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a b s t r a c t

Phosphorus hydrazides PhP(O)[N(Me)NH2]2, (S)P[N(Me)NH2]3, and N3P3[N(Me)NH2]6 were condensed
with 7-diethylaminocoumarin-3-aldehyde (RCHO) to afford the corresponding hydrazones PhP(O)[N-
(Me)N]CHR]2 (1), (S)P[N(Me)N]CHR]3 (2), and N3P3[N(Me)N]CHR]6 (3). The structural characteriza-
tion of 1–3 was carried out by their HRMS, 1H and 31P{1H} NMR spectra. The molecular structure of 2 was
established by a single-crystal X-ray analysis. Interaction of 1 and 2 with various transition metal ions
revealed substantial fluorescence enhancement upon interaction with Cu2þ enabling a selective de-
tection mechanism for this metal ion. However, such a fluorescence enhancement was not observed in
the case of 3. A 1:1 complex [2$Zn][ClO4]2$4CH2Cl2 was isolated in the reaction of 2 with Zn(ClO4)2$6H2O.
The molecular structure of this complex revealed that the ZnII is encapsulated by the ligand utilizing
a 3N, 3O coordination set.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

There is a growing interest in the development of molecular
sensors that can detect selectively metal ions even in low concen-
trations. Among the various techniques used for this purpose
fluorescence-based methods1–9 have gained in importance because
of their sensitivity. These methods depend upon the change of
fluorescence intensity and/or a shift in the fluorescence band of the
sensor upon interaction with the metal ion. Although such
a methodology has been successful for diamagnetic metal ions, its
application to paramagnetic metal ions is fraught with difficulties
in view of the fact that the latter quench fluorescence either via
energy or electron transfer10–12 and only in some instances a fluo-
rescence enhancement has been observed.13–24 In this regard, de-
velopment of fluorescence-based sensors for Cu(II)15–29 has
assumed importance in view of the fact that it is an essential trace
element and yet at slightly increased concentrations, it is toxic,
being implicated in gastrointestinal30,31, liver, and kidney diseases
as well as in neurological diseases such as Alzheimer’s32 or
Parkinson’s.33

Our interest in phosphorus-supported ligands34,35 has sug-
gested to us the possibility of using phosphorus as a support to
build a coordination platform embedded with fluorophores. As
x: þ91 512 259 7436.
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a test of this principle we have recently demonstrated the efficiency
of this methodology by using pyrene-containing ligands.36 The
widespread use of coumarin-based fluorophores in literature37–41

has prompted us to prepare phosphorus-supported coumarin-
containing ligands and examine them as a selective sensor for Cu2þ.
2. Results and discussion

The reaction of phosphorus hydrazides PhP(O)[N(Me)NH2]2,
(S)P[N(Me)NH2]3, and N3P3[N(Me)NH2]6 with 7-diethylamino-
coumarin-3-aldehyde afforded the coumarin-containing ligands
1–3 (Chart 1) . The modular nature of the ligand design allowed the
variation of the number of fluorophores from two (compound 1)
through three (compound 2) to six (compound 3). A representative
synthetic protocol is shown in Scheme 1. All these ligands have
been characterized by 1H NMR, 31P NMR, and ESI-HRMS analysis.
The molecular structure of 2 was determined by single-crystal
X-ray crystallography (Fig. 1a). Although we were unable to obtain
crystals for copper complexes we were able to obtain the molecular
structure of the Zn2þ complex, [2$Zn][ClO4]2$4CH2Cl2 (4) (Fig. 1b).
Selected internuclear distances and bond angles are included in
figure captions. Crystal and cell parameter data for 2 and 4 are given
in Table 1. Compounds 2 and 4 crystallize in the monoclinic space
group P21/n (No. 14) and P21/c (No. 14), respectively. The molecular
structures of both the compounds reveal a central tetrahedral
phosphorus atom, which acts as a support to hold the multi-site
coordination platform built around it. The P–S bond distances
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Chart 1. Line-diagrams of 1, 2, and 3.
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observed in 2 and 4 are 1.9186(14) Å and 1.9147(31) Å, respectively,
which is consistent with P]S distances found in literature.42 The
P–N bond distances in 2 and 4 are 1.6801(31) Å, and 1.6848(69) Å,
respectively. This may be compared with the normal P–N single
bond distance (observed in P(V) compounds), which is 1.70 Å.43

