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ABSTRACT: Newly prepared gold(I) acetylide-based lumi-
nescent cation sensors 1c and 1d, which bear a novel three—
armed flexible conformation, together with control molecule
2¢, were synthesized in four steps. 1c and 1d exhibit the 7 —
7* absorption of the acetylide ligands in fluid solutions and
produce the *(zz*) emission of the acetylide ligands in the
solid state and degassed THF solution. The *(zz*) emission of
1c in DMSO can be turned on upon addition of Ag". The

binding ratio between 1c and Ag" as well as the binding constant log K were determined as 1:1 and 4.35 + 0.12 respectively by
UV—vis titration experiments. The formation of [1c-Ag]* adduct, which leads to the appearance of new up-field peaks, was
confirmed by 'H NMR spectroscopic titrations. The control '"H NMR titration experiments for the acetylide-free analogue la
and single-armed analogue 2c indicate the acetylide groups and tripodal structures are responsible for the binding of Ag". The
control experiment for tripodal gold(I) acetylide analogue 1d suggests the change of PPh; with P(2-Py)Ph, induces similar
binding affinity toward Ag" but less selectivity toward Ag®. Free 1c also exhibits the anion binding affinity toward F~, but the Ag*

adduct [1c-Ag]*" shows less affinity toward F~.

B INTRODUCTION

The design of chemosensors is important as they are in great
demand in the areas of analytical and clinical chemistry,
environmental science, and medicine.' Among the potential
sensing targets, heavy transition-metal ions have attracted
significant attention because widespread issues such as
environmental pollution pose serious problems, especially in
developing countries.” Ag" is one of the most critical ions since
it can form covalent, colloidal, and coordination bonds with
various natural ligands and present significant toxicity as well as
problematic detectability requiring better probe modalities.>
Current instrumental methods for detecting metal ions such as
FAAS, GFAAS, ICP—AES, and ICP—MS have been developed.
They are sufficient, mature, and in wide use, but these methods
involve expensive and intricate instrumentation and careful
operation. Thus, reliable and efficient methods for detecting
metal ions using optically reporting chemosensors are
required.* Over the past years, certain Ag* sensors based on
organic molecules,° metal complexes,”® QDs,° nanopar-
ticles,” and DNA/oligonucleotides® have been reported.
Among these, various sensors based on novel metal complex-
ation modes have attracted much attention because they have
controllable geometries, large Stokes shifts, and long lifetimes.”
For luminescent metal complexes, gold(I) complexes are an
important class that facilitate a triplet excited state emission;
relativistic effects allow for the formation of weak Au--Au
interactions.'® The studies of photophysics,"" supramolecular
building,12 and chemosensors'> based on Au---Au interactions
and gold(I) complexes have been reported. Among these,
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gold(I) acetylide complexes bearing the unsaturated organic
C=C motif that allows strong *(zz*) emission facilitated
through the “heavy atom effect” is quite important. Structure—
property relationships of 3(zz*) luminescence'* have been
reported by Che and co-workers and show the interesting and
various photophysical properties of gold(I) acetylide com-
plexes.

Compared to the traditional binding units toward Ag®, such
as cyclic or acyclic N, O, S donor ligands,* phthalocyanine,>®
and aromatic 7-electrons,'® the use of acetylide Ag" binding
groups is less explored. Yam and co-workers have reported that
Ag" can interact with acetylide groups to perturb its emission
property in the solid state'® and act as a photoswitch toward
the photoisomerization of the host molecule.'” The Ag" and
acetylide s-electron interactions have also been illustrated in
the crystal structures of some metal acetylide complexes.'®
These results encouraged us to use the acetylide group in Ag"
binding, a motif previously used in NLO materials, liquid
crystals, and molecular wires."

To extend our previous work on the photophysical and ion-
sensing properties of gold(I) acetylide complexes, '3 44
tripodal gold(I) acetylide sensors lc and 1d (Scheme 1)
were prepared, derived from tris(2-aminoethyl)amine (tren), a
widely used building block in anion encapsulation,” anion
sensing,”’ and anion transportation.”> The Au o-bonded
acetylide group usually involves the *(zz*) emissive excited
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Scheme 1. (a) Chemical Structures of 1c, 1d, and 2c and (b) Proposed Binding Model between 1c and Ag*
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state of similar gold(I) acetylide complexes, which provides the
possibility to perturb the luminescent properties upon binding
of Ag®. The flexible tripodal structure, compared to linear or
cyclic forms, allows for conformational changes upon ion
binding, which may cause the three arms close to each other
and increase the possibility to form intramolecular Au--Au
interactions among three Au atoms attaching on each arm. In
this work, we report the synthesis, photophysical properties,
and ion-sensing ability of tripodal-based gold(I) acetylide
complexes 1c and 1d. The silver ion-sensing mechanism of 1c
has also been studied. For comparison, the mononuclear
gold(I) acetylide complex (2c) was synthesized (Scheme 1).

