m/z = 311.06; found, m/z = 311.04. ESI-MS
C;,H, NgRuPFE": calcd, m/z = 767.08; found, m/z = 767.08. '"H NMR
(500 MHz, acetone-dg): § = 9.155 (s, 1H, H,), 8.880—8.835
(t, 2H, H, ), 8.768—8.698 (m, 2H, H, ), 8.657—8.614 (m, 2H, H,,/),
8.428—8357 (m, 6H, Hys¢s59), 8263 (d, 1H, Hy), 8.122—8.082
(t, 1H, Hy), 8.034-7.958 (m, 2H, H;;), 7.894—7.880 (d, 1H, H,),
7.795—7.761 (t, 1H, Hy), 7.722—7.689 (t, 1H, Hg), 7.339—7.306 (t, 1H,
H.), 4.141 (s, 3H, Hy) ppm. C NMR (125 MHz, acetone-dy): § =
153.3,153.2,153.1 (4C, Cyg5,), 152.3 (1C, C,), 1515 (1C, C,), 148.5,
148.3, 1482, 148.1 (5C, Cyq,1011,118), 1384 (1C, Cy), 137.0, 136.9,
136.6 (4C, C, 477), 131.1,130.9, 130.6 (4C, Cyy15,13,13), 1282, 128.1,
127.9 (4C, Csg6¢), 1269 (1C, C,), 1264 (2C, Cy5), 126.2 (1C,Cy),
125.9 (1C,C), 125.5 (1C, Cy), 122.6 (Cy), 38.3 (Cy) ppm.
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