Compound 4 shows that Zn(II) is encapsulated by 2 in a 3N, 3O
facial coordination environment (Fig. 2). The crystal packing of 2
appears to be effected by the molecular association through C–H/
O hydrogen bonds (Fig. 3) and 4 shows that it forms a one-di-
mensional chain via perchlorate ions as a result of CH/O in-
teractions (Fig. 4) and via p–p stacking (Fig. 5). Hydrogen bond
parameters for these compounds are given in Table 2.
Figure 1. Molecular structure of (a) 2, (b) 4 (solvent molecules and hydrogen atoms
have been omitted for clarity). Selected bond distances (Å) and angles (�) are as fol-
lows: 2: N(1)–P(1), 1.666(3); N(4)–P(1), 1.677(3); N(7)–P(1), 1.665(3); N(10)–P(2),
1.670(3); N(13)–P(2), 1.670(3); N(16)–P(2), 1.680(3); P(1)–S(1), 1.9194(13); P(2)S(2),
1.9187(13); N(5)–N(4)–P(1), 113.4(2); C(17)–N(4)–P(1), 119.8(2); N(8)–N(7)–P(1),
113.4(2); C(32)–N(7)–P(1), 122.9(2); N(11)–N(10)–P(2), 114.4(2); C(47)–N(10)–P(2),
119.5(2); N(14)–N(13)–P(2), 113.6(2); C(62)–N(13)–P(2), 121.6(2); N(17)–N(16)–P(2),
112.7(2); C(77)–N(16)–P(2), 121.4(2); N(7)–P(1)–N(1), 104.44(15); N(7)–P(1)–N(4),
106.18(15); N(1)–P(1)–N(4), 105.33(15); N(7)–P(1)–S(1), 113.59(12); N(1)–P(1)–S(1),
113.32(11); N(4)–P(1)–S(1), 113.17(11); N(13)–P(2)–N(10), 104.39(15); N(13)–P(2)–
N(16), 106.08(15); N(10)–P(2)–N(16), 105.73(15); N(13)–P(2)–S(2), 112.82(12); N(10)–
P(2)–S(2), 113.07(11); N(16)–P(2)–S(2), 113.97(12). 4: N(1)–P(1), 1.685(6); N(4)–P(1),
1.690(7); N(7)–P(1), 1.653(7); P(1)–S(1), 1.915(3); N(2)–N(1)–P(1), 115.1(5); C(1)–N(1)–
P(1), 123.8(5); N(5)–N(4)–P(1), 114.8(5); C(16)–N(4)–P(1), 119.3(6); N(8)–N(7)–P(1),
118.0(5); C(31)–N(7)–P(1), 121.7(6); N(7)–P(1)–N(1), 106.7(3); N(7)–P(1)–N(4),
104.7(3); N(1)–P(1)–N(4), 105.1(3); N(7)–P(1)–S(1), 113.4(3); N(1)–P(1)–S(1), 113.0(3);
N(4)–P(1)–S(1), 113.1(3).

Scheme 1. Synthesis of 1.
The absorption spectra of 1–3 in acetonitrile are characterized
by peaks both at high and low energies (Table 3). Although lmax

(Fig. 6a) remains invariant [cf. 1, lmax (e); 270 (30,000), 316
(9634), 424 (71,500); 2, 271 (4.99�104), 316 (9.97�103), 413
(9.17�104); 3, 270 (5.03�104), 317 (1.32�104), 423 (1.06�105)]
absorbance value increases as the number of coumarin arms in-
crease from two (1) to six (3). Compounds 1–3 show an emission
around 500 nm upon excitation at 413 nm. The fluorescence in-
tensity remains almost the same and is of low intensity in all
these three ligands (Fig. 6b).
Interaction of 1 or 2 with various metal ions (Fig. 7) showed that
only with Cu(II) the titration curves revealed isosbestic point at 285
and 360 nm indicating the formation of a 1:1 complex (Fig. 8). This
conclusion is also supported by ESI-MS analysis of the isolated
complexes. Three major peaks at m/z 365.24 [1þCu]2þ, 471.14
[2þCu]2þ, and 915.83 [3þCu]2þ are seen. Although single crystals of