B EXPERIMENTAL SECTION

Materials and Reagents. Au(THT)CI was synthesized according
to literature procedures.”® Tris(2-aminoethyl)amine and 4-iodoben-
zoyl chloride were purchased from Alfa-Aesar. Trimethylsilylacetylene,
n-propylamine, diphenyl-2-pyridylphosphine, and triphenylphosphine
were obtained from J & K. Silver nitrate, copper(I) bromide, lead
nitrate, zinc nitrate hexahydrate, copper(II) nitrate trihydrate,
nickel(II) nitrate hexahydrate, cobalt(II) nitrate hexahydrate, cadmium
nitrate tetrahydrate, aluminum nitrate nonahydrate, calcium nitrate
tetrahydrate, magnesium nitrate hexahydrate, potassium nitrate, and
sodium nitrate were purchased from Aladdin. Tetra-n-butylammonium
fluoride hydrate, tetra-n-butylammonium chloride hydrate, tetra-n-
butylammonium bromide, tetra-n-butylammonium iodide, tetra-n-
butylammonium acetate, and tetra-n-butylammonium phosphate
were obtained from Sigma-Aldrich.

Synthesis of N(CH,CH,NHC(O)CgH,;-4-1); (1a). To a suspension
of 4-iodobenzoyl chloride (1.2 g, 4.5 mmol) in anhydrous CH,Cl, (30
mL), tris(2-aminoethyl)amine (219 mg, 1.5 mmol) and NEt; (1 mL)
in CH,Cl, (5 mL) were added dropwise. The mixture was stirred at
room temperature overnight under nitrogen. The solvent was removed
under reduced pressure, and the residue was washed with hydrochloric
acid and dilute sodium hydroxide solution, respectively. The white
solid was collected and washed with water. Yield: 690 mg, 55%. 'H
NMR (300 MHz, DMSO-d, 298 K): 6 = 8.30 (t, ] = S Hz, 3 H, N—
H), 7.70 (d, ] = 8 Hz, 6 H, —C¢H,—), 7.48 (d, ] = 8 Hz, 6 H,
—Cg¢H,—), 3.33 (m, 6 H, —CH,—), 2.67 (t, ] = 6 Hz, 6 H, —CH,—). IR
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(KBr, cm™): v = 3300 (N—H), 1633 (C=0). ESI-MS: m/z = 835
[M — H]". Anal. Calcd for C,,H,,N,O,1; (%): C, 38.79; H, 3.25; N,
6.70. Found: C, 38.97; H, 3.19; N, 6.74.

Synthesis of N(CH,CH,NHC(O)C¢H,-4-C=C—TMS); (1b). To a
mixture of la (627 mg, 0.75 mmol), Cul (40 mg, 0.20 mmol), and
Pd(PPh;),Cl, (50 mg, 0.07) in THF (20 mL), trimethylsilylacetylene
(330 mg, 3.4 mmol) and NHEt, (2 mL) were added dropwise,
respectively. The mixture was stirred at room temperature under
nitrogen overnight. The solvent was removed under reduced pressure,
and the residue was purified by column chromatography on alumina
(elute: first, CH,Cl,, followed by EA/MeOH, (9:1 v/v)). The product
was obtained as a brown solid. Yield: 226 mg, 40%. 'H NMR (300
MHz, DMSO-d, 298 K): 5 = 8.39 (t, ] = S Hz, 3 H,N-H), 7.74 (d, ]
=8 Hz, 6 H, —C¢H,—), 7.44 (d, J = 8 Hz, 6 H, —C¢H,—), 3.34 (m, 6
H, —CH,-), 2.69 (t, ] = 6 Hz, 6 H, —CH,—), 025 (s, 27 H,
Si(CH;);). IR (KBr, cm™): v = 3305 (N-H), 2159 (C=C), 1634
(C=0). ESI-MS: m/z = 745 [M — H]". Anal. Calcd for
CypHN,8i;05-02C,H0-02H,0 (%): C, 67.18; H, 7.38; N, 7.32.
Found: C, 67.45; H, 7.66; N, 7.23.

Synthesis of [N(CH,CH,NHC(O)C¢H,-4-C=CAu);],, (polymer
1). To a mixture of 1b (22 mg, 0.03 mmol) and Au(THT)CI (29 mg,
0.09 mmol) in CH,Cl, (10 mL), excess KF (17 mg, 0.18 mmol) in
MeOH (2 mL) was added dropwise. The mixture was stirred at room
temperature for 30 min in the dark. The dark brown precipitate was
collected and reacted with triphenylphosphine directly in the next
reaction. Caution: the gold(I) acetylide polymer is potentially
explosive.”*

