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Their Ability to Detect Nitroaromatics
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/Abstract: Two new acceptors containing platinum-carbazole
(1) and platinum-triphenylamine (2) backbones with bite
angles of 90° and 120°, respectively, have been synthesised
and characterised. Reactions of the rigid acceptor 1 with
linear dipyridyl-based donors (3 and 4) generated [4+4] self-
assembled molecular squares (5 and 6), and similar treat-
ments with acceptor 2 instead of 1 yielded [6+6] self-assem-
bled molecular hexagons (7 and 8). The metallacycles were
characterised by multinuclear NMR spectroscopy ('H and *'P)
and ESI-MS. The geometries of the metallacycles were opti-

-

mised by using the PM6 method. When aggregates of the\
metallacycles were formed by adding hexane solutions in di-
chloromethane, aggregation-induced emission was observed
for metallacycles 5 and 7, and aggregation-caused quench-
ing was observed for metallacycles 6 and 8. The formation
of aggregates was verified by dynamic light scattering and
TEM analyses. Macrocycles 5 and 7 are white-light emitters
in THF. Moreover, their high luminescence in both solution
and the solid state was utilised for the recognition of
nitroaromatic explosives.

/

Introduction

Over the years, luminescent compounds have advanced from
being simple chemosensors to smart materials for bioimaging,
optoelectronic materials, non-linear optics, and so forth." Sev-
eral new materials with tuneable photophysical properties, in-
cluding high photostability, intense absorption and sharp and
strong emission, have been developed.” Common fluoro-
phores are highly luminescent in solution, but, when concen-
trated or solidified, their emission quenches due to excimer/ex-
ciplex formation through intermolecular interactions.”’ This
phenomenon is commonly referred as aggregation-caused
quenching (ACQ). Luminescent films with properly organised
molecules are a basic requirement for materials used as emis-
sive layers in optoelectronic devices. Conventional fluoro-
phores are not preferred as light sources due to ACQ. A new
class of solid emissive materials have emerged that work on
the principle of aggregation-induced emission (AIE)."

Materials that exhibit intense luminescence in solution and
in the solid state are highly desirable. Several new approaches
involving different methods to afford rigid and twisted mole-
cules with high luminescence in solution and in the solid state
have been reported in the literature."'® The introduction of
bulky substituents on the periphery, conjugation-induced ri-
gidity, locking of the aromatic rings with heteroatoms, hydro-
gen bonding and metal ion complexation are some of the
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strategies used to afford molecules with high luminescence in
the solid state and in solution.”™”

Coordination-driven self-assembly is a potential approach to
assemble desired building blocks in a specific pattern to
obtain molecular architectures with desirable properties. The
final assemblies inherit the physical and chemical characteris-
tics of both the donors and acceptors."'"® Moreover, the self-
assembled discrete molecules have the advantages of solution
processability and stability. Several platinum(ll) and palladi-
um(ll) fluorescent macrocycles and cages have been reported
that showed solution-phase fluorescence behaviour."? Howev-
er, their solid-state emission is less explored." |t is proposed
that incorporating an AlE-active ligand into a self-assembly will
impart the molecule with both solution and solid-state emis-
sion. Recently, AlE-active platinum(ll) assemblies were reported
by the groups of Stang, Yang and Huang."” The assemblies ex-
hibited solvent-dependent emission, dendrimer-dependent AlE
and heparin-induced AIE. It is known that AlE-active molecules
can display brilliant solid-state emissions, but none of the
aforementioned assemblies were subjected to solid-state lumi-
nescence analysis.

To afford an AlE-active ligand, we focussed our attention on
the 9,10-divinylanthracene moiety because its derivatives are
highly luminescent in both solution and the solid state.”” Dif-
ferent divinylanthracene derivatives have been used as mecha-
nochromic materials, acid-base sensors, in spontaneous ampli-
fied emission and as charge-transport materials.”” We decided
to use 9,10-di(4-pyridylvinyl)anthracene (3) as the pyridyl
donor for self-assembly (Scheme 1) with acceptors with suita-
ble backbones. Carbazole and triphenylamine (TPA) derivatives
have widely been applied as photosensitisers, charge-hole
transport layers and emissive layers in organic light-emitting
diodes (OLEDs), and AlE-active materials.?'>” Hence, we de-
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Scheme 1. Self-assembly of molecular squares (5, 6) and hexagons (7, 8).

signed and synthesised two new diplatinum(ll) organometallic
acceptors 1 and 2 with carbazole and TPA backbones, respec-
tively (see below).

We report herein the synthesis of a [4+ 4] and [6 + 6] self-as-
sembled molecular square (5) and hexagon (7) upon treatment
of linear donor 3 with Pt" acceptors 1 and 2, respectively
(Scheme 1). Two more analogous macrocycles (6, 8) were syn-
thesised by using donor 1,4-di(4-pyridylvinyl)benzene (4). The
metallacycles 5 and 7 are fluorescent in solution and in the
solid state and exhibit AIE activity. Their luminescence proper-
ties are influenced by solvent polarity and both 5 and 7 display
white-light emission in THF. The luminescence of complexes 5
and 7 in both solution and the solid state was utilised for the
detection of nitroaromatic compounds (NACs) in solution and
in the vapour phase.

Results and Discussion
Synthesis and characterisation of 1 and 2

Carbazole-based Pt" acceptor 1 was prepared by means of the
multi-step synthesis shown in Scheme 2. The ethynyl groups
were introduced by Sonogashira coupling of b with TMSA by
using [Pd(PPh,),Cl,] and Cul to afford ¢ in 83% yield. Subse-
quent desilylation at room temperature in a mixture of di-
chloromethane and methanol (2:1) in the presence of K,CO,
yielded d. Compound d was treated with trans-[Pt(PEt;),l,] in
a mixture of diethylamine and toluene at room temperature
with Cul to afford e. Compound e was treated with AgNO; in
chloroform/MeOH (2:1) to obtain 1, which was triturated with
diethyl ether to afford 1 as a grey solid in 80 % yield. Dibromo-
triphenylamine (f) was prepared by following a procedure re-
ported in the literature.®” Compound f was converted into di-
alkyne (h) through Sonogashira coupling followed by desilyla-
tion of g in the presence of K,CO; at room temperature. The
platinum-alkyne analogue (i) was synthesised in 57 % yield by
treating h with trans-[Pt(PEt;),l,] in the presence of Cul at
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Scheme 2. Synthesis of the carbazole-based Pt" acceptor 1. NBS =N-bromo-
succinimide, TMSA = trimethylsilylacetylene.

room temperature for 2 days. Treatment of i with AgNO; in
a mixture of CHCI; and MeOH (2:1) for 24 h at room tempera-
ture afforded 2. The crude product was washed with diethyl
ether several times to obtain 2 as a yellow precipitate in 60%
yield (Scheme 3).
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Scheme 3. Synthesis of the TPA-based Pt" acceptor 2.

The molecular structures of the iodide analogues e and
i were established by single-crystal XRD analysis (Table 1). Suit-
able crystals of e and i were grown by slow evaporation of sa-
turated solutions of the respective compounds in CHCl;. The
phenyl ring at the carbazole nitrogen in e is twisted out of the
plane of the fused ring system at an angle of 60.28° (Figure 1).

In the case of compound i, the unsubstituted phenyl ring of
the TPA moiety is almost perpendicular to the other two
phenyl rings at an angle of 84.40° (Figure 1).

Synthesis of self-assembled squares

The carbazole acceptor 1 was combined with both donors 3
and 4 separately in equimolar amounts. After heating the mix-
ture of precursors 1 and 3 in acetone for 24 h, the colour of
the solution changed from yellow to red. The solvent was re-
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Table 1. Crystallographic data and refinement parameters for e and i.**
e i
formula Cu6H7NP,I,Pt, Cu6H73NP,I,PL,
M, 1405.88 1407.89
T [K] 298 298
crystal system triclinic orthorhombic
space group P1 Fdd2
alAl 15.2106(11) 32.493(3)
b [A] 18.4695(13) 37.744(3)
clAl 20.6579(15) 8.5393(7)
a[’] 100.930(2) 90
AN 105.096(2) 90
y [ 90.734(2) 90
VA% 5489.7(7) 10472.7(15)
Z 4 8
Peaica [gem ] 1.701 1.786
u(Moy,) Imm™] 0.087 0.087
ATA] 0.71073 0.71073
F (000) 2704.0 6800.0
no. of collected reflns 19319 59647
no. of unique reflns 148738 5141
goodness of fit (F) 1.073 1.055
R1 [I>20(N]® 0.0539 0.0434
wR2[I > 20(1)]"™! 0.1414 0.0917
[al Ry =Z|Fy| — | F.|/Z| Fo]. [b] WRZZ(Z[W(Fngz]/E[W(Fg)Z]”2.

Figure 1. Crystal structures of e (left) and i (right).

moved and the crude product was triturated with diethyl ether
to afford a red solid (5) in high yield. The colour of the reaction
mixture of 1 and 4 changed from light to deep yellow after
heating for 24 h; a similar workup yielded 6 as a yellow solid.
In the "H NMR spectrum of assembly 5, an upfield shift of ac-
ceptor protons was observed, which was expected to be due
to coordination of the pyridyl nitrogen to the platinum(ll) ac-
ceptor (Figure 2).

he &
LI
{ 1
L 5
ww
9.0 8.5 8.0 75 7.0 6.5 ppm

Figure 2. Partial "H NMR spectra of 1 and 5 in CDCl, and a mixture of CDCly/
[D,JMeOH (3:1), respectively.
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20.06 ppm
J pop= 3080.28 Hz

12.03 ppm
J pp=2878.28 Hz

Figure 3.°'P NMR spectra of 1 and 5 in CDCl; and a mixture of CDCly/
[D,JMeOH (3:1), respectively.

In the 3P NMR spectrum, an upfield shift of about 8 ppm,
with respect to the acceptor, was observed, which was consis-
tent with the increase in electron density on the platinum(ll)
centre (Figure 3).

Although multinuclear NMR spectroscopy analysis indicated
ligand to metal coordination and the formation of a single
product in all cases, it did not provide any information about
the compositions of the final assemblies. The compositions of
5 and 6 were determined by ESI-MS. In the ESI-MS spectrum,
signals attributed to the fragments [5—4NO,J*" (m/z
1598.5459), [5—6NO,I°* (m/z 1045.0398) and [5—8NO,I** (m/z
768.2763) were found. The signals were in good agreement
with theoretical results and their isotopic distributions
matched with the calculated values (Figure 4 and the Support-
ing Information). The formation of [4+ 4] self-assembled 6 was
also confirmed by ESI-MS analysis (see the Supporting Informa-
tion) in a similar way.

Synthesis of self-assembled hexagons

The hexagons were obtained by equimolar self-assembly treat-
ment of acceptor 2 with the corresponding donors. In the
'H NMR spectrum of 7, the TPA protons of the acceptor exhib-
ited an upfield shift of about 0.1-0.14 ppm (see the Supporting
Information). The *'P NMR spectrum of 7 showed an upfield
shift of around 4 ppm with respect to the free acceptor (2).
The decrease in the coupling constant of the Pt satellites (ca.
AJ(Pt,P) =202.80 Hz) is due to back donation of electrons from
the ligand to the metal centre (Figure 5). Similar upfield shifts
in the 'H and *'P NMR spectra of 8 were also observed (see the
Supporting Information). The formation of [6+ 6] self-assem-
bled hexagons (7 and 8) was established by the appearance of
signals corresponding to the fragments [7—6NO;I°" (m/z
1600.5682), [7—8NO,I*" (m/z 1184.9825) and [8—8NO,I** (m/z
1109.8880) in their respective mass spectra (see the Supporting
Information).