Table 1
Crystallographic data and structure refinement details for 2 and 4

2 4

Identification code 3junbm 22maybm
Empirical formula C23.50H27N5O3P0.50S0.50 C49H62Cl10N9O14PSZn
Formula weight 459.02 1483.98
Temperature (K) 100(2) K 100(2) K
Wavelength (Å) 0.71073 Å 0.71073 Å
Crystal system Monoclinic Monoclinic
Space group P21/n P21/c
Unit cell dimensions (Å), (�) a¼16.330(3) Å a¼90� a¼13.424(3) Å a¼90�

b¼19.742(4) Å b¼95.117(4)� b¼22.161(5) Å b¼91.655(4)�

c¼30.383(6) Å g¼90� c¼21.299(4) Å g¼90�

Volume (Å3) 9756(3) Å3 6334(2) Å3

Z 16 4
Density (calculated) (Mg/m3) 1.250 Mg/m3 1.556 Mg/m3

Absorption coefficient (mm�1) 0.156 mm�1 0.936 mm�1

F(000) 3880 3048
Crystal size (mm3) 0.103�0.082�0.056 mm3 0.088�0.054�0.031 mm3

Theta range for data collection (�) 2.04–28.37� 2.04–26.00�

Index ranges �21�h�21, �20�k�26, �40�l�40 �16�h�15, �27�k�27, �26�l�20
Reflections collected 63,762 34,768
Independent reflections 23,997 [R(int)¼0.0995] 12,417 [R(int)¼0.1013]
Completeness to theta 98.2% (28.37�) 99.8% (26.00�)
Absorption correction None None
Max. and min. transmission
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 23,997/0/1200 12,417/0/775
Goodness-of-fit on F2 1.018 1.055
Final R indices [I>2s(I)] R1¼0.0819, wR2¼0.2000 R1¼0.0878, wR2¼0.2402
R indices (all data) R1¼0.1710, wR2¼0.2642 R1¼0.1602, wR2¼0.2749
Largest diff. peak and hole (e Å�3) 1.627 and �0.585 e Å�3 1.097 and �0.758 e Å�3
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the copper complexes could not be isolated the coordination mode
of 2 is revealed in its interaction with Zn(II) (vide supra).

Interestingly, among the various metal ions that were tried, only
Cu2þ influences the fluorescence of 1 and 2 (Fig. 9). First, a blue shift
in emission maxima is observed (495–480 nm in the case of 1;
500–481 nm in the case of 2). Secondly the fluorescence intensity
of the free ligands increases abruptly upon addition of the metal ion
(Fig. 10). The fluorescence enhancement factors (FEFs) in terms of
quantum yield for 1 and 2 upon binding with Cu2þ are 15 and 10,
respectively. In contrast, the hexa-armed ligand 3 does not show
any appreciable increase of its intensity upon interaction with Cu2þ.
The FEFs found for 1 and 2 seem to be a reflection of their efficiency
to bind Cu2þ. Thus, the binding constants44,45 of 1 and 2 with re-
spect to Cu2þ are quite high: Ks¼1.9�105 and 6.1�104, respectively,
in comparison with other metal ions. Additionally, the binding of
Figure 2. Coordination environment around zinc. Selected bond distances (Å) and
angles (�) are as follows: O(29)–Zn(1)–O(30), 86.1(2); N(2)–Zn(1), 2.156(7); O(29)–
Zn(1)–N(5), 167.8(2); N(5)–Zn(1), 2.102(6); O(30)–Zn(1)–N(5), 101.4(2); N(8)–Zn(1),
2.106(6); O(29)–Zn(1)–O(26), 86.4(2); O(26)–Zn(1), 2.105(5); O(30)–Zn(1)–O(26),
88.7(2); O(29)–Zn(1), 2.052(5); N(5)–Zn(1)–O(26), 84.2(2); O(30)–Zn(1), 2.053(5);
O(29)–Zn(1)–N(8), 85.1(2); O(30)–Zn(1)–N(8), 167.9(2); N(5)–Zn(1)–N(8), 88.7(2);
O(26)–Zn(1)–N(8), 99.1(2); O(29)–Zn(1)–N(2), 101.6(2); O(30)–Zn(1)–N(2), 85.0(2);
N(5)–Zn(1)–N(2), 88.7(2); O(26)–Zn(1)–N(2), 169.4(2); N(8)–Zn(1)–N(2), 88.6(3);
O(29)–Zn(1)–O(30), 86.1(2); O(29)–Zn(1)–N(5), 167.8(2); O(30)–Zn(1)–N(5), 101.4(2).
Cu2þ with 1 or 2, and the consequent FEFs are not affected in the
presence of other metal ions (Fig. 11).