Synthesis of N(CH,CH,NHC(O)C4H,-4-C=CAuPPh;); (1c). To
the suspension of polymer 1 in CH,Cl, (20 mL), triphenylphosphine
(24 mg, 0.09 mmol) was added. The mixture was stirred overnight in
the dark. After filtration, the filtrate was concentrated and n-hexane
was added to form the light yellow precipitate. The precipitate was
collected and dried in vacuum. Yield: 48 mg, 82%. 'H NMR (300
MHz, DMSO-dg, 298 K): § = 8.34 (t, ] = S Hz, 3 H, N—-H), 7.71 (d, ]
= 8 Hz, 6 H, —C¢H,—), 7.58—7.50 (m, 4SH, phenyl), 7.30 (d, ] = 8
Hz, 6 H, —C¢H,—), 335 (m, 6 H, —CH,—), 2.69 (t, ] = 6 Hz, 6 H,
—CH,—). 3P NMR (121 MHz, DMSO-dg, 298 K): § = 42.40. IR
(KBr, cm™): v = 3263 (N-H), 2111 (C=C), 1646 (C=O0). ESI—-
MS: m/z = 1905 [M+H]". Anal. Caled for Cg;H,,Au;N,O,P5-H,0
(%): C, 54.33; H, 3.88; N, 2.91. Found: C, 54.23; H, 3.95; N, 3.03.
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Scheme 2. Synthetic Route of 1c and 1d“
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Synthesis of N(CH,CH,NHC(O)C4H,-4-C=CAuP(2-Py)Ph,);
(1d). To the suspension of polymer 1 in CH,Cl, (20 mL),
diphenyl-2-pyridylphosphine (26 mg, 0.10 mmol) was added. The
mixture was stirred at room temperature overnight in the dark. After
filtration, the filtrate was concentrated and n-hexane was added to form
the pale-yellow precipitate. The precipitate was collected and dried in
vacuum. Yield: 38 mg, 60%. 'H NMR (300 MHz, DMSO-dj, 298 K):
§=8.77 (d, ] = SHz, 3 H, Py), 8.38 (t, ] = S Hz, 3 H, N—H), 7.91 (m,
3 H, Py), 771 (d, ] = 8 Hz, 6 H, —CgH,—), 7.62—7.48 (m, 36H,
phenyl and Py), 7.34 (d, ] = 8 Hz, 6 H, —C4H,—), 3.36 (m, 6 H,
—CH,-), 2.69 (m, 6 H, —CH,—). >'P NMR (121 MHz, DMSO-d,,
298 K): 6 = 41.70. IR (KBr, cm™): v = 3336 (N—H), 2108 (C=C),
1643 (C=0). ESI-MS: m/z = 1908 [M + H]". Anal. Calcd for
Cg4HgoAusN,0,P;-H,0 (%): C, 52.37; H, 3.72; N, 5.09. Found: C,
52.56; H, 4.02; N, 4.99.

Synthesis of CH;CH,CH,NHC(O)C4H,-4-1 (2a). To a suspension
of 4-iodobenzoyl chloride (1.07 g, 4.0 mmol) in CH,Cl, (20 mL), n-
propylamine (2 mL) was added dropwise. The mixture was stirred at
room temperature for 20 min. The solvent was removed under
reduced pressure, and the residue was washed with water and dilute
NaOH solution. The white solid was collected and washed with dilute
hydrochloric acid and water. Yield: 823 mg, 71%. 'H NMR (300 z,
CDCly, 298 K): 6 = 7.76 (d, ] = 8 Hz, 2 H, —C¢H,—), 746 (d, ] = 8
Hz, 2 H, —C{H,—), 6.06 (s, 1 H, N—H), 3.40 (m, 2 H, —CH,—), 1.63
(m, 2 H, —CH,—), 0.98 (t, ] = 7 Hz, 3 H, —CH,). IR (KBr, cm™): v =
3311 (N=H), 1631 (C=0). EI-MS: m/z = 289 [M]". Anal. Calcd
for C,,HpINO (%): C, 41.54; H, 4.18; N, 4.84. Found: C, 41.81; H,
426; N, 4.83.

Synthesis of CH;CH,CH,NHC(O)C¢H;-4-C=C—TMS (2b). To a
mixture of 2a (289 mg, 1.0 mmol), Cul (20 mg, 0.11 mmol), and
Pd(PPh;),Cl, (30 mg, 0.04 mmol) in THF (10 mL) and NEt; (10
mL), trimethylsilylacetylene (150 mg, 1.5 mmol) was added dropwise.
The mixture was stirred overnight at room temperature under
nitrogen. The solvent was removed under reduced pressure, and the
residue was purified by column chromatography on silica gel (elute:
first CH,ClL,, followed by EA). The product was obtained as a brown
solid. Yield: 191 mg, 74%. 'H NMR (300 MHz, CDCl,, 298 K): & =
7.67 (d,] = 8 Hz, 2 H, —C¢H,—), 749 (d, ] = 8 Hz, 2 H, —C,H,—),
6.08 (s, 1 H, N—H), 3.41 (m, 2 H, —CH,—), 1.64 (m, 2 H, —CH,—),
0.99 (t, ] = 7 Hz, 3 H, —CH3), 0.26 (s, 9 H, Si(CH,);). IR (KBr,
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cm™): v = 3256 (N—H), 2160 (C=C), 1626 (C=0). ESI-MS: m/z
=260 [M + H]". Anal. Calcd for C,sH,;NOSi (%): C, 69.45; H, 8.16;
N, 5.40. Found: C, 69.43; H, 8.27; N, 5.17.

Synthesis of [CH;CH,CH,NHC(O)C¢H,;-4-C=CAul_, (polymer
2). To a mixture of 2b (26 mg, 0.10 mmol) and Au(THT)CI (32 mg,
0.10 mmol) in CH,Cl, (10 mL), excess KF (19 mg, 0.20 mmol) in
MeOH (1 mL) was added dropwise. The mixture was stirred at room
temperature for 30 min in the dark. The dark brown precipitate was
collected and reacted with triphenylphosphine directly in the next
reaction. Caution: the gold(I) acetylide polymer is potentially
explosive.