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

Photophysical properties

In CH,Cl,, carbazole acceptor 1 exhibited two sets of
absorption bands. Following previous reports in the
literature, both bands in the 1=240-260 and 310-
330 nm regions were ascribed to intramolecular wt-mt*
transitions."? Acceptor 2 showed a single absorption
band centred at A=360 nm. Donor 3 exhibited two
sets of absorption bands centred at A =230-260 and
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Figure 4. Calculated (top) and experimental (bottom) isotopic distribution patterns of

the signals corresponding to [5—6NO,]°" (m/z 1045.0398) and [5—8NO,]**.
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Figure 5. 3P NMR spectra of 2 and 7 in CDCl, and CDCl/[D,]JMeOH (3:1) re-
spectively.

Molecular modelling analysis

Several attempts to obtain suitable single crystals of the mac-
rocycles were unsuccessful. Optimised geometries of the final
assemblies were achieved by using the PM6 method (Figure 6).
The optimised structure of square 5 is almost planar with
phenyl rings of the carbazole moiety twisted out of the plane
at an angle of 55.3°. The vinylanthracene moiety is twisted to
reduce internal steric hindrance. The torsional angle between
the anthracene moiety and adjacent pyridyl group is 69.5°. The
width of the optimised structure of 5 was calculated to be
4 nm. Similarly, square 6 is also mostly planar with twisted car-
bazole rings and a divinylphenyl moiety with a width of
3.9 nm. The angle between the phenyl rings of the TPA accept-
or in larger hexagon 7 was 63.6°. The hexagons 7 and 8 have
large internal dimensions of 6.7%x7.5 nm and 6.7x7.4 nm, re-
spectively.

Chem. Eur. J. 2016, 22, 7468 — 7478 www.chemeurj.org

769

7471

410 nm, which originated from m-m* transitions.'”
Compound 4 had a single absorption band centred
at =350 nm. Square 5 showed three absorption
bands at A =260, 320 and 425 nm, whereas 6 exhibit-
ed two absorption bands at A=260 and 325 nm,
along with a shoulder at 1=420 nm (see the Sup-
porting Information). The major band at A =360 nm,
with a shoulder at A =435 nm, was obtained for hex-
agon 7. All assemblies exhibited absorption bands of
the acceptors and the donors (see the Supporting In-
formation).

The assemblies have low solubility in hexane. Dif-
ferent hexane/CH,Cl, compositions were used to ex-
amine aggregate formation in solution. For all com-

Figure 6. Optimised structures of the macrocycles 5 (a), 6 (b), 7 (c) and 8 (d).

pounds, long-wavelength tails were observed due to scattering
from spherical particles present in the medium (see the Sup-
porting Information).®? The formation of aggregates was fur-
ther investigated by dynamic light scattering (DLS), SEM and
TEM.

AIE of 5 and 7

In self-assembled macrocycles, the rotational motion of the
ligand is restricted by directional coordinate-bond formation.
Therefore, the assemblies were highly emissive in solution. To
investigate whether the final assemblies were AlE-active, the
fluorescence spectra of the molecules were recorded with
varying concentrations of hexane in CH,Cl, (Figure 7). Com-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Top: Change in fluorescence intensity of 5 with changing hexane/
CH,Cl, composition; A,, =425 nm. Bottom: images of 5 under 1 =365 nm
light in different solvent compositions.

pound 5 exhibited orange fluorescence with a peak maximum
centred at 1=556 nm. When the hexane fraction slowly in-
creased from 10 to 80%, the emission intensity gradually in-
creased and became saturated. The gradual increase in fluores-
cence intensity of 5 with variation of the hexane fraction indi-
cated that the molecule was AlE-active. In pure CH,Cl,, the
quantum yield of 5 was measured to be 8.5%, but after aggre-
gate formation the emission intensity increased and the final
quantum yield was 21 %. Analogous macrocycle 6 was excited
at =325 nm and emission spectra with different hexane frac-
tions were recorded (Figure 8).

On careful inspection, it was found that, with increasing
hexane fraction, the emission intensity started to decrease; this
is a general characteristic of ACQ. Therefore, two different
types of fluorescence responses were observed from structural-
ly similar macrocycles. Macrocycle 5, which contains AlE-active
donor 3, exhibits AIE activity in solution, whereas macrocycle 6
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shows ACQ upon aggregate formation. In discrete molecules
(5 and 7), the motion of the donors was restricted by ligand-
to-metal bond formation, but a considerable amount of excita-
tion energy was released in non-radiative decay pathways.
When aggregated, the rotational motion of the donor mole-
cules was completely arrested by the confined space, leading
to the release of excitation energy only through the radiative
decay pathway."®*¥ By changing the donor from a divinylphen-
yl analogue (4) to a divinylanthracene analogue (3), a change
from ACQ to AIE behaviour was observed for structurally simi-
lar macrocycles.

DLS and microscopy analyses

To investigate the nature of the aggregates, DLS experiments
were performed with all macrocycles in different solvent com-
positions. For a lower hexane fraction (60%), aggregates with
an average diameter of 156 nm were formed in the medium.
The size gradually increased to 190 nm with increasing hexane
fraction (80%) and remained unchanged when more hexane
was added (Figure 9). The spontaneous increase in aggregate
size with variation of the hexane fraction proved that the emis-
sion intensity increased with increasing aggregate size. For
compound 7, the aggregate sizes gradually increased from 90
to 120 nm as the hexane fraction increased from 60 to 80 %.
DLS provided evidence for the formation of spherical aggre-
gates in the medium, but TEM analysis was performed to fur-
ther explore the shape and size of the particles (Figure 10). For
TEM analysis, appropriate solutions of the complex with differ-
ent hexane/CH,Cl, compositions were drop-cast on copper
grids and slowly dried to afford the final sample. For com-
pound 5, the average aggregate size increased from 150 to
190 nm as the hexane fraction changed from 60 to 80%.
Changes in size with variation in solvent composition were
also prominent for sample 7; the sizes gradually changed from
90 to 120 nm with increasing hexane fraction. Two other mac-
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Figure 8. Fluorescence intensity change with varying hexane/CH,Cl, fraction

for 6; A,,=350 nm.
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Figure 10. TEM images of macrocycles with various hexane/CH,Cl, fractions.
Compound 5 in 60 (a) and 80% hexane in CH,Cl, (b); compound 7 in 60 (c)
and 80% hexane in CH,Cl, (d).

rocycles (6 and 8) also exhibited aggregate formation in differ-
ent solvent mixtures (see the Supporting Information).

Finally, to explore the morphology of the aggregates, SEM
was performed on aggregated samples deposited on carbon
tape after drying. As observed in Figure 11, compound 5 re-
tained the spherical morphology after drying, and the average
sizes increased with increasing hexane fraction from 60 to
80 %.

Figure 11. SEM images of the macrocycles with various hexane/CH,Cl, frac-
tions. Compound 5: 60 (a) and 80% hexane in CH,Cl, (b); compound 7: 60
(c) and 80% hexane in CH,Cl, (d).

Fluorescence studies in combination with DLS experiments
and microscopy images confirmed that the emission enhance-
ment in complexes 5 and 7 was due to aggregate formation.

Solvent-dependent fluorescence

The AIE behaviour of 5 and 7 prompted us to explore the role
of different solvents on the photophysical properties. Non-
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polar solvents, including toluene (Tol) and carbon tetrachloride,
as well as polar solvents, such as CH,Cl,, THF, Dioxane, DMSO
and methanol (Figure 12) were chosen to investigate the role
of solvents on the fluorescence of the compounds.

© ACN (0.41,0.50)
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®liex (037,048
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Figure 12. Top left: Solvent-dependent fluorescence of 5, 1., =425 nm. Top
right: CIE diagram of 5. Bottom: images of 5 in different solvents under
A=365 nm UV light. Hex =hexanes, ACN = acetonitrile, Diox = Dioxane.

The emission intensity of 5 in non-polar solvents, such as
CCl, and Tol, was high, whereas in polar solvents, such as
DMSO, methanol and ethyl acetate (EA), the intensity de-
creased (Figure 12). In non-polar solvents, the emission occurs
from a locally excited (LE) state, but, when polar solvents were
used, the LE state relaxed to a more stable and more polar
state with lower energy. It is well known in the literature that
the emission intensity from the polar state of fluorophores de-
creases due to different factors, including collisions with non-
excited fluorophores and interactions with solvent molecules.

Upon careful inspection, the solution of 5 in THF was found
to emit white light when excited at 1 =425 nm. The chromatic-
ity diagram (Figure 12, top right) shows that the solution in
THF exhibits stable white-light emission (0.38, 0.43).*¥ Com-
pound 7 also exhibited similar white-light emission in THF (see
the Supporting Information).

NAC detection

In recent years, cost-effective and rapid detection techniques
for NACs have become an interesting field of research. Apart
from being used as explosives, NACs are also valuable in the
dye industry, in the manufacture of rocket fuel and in the phar-
maceutical industry.®® Due to high water solubility, NACs and
the final explosive residues become sources of environmental
pollution B

Trinitrotoluene (TNT) is one of the oldest and most used
NACs due to its abundance and explosive power. Several small
molecules and polymer-based fluorescent sensors have been
reported for the detection of TNT in solution.?”*¥ For practical

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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applications, luminescent thin films that can detect explosive
vapour are highly desirable. Several polyaromatic compounds,
including anthracene, pyrene and TPA, have been used as elec-
tron-rich centres and anchoring templates for NACs in various
self-assemblies.®?

Although we are mainly interested in exploring compounds
5 and 7 for solid-state NACs detection, to get a preliminary
idea on their possibility of sensing NACs, a fluorescence titra-
tion study with NACs was carried out in the solution phase.

Upon TNT addition, the emission intensity of 5 in solution
gradually decreased. The addition of 4 equivalents of TNT
quenched about 80% of the initial emission intensity of 5
(Figure 13).
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Figure 13. Left: Fluorescence spectra of TNT titration with 5 in CH,Cl, (left),
Aex =425 nm. Right: Stern-Volmer (SV) plot.

The SV constants were 6.25x10° and 1.54x10°m~' for 5
and 7, respectively. The change in fluorescence lifetime of 5
and 7 upon the addition of TNT indicated dynamic quenching
as the possible mechanism of quenching (Supporting Informa-
tion).1o

TNT and several other NACs, including 2,4-dinitrotoluene
(DNT), 3,4-DNT, nitrotoluene (NT), trinitrobenzene (TNB), 1,3-di-
nitrobenzene (DNB), nitrobenzene (NB), nitromethane (NM), 3-
nitrobenzoic acid (NBA) and benzophenone (BPH), were treat-
ed with solutions of 5 and 7 to examine the selectivity. Of all
the NAGCs, TNT showed maximum quenching efficiency
(>80%), followed by DNT (>30%; see the Supporting Informa-
tion). For compound 7, except TNT and DNTs, other NACs did
not show much change in fluorescence intensity. Therefore,
both compounds were effective for the detection of TNT in so-
lution.

For solid-state sensing, thin films of 5 and 7 were used; the
films of 5 were exposed to saturated NB vapour and the
change in fluorescence with time was monitored (Figure 14).
After, 100 s of NB exposure, the initial emission intensity of 5
was quenched by 50%, and after 400 s of exposure a maximum
of about 80% quenching was observed without any further
quenching, even after longer exposure times. After 300 s of ex-
posure towards saturated DNT vapour, the initial emission in-
tensity of compound 5 was quenched by about 60%. For com-
pound 7, after 200 s, about 64% quenching of fluorescence
was observed (see the Supporting information).