The fluorescence enhancement observed in the present instance
appears to be result of the prevention of C]N bond isomeriza-
tion.39,40 In the free ligands C]N isomerization is facile as a result
of free rotation around this bond in the excited state. However
metal ion binding locks this bond and free rotation is prevented.
Additionally, in the free ligand, photoinduced electron transfer of
the lone pair of electrons on nitrogen would be quenching the
fluorescence. Metalation with Cu2þ thwarts both of these non-
emissive pathways, leading to a revival of fluorescence (Scheme 2).
In the case of 3, presumably, steric hindrance prevents complete
involvement of all the coordinating arms in metal ion binding.
Thus, even if two arms are involved in binding four others are not.
As a result, fluorescence enhancement is minimal.
Figure 3. Formation of chain in 2 via intermolecular hydrogen bonding. Color code:
orange, carbon; turquoise, nitrogen; red, oxygen; pink, phosphorus; yellow, sulfur.



Figure 4. Formation of chain in 4 via intermolecular hydrogen bonding.

Figure 5. Interplay of intramolecular p–p interaction showing supramolecular archi-
tecture. Bond length is 3.7776(6) Å and symmetry (x,y,z).
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3. Experimental

3.1. General experimental information

Fluorescence spectra were recorded on a Varian Luminescence
Cary eclipsed and electronic spectra were recorded on a Perkin–
Elmer-Lambda 20 UV–vis spectrometer with a 10 mm quartz cell at
25�0.1 �C. Melting points were measured using a JSGW melting point
apparatus and are uncorrected. 1H NMR spectra were obtained on
a JEOL-JNM LAMBDA 400 model spectrometer operating at
400.0 MHz. 1H and 31P NMR spectra were also obtained on a JEOL-
DELTA2 500 model spectrometer operating at 500 and 202.5 MHz,
respectively. The chemical shifts are referenced with respect to TMS
for 1H and 85% H3PO4 for 31P. Electrospray ionization-high resolution
mass spectra (ESI-HRMS) were recorded on a MICROMASS QUATTRO
Table 2
Hydrogen bond parameters

Compounds D–H/A d(D–H) d(H/A)

4 C32–H32C/O8 0.93 2.4388(17)
C77–H77A/O3 0.93 2.5093(26)
C17–H17/O10A 0.93 2.6476(66)
C22–H22A/O12A 0.93 2.4471(76)

2 C7–H7/O11A 0.93 2.4564(66)
C2–H2A/O13A 0.93 2.5624(66)
II triple quadrupole mass spectrometer. The ESI capillary was set at
3.5 kV and the cone voltage was 40 V. The crystal data for compounds
1, 2, and 3 were collected on a Bruker SMART APEX CCD Diffracto-
meter. The program SMART (version 6.45) was used for integration of
the intensityof reflections and scaling. The program SADABS was used
for absorption correction. The crystal structures were solved and re-
fined by full-matrix least-squares methods against F2 by using the
program SHELXTL-97.46 All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen positions were fixed
at calculated positions and refined isotropically. The figures are gen-
erated by using Diamond 3.1e programme. Crystal data for com-
pounds 2 and 4 are given in Table 1. Ph2POCl, PhPOCl2, N3P3Cl6 and
metal salts Cu(ClO4)2$6H2O, LiClO4, and NaClO4$H2O were purchased
from Aldrich. Co(ClO4)2$6H2O, Zn(ClO4)2$6H2O, Cd(ClO4)2$6H2O,
Ni(ClO4)2$6H2O, Mg(ClO4)2$6H2O, and Ca(ClO4)2$4H2O were pre-
pared from their carbonate salts by a reaction with perchloric
acid. (S)PCl3 was purchased from Fluka (Switzerland). 7-Dieth-
ylaminocoumarin-3-aldehyde synthesized by reported method.39,40

N-Methylhydrazine was obtained as a gift from the Vikram Sarabhai
Space Research Centre, Thiruvananthapuram, India. Solvents were
purchased from S.D. Fine Chemicals (India) and they were purified
prior to use.