Synthesis of CH;CH,CH,NHC(O)C¢H,-4-C=CAuPPh; (2c). To
the suspension of polymer 2 in CH,Cl, (20 mL), triphenylphosphine
(26 mg, 0.10 mmol) was added. The mixture was stirred at room
temperature overnight in the dark. After filtration, the filtrate was
concentrated and n-hexane was added to form the gray precipitate.
The precipitate was collected and dried in vacuum. Yield: 37 mg, 57%.
"H NMR (300 MHz, DMSO-d,, 298 K): 6 = 8.38 (t, ] = 5 Hz, 1 H,
N-H), 773 (d, ] = 8 Hz, 2 H, —C¢H,—), 7.62—7.48 (m, 15H,
Phenyl), 7.35 (d, J = 8 Hz, 2 H, —C¢H,—), 3.19 (m, 2 H, —CH,—),
1.51 (m, 2 H, —CH,—), 0.88 (t, ] = 7 Hz, 3 H, —CHj,). *'P NMR (121
MHz, DMSO-d,, 298 K): § = 42.41. IR (KBr, cm™): v = 3263 (N—
H), 2123 (C=C), 1631 (C=0). FAB—MS: m/z = 646 [M + H]".
Anal. Calcd for C;0H,,AuNOP-0.2H,0 (%): C, 55.51; H, 4.25; N,
2.16. Found: C, 55.49; H, 4.17; N, 2.04.

Physical Measurements and Instrumentation. Chemical shifts
(6, ppm) were reported relative to tetramethylsilane for "H NMR, 85%
H,PO, for *P NMR on a Varian Mercury-Plus 300 spectrometer.
Infrared spectra were recorded from KBr pellets in the range of 400—
4000 cm™ on a Bruker-EQUINOX 55 FT—IR spectrometer.
Electrospray ionization (ESI) mass spectra were recorded on a LCQ
DECA XP quadrupole ion trap mass spectrometer. Fast atom
bombardment (FAB) mass spectra were recorded on a Thermo
MAT95XP high resolution mass spectrometer. Electron impact (EI)
mass spectra were recorded on a Thermo DSQ mass spectrometer.
Elemental analysis was performed on Elemental Vario EL elemental
analyzer. Electronic absorption spectra were measured on a
PGENERAL TU1901 UV-vis spectrophotometer. Emission spectra
were obtained on a FLSP920 fluorescence spectrophotometer.
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Titrations, Job Plots, and Detection Limit. For the typical UV—
vis and emission titration experiments, 1.5 uL aliquots of a nitrate salt
were added into the 3 mL solution of the complex in DMSO by a
syringe, and the spectral changes were recorded by a PGENERAL
TU1901 UV-—vis spectrophotometer and FLSP920 fluorescence
spectrophotometer at 298 K. The volume changes after the addition
of ions were kept less than 5% (150 uL). For a typical '"H NMR
titration experiment, 1.0 uL aliquots of a nitrate salt were added into
the 0.5 mL solution of the complex in DMSO-d, by syringe, and the
"H NMR spectral changes were recorded by a Varian Mercury-Plus
300 spectrometer at 298 K. The binding constant log K values were
determined by nonlinear fitting using a 1:1 binding model.>** Job plots
were obtained from a series of solutions in which the fraction of the
corresponding anions varied, keeping the total concentration (the
complexes and cations) constant. The maxima of the plots indicated
the binding stoichiometry of the complexes with cations. Detection
limit was determined by FLSP920 fluorescence spectrophotometer at
298 K when S(signal)/N(noise) = 3.3.°°

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic route of
1c and 1d involves four steps that all bear satisfactory yields
(Scheme 2). First, tris(2-aminoethyl)amine (tren) reacted with
4-iodobenzoyl chloride in 1:3 ratio to form an insoluble
intermediate 1la in CH,Cl,. Second, through Sonogashira
coupling reaction, the iodine groups of 1a were substituted by
acetylide groups to obtain the better solubility intermediate 1b
used to react with three equivalents of Au(THT)CI* in the
presence of excess KF to form the gold(I) acetylide polymer 1
(caution: the gold(I) acetylide polymer is potentially
explosive®*). Finally, three equivalents of phosphine ligands
were added into the suspension of polymer 1 in CH,Cl, to
depolymerize polymer 1 to get the final products 1c and 1d
respectively (the attempts to get other pure derivatives with
alkyl substituted phosphine ligands were not successful). The
procedure for the synthesis of mononuclear analogue 2c is
similar to those for lc and 1d (Scheme S1, Supporting
Information). Complexes 1c, 1d, and 2c are all air-stable at 298
K and were characterized by IR, 'H, and *'P NMR spectroscopy
as well as mass spectrometry (ESL EI or FAB) and elemental
analysis.

The IR spectra of complexes 1c, 1d, and 2c reveal three
bands at ca. 3263—3336, 2108—2123, and 1631—1646 cm™,
characteristic of the stretches of v(N—H), v(C=C), and
v(C=0), respectively. The "H NMR spectra of complexes L,
1d, and 2c show a triplet peak centered at 8.34—8.38 ppm,
respectively, which comes from the resonances of the protons
of N—H. The peaks appeared at ca. 7.30—7.73 ppm can be
ascribed to the resonances of protons coming from the
aromatic phenyl rings. The upfield multiplet signals at the range
of ca. 0.88—3.36 ppm come from the alkyl protons. The *'P
NMR spectra of 1c, 1d, and 2c display singlets at 41.70—42.41
ppm, similar to those of the previously reported gold(I)
acetylide complexes with triphenylphosphine.'** Well-defined
[M + H]* peaks of complexes 1c, 1d, and 2c were observed
through the positive charge ESI and FAB mass spectrometry.