Solid-state quenching was attributed to a combined effect
of the high vapour pressure of the analytes and their binding
affinity towards the sensors. Thin films of compounds 5 and 7
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Figure 14. Titration of 5 with NB (top left) and 2,4-DNT (top right). Fluores-
cence images of thin films of compounds 5 and 7 after exposure to NB.

exhibited reversible sensing of NACs. After exposing the films
to saturated NB vapour for a certain period of time, emission
intensity was regained by washing the films with water fol-
lowed by drying. The recovered film was reused for a certain
number of times (Figure 15) with the retention of significant
efficiency.

804

60 -
404
20+
0
1 2 3 4 5

No. of Cycles

Quenching efficiency (%)

Figure 15. Fluorescence quenching efficiency versus number of cycles for 5.

The reusability of compound 7 was examined, and after five
cycles of use a decrease in emission intensity was observed
(see the Supporting Information). Therefore, both materials
can be reused several times; this makes them potential candi-
dates for in-field applications.

Conclusion

We reported herein the synthesis of a pair of new platinum(ll)
ditopic acceptors with bite angles of 90° (1) and 120° (2), re-
spectively. Self-assembly of these acceptors with linear dipyrid-
yl donors with divinylanthracene (3) and divinylphenyl (4)
backbones yielded molecular squares (5, 6) and hexagons (7,
8), respectively. Complexes 5 and 7 exhibited AIE behaviour
that originated from the highly twisted bis(4-pyridyl)divinylan-
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thracene donor (3). The role of the divinylanthracene backbone
in the luminescence and AIE properties of these macrocycles
(5, 7) was illustrated by comparing the photophysical proper-
ties of a pair of analogous macrocycles (6, 8), which showed
ACQ luminescence. The formation of the aggregates was char-
acterised by DLS, TEM and SEM analyses. The metallacycles (5,
7) with a divinylanthracene backbone exhibited interesting sol-
vent-dependent emissions, especially white-light emissions in
THF; this makes them a rare class of coordination architectures
for stable white-light emitters. Furthermore, thin films of the
highly luminescent molecular square (5) and hexagon (7)
showed efficient sensing of NAC explosives in the vapour
phase through fluorescence quenching.

Experimental Section
General

The starting materials and solvents were purchased from commer-
cially available sources and used without further purification. Com-
pounds 3, f, g, a and b were prepared according to procedures re-
ported in the literature."”*" The NMR spectra were recorded on
a 400 MHz Bruker NMR spectrometer. The chemical shifts (9) in the
"H NMR spectra were reported in ppm relative to Me,Si as an inter-
nal standard (0 =0.0 ppm) or the proton resonance resulting from
incomplete deuteration of the NMR solvents: CDCl; (0 =7.26 ppm)
and [DJDMSO (6 =2.50 ppm). *C NMR spectra were recorded at
100 MHz, and the chemical shifts (0) were reported in ppm relative
to external CDCl; and [Dg]IDMSO at §=77.8-77.2 and 40.50 ppm,
respectively. The *'P NMR spectra were recorded at 120 MHz and
the chemical shifts (0) were reported in ppm relative to external
83% H;PO, at 6 =0.0 ppm. ESI-MS results were recorded by using
an Agilent 6538 ultra-high definition (UHD) accurate mass Q-TOF
spectrometer with standard spectroscopic-grade solvents. Electron-
ic absorption and emission spectra were recorded on a Lambda
750 UV/Vis spectrophotometer and a Horiba Jobin Yvon Fluoro-
max-4 spectrometer. For the solid-state vapour exposure study,
thin films of 5 and 7 were prepared by drop-casting and spin-coat-
ing of concentrated solutions on thin quartz films, which were
vacuum dried for 6 h. Analytes (20 mg) were placed in a glass con-
tainer and a cotton pad was placed on the sample to avoid direct
contact with the sensor films. The containers were sealed with alu-
minium foil and kept for 2 days to generate saturated vapour.
During the experiments, the thin films were placed on the cotton
pad and after a certain period of exposure they were removed and
immediately placed in the solid-state sample holder of the spectro-
fluorimeter. Single-crystal XRD data were collected with a Bruker
D8 Quest diffractometer equipped with a Photon 100 detector
with CMOS technology. The data were integrated by using SAINT
and an empirical absorption correction was applied by SADABS.
The structures were determined by direct methods by using
SHELX-97.4% Time-resolved fluorescence measurements were per-
formed on an IBH-Data station platform by using a A=390 nm
nano-LED source. DLS experiments were performed on a zeta-sizer
instrument ZEN3600 (Malvern, UK) with a 173° back scattering
angle and He—Ne laser (1=633 nm). Mixtures of CH,Cl,/hexane
with various water fractions were prepared by slowly adding ultra-
pure hexane into solutions of the samples in CH,Cl,. SEM images
were obtained by using a Zeiss Ultra-55 SEM instrument with the
sample coated on a carbon tape. ESI mass spectra were recorded
by using an Esquire 3000 plus ESI spectrometer. TEM analysis was
performed on a JEOL 2100F instrument.
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Synthesis of ¢

An oven-dried 100 mL two-necked round-bottomed flask was
charged with b (1.00 g, 2.5 mmol), Cul (0.03 g, 8 mol %), triphenyl-
phosphine (0.13 g, 20 mol%) and [Pd(PPh,),Cl,] (0.08 g, 5 mol%).
Freshly distilled triethylamine (50 mL) was added to the mixture,
which was heated at 50°C for 15 min. Trimethylsilylacetylene
(0.65 g, 2.7 mmol) was added to the hot solution and the mixture
was heated at reflux for 2 days. After completion of the reaction
(as monitored by TLC), the solvent was removed and the com-
pound was purified by column chromatography on silica gel
(60:120) with CH,Cl,/hexane (5%) as the eluent to afford c as
a yellow product (83%). '"H NMR (CDCl;, 400 MHz): 6 =8.25 (s, 2H),
7.62 (m, 2H), 7.51 (m, 5H), 7.28 (m, 2H), 0.30 ppm (s, 18 H).

Synthesis of d

A mixture of compound c (0.90 g, 2.06 mmol) and K,CO; (0.35 g,
3.00 mmol) was dissolved in a mixture of CH,Cl, and MeOH (20:30)
and stirred for 24 h. The solvent was removed under reduced pres-
sure and the crude product was purified by column chromatogra-
phy with CH,Cl,/hexane (1:4) as the eluent to give d as a yellow
solid (90%). "H NMR (CDCl;, 400 MHz): 6=8.27 (s, 2H), 7.62 (m,
2H), 7.54 (m, 5H), 7.31 (d, 2H), 3.10ppm (s, 2H); “CNMR
(100 MHz, CDCly): 6=141.8, 137.2, 131.0, 130.6, 128.7, 127.6, 125.2,
123.3,121.3, 114.4, 110.6, 85.3, 76.2 ppm.

Synthesis of e

Compound d (0.17g, 0.60 mmol), trans-[Pt(PEt;),l,] (1.26 g,
1.81 mmol) and Cul (0.02 g, 0.06 mmol) were added to a freshly
distilled mixture of toluene (30 mL) and diethylamine (15 mL) in
a Schlenk flask. The flask was degassed under vacuum and refilled
with nitrogen three times. The reaction mixture was stirred for
48 h at room temperature. The solvent was removed under
vacuum and the crude product was purified by column chroma-
tography with EA/hexane (1:1) as the eluent to afford e as a light-
yellow solid (80%). '"H NMR (CDCl,, 400 MHz): 0 =8.02 (s, 2H), 7.61
(m, 5H), 7.53 (m, 2H), 7.34 (d, 2H), 2.29 (m, 24H), 1.22 ppm (m,
36H); CNMR (100 MHz, CDCly): 6=139.7, 138.0, 130.3, 129.5,
1279, 127.3, 123.5, 122.6, 120.7, 110.0, 101.2, 87.0, 17.1, 8.8 ppm;
3P NMR (120 MHz, CDCly): 6 =8.63 ppm.

Synthesis of 1

Compound e (0.05g, 0.03 mmol) was dissolved in fresh CHCl,
(7 mL) in a 20 mL vial. When the solution was treated with a solu-
tion of AgNO; (0.01 g, 0.07 mmol) in methanol (10 mL), a yellow
precipitate started to form. The mixture was covered with alumini-
um foil and stirred in the dark at room temperature for 24 h. The
solvent was completely dried and the crude product was filtered
through Celite by using glass fibre and CHCI; as the solvent. Dieth-
yl ether was added to induce the formation of an off-white precipi-
tate, which was dried to afford the final product (80%). 'H NMR
(CDCl;, 400 MHz): 6=7.95 (s, 2H), 7.62 (m, 2H), 7.51 (m, 3H), 7.28
(m, 4H), 2.03 (m, 24H), 1.28 ppm (m, 36H); *CNMR (100 MHz,
CDCly): 6=139.9, 1304, 129.9, 128.0, 127.3, 123.4, 122.9, 1203,
110.0, 104.3, 15.0, 83 ppm; *'PNMR (120 MHz, CDCly): 6= =
20.07 ppm; IR: 7=2961(s), 2912 (m), 2105 (w), 1477 (s), 1266 (s),
1074 (s), 1016 (s), 779 cm ™" (s).

Synthesis of h

CHCl; (30 mL) and MeOH (20 mL) were added to a mixture of g
(2.00 g, 4.56 mmol) and K,CO; (2.5g, 18.27 mmol) in a 100 mL
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round-bottomed flask, and the reaction mixture was stirred at
room temperature for 24 h. The solvent was dried and the crude
product was purified by column chromatography on silica gel
(60:120) with EA/hexane (20%) as the eluent to give h (80%).
"H NMR (CDCl;, 400 MHz): 6=7.37 (d, 4H), 7.29 (m, 2H), 7.11 (m,
3H), 7.01 (d, 4H), 3.05 ppm (s, 2H); *C NMR (100 MHz, CDCl;): 6 =
148.1, 147.0, 133.7, 130.1, 126.1, 125.6, 124.8, 123.7, 1164,
84.1 ppm.

Synthesis of i

Compound h (0409, 1.36 mmol) and trans-[Pt(PEt;),l,] (2.85 g,
4.09 mmol) were dissolved in a freshly distilled mixture of toluene
(30 mL) and diethylamine (15 mL) in a Schlenk flask. The flask was
degassed under vacuum and refilled with nitrogen three times. Cul
(0.02 g, 0.13 mmol) was added and the reaction mixture was stirred
for 48 h at room temperature. The solvent was removed under
vacuum and the crude product was purified by column chroma-
tography with EA/hexane (1:1) as the eluent to afford i as a light-
yellow solid (57%). 'H NMR (CDCl,, 400 MHz): 6=7.23 (d, 2H), 7.14
(d, 4H), 7.07 (d, 2H), 6.98 (d, 1H), 6.93 (d, 4H), 2.23 (m, 24H),
1.16 ppm (m, 36H); *CNMR (100 MHz, CDCl,): 6=147.9, 145.6,
131.9, 129.6, 124.6, 124.2, 123.2, 123.1, 100.3, 88.8 ppm; >'P NMR
(120 MHz, CDCl,): 6 =8.55 ppm.