Fluorescence quantum yields in each case were determined by
comparing the emission intensity of the sample with that of the
fluorescence standard, fluorescein47,48 (V ¼ 0.85) in 0.1 N NaOH
using the following equation:

FU ¼ FRðAU=ARÞ
�

n2
U=n2

R

�

where AU and AR are the integrated area under the corrected fluo-
rescence spectra for the sample and reference, nU and nR are the
refractive indices of the sample and reference, respectively.
d(D/A) :(DHA) Symmetry

3.4423(45) 173.041 (228) (�1þx, �1þy, �1þz)
3.4415(45) 158.651 (228) (0.5�x, �0.5þy, 0.5�z)
3.4591(109) 146.262 (554) (1�x, �0.5þy, 0.5�z)
3.2483(105) 144.425 (471) (1�x, �0.5þy, 0.5�z)

3.3457(102) 159.497 (492) (1�x, �0.5þy, 0.5�z)
3.414(10) 152.513 (480) (1�x, �0.5þy, 0.5�z)



Table 3
Photophysical data of 1 with and without the presence of metal ionsa,b

Compound lmax, nm (3) lem, nm FF Ka, M�1

1 270 (30,000), 316 (9.97�103), 425 (7.147�104) 495 0.0185 d

2 271 (4.99�104), 316 (9.97�103), 413 (9.17�104) 500 0.0155 d

3 270 (5.03�104), 317 (1.32�104), 423 (1.06�105) 504 0.0146 d

1þCu 271 (2.18�104), 310 (1.77�104), 443 (5.31�104) 480 0.2848 1.9�105

2þCu 270 (3.43�104), 315 (3.12�104), 438 (1.13�105) 481 0.1545 6.1�104

3þCu 270 (7.65�104), 316 (3.64�104), 427 (1.64�105) 48 0.0175 1.8�104

1þMg 274 (2.46�104), 305 (2.2�104), 458 (9.55�104) 497 d 2.4�104

2þMg 305 (4.01�104), 430 (1.44�105), 476 (1.548�105) 508 d 5.6�104

1þZn 274 (2.11�104), 303 (2.23�104), 453 (9.34�104) 498 d 1.5�104

2þZn 266, 305 (4.12�104), 430 (1.62�105), 479 (1.61�105) 508 d 1.7�104

a Metal salt used: Cu(ClO4)2$6H2O, Zn(ClO4)2$6H2O and Mg(ClO4)2$6H2O.
b Concentration of each metal ion used: 10 mM.
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Figure 6. (a) UV–vis spectra of 1, 2, and 3 (10 mM) and upon addition of 10 equiv of
Cu(ClO4)2$6H2O in CH3CN. (b) Fluorescence spectra of 1, 2, and 3 (10 mM) and upon
addition of 10 equiv of Cu(ClO4)2$6H2O in CH3CN. The excitation wavelength was
413 nm.
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The stability constant Ks was determined49,50 from the fluores-
cence titration data of the ligand solutions (10�5 M) against dif-
ferent metal ion concentration using the following equation.
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Figure 7. Optical absorption spectra of free ligands, 1 (a), 2 (b), and 3 (
I0
F=
�

IF � I0
F

�
¼ ½a=ðb�aÞ�½ð1=Ks½M�Þþ1�

Where IF
0 and IF are the fluorescence intensity of the metal-free li-

gand and the ML complex, respectively; [M] is the concentration of
the metal ions added for complexation. Ks is obtained as intercept/
slope ratio from the plot of IF

0/(IF�IF
0) against [M]�1.

3.2. General procedure for the synthesis of 1, 2, and 3

7-Diethylaminocoumarin-3-aldehyde was dissolved in hot ab-
solute ethanol (30 ml) and to it an ethanolic solution of the corre-
sponding hydrazide34,51 was added dropwise for 10 min. The
resulting solution was stirred at 50 �C for 12 h. A precipitate was
obtained, which was filtered and washed with ethanol three times,
followed by recrystallization from CH2Cl2/n-hexane mixture at 0 �C.

3.2.1. Compound 1. PhPO[(N(CH3)NH2]2 (0.08 g, 0.167 mmol);
7-diethylaminocoumarin-3-aldehyde (0.20 g, 3.34 mmol); 1 (0.21 g,
0.32 mmol) in 80.0% yield. Mp 195 �C. FTIR (KBr) (n/cm�1): 3500m,
2924s, 1711s, 1600s, 1516s, 1352s, 1128s, 957s. 1H NMR (CDCl3,
400 MHz): 3.14 (d, 18H, –NCH3); 3J (1H–31P)¼12.0 Hz), 8.74 (s, 2H,
imino), 7.87–6.39 (m, 13H, aromatic), 3.34 (m, 8H), 1.12 (t, 12H). 13C
NMR (500 MHz, CDCl3, 25 �C, TMS) d (ppm)¼12.53, 31.46, 44.97,
97.25, 108.91, 109.40, 115.25, 128.01, 128.12, 129.89, 131.87, 133.20,
133.27, 137.05, 150.84, 156.37, 162.39. 31P NMR (CDCl3, 500 MHz):
25.65 (s). Anal. Calcd for C36H41N6O5P; ESI-HRMS: m/z (%):
[MþH]þ¼calculated 669.2954, found 669.2952.