Photophysics Studies. The electronic absorption spec-
trum of 1c in DMSO at 298 K shows the absorption maxima at
ca. 260, 292, and 305 nm with shoulders at ca. 270, 275, and
324 nm, which undergo bathochromic shifting, compared with
the free ligand 1b (Figure Sla and Table S1, Supporting
Information). The vibrational progressional spacings of ca.
1500 and 2000 cm™" ascribed to the symmetric phenyl ring
stretching and v(C=C) stretches, respectively, are observed.
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The electronic absorption bands of 1d and 2c¢ are similar to
those of 1c, but the molar absorptivity of 2c is smaller than that
of 1c (Figure S1 and Table S1, Supporting Information). Thus,
the absorption bands of 1c, 1d, and 2c at 260—327 nm are
assigned to the 7 — 7* transition of the acetylide ligands. The
electronic absorption spectra of 1c as well as 2c in THF at 298
K are very similar to those in DMSO, which may suggest the
solvents have a little effect on the electronic absorption spectra
(Table S1, Supporting Information).

Excitation of 1c and 1d in the solid state and degassed THF
at A, > 300 nm at 298 K produces the blue-green emission with
a ps range lifetime. For the solid state emission spectra of 1c
and 1d, the observed vibrational spacings of ca. 1100 and 2000
cm™' in 472—554 nm (Table S1 and Figure S2, Supporting
Information) are attributed to the stretches of phenyl rings
deformation and v(C=C), respectively. The emission
spectrum of 1c and 1d in degassed THF (Table S1 and Figure
S3, Supporting Information) also reveals the bands at ca. 410—
510 nm and 450—S555 nm respectively with the vibrational
spacings of ca. 1100, 1600, and 2100 cm™), which are ascribed
to the stretches of phenyl rings deformation, v(C=0), and
V(C=C), respectively. These spectra are spaced similar to
those of previously reported gold(I) acetylide complexes,
suggesting that the lowest lying emissive state of 1c and 1d for
410—555 nm emission bands may come from the acetylide-
based *(zn*) excited state promoted by the enhanced
intersystem crossing through the “heavy atom effect” of Au
that increases spin-orbit coupling.ma’14 In contrast, in DMSO
solutions of lc and 1d (degassed or not degassed), the
background emission bands of DMSO appear at ca. 350—450
nm; the 3(77*) emission bands expected at 1 > 450 nm are
difficult to observe.

Cation Sensing studies. The cation-sensing properties of
1c have been investigated by titration experiments in DMSO
(upon addition of Ag" into the THF solution of 1lc, the
precipitate was formed. Thus, the titration experiments in THF
were not tested). Common cations were screened (nitrates
were used); some cations such as Hg’* and Fe®* have limited
solubility in DMSO. Upon addition of Ag* into the DMSO
solution of 1c (5.0 X 107 moldm™, A, = 311 nm), the
emission intensity at 472 nm increases dramatically together
with the color change of the luminescence: from blue-violet
(emission from DMSO solvent) to blue-green (Figure 1).
Thus, the emission at 472 nm switches on with an

r

Emission Intensity (a.u.)

500 550
Wavelength / nm

450 600

Figure 1. Emission spectral changes of 1c (5.0 X 10™° mol dm™, 4, =
311 nm) in DMSO upon addition of Ag* (the emission bands at 4 <
450 nm come from the emission of DMSO solvent). (Inset)
Photographs of 1c in DMSO without (left) and with Ag* (right)
under the excitation of 365 nm irradiation.
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enhancement of ca. 18-fold. The binding constant (log K) of 1c
with Ag* in DMSO, determined via luminescence titration, is
4.56 + 0.21 (Figure S4, Supporting Information), which is in
accord to that obtained by UV—vis titration data (vide infra).
The detection limit for Ag* is estimated to be 1.0 X 10~° mol
dm™ (Figure S5, Supporting Information). For comparison, a
control luminescence titration experiment of the single-arm
analogue 2c was carried out with Ag* (Figure S6, Supporting
Information). Upon addition of Ag*, the emission band at ca.
470 nm reveals extremely small enhancement compared with
that for 1c. This result suggests that the single acetylide arm
very weakly interacts with Ag" and multi-armed acetylide
groups may play an essential role in Ag" binding (Scheme 1b).

The selectivity of 1c in DMSO toward other metal ions has
been investigated. The emission spectra of 1c (5.0 X 10™° mol
dm™, 1, = 311 nm) after the addition of two equivalents of
various metal ions were recorded (Figure S7, Supporting
Information). Except Ag*, other metal ions studies in this work
cannot turn on the emission at 472 nm (Figure 2, row a). Ag*
concentration creates the ca. 18-fold emission intensity increase
at 472 nm, suggesting the remarkable responsiveness of 1c
toward Ag".