Synthesis of 2

Compound i (0.10 g, 0.07 mmol) was dissolved in a mixture of
CHCl; (15 mL) and MeOH (10 mL). A yellow precipitate was formed
upon the addition of AgNO; (0.03 g, 0.17 mmol) to the above mix-
ture. The mixture was stirred for 24 h at room temperature in the
dark. Upon completion, the solvents were removed and the prod-
uct was extracted with chloroform. The product was isolated as
a grey solid (60% yield) upon treating a concentrated solution in
chloroform with diethyl ether. '"H NMR (CDCl;, 400 MHz): 6 =7.22
(m, 2H), 7.07 (m, 6H), 7.00 (m, 1H), 6.92 (d, 4H), 1.95 (m, 24H),
123 ppm (m, 36H); *CNMR (100 MHz, CDCl): 6=147.8, 145.9,
132.2, 129.7, 124.6, 124.1, 1234, 122.7, 103.5, 65.8, 30.2, 14.9,
8.4 ppm; P NMR (120 MHz, CDCl,): 6=20.03 ppm; IR: 7=2964
(m), 2932 (m), 2880 (m), 2105 (w), 1580 (m), 1471 (s), 1273 (s), 1023
(m), 984 (s), 824 (s), 734 cm ™' (s).

General procedure for the synthesis of the macrocycles

To a stirred solution of the appropriate donor in acetone, a clear
solution of the respective acceptor in acetone was added drop-
wise. The obtained reaction mixture was heated at reflux for 24 h.
The volatile solvent was evaporated and the mixture was washed
with cold diethyl ether and acetone to afford the desired final
product.

Synthesis of 5

Acceptor 1 (12.75mg, 0.01 mmol) was treated with 3 (3.84 mg,
0.01 mmol) in acetone (5 mL) to afford the desired final product 5
(82%). 'HNMR (CDCl,, 400 MHz): 6=8.60 (m, 16H), 8.49 (d, 8H),
8.25 (m, 16H), 7.93 (s, 8H), 8.87 (m, 16H), 7.48 (m, 24H), 7.43 (m,
16H), 7.21 (m, 12H), 6.94 (d, 8H), 1.83 (m, 96H), 1.18 ppm (m,
144H); P NMR (120 MHz, CDCly): 6 =16.02 ppm; IR: #=23450 (w),
2951 (m), 2111 (w), 1599 (s), 1471 (m), 1323 (s), 1260 9's), 1086 (s),
1009(s), 818 (s), 734 cm ™' (s); ESI-MS (m/z): 1598.5459 [5—4NO, ]**
, 10450398 [5-6NO;1°", 768.2763 [5—8NO; 1**.
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Synthesis of 6

A solution of acceptor 1 (12.75mg, 0.01 mmol) in acetone was
added to a suspension of 4 (2.84 mg, 0.01 mmol) in acetone. After
washing with cold diethyl ether and acetone, the product was ob-
tained (86%). '"H NMR (CDCl;, 400 MHz): 6=8.41 (m, 16H), 7.87 (s,
8H), 7.68 (d, 16H), 7.59 (s, 12H), 7.50 (m, 16H), 7.38 (m, 16H), 7.17
(m, 16H), 7.10 (d, 8H) 1.74 (m, 96 H), 1.09 ppm (m, 144H); >'P NMR
(120 MHz, CDCl,): 6=16.01 ppm; IR: ?=3393 (m), 2970 (m), 2111
(w), 1587 9), 1458 (m), 1330 (s), 1023 (s), 798 (m), 753 cm™' (s);
ESI-MS (m/2): 1186.5584 [6—5NO, 1°*, 978.3634 [6—6NO; 1°".

Synthesis of 7

A clear solution of 2 (12.78 mg, 0.01 mmol) in acetone was added
to a suspension of 3 (3.84 mg, 0.01 mmol) in acetone (2 mL). After
final purification, a red product was obtained (72%). 'H NMR
(CDCl;, 400 MHz): 6 =8.46 (s, 24H), 8.39 (d, 12H), 8.14 (m, 24H),
7.69 (s, 24H), 7.39 (m, 24H), 7.08 (m, 18H), 6.95 (m, 24H), 6.90 (m,
24H), 6.80 (m, 24H), 1.70 (m, 144H), 1.05 ppm (m, 216H); 3'P NMR
(120 MHz, CDCl,): 6=16.06 ppm; IR: ?=3393 (w), 2945 (m), 2105
(m), 1599 (s), 1497 (s), 1311 (s), 1247(s), 1093 (s), 1023 (s), 792 (s),
747 cm™' (s); ESI-MS (m/z): 1600.5682 [7—6NO, 1°", 1184.9825
[7—8NO, I**.

Synthesis of 8

Acceptor 2 (12.78 mg, 0.01 mmol) was treated with donor 4
(2.84 mg, 0.01 mmol) in acetone (5 mL) to afford the desired final
product 5 (68%). 'H NMR (CDCl;, 400 MHz): 6 =8.34 (m, 24H), 7.61
(m, 24H), 7.54 (s, 24H), 7.47 (d, 12H), 7.09 (m, 18H), 6.96 (m, 24 H),
6.92 (d, 24H), 6.80 (m, 24H), 1.69 (m, 144H), 1.02 ppm (m, 216H);
3P NMR (120 MHz, CDCl,): 6 = =15.88 ppm; IR: 7= 3406 (w), 2964
(m), 2111 (w), 1605 (m), 1497 (m), 1323 (m), 1266 (s), 1074 (s), 1016
(s), 792 cm™" (s); ESI-MS (m/2): 1109.8880 [8—8NO, ",

Synthesis of nanoaggregates

Stock solutions (1073m) of 5, 6, 7 and 8 were prepared by dissolv-
ing an appropriate amount of the complexes in spectroscopy-
grade CH,Cl,. Calculated amounts of aliquots from the stock solu-
tions were transferred to a 4 mL glass vial and diluted with an ap-
propriate amount of CH,Cl,. To generate aggregates, different
amounts of hexane were added to the vials under vigorous stirring
at room temperature to obtain solutions (107> m) with hexane frac-
tions from 10 to 90%. The photophysical studies were carried out
immediately because precipitates started to form if the solutions
were kept for longer times.

DLS measurements

For DLS analysis, solutions (2 mL) with varying hexane fractions
were placed in a quartz cuvette with all transparent sides; the cu-
vette was placed in the instrument chamber for data collection.
Each set of data was collected 10 times to obtain reproducible re-
sults.

SEM analysis

For SEM analysis, carbon tapes of 1 mm? in size were placed in the
SEM holder. Different solutions (10 uL) of 5, 6, 7 and 8 in various
solvent mixtures were drop-cast on the carbon tapes and the sam-
ples were air-dried overnight and then in vacuum for 6 h before
data collection.
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TEM analysis

For TEM analysis, samples with different solvent compositions (60,
80 and 90% hexane) were chosen to explore the variation of ag-
gregate sizes with changing hexane fractions in the system. Each
sample (10 puL) was drop-cast on copper grids and first air-dried
overnight and then in vacuum before sample analysis.

Fluorescence quantum yield measurements

For fluorescence quantum yield measurements, quinine sulfate was
chosen as a reference. The quantum yields were calculated by
using Equation (1).

¢ = {6,[(1-107%) x N x DJ}/[(1-107) x N;* x D] (M

in which ¢, and ¢, are the radiative quantum yields of the com-
pounds and reference, respectively; A. is the absorbance of the
compound, A, is the absorbance of the reference; D, is the area of
emission of the compound, D, is the area of emission of the refer-
ence, and N, and N, are the refractive indices of the compound
and reference solutions, respectively.

Solvent-dependent fluorescence

For solvent-dependent fluorescence analysis, stock solutions
(1073m, 20 uL) of 5 and 7 were placed in 4 mL glass vials. The
sample was diluted by the addition of different spectroscopy-
grade solvents (1980 pL) to generate the final solution (107> m).

NAC sensing

For fluorescence titration of the samples with NACs, a solution of
5/7 (107°m, 2 mL) was placed in a quartz cuvette. Fresh stock solu-
tions of NACs in MeOH (10>m, 10 mL) were prepared. The NAC
solutions were gradually added to the sensor solution.

Acknowledgements

A.C. gratefully acknowledges the CSIR (New Delhi) for a Re-
search Fellowship. P.S.M is thankful to the CSIR for financial
support.

Keywords: fluorescence - luminescence -

platinum - sensors

macrocycles -

[1] a)F. Song, A.L. Garner, K. Koide, J. Am. Chem. Soc. 2007, 129, 12354
12355; b) F. Song, S. Watanabe, P. E. Floreancing, K. Koide, J. Am. Chem.
Soc. 2008, 730, 16460-16461; c) O. A. Egorova, H. Seo, A. Chatterjee,
K. H. Anh, Org. Lett. 2010, 12, 401; d) J. Li, S. Q. Yaho, Org. Lett. 2009, 11,
405-408; e) Y. Kushida, T. Nagano, K. Hanaoka, Analyst 2015, 140, 685 -
695; f) S. Gunes, H. Neugebauer, N. S. Sariciftci, Chem. Rev. 2007, 107,
1324-1338; g)T.S. van der Poll, J. A. Love, T-Q. Nguyen, G.C. Bazan,
Adv. Mater. 2012, 24, 3646-3649; h) Y. Yuan, G. Giri, A. L. Ayzner, A.P.
Zoombelt, S.C.B. Mannsfeld, J. Chen, D. Nordlund, M.F. Toney, J.
Huang, Z. Bao, Nat. Commun. 2014, 5, 1-9; i) W. Huang, K. Besar, R. Le-
Cover, P. Dullor, J. Sinha, J. F. Martinez, C. Pick, J. Swavola, A. D. Everett,
J. Frechette, M. Bevan, H.E. Katz, Chem. Sci. 2014, 5, 416-426; j)E.
Macgdas, G. Mercelo, S. Pinto, T. Caneque, A. M. Quadro, J.J. Vaquero,
J. M. G. Martinho, Chem. Commun. 2011, 47, 7374-7376.

a) L. Zeng, C. Jiao, X. Huang, K.-W. Huang, W.-S. Chin, J. Wu, Org. Lett.
2011, 13, 6026-6029; b) C. Jiao, K-W. Huang, J. Wu, Org. Lett. 2011, 13,
632-635; ¢) G.-L. Fu, H. Pan, Y-H. Zhao, C.-H. Zhao, Org. Biomol. Chem.
2011, 9, 8141-8146; d) M. Grzybowski, E. G. Mrowka, T. Stocklosa, D. T.
Gryko, Org. Lett. 2012, 14, 2670-2673; e)D. Su, J. Oh, S.-C. Lee, J. M.

S

Chem. Eur. J. 2016, 22, 7468 — 7478 www.chemeurj.org

7477

CHEMISTRY

A European Journal

Full Paper

Lim, S. Sahu, X. Yu, D. Kim, Y.-T. Chang, Chem. Sci. 2014, 5, 4812-4818;
f) A. C. Benniston, T. P. L. Winstanley, H. Lemmetyinen, N. V. Tkachenko,
R. W. Harrington, C. Wilis, Org. Lett. 2012, 14, 1374-1377.

a) S. W. Thomas Ill, G. D. Joly, T. M. Swager, Chem. Rev. 2007, 107, 1339-

1386; b) P-I. Shih, C.-L. Chiang, A. K. Dixit, C-K. Chen, M.-C. Yuan, R-Y.

Lee, C-T. Chen, E. W.-G. Diau, C.-F. Shu, Org. Lett. 2006, 8, 2799 -2807;

¢) Z. Ning, Z. Chen, Q. Zhang, Y. Yan, S. Qian, Y. Cao, H. Tian, Adv. Funct.

Mater. 2007, 17, 3799-3807; d)C.-T. Chen, Chem. Mater. 2004, 16,

4389-4400; e) G. Qian, Z. Zhong, M. Luo, D. Yu, Z. Zhang, Z.Y. Wang, D.