3.2.2. Compound 2. P(S)[N(CH3)NH2]3 (0.16 g, 0.81 mmol);
7-diethylaminocoumarin-3-aldehyde (0.60 g, 2.44 mmol); 2 (0.60 g,
0.69 mmol) in 72.90% yield. Mp 230 �C (d). Crystals suitable for single-
crystal X-ray diffractionwere obtained after dissolving the compound
in hot acetonitrile and keeping it at room temperature for 1 day. FTIR
(KBr) (n/cm�1): 3448m, 2970s,1711s,1599s,1518s,1411s,1354s,1257s,
gth (nm)
50 600 300 450 600

(c)

c) (10 mM) along with different metal ions (100 mM) in acetonitrile.
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Figure 8. Absorption spectra of 1 (a), 2 (b), and 3 (c) (10 mM) in acetonitrile upon addition of increasing concentrations of Cu(ClO4)2$6H2O (0, 20, 40, 60, 80, 100, and 120 mM).

Figure 9. Emission spectra of 1 (a), 2 (b), and 3 (c) (10 mM) and upon addition of 10 equiv of various metal perchlorate salts in acetonitrile solution. The excitation wavelength was
413 nm.

Figure 10. Fluorescence spectra of 1 (a) and 2 (b) (10 mM) in CH3CN upon addition of increasing concentrations of Cu(ClO4)2$6H2O (0, 20, 40, 60, 80, 100, and 120 mM) with an
excitation wavelength of 413 nm.

Figure 11. Emission response of 1 or 2 in the presence of various metal ions and
a mixture of metal ions. The concentration of Cu(ClO4)2$6H2O was 5 mM while the
other metal perchlorates [Ca(ClO4)2$4H2O, Na(ClO4)2$H2O, and Mg(ClO4)2$6H2O] was
10 mM.
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1132s, 954s. 1H NMR (CDCl3, 400 MHz): 3.24 (d, 9H, –NCH3); 3J
(1H–31P)¼12.0 Hz, 7.84 (s, 3H, imino), 7.75 (s, 3H), 7.15 (d, 3H), 6.41
(d, 3H), 6.35 (s, 3H), 3.31 (q, 12H), 1.11 (t, 18H). 13C NMR (500 MHz,
CDCl3, 25 �C, TMS) d (ppm)¼12.51, 32.82, 44.93, 96.99,108.97, 109.59,
115.08, 130.08, 131.67, 131.80, 137.12, 150.80, 156.32, 162.58. 31P NMR
(CDCl3, 500 MHz): 74.28 (s). Anal. Calcd for C45H54N9O6PS; ESI-HRMS:
m/z (%): [MþH]þ¼calculated 880.3734, found 880.3674.

3.2.3. Compound 3. N3P3[(NCH3)NH2]6 (0.22 g, 0.55 mmol);
7-diethylaminocoumarin-3-aldehyde (0.82 g, 3.34 mmol); 3
(0.70 g, 0.95 mmol) in 70.94% yield. Mp 220 �C(d). FTIR (KBr)
(n/cm�1): 3452m, 2925s, 1710s, 1598s, 1518s, 1409s, 1305s, 1132s,
967s. 1H NMR (CDCl3, 400 MHz): 3.27 (d, 18H, –NCH3); 3J
(1H–31P)¼12.0 Hz, 8.04 (s, 6H, imino), 7.69 (s, 6H), 7.19 (d, 6H),
6.47 (d, 6H), 6.38 (s, 6H), 3.33 (q, 24), 1.12 (t, 36H). 13C NMR
(500 MHz, CDCl3, 25 �C, TMS) d (ppm)¼12.56, 32.56, 44.93, 97.14,
109.09, 109.47, 115.64, 129.96, 136.95, 150.63, 156.24, 162.58. 31P



Scheme 2. Schematic representation of the probable mechanism involved in the fluorescence enhancement after metalation.
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NMR (CDCl3, 500 MHz): 19.62 (s). Anal. Calcd for
C90H108N21O12P3; ESI-HRMS: m/z (%): [MþH]þ¼calculated
1769.7811, found 1769.7593.

3.3. General procedure for synthesis of metal complexes

Metal perchlorate salts were dissolved in 30 ml of dry MeOH