Figure 2. (Row a) Relative emission intensity at 472 nm of 1c (5.0 X
10~° moldm™3, A, = 311 nm) with 2 equiv of various metal ions.
(Row b) Relative emission intensity at 472 nm of 1c (5.0 X 107> mol
dm™, A, = 311 nm) + 1 equiv Ag® in the presence of various metal
ions (2 equiv for Cu®*; 10 equiv for Na*, K*, Ca?*, and AP**; § equiv
for others).

In addition, the competitive binding experiments of Ilc
toward Ag* in the presence of competitive concentrations of
other metal ions (5—10 fold) have been carried out. The
emission spectra of 1c (5.0 X 10~ moldm™, 1., = 311 nm)
with one equivalent of Ag” in the presence of various metal ions
were recorded. In the presence of less than 10 equivalents of
Na*, K¥, Ca**, and Al*, the influence on the emission intensity
at 472 nm is small; in the presence of less than 5 equivalents of
Pb**, Zn*', Ni**, Co**, Cd*', and Mg*, the emission intensity
at 472 nm changes a little (Figure 2, row b). The metal ion that
only affects the sensing is Cu’*, suggesting reasonable
selectivity of 1c toward Ag'. The luminescence intensity at
472 nm decreases ca. 30% in the presence of more than 2 equiv
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of Cu®*, suggesting its effective quenching effect. These results
indicate that Ag" is highly competitive to bind 1c in the
presence of various metal ions studied in this work other than
Cu™.

Mechanism Studies for Cation Sensing. In order to
understand the mechanism for the interaction of 1c with Ag’,
UV—vis and 'H NMR spectral titration experiments were
carried out. The UV—vis spectral changes of 1c (5 X 107° mol
dm™) in DMSO upon addition of Ag" are shown in Figure 3a.
The absorption bands at 292 and 305 nm decrease gradually
whereas the absorbances at ca. 261 and 345 nm increase
gradually upon addition of Ag*. Well-defined isosbestic points
are observed at 274 and 311 nm, verifying direct cation-
complex adduct formation. In terms of specificity, other metal
ions studied in this work did not produce such spectral changes.

To further investigate the binding ratio between Ag* and 1c,
Job analysis was carried out. The UV—vis spectra of continuous
variation with Ag* were recorded in DMSO ([1c] + [Ag"] =5
X 107° mol dm™). The absorptions of the newly formed band
at 355 nm reveal their maximum when [Ag*]/([Ag'] + [1c])
reaches at ca. 0.5 (Figure 3b), supporting 1:1 stoichiometric
Ag'—1c binding. Using nonlinear fitting and a 1:1 binding
model, the binding constant log K’ (UV—vis titration) was
determined to be 4.35 & 0.12 (Figure 3a inset), in accordance
with the log K (luminescence titration) obtained before.

Figure 4 contains '"H NMR spectra reflecting clear changes
upon addition of Ag* into 1c (1.0 mmol dm™) in DMSO-dj.
The bottom one shows the spectrum of 1c in the absence of
Ag". The triplet signal centered at 8.34 ppm, doublets signals
centered at 7.71 and 7.30 ppm, and the multiplet signal at
7.50—7.58 ppm are attributed to the protons of the N—H (H,),
—C¢H,— (Hp, Hc, respectively), and phenyl rings of
triphenylphosphine moieties, respectively. Upon addition of
Ag" gradually, the intensities of signals centered at 8.34 ppm (J
= 5.0 Hz), 7.71 ppm (J = 8.2 Hz) and 7.30 ppm (J = 8.2 Hz)
decrease. Meanwhile, a triplet centered at ca. 7.47 ppm (J = 5.1
Hz) and doublets centered at 7.12 ppm (J = 8.1 Hz) and 6.88
ppm (J = 8.0 Hz) gradually rise evenly from the baseline. At the
same time, the multiplet signal at 7.50—7.58 ppm changes from
multiple to single gradually. Signals centered at ca. 7.30 (H),
7.71 (Hg), and 8.34 ppm (H,) disappear completely when the
amount of Ag® is larger than one equivalent, supporting
saturative behavior with a stoichiometric amount of analyte.
The pattern and coupling constants of newly formed peaks
appear closely related to those of disappearing peaks, suggesting
they may come from the [1c-Ag*] adduct. Upon addition of
Ag", 1c transfers to [lc-Ag'] gradually (unfortunately, the
attempt to characterize the [1c-Ag"] adduct by ESI-MS was
not successful). It is interesting to note these spectral changes
differ from many host—guest systems whose NMR spectral
signals usually shift gradually upfield or downfield. The upfield
positions of the newly formed peaks here could be explained as
the formation of “closed clamp” conformation upon Ag*
binding that makes the N—H as well as —C4H,— motifs of
three arms proximal and leads to a dramatic increase of
electronic density which introduces enhanced shielding that
causes the signals to appear upfield.

The reversibility of the binding of 1c with Ag" has been
tested. The "H NMR spectra upon addition of CI~, Br™, and I~
into the DMSO-dg solution of 1lc in the presence of one
equivalent of Ag* were recorded. Figures S8—S10 (Supporting
Information) show spectral changes that lc undergoes (1.0
mmol dm ™) with one equivalent of Ag* upon addition of CI",
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Figure 4. 'H NMR spectral changes of lc (1.0 mmoldm™) in
DMSO-d4 upon addition of Ag".