Ma, Adv. Mater. 2009, 21, 111-116; f) S.-J. Chung, K.-Y. Kwon, S.-W. Lee,

J-I. Jin, C.H. Lee, C.E. Lee, Y. Park, Adv. Mater. 1998, 10, 1112-1116;

g)W. Z. Yuan, P. Lu, S. Chen, J. W.Y. Lam, Z. Wang, Y. Liu, H. S. Kwok, Y.

Ma, B. Z. Tang, Adv. Mater. 2010, 22, 2159-2163; h) J. B. Birks, Photophy-

sics of Aromatic Molecules, Wiley, London, 1970.

a)J. Luo, Z. Xie, J.W. Y. Lam, L. Cheng, H. Chen, C. Qiu, H.S. Kwok, X.

Zhan, Y. Liu, D. Zhu, B.Z. Tang, Chem. Commun. 2001, 1740-1741;

b) D. J. Cram, Angew. Chem. Int. Ed. Engl. 1988, 27, 1009-1020; Angew.

Chem. 1988, 100, 1041-1052; ¢)B.K. An, S.K. Kwon, S.D. Jung, S.Y.

Park, J. Am. Chem. Soc. 2002, 124, 14410-14415.

a) Z. Li, Y. Dong, B. Mi, Y. Tang, M. Haussler, H. Tong, Y. Dong, J. W. Y.

Lam, Y. Ren, H. H. Y. Sung, K. S. Wong, P. Gao, I. D. Williams, H. S. Kwok,

B.Z. Tang, J. Phys. Chem. A 2005, 109, 10061-10066; b) Z. Zhao, J. W. Y.

Lam, C.Y.K. Chan, S. Chen, J. Liu, P. Lu, M. Rodriguez, J.-L. Maldonado,

G.R. -Ortiz, H. H.Y. Sung, I. D. Williams, H. Su, K. S. Wong, Y. Ma, H.S.

Kwok, H. Qiu, B. Z. Tang, Adv. Mater. 2011, 23, 5430-5435.

[6] G.Chen, W. Li, T. Zhou, Q. Peng, D. Zhai, H. Li, W. Z. Yuan, Y. Zhang, B. Z.
Tang, Adv. Mater. 2015, 27, 4496 -4501.

[71 a) J. Shi, N. Chang, C. Li, J. Mei, C. Deng, X. Luo, Z. Liu, Z. Bo, Y. Q. Dong,
B. Z. Tang, Chem. Commun. 2012, 48, 10675-10677; b) D.-M. Chen, S.
Wang, H.-X. Li, X-Z. Zhu, C-H. Zhao, Inorg. Chem. 2014, 53, 12532-
12539.

[8] W.-L. Chien, C.-M. Yang, T-L. Chen, S.-T. Li, J.-L. Hong, RSC Adv. 2013, 3,
6930-6938.

[9] D.-E. Wu, X.-L. Lu, M. Xia, New J. Chem. 2015, 39, 6465 -6473.

[10] a) N. B. Shustova, B. D. McCarthy, M. Dinca, J. Am. Chem. Soc. 2011, 133,
20126-20129; b) N. B. Shustova, T.-C. Ong, A. F. Cozzolino, V. K. Michae-
lis, R. G. Griffin, M. Dinca, J. Am. Chem. Soc. 2012, 134, 15061-15070;
c) N. B. Shustova, A. F. Cozzolino, M. Dinca, J. Am. Chem. Soc. 2012, 134,
11596-11599; d) H.S. Quah, W. Chen, M.K. Schreyer, H. Yang, M. W.
Wong, W. Ji, J. J. Vittal, Nat. Comm. 2015, ##DOI: 10.1038/ncomms8954;
e) l. H. Park, R. Medishetty, J. Y. Kim, S. S. Lee, J. J. Vittal, Angew. Chem.
Int. Ed. 2014, 53, 5591 -5595; Angew. Chem. 2014, 126, 5697 -5701.

[11] @) L. Xu, Y-X. Wang, L.-J. Chen, H.-B. Yang, Chem. Soc. Rev. 2015, 44,
2148-2167; b)L. Xu, L.-J. Chen, H.-B. Yang, Chem. Commun. 2014, 50,
5156-5170.

[12] a) S. Shanmugaraju, A. K. Bar, K-W. Chi, P. S. Mukherjee, Organometallics
2010, 29, 2971-2980; b)R. Chakrabarty, P.S. Mukherjee, P.J. Stang,
Chem. Rev. 2011, 111, 6810-6918; c) S. Shanmugaraju, V. Vajpayee, S.
Lee, K.-W. Chi, P.J. Stang, P. S. Mukherjee, Inorg. Chem. 2012, 51, 4817 -
4823; d)S. Shanmugaraju, H. Jadav, Y.P. Patil, P.S. Mukherjee, Inorg.
Chem. 2012, 51, 13072-13074; e) T.R. Cook, Y-R. Zheng, P.J. Stang,
Chem. Rev. 2013, 113, 734-777; f) D. Samanta, P.S. Mukherjees, J. Am.
Chem. Soc. 2014, 136, 17006-17009; g) S. Shanmugaraju, D. Samanta,
B. Gole, P.S. Mukherjee, Dalton Trans. 2011, 40, 12333-12341; h) H.
Jude, H. Disteldorf, S. Fischer, T. Wedge, A. M. Hawkridge, A. M. Arif,
M. F. Hawthorne, D. C. Muddiman, P.J. Stang, J. Am. Chem. Soc. 2005,
127, 12131-12139; i) J.-S. Chen, G.-J. Zhao, T.R. Cook, K.-L. Han, P. J.
Stang, J. Am. Chem. Soc. 2013, 135, 6694-6702; j) V. Vajpayee, H. Kim,
A. Misra, P.S. Mukherjee, P.J. Stang, M. H. Lee, H.K. Kim, K-W. Chi,
Dalton Trans. 2011, 40, 3112-3115; k)F. Wirthner, A. Sautter, Org.
Biomol. Chem. 2003, 1, 240-243; I) H.-B. Yang, N. Das, F. Huang, A. M.
Hawkridge, D.C. Muddiman, P.J. Stang, J. Am. Chem. Soc. 2006, 128,
10014-10015; m) X. Yan, T. R. Cook, J. B. Pollock, P. Wei, Y. Yu, F. Huang,
P.J. Stang, J. Am. Chem. Soc. 2014, 136, 4460-4463; n) H.-B. Yang, K.
Ghosh, B. H. Northrop, Y.-R. Zheng, M. M. Lyndon, D. C. Muddiman, P.J.
Stang, J. Am. Chem. Soc. 2007, 129, 14187-14189; o) H.-B. Yang, A. M.
Hawkridge, S.D. Huang, N. Das, S.C. Bunge, D.C. Muddiman, P.J.
Stang, J. Am. Chem. Soc. 2007, 129, 2120-2129; p) H.-B. Yang, K. Ghosh,
Y. Zhao, B. H. Northrop, M. M. Lyndon, D. C. Muddiman, H.S. White, P. J.
Stang, J. Am. Chem. Soc. 2008, 130, 839-841; q) K. Ghosh, H.-B. Yang,
B. H. Northrop, M. M. Lyndon, Y.-R. Zheng, D. C. Muddiman, P. J. Stang, J.

g

[4

9

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ja073910q
http://dx.doi.org/10.1021/ja073910q
http://dx.doi.org/10.1021/ja073910q
http://dx.doi.org/10.1021/ja805678r
http://dx.doi.org/10.1021/ja805678r
http://dx.doi.org/10.1021/ja805678r
http://dx.doi.org/10.1021/ja805678r
http://dx.doi.org/10.1021/ol902395x
http://dx.doi.org/10.1021/ol802700w
http://dx.doi.org/10.1021/ol802700w
http://dx.doi.org/10.1021/ol802700w
http://dx.doi.org/10.1021/ol802700w
http://dx.doi.org/10.1039/C4AN01172D
http://dx.doi.org/10.1039/C4AN01172D
http://dx.doi.org/10.1039/C4AN01172D
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1002/adma.201201127
http://dx.doi.org/10.1002/adma.201201127
http://dx.doi.org/10.1002/adma.201201127
http://dx.doi.org/10.1039/C3SC52638K
http://dx.doi.org/10.1039/C3SC52638K
http://dx.doi.org/10.1039/C3SC52638K
http://dx.doi.org/10.1021/ol202493c
http://dx.doi.org/10.1021/ol202493c
http://dx.doi.org/10.1021/ol202493c
http://dx.doi.org/10.1021/ol202493c
http://dx.doi.org/10.1021/ol102879g
http://dx.doi.org/10.1021/ol102879g
http://dx.doi.org/10.1021/ol102879g
http://dx.doi.org/10.1021/ol102879g
http://dx.doi.org/10.1039/c1ob05959a
http://dx.doi.org/10.1039/c1ob05959a
http://dx.doi.org/10.1039/c1ob05959a
http://dx.doi.org/10.1039/c1ob05959a
http://dx.doi.org/10.1021/ol300674v
http://dx.doi.org/10.1021/ol300674v
http://dx.doi.org/10.1021/ol300674v
http://dx.doi.org/10.1039/C4SC01821D
http://dx.doi.org/10.1039/C4SC01821D
http://dx.doi.org/10.1039/C4SC01821D
http://dx.doi.org/10.1021/ol300038e
http://dx.doi.org/10.1021/ol300038e
http://dx.doi.org/10.1021/ol300038e
http://dx.doi.org/10.1021/cr0501339
http://dx.doi.org/10.1021/cr0501339
http://dx.doi.org/10.1021/cr0501339
http://dx.doi.org/10.1021/ol060884c
http://dx.doi.org/10.1021/ol060884c
http://dx.doi.org/10.1021/ol060884c
http://dx.doi.org/10.1002/adfm.200700649
http://dx.doi.org/10.1002/adfm.200700649
http://dx.doi.org/10.1002/adfm.200700649
http://dx.doi.org/10.1002/adfm.200700649
http://dx.doi.org/10.1021/cm049679m
http://dx.doi.org/10.1021/cm049679m
http://dx.doi.org/10.1021/cm049679m
http://dx.doi.org/10.1021/cm049679m
http://dx.doi.org/10.1002/adma.200801918
http://dx.doi.org/10.1002/adma.200801918
http://dx.doi.org/10.1002/adma.200801918
http://dx.doi.org/10.1002/(SICI)1521-4095(199810)10:14%3C1112::AID-ADMA1112%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-4095(199810)10:14%3C1112::AID-ADMA1112%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-4095(199810)10:14%3C1112::AID-ADMA1112%3E3.0.CO;2-P
http://dx.doi.org/10.1002/adma.200904056
http://dx.doi.org/10.1002/adma.200904056
http://dx.doi.org/10.1002/adma.200904056
http://dx.doi.org/10.1039/b105159h
http://dx.doi.org/10.1039/b105159h
http://dx.doi.org/10.1039/b105159h
http://dx.doi.org/10.1002/anie.198810093
http://dx.doi.org/10.1002/anie.198810093
http://dx.doi.org/10.1002/anie.198810093
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1021/ja0269082
http://dx.doi.org/10.1021/ja0269082
http://dx.doi.org/10.1021/ja0269082
http://dx.doi.org/10.1021/jp0503462
http://dx.doi.org/10.1021/jp0503462
http://dx.doi.org/10.1021/jp0503462
http://dx.doi.org/10.1002/adma.201102804
http://dx.doi.org/10.1002/adma.201102804
http://dx.doi.org/10.1002/adma.201102804
http://dx.doi.org/10.1002/adma.201501981
http://dx.doi.org/10.1002/adma.201501981
http://dx.doi.org/10.1002/adma.201501981
http://dx.doi.org/10.1039/c2cc35641d
http://dx.doi.org/10.1039/c2cc35641d
http://dx.doi.org/10.1039/c2cc35641d
http://dx.doi.org/10.1021/ic502088k
http://dx.doi.org/10.1021/ic502088k
http://dx.doi.org/10.1021/ic502088k
http://dx.doi.org/10.1039/c3ra22217a
http://dx.doi.org/10.1039/c3ra22217a
http://dx.doi.org/10.1039/c3ra22217a
http://dx.doi.org/10.1039/c3ra22217a
http://dx.doi.org/10.1039/C5NJ00926J
http://dx.doi.org/10.1039/C5NJ00926J
http://dx.doi.org/10.1039/C5NJ00926J
http://dx.doi.org/10.1021/ja209327q
http://dx.doi.org/10.1021/ja209327q
http://dx.doi.org/10.1021/ja209327q
http://dx.doi.org/10.1021/ja209327q
http://dx.doi.org/10.1021/ja306042w
http://dx.doi.org/10.1021/ja306042w
http://dx.doi.org/10.1021/ja306042w
http://dx.doi.org/10.1002/anie.201310536
http://dx.doi.org/10.1002/anie.201310536
http://dx.doi.org/10.1002/anie.201310536
http://dx.doi.org/10.1002/anie.201310536
http://dx.doi.org/10.1002/ange.201310536
http://dx.doi.org/10.1002/ange.201310536
http://dx.doi.org/10.1002/ange.201310536
http://dx.doi.org/10.1039/C5CS00022J
http://dx.doi.org/10.1039/C5CS00022J
http://dx.doi.org/10.1039/C5CS00022J
http://dx.doi.org/10.1039/C5CS00022J
http://dx.doi.org/10.1039/C3CC47484D
http://dx.doi.org/10.1039/C3CC47484D
http://dx.doi.org/10.1039/C3CC47484D
http://dx.doi.org/10.1039/C3CC47484D
http://dx.doi.org/10.1021/om100202c
http://dx.doi.org/10.1021/om100202c
http://dx.doi.org/10.1021/om100202c
http://dx.doi.org/10.1021/om100202c
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1021/ic300199j
http://dx.doi.org/10.1021/ic300199j
http://dx.doi.org/10.1021/ic300199j
http://dx.doi.org/10.1021/ic301716y
http://dx.doi.org/10.1021/ic301716y
http://dx.doi.org/10.1021/ic301716y
http://dx.doi.org/10.1021/ic301716y
http://dx.doi.org/10.1021/cr3002824
http://dx.doi.org/10.1021/cr3002824
http://dx.doi.org/10.1021/cr3002824
http://dx.doi.org/10.1021/ja511360e
http://dx.doi.org/10.1021/ja511360e
http://dx.doi.org/10.1021/ja511360e
http://dx.doi.org/10.1021/ja511360e
http://dx.doi.org/10.1039/c1dt10790a
http://dx.doi.org/10.1039/c1dt10790a
http://dx.doi.org/10.1039/c1dt10790a
http://dx.doi.org/10.1021/ja053050i
http://dx.doi.org/10.1021/ja053050i
http://dx.doi.org/10.1021/ja053050i
http://dx.doi.org/10.1021/ja053050i
http://dx.doi.org/10.1021/ja402421w
http://dx.doi.org/10.1021/ja402421w
http://dx.doi.org/10.1021/ja402421w
http://dx.doi.org/10.1039/c0dt01481h
http://dx.doi.org/10.1039/c0dt01481h
http://dx.doi.org/10.1039/c0dt01481h
http://dx.doi.org/10.1039/b208582h
http://dx.doi.org/10.1039/b208582h
http://dx.doi.org/10.1039/b208582h
http://dx.doi.org/10.1039/b208582h
http://dx.doi.org/10.1021/ja063377z
http://dx.doi.org/10.1021/ja063377z
http://dx.doi.org/10.1021/ja063377z
http://dx.doi.org/10.1021/ja063377z
http://dx.doi.org/10.1021/ja412249k
http://dx.doi.org/10.1021/ja412249k
http://dx.doi.org/10.1021/ja412249k
http://dx.doi.org/10.1021/ja073744m
http://dx.doi.org/10.1021/ja073744m
http://dx.doi.org/10.1021/ja073744m
http://dx.doi.org/10.1021/ja066804h
http://dx.doi.org/10.1021/ja066804h
http://dx.doi.org/10.1021/ja066804h
http://dx.doi.org/10.1021/ja710349j
http://dx.doi.org/10.1021/ja710349j
http://dx.doi.org/10.1021/ja710349j
http://dx.doi.org/10.1021/ja711502t
http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Chem. Eur. J. 2016, 22, 7468 - 7478

Am. Chem. Soc. 2008, 130, 5320-5334; r) L. Zhao, B. H. Northrop, P.J.
Stang, J. Am. Chem. Soc. 2008, 130, 11886-11888; s) S. Li, J. Huang, F.
Zhou, T.R. Cook, X. Yan, Y. Ye, B. Zhu, B. Zheng, P.J. Stang, J. Am. Chem.
Soc. 2014, 136, 5908-5911; t) L. Xu, Y.-X. Wang, H.-B. Yang, Dalton Trans.
2015, 44, 867 -890; u) B. Jiang, J. Zhang, J.-Q. MA, W. Zhang, L.-J. Chen,
B. Sun, C. Li, B-W. Hu, H. Tan, X. Li, H.-B. Yang, J. Am. Chem. Soc. 2016,
138, 738-741; v) Z-Y. Li, L. Xu, C.-H. Wang, X.-L. Zhao, H.-B. Yang, Chem.
Commun. 2013, 49, 6194-6196; w) N.-W. Wu, J. Zhang, D. Ciren, Q. Han,
L.-J. Chen, L. Xu, H.-B. Yang, Organometallics 2013, 32, 2536-2545.

a) T. Murase, S. Horiuchi, M. Fujita, J. Am. Chem. Soc. 2010, 132, 2866 -
2867; b) K. lkemoto, Y. Inokuma, M. Fujita, J. Am. Chem. Soc. 2011, 133,
16806-16808; ¢) T. Murase, Y. Nishijma, M. Fujita, J. Am. Chem. Soc.
2012, 134, 162-164.

a) K. Suzuki, K. Takao, S. Sato, M. Fujita, J. Am. Chem. Soc. 2010, 132,
2544-2545; b) T. Sawada, M. Fujita, J. Am. Chem. Soc. 2010, 132, 7194 -
7201; ¢) T. Murase, K. Otsuka, M. Fujita, . Am. Chem. Soc. 2010, 132,
7864-7865; d)H. Takezawa, T. Murase, G. Resnati, P. Metrangolo, M.
Fujita, J. Am. Chem. Soc. 2014, 136, 1786-1788.

a) M. Kawano, Y. Kobayashi, T. Ozeki. M. Fujita, . Am. Chem. Soc. 2006,
128, 6558-6559; b) H. Takezawa, T. Murase, M. Fujita, J. Am. Chem. Soc.
2012, 134, 17420-17423.

a) S. Ghosh, P.S. Mukherjee, Organometallics 2008, 27, 316-319; b) M.
Wang, V. Vajpayee, S. Shanmugaraju, Y.-R. Zheng, Z. Zhao, H. Kim, P.S.
Mukherjee, K-W. Chi, P. J. Stang, Inorg. Chem. 2011, 50, 1506 -1512.

a) B. Roy, A.K. Ghosh, S. Srivastava, P. D'Silva, P.S. Mukherjee, J. Am.
Chem. Soc. 2015, 137, 11916-11919; b) S. Loffler, J. Lubben, L. Krause,
D. Stalke, B. Dittrich, G. H. Clever, J. Am. Chem. Soc. 2015, 137, 1060-
1063; ¢) R. Zhu, J. Lubben, B. Dittrich, G. H. Clever, Angew. Chem. Int. Ed.
2015, 54, 2796-2800; Angew. Chem. 2015, 127, 2838-2842; d)M.
Schmittel, Chem. Commun. 2015, 51, 14956-14968; e) N. Mittal, M. L.
Saha, M. Schmittel, Chem. Commun. 2015, 51, 15514-15516; f) C. Glitz,
R. Hovorka, N. Struch, J. Bunzen, G. M. -Eppler, Z.-W. Qu, S. Grimme, F.
Topic, K. Rissanen, M. Cetina, M. Engeser, A. Lutzen, J. Am. Chem. Soc.
2014, 136, 11830-11838; g) J. P. Byrne, M. M. -Calvo, R.D. Peacock, T.
Gunnlaugsson, Chem. Eur. J. 2016, 22, 486 -490.

a) T. Icihjo, S. Sato, M. Fujita, J. Am. Chem. Soc. 2013, 135, 6786-6789;
b) C.J. Bruns, D. Fujita, M. Hoshino, S. Sato, J. F. Stoddart, M. Fuijita, J.
Am. Chem. Soc. 2014, 136, 12027 -12034; c) I. A. Riddell, M. M. J. Smuld-
ers, J.K. Clegg, Y.R. Hristova, B. Breiner, J. D. Thoburn, J.R. Nitschke,
Nat. Chem. 2012, 4, 751-756; d) T. K. Ronson, S. Zarra, S. P. Black, J. R.
Nitschke, Chem. Commun. 2013, 49, 2476-2490; e) J. L. Bolliger, A. M.
Belenguer, J. R. Nitschke, Angew. Chem. Int. Ed. 2013, 52, 7958-7962;
Angew. Chem. 2013, 125, 8116-8120; f) M. C. Schopohl, A. Faust, D.
Mirk, R. Frohlich, O. Kataeva, S.R. Waldvogel, Eur. J. Org. Chem. 2005,
2987-2999; g) M. C. Schopohl, C. Siering, O. Kataeva, S. R. Waldvogel,
Angew. Chem. Int. Ed. 2003, 42, 2620-2623; Angew. Chem. 2003, 115,
2724-2727.

a) X. Yan, T.R. Cook, P. Wang, F. Huang, P.J. Stang, Nat. Chem. 2015, 7,
342-348; b) W.-J. Fan, B. Sun, J. Ma, X. Li, H. Tan, L. Xu, Chem. Eur. J.
2015, 21, 12947-12959; c) L-J. Chen, Y.-Y. Ren, N.-W. Wu, B. Sun, J.-Q.
Ma, L. Zhang, H. Tan, M. Liu, X. Li, H-B. Yang, J. Am. Chem. Soc. 2015,
137, 11725-11735; d)X. Yan, H. Wang, C.E. Hauke, T.R. Cook, M,
Wang, M. L. Saha, Z. Zhou, M. Zhang, X. Li, F. Huang, P.J. Stang, J. Am.
Chem. Soc. 2015, 137, 15276 -15286.

a) Y. Dong, B. Xu, J. Zhang, X. Tan, L. Wang, J. Chen, H. Ly, S. Wen, B. Li,
L. Ye, B. Zou, W. Tian, Angew. Chem. Int. Ed. 2012, 51, 10782-10785;
Angew. Chem. 2012, 124, 10940-10943; b) Y. Dong, B. Xu, J. Zhang, X.
Tan, L. Wang, J. Chen, B. Li, L. Ye, B. Xu, B. Zou, W. Tian, J. Mater. Chem.
C 2013, 1, 7554-7559; c)J. Zhang, J. Chen, B. Xu, L. Wang, S. Ma, Y.
Dong, B. Li, L. Ye, W. Tian, Chem. Commun. 2013, 49, 3878 -3880.