Br~, and I” (n-Bu,N salts), respectively (DMSO-d). The sharp
signal at 7.61 ppm, which comes from the phenyl ring protons
of PPh;, undergoes an upfield shift. The triplet centered at ca.
7.47 ppm and doublets centered at 7.12 ppm and 6.88 ppm
show minimal shifting, indicating the “closed clamp” con-
formation of [1c-Ag*] is consistent, and the binding between 1c
and Ag" is irreversible in DMSO in the presence of halides
strongly favored by Ag* binding.

As a control experiment, the "H NMR spectral titration of
the single-armed analogue 2c with Ag" was carried out. Figure 5
reveals the spectral changes of 2¢ (4.0 mmol dm™) in DMSO-
dg upon addition of Ag". The triplet centered at 8.38 ppm,
doublets centered at 7.73 and 7.35 ppm, and the multiplet
centered at 7.48—7.62 ppm are attributed to protons of the N—
H (H,), —C¢H,— (Hy, H, respectively), and P-phenyl ring
protons, respectively. Upon addition of Ag" gradually, the
changes of signals centered at 8.38 ppm (H,) and 7.73 ppm
(Hy) can be barely observed. The signal centered at 7.35 ppm
(H,) shows slight downfield shifting. This could be due to the
interaction between Ag" and acetylide group of 2c¢ that reduces
the electron density of the adjacent protons of —C4H,— motif
(H,). The signals at 7.48—7.62 ppm also show a small change
in their patterns. Thus, the spectral changes of single-armed
analogue 2c are quite different from those of three-armed
sensor lc, suggestive of the notion that a three-armed flexible
conformation produces better hosting of Ag".

In the literature, N, O, and z-electrons of aromatic rings can
be used as binding units toward Ag*.** In order to confirm the
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Figure 5. "H NMR spectral changes of 2c (4 mmol dm™) in DMSO-
ds upon addition of Ag*.

binding units of 1c with Ag’, the "H NMR spectroscopic
titration of la in DMSO-ds with Ag" was also performed
(Figure S11, Supporting Information). The '"H NMR spectrum
of 1a without any Ag" has the triplet centered at 8.30 ppm and
doublets centered at 7.70 and 7.48 ppm, attributed to N—H,
—C4¢H,— motifs, respectively. Upon addition of two equivalents
of Ag", the '"H NMR spectral changes are very small. This may
suggest that the binding units of 1c¢ with Ag" do not involve the
nitrogen atoms or 7-electrons of phenyl rings. Thus, three C=
C moieties of 1c are corresponded to Ag* binding.

The influence of phosphine ligand P(2-Py)Ph, of the tripodal
gold(I) acetylide complex 1d on Ag" binding was investigated
by luminescence, UV—vis, and NMR titration experiments,
which are shown in Figures S12—S18 (Supporting Informa-
tion). They all have similar spectral changes compared with
those of lc. The binding constants log K4 with Ag" were
determined to be 4.62 + 0.24 (luminescence) and 4.42 + 0.10
(UV—vis), which are close to those of 1c. However, for the
selectivity of 1d with cations, Cu®* leads to the slight
enhancement of emission intensity, which could be rationalized
as the binding of Cu®* on pyridine N atom (Figure S14,
Supporting Information). Thus, the change of R group with
pyridine moiety does not affect the affinity toward Ag" but
decreases the selectivity for Ag”.

It is interesting to compare the cation-sensing mechanism of
gold(I) acetylide complex 1lc with that of other gold(I)
acetylide complexes previously reported by Yam, in which the
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emission based on intramolecular Au---Au interaction could be
produced at 4., > 550 nm.">*¢ The emission band of 1c at 472
nm in DMSO solution, which can also be found in those of free
1c in the solid state and degassed THF solution, was switched
on when Ic binds Ag*. Figure S19 (Supporting Information)
shows the emission spectra of free 1c in degassed THF solution
and Ic in the presence of two equivalents of Ag" in DMSO
solution. The maximum peaks and shoulder peaks agree with
each other very well. The lifetime of maximum band of 1c upon
addition of Ag" in DMSO was determined as 4.4 us. Thus, the
acetylide-based *(zz*) emission could be turned on when 1c
interacts with Ag* in DMSO solution. The very weakly
emission of lc at 472 nm in DMSO could be due to the
solvent effect of DMSO, which may reduce the radiative decay
of the triplet excited state. Upon addition of Ag', the
interaction between acetylide groups and the Ag* may facilitate
spin—orbit coupling and thus enhance the radiative decay of the
triplet excited state. In addition, when 1c binds Ag", the intra-
and/or intermolecular aurophilic interactions may produce the
rigidity, which could increase the emission intensity. As a
control experiment, the titration experiment of 1c toward Cu”
was carried out (CuBr was used because it is more stable than
[Cu(CH;CN),]PF; in air). Upon addition of Cu" into the
DMSO solution of 1c (5 X 107> mol dm™), the intensity of the
emission band at 525 nm increases (A, = 311 nm) (Figure S20,
Supporting Information). Meanwhile, the intensity of the
emission band at 472 nm also increases, but the enhancement is
small compared with that of 525 nm emission band and that of
472 nm emission band upon addition of Ag* (Figures $20 and
$21, Supporting Information). The excitation spectra of 1c with
4 equivalents of Cu" and Ag" in DMSO are shown in Figure
$22 (Supporting Information). The excitation spectrum of 1c
with Cu* (4., = 525 nm) shows a low energy band at ca. 400
nm, which is in accord to appearance of the new absorption
band at 400 nm in the UV—vis titration experiment (Figure
$23, Supporting Information) and is absent in the excitation
spectrum of 1c with Ag* (4., = 472 nm). Thus, the emission
band at 525 nm is attributed to come from the excited state
associated with Au--Au interactions when lc binds Cu' in
DMSO. As a control experiment, the emission and 'H NMR
spectra of AuPPh;-free ligand 1b upon addition of Ag" do not
change, indicating the essential role of AuPPh; motifs during
the sensing process (Figures S24 and S25, Supporting
Information).