a)J. Y. park, B.Y. Jang, C. H. Lee, H.J. Yun, J. H. Kim, RSC Adv. 2014, 4,
61248-61255; b) Y. C. Zheng, M.-L. Zheng, K. Li, S. Chen, Z.-S. Zhao, X.-
S. Wang, X.-M. Duan, RSC Adv. 2015, 5, 770-774.

a) K. Brunner, A.V. Dijken, H. Borner, J.J. A. M. Bastiaansen, N. M. M.
Kiggen, B. M. W. Langeevelt, J. Am. Chem. Soc. 2004, 126, 6035-6042;
b) M. S. Kang, S.D. Sung, I. T. Choi, H. Kim, M. Hong, J. Kim, W.I. Lee,
H. K. Kim, ACS Appl. Mater. Interfaces 2015, 7, 22213 -22217.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]
[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

CHEMISTRY

A European Journal

Full Paper

a) K. R. Justin Thomas, J.T. Lin, Y.-T. Tao, C-W. Ko, J. Am. Chem. Soc.
2001, 723, 9404-9411; b) S. Dong, Z. Li, J. Qin, J. Phys. Chem. B 2009,
113, 434-441; ¢) Z. Yang, Z. Chi, T. Yu, X. Zhang, M. Chen, B. Xu, S. Liu,
Y. Zhang, J. Xu, J. Mater. Chem. 2009, 19, 5541 - 5546.

a) Q. Zhang, J. Li, K. Shizu, S. Huang, S. Hirata, H. Miyazaki, C. Adachi, J.
Am. Chem. Soc. 2012, 134, 14706-14709; b) H. Uoyama, K. Goushi, K.
Shizu, H. Nomura, C. Adachi, Nature 2012, 492, 234-238.

a) L. Wenfeng, M. Hengchang, L. Zigiang, RSC Adv. 2014, 4, 39351
39358; b) L. Kong, Y--P. Tian, Q. Chen, H. Wang, D.-Q. Tan, Z.-M. Xue, J.-Y.
Yue, H.-P. Zhou, J.-X. Yang, J. Mater. Chem. C 2015, 3, 570-581.

a) G. Zhou, W.-Y. Wong, B. Yao, Z. Xie, L. Wang, Angew. Chem. Int. Ed.
2007, 46, 1149-1151; Angew. Chem. 2007, 119, 1167 -1169; b) S-L. Lai,
Q.-X. Tong, M.-Y. Chan, T-W. Ng, M.-F. Lo, S-T. Lee, C.-S. Lee, J. Mater.
Chem. 2011, 21, 1206-1211; c) P. Cias, C. Slugovc, G. Gescheidt, J. Phys.
Chem. A 2011, 115, 14519-14525.

a)Y. Gao, Y. Qu, T. Jiang, H. Zhang, N. He, B. Li, J. Wu, J. Hua, J. Mater.
Chem. C 2014, 2, 6353-6361; b) J. Huang, Y. Jiang, J. Yang, R. Tang, N.
Xie, Q. Li, H. S. Kwok, B. Z. Tang, Z. Li, J. Mater. Chem. C 2014, 2, 2028 -
2036; ¢) Y. Liu, M. Kong, Q. Zhang, Z. Zhang, H. Zhou, S. Zhang, S. Li, J.
Wau, Y. Tian, J. Mater. Chem. B 2014, 2, 5430 -5440.

a) M. Liang, W. Xu, F. Cai, P. Chen, B. Peng, J. Chen, Z. Li, J. Phys. Chem.
A 2007, 111, 4465-4472; b) W. Xu, B. Peng, J. Chen, M. Liang, F. Cai, J.
Phys. Chem. A 2008, 112, 874-880.

a) W. Wu, C. Cheng, W. Wu, H. Guo, S. Ji, P. Song, K. Han, J. Zhao, X.
Zhang, Y. Wu, G. Du, Eur. J. Inorg. Chem. 2010, 4683 -4696; b) V. Partha-
sarathy, S. F. Forgues, E. Campioli, G. Racher, F. Terenziani, M. B. -Desce,
Small 2011, 7, 3219-3229; c) B. Dumat, G. Bordeau, A.l. Aranda, F. M.
Betzer, Y.E. Harfouch, G. Metge, F. Charra, C.F. Debuisscert, M.-P.T.
Fichou, Org. Biomol. Chem. 2012, 10, 6054 -6061.

D. Samanta, P. S. Mukherjee, Dalton Trans. 2013, 42, 16784 -16795.

L. Shi, C. He, D. Zhu, Q. He, Y. Li, Y. Chen, Y. Sun, Y. Fu, D. Wen, H. Cao, J.
Cheng, J. Mater. Chem. 2012, 22, 11629-11635.

S. Pramanik, V. Bhalla, M. Kumar, ACS Appl. Mater. Interfaces 2014, 6,
5930-5939.

Y. Hong, J. W. Y. Lam, B. Z. Tang, Chem. Commun. 2009, 4332 -4353.

S. Mukherjee, P. Thilagar, Dyes Pigm. 2014, 110, 2-27.

a) C. Beyer, U. Bohme, C. Petzsch, G. Rower, J. Organomet. Chem. 2002,
654, 187 -201; b) E. Bingham, B. Cohrssen, C. H. Powell in Patty’s Toxicol-
ogy, Vol. lIB, John Wiley & Sons, New York, 2000, p.980.

a) Safety data sheet for picric acid, resource of National Institutes of
Health; b) P. C. Ashbrook, T. A. Houts, ACS Div. Chem. Health Safety 2003,
10, 27-28; ¢) M. Cameron, Picric Acid Hazards, American Industrial Hy-
giene Association, Fairfax, VA, 1995.

a) J. M. Sylvia, J. A. Janni, J. D. Klein, K. M. Spencer, Anal. Chem. 2000, 72,
5834-5840; b) M. Krausa, K.J. Schorb, Electroanal. Chem. 1999, 461,
10-13; ¢) B. Roy, A. K. Bar, B. Gole, P.S. Mukherjee, J. Org. Chem. 2013,
78, 1306-1310.

a) R. Tu, B. Liu, Z. Wang, D. Gao, F. Wang, Q. Fang, Z. Zhang, Anal. Chem.
2008, 80, 3458-3465; b)P. Anzenbacher, Jr., L. Mosca, M. A. Palacios,
G. V. Zyryanov, P. Koutnik, Chem. Eur. J. 2012, 18, 12712-12718; ¢)S.J.
Toal, W. C. Trogler, J. Mater. Chem. 2006, 16, 2871 -2883.

a) S. Shanmugaraju, P.S. Mukherjee, Chem. Eur. J. 2015, 21, 6656; b) S.
Shanmugaraju, P.S. Mukherjee, Chem. Commun. 2015, 51, 16014-
16032.

K. Acharyya, P.S. Mukherjee, Chem. Commun. 2014, 50, 15788-15791.
a) C-J. Zheng, J. Ye, M.-F. Lo, M.-K. Fung, X.-M. Ou, X.-H. Zhang, C.S.
Lee, Chem. Mater. 2012, 24, 643-650; b) Z. Fang, M. Samoc, R. D. Web-
star, A. Samoc, Y-H. Lai, Tetrahedron Lett. 2012, 53, 4885-4888; c) S. H.
Kim, I. Cho, M. K. Sim, S.Y. Park, J. Mater. Chem. 2011, 21, 9139-9148.
Sheldrick, G. M. SHELX-97, Program for the Solution and Refinement of
Crystal Structures; University of Gottingen: Gottingen, Germany, 1998.
CCDC1433096 (e) and 1433097 (i) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge by
The Cambridge Crystallographic Data Centre.