Anion Binding Studies. Derivates of tris(2-aminoethyl)-
amine (tren) have been used widely for anion recognition. 20-22
Thus, the anion binding properties of 1c were also investigated
by 'H NMR spectroscopic titrations. Figure 6 shows the 'H
NMR spectral changes of 1c (1.0 mmol dm™) in DMSO-d,
upon addition of F~. The triplet peak centered at 8.34 ppm
assigned to N—H undergoes gradual downfield shifting (after
one equivalent of F~ was added, the peak of N—H became very
broad and its intensity became weak), which suggests the
existence of N—H---F~ hydrogen bonding. The signal of Hjy
coming from the —C¢H,— motif which is close to the N—H
motif shows a comparably large downfield shift understood as
the increased polarization effect of C—H bond introduced by
the through-space effect."***® Another proton signal Hc
originating from the —C H,— motif greatly distal from the
N—H shows very little shifting, indicating the weak influence to
Hc. The titration experiments of 1c with other anions (CI,
H,PO,~, and OAc™) have also been carried out. The spectral
changes are quite small (see Figures S26—S28, Supporting
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Figure 6. '"H NMR spectral changes of lc (1.0 mmoldm™) in
DMSO-d; upon addition of F~.

Information), showing the relatively weak interactions
compared with previously reported organic analogues.””

The sensor molecule 1c can interact selectively with both
cations but also anions. Thus, it would be of interest to know
whether it can act as a ditopic ion-pair sensor or not, which is
expected to produce “cation-induced affinity”, in which the
anion binding abilities of a ditopic sensor could be enhanced in
the presence of cations.'>**® To test this hypothesis, the 'H
NMR titration experiment was carried out. Figure S$29
(Supporting Information) shows the spectral changes of 1c
(1.0 mmoldm™) in the presence of Ag" in DMSO-dg; upon
addition of F~. Compared with the significant downfield shift of
N-H and —C¢H,— motif signals when 1c interacts with F~, the
signal changes are quite small here, which indicates the weak
interaction between [lc-Ag'] and F~. This observation is
different from that in previous 1nvest1§at10ns that ditopic
sensors bear “cation-induced affinity”.">**** Other anions could
also not lead to the significant spectral changes in the presence
of Ag" (for CI7, Br™, I", H,PO,”, and OAc™ see Figures S8—
S10 and S30—S31 (Supporting Information), respectively).
This behavior could be rationalized as the formation of a
“closed clamp” conformation leading to the smaller space in
tren cavity, which prevents [1c-Ag*] from anion-binding.

B CONCLUSION

In summary, we reported the synthesis, photophysical proper-
ties and ion-sensing studies of novel tripodal gold(I) acetylide
chemosensors 1c¢ and 1d. Through a four-step reaction, 1c and
1d can be easily obtained. In THF and DMSO, 1c¢ and 1d
exhibit 7 — 7 absorption of the acetylide ligands. In the solid
state and degassed THF solution, 1c and 1d show the 3rm*)
emission of acetylide ligands. Upon addition of Ag" into the
DMSO solution of 1c and 1d, the *(zz*) emission at 472 nm,
which is not observed in the absence of Ag*, was turned on and
the emission color changed from blue-violet (very weak,
DMSO background emission) to blue-green (strong). 1c shows
its higher selectivity and competitiveness for Ag" over other
metal ions studied in this report. Through luminescence and
UV—vis titration experiments, the binding constants of 1c¢ with
Ag* (1:1) were determined to be 4.56 + 0.21 (log K) and 4.35
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+ 0.12 (log K’), respectively. The formation of the “closed
clamp” conformation adduct [1c-Ag*] was confirmed by 'H
NMR titration experiments. The receptor chelating effect of
three-armed flexible conformation and the acetylide binding
unit was determined by the control experiments toward the
acetylide free analogue la and single-arm analogue 2c,
respectively. The P(2-Py)Ph, containing analogue 1d shows
similar affinity but less selectivity toward Ag'. In addition, 1c
shows the binding affinity toward F~ in DMSO-d4 compared to
other anions. In the presence of Ag’, 1c shows less binding
affinity toward F~. This could be rationalized by the smaller
space in tren cavity when the “closed clamp” conformation
adduct [1c-Ag*] is formed. The study for water-soluble gold(I)
acetylide chemosensors is underway.
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