Received: February 15, 2016
Published online on April 23, 2016

www.chemeurj.org

7478

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ja711502t
http://dx.doi.org/10.1021/ja711502t
http://dx.doi.org/10.1021/ja711502t
http://dx.doi.org/10.1021/ja805770w
http://dx.doi.org/10.1021/ja805770w
http://dx.doi.org/10.1021/ja805770w
http://dx.doi.org/10.1021/ja502490k
http://dx.doi.org/10.1021/ja502490k
http://dx.doi.org/10.1021/ja502490k
http://dx.doi.org/10.1021/ja502490k
http://dx.doi.org/10.1039/C4DT02996H
http://dx.doi.org/10.1039/C4DT02996H
http://dx.doi.org/10.1039/C4DT02996H
http://dx.doi.org/10.1039/C4DT02996H
http://dx.doi.org/10.1021/jacs.5b11409
http://dx.doi.org/10.1021/jacs.5b11409
http://dx.doi.org/10.1021/jacs.5b11409
http://dx.doi.org/10.1021/jacs.5b11409
http://dx.doi.org/10.1039/c3cc42403k
http://dx.doi.org/10.1039/c3cc42403k
http://dx.doi.org/10.1039/c3cc42403k
http://dx.doi.org/10.1039/c3cc42403k
http://dx.doi.org/10.1021/om301108s
http://dx.doi.org/10.1021/om301108s
http://dx.doi.org/10.1021/om301108s
http://dx.doi.org/10.1021/ja9107275
http://dx.doi.org/10.1021/ja9107275
http://dx.doi.org/10.1021/ja9107275
http://dx.doi.org/10.1021/ja2079064
http://dx.doi.org/10.1021/ja2079064
http://dx.doi.org/10.1021/ja2079064
http://dx.doi.org/10.1021/ja2079064
http://dx.doi.org/10.1021/ja210068f
http://dx.doi.org/10.1021/ja210068f
http://dx.doi.org/10.1021/ja210068f
http://dx.doi.org/10.1021/ja210068f
http://dx.doi.org/10.1021/ja910836h
http://dx.doi.org/10.1021/ja910836h
http://dx.doi.org/10.1021/ja910836h
http://dx.doi.org/10.1021/ja910836h
http://dx.doi.org/10.1021/ja101718c
http://dx.doi.org/10.1021/ja101718c
http://dx.doi.org/10.1021/ja101718c
http://dx.doi.org/10.1021/ja103109z
http://dx.doi.org/10.1021/ja103109z
http://dx.doi.org/10.1021/ja103109z
http://dx.doi.org/10.1021/ja103109z
http://dx.doi.org/10.1021/ja412893c
http://dx.doi.org/10.1021/ja412893c
http://dx.doi.org/10.1021/ja412893c
http://dx.doi.org/10.1021/ja0609250
http://dx.doi.org/10.1021/ja0609250
http://dx.doi.org/10.1021/ja0609250
http://dx.doi.org/10.1021/ja0609250
http://dx.doi.org/10.1021/ja308101a
http://dx.doi.org/10.1021/ja308101a
http://dx.doi.org/10.1021/ja308101a
http://dx.doi.org/10.1021/ja308101a
http://dx.doi.org/10.1021/om701082y
http://dx.doi.org/10.1021/om701082y
http://dx.doi.org/10.1021/om701082y
http://dx.doi.org/10.1021/ic1020719
http://dx.doi.org/10.1021/ic1020719
http://dx.doi.org/10.1021/ic1020719
http://dx.doi.org/10.1021/jacs.5b08008
http://dx.doi.org/10.1021/jacs.5b08008
http://dx.doi.org/10.1021/jacs.5b08008
http://dx.doi.org/10.1021/jacs.5b08008
http://dx.doi.org/10.1021/ja5130379
http://dx.doi.org/10.1021/ja5130379
http://dx.doi.org/10.1021/ja5130379
http://dx.doi.org/10.1002/anie.201408068
http://dx.doi.org/10.1002/anie.201408068
http://dx.doi.org/10.1002/anie.201408068
http://dx.doi.org/10.1002/anie.201408068
http://dx.doi.org/10.1002/ange.201408068
http://dx.doi.org/10.1002/ange.201408068
http://dx.doi.org/10.1002/ange.201408068
http://dx.doi.org/10.1039/C5CC06605K
http://dx.doi.org/10.1039/C5CC06605K
http://dx.doi.org/10.1039/C5CC06605K
http://dx.doi.org/10.1039/C5CC06324H
http://dx.doi.org/10.1039/C5CC06324H
http://dx.doi.org/10.1039/C5CC06324H
http://dx.doi.org/10.1021/ja506327c
http://dx.doi.org/10.1021/ja506327c
http://dx.doi.org/10.1021/ja506327c
http://dx.doi.org/10.1021/ja506327c
http://dx.doi.org/10.1002/chem.201504257
http://dx.doi.org/10.1002/chem.201504257
http://dx.doi.org/10.1002/chem.201504257
http://dx.doi.org/10.1021/ja505296e
http://dx.doi.org/10.1021/ja505296e
http://dx.doi.org/10.1021/ja505296e
http://dx.doi.org/10.1021/ja505296e
http://dx.doi.org/10.1038/nchem.1407
http://dx.doi.org/10.1038/nchem.1407
http://dx.doi.org/10.1038/nchem.1407
http://dx.doi.org/10.1039/c2cc36363a
http://dx.doi.org/10.1039/c2cc36363a
http://dx.doi.org/10.1039/c2cc36363a
http://dx.doi.org/10.1002/anie.201302136
http://dx.doi.org/10.1002/anie.201302136
http://dx.doi.org/10.1002/anie.201302136
http://dx.doi.org/10.1002/ange.201302136
http://dx.doi.org/10.1002/ange.201302136
http://dx.doi.org/10.1002/ange.201302136
http://dx.doi.org/10.1002/ejoc.200500108
http://dx.doi.org/10.1002/ejoc.200500108
http://dx.doi.org/10.1002/ejoc.200500108
http://dx.doi.org/10.1002/ejoc.200500108
http://dx.doi.org/10.1002/anie.200351102
http://dx.doi.org/10.1002/anie.200351102
http://dx.doi.org/10.1002/anie.200351102
http://dx.doi.org/10.1002/ange.200351102
http://dx.doi.org/10.1002/ange.200351102
http://dx.doi.org/10.1002/ange.200351102
http://dx.doi.org/10.1002/ange.200351102
http://dx.doi.org/10.1038/nchem.2201
http://dx.doi.org/10.1038/nchem.2201
http://dx.doi.org/10.1038/nchem.2201
http://dx.doi.org/10.1038/nchem.2201
http://dx.doi.org/10.1002/chem.201501282
http://dx.doi.org/10.1002/chem.201501282
http://dx.doi.org/10.1002/chem.201501282
http://dx.doi.org/10.1002/chem.201501282
http://dx.doi.org/10.1021/jacs.5b06565
http://dx.doi.org/10.1021/jacs.5b06565
http://dx.doi.org/10.1021/jacs.5b06565
http://dx.doi.org/10.1021/jacs.5b06565
http://dx.doi.org/10.1021/jacs.5b10130
http://dx.doi.org/10.1021/jacs.5b10130
http://dx.doi.org/10.1021/jacs.5b10130
http://dx.doi.org/10.1021/jacs.5b10130
http://dx.doi.org/10.1002/anie.201204660
http://dx.doi.org/10.1002/anie.201204660
http://dx.doi.org/10.1002/anie.201204660
http://dx.doi.org/10.1002/ange.201204660
http://dx.doi.org/10.1002/ange.201204660
http://dx.doi.org/10.1002/ange.201204660
http://dx.doi.org/10.1039/c3tc31553c
http://dx.doi.org/10.1039/c3tc31553c
http://dx.doi.org/10.1039/c3tc31553c
http://dx.doi.org/10.1039/c3tc31553c
http://dx.doi.org/10.1039/c3cc41171k
http://dx.doi.org/10.1039/c3cc41171k
http://dx.doi.org/10.1039/c3cc41171k
http://dx.doi.org/10.1039/C4RA08271K
http://dx.doi.org/10.1039/C4RA08271K
http://dx.doi.org/10.1039/C4RA08271K
http://dx.doi.org/10.1039/C4RA08271K
http://dx.doi.org/10.1039/C4RA11133H
http://dx.doi.org/10.1039/C4RA11133H
http://dx.doi.org/10.1039/C4RA11133H
http://dx.doi.org/10.1021/ja049883a
http://dx.doi.org/10.1021/ja049883a
http://dx.doi.org/10.1021/ja049883a
http://dx.doi.org/10.1021/acsami.5b04662
http://dx.doi.org/10.1021/acsami.5b04662
http://dx.doi.org/10.1021/acsami.5b04662
http://dx.doi.org/10.1021/ja010819s
http://dx.doi.org/10.1021/ja010819s
http://dx.doi.org/10.1021/ja010819s
http://dx.doi.org/10.1021/ja010819s
http://dx.doi.org/10.1021/jp807510a
http://dx.doi.org/10.1021/jp807510a
http://dx.doi.org/10.1021/jp807510a
http://dx.doi.org/10.1021/jp807510a
http://dx.doi.org/10.1039/b902802a
http://dx.doi.org/10.1039/b902802a
http://dx.doi.org/10.1039/b902802a
http://dx.doi.org/10.1021/ja306538w
http://dx.doi.org/10.1021/ja306538w
http://dx.doi.org/10.1021/ja306538w
http://dx.doi.org/10.1021/ja306538w
http://dx.doi.org/10.1038/nature11687
http://dx.doi.org/10.1038/nature11687
http://dx.doi.org/10.1038/nature11687
http://dx.doi.org/10.1039/C4RA05843G
http://dx.doi.org/10.1039/C4RA05843G
http://dx.doi.org/10.1039/C4RA05843G
http://dx.doi.org/10.1039/C4TC01605J
http://dx.doi.org/10.1039/C4TC01605J
http://dx.doi.org/10.1039/C4TC01605J
http://dx.doi.org/10.1002/anie.200604094
http://dx.doi.org/10.1002/anie.200604094
http://dx.doi.org/10.1002/anie.200604094
http://dx.doi.org/10.1002/anie.200604094
http://dx.doi.org/10.1002/ange.200604094
http://dx.doi.org/10.1002/ange.200604094
http://dx.doi.org/10.1002/ange.200604094
http://dx.doi.org/10.1039/C0JM02550J
http://dx.doi.org/10.1039/C0JM02550J
http://dx.doi.org/10.1039/C0JM02550J
http://dx.doi.org/10.1039/C0JM02550J
http://dx.doi.org/10.1021/jp207585j
http://dx.doi.org/10.1021/jp207585j
http://dx.doi.org/10.1021/jp207585j
http://dx.doi.org/10.1021/jp207585j
http://dx.doi.org/10.1039/C4TC00910J
http://dx.doi.org/10.1039/C4TC00910J
http://dx.doi.org/10.1039/C4TC00910J
http://dx.doi.org/10.1039/C4TC00910J
http://dx.doi.org/10.1039/c3tc32207f
http://dx.doi.org/10.1039/c3tc32207f
http://dx.doi.org/10.1039/c3tc32207f
http://dx.doi.org/10.1039/C4TB00464G
http://dx.doi.org/10.1039/C4TB00464G
http://dx.doi.org/10.1039/C4TB00464G
http://dx.doi.org/10.1002/ejic.201000327
http://dx.doi.org/10.1002/ejic.201000327
http://dx.doi.org/10.1002/ejic.201000327
http://dx.doi.org/10.1002/smll.201100726
http://dx.doi.org/10.1002/smll.201100726
http://dx.doi.org/10.1002/smll.201100726
http://dx.doi.org/10.1039/c2ob25515d
http://dx.doi.org/10.1039/c2ob25515d
http://dx.doi.org/10.1039/c2ob25515d
http://dx.doi.org/10.1039/c3dt52268g
http://dx.doi.org/10.1039/c3dt52268g
http://dx.doi.org/10.1039/c3dt52268g
http://dx.doi.org/10.1039/c2jm30933e
http://dx.doi.org/10.1039/c2jm30933e
http://dx.doi.org/10.1039/c2jm30933e
http://dx.doi.org/10.1021/am500903d
http://dx.doi.org/10.1021/am500903d
http://dx.doi.org/10.1021/am500903d
http://dx.doi.org/10.1021/am500903d
http://dx.doi.org/10.1039/b904665h
http://dx.doi.org/10.1039/b904665h
http://dx.doi.org/10.1039/b904665h
http://dx.doi.org/10.1016/j.dyepig.2014.05.031
http://dx.doi.org/10.1016/j.dyepig.2014.05.031
http://dx.doi.org/10.1016/j.dyepig.2014.05.031
http://dx.doi.org/10.1016/S0022-328X(02)01427-4
http://dx.doi.org/10.1016/S0022-328X(02)01427-4
http://dx.doi.org/10.1016/S0022-328X(02)01427-4
http://dx.doi.org/10.1016/S0022-328X(02)01427-4
http://dx.doi.org/10.1021/ac0006573
http://dx.doi.org/10.1021/ac0006573
http://dx.doi.org/10.1021/ac0006573
http://dx.doi.org/10.1021/ac0006573
http://dx.doi.org/10.1016/S0022-0728(98)00162-4
http://dx.doi.org/10.1016/S0022-0728(98)00162-4
http://dx.doi.org/10.1016/S0022-0728(98)00162-4
http://dx.doi.org/10.1016/S0022-0728(98)00162-4
http://dx.doi.org/10.1021/jo302585a
http://dx.doi.org/10.1021/jo302585a
http://dx.doi.org/10.1021/jo302585a
http://dx.doi.org/10.1021/jo302585a
http://dx.doi.org/10.1021/ac800060f
http://dx.doi.org/10.1021/ac800060f
http://dx.doi.org/10.1021/ac800060f
http://dx.doi.org/10.1021/ac800060f
http://dx.doi.org/10.1002/chem.201200469
http://dx.doi.org/10.1002/chem.201200469
http://dx.doi.org/10.1002/chem.201200469
http://dx.doi.org/10.1039/b517953j
http://dx.doi.org/10.1039/b517953j
http://dx.doi.org/10.1039/b517953j
http://dx.doi.org/10.1002/chem.201406092
http://dx.doi.org/10.1039/C5CC07513K
http://dx.doi.org/10.1039/C5CC07513K
http://dx.doi.org/10.1039/C5CC07513K
http://dx.doi.org/10.1039/C4CC06225F
http://dx.doi.org/10.1039/C4CC06225F
http://dx.doi.org/10.1039/C4CC06225F
http://dx.doi.org/10.1021/cm2036647
http://dx.doi.org/10.1021/cm2036647
http://dx.doi.org/10.1021/cm2036647
http://dx.doi.org/10.1016/j.tetlet.2012.07.003
http://dx.doi.org/10.1016/j.tetlet.2012.07.003
http://dx.doi.org/10.1016/j.tetlet.2012.07.003
http://dx.doi.org/10.1039/c1jm11111f
http://dx.doi.org/10.1039/c1jm11111f
http://dx.doi.org/10.1039/c1jm11111f
https://summary.ccdc.cam.ac.uk/structure-summary?doi=10.1002/chem.201600698
http://www.ccdc.cam.ac.uk/
http://www.chemeurj.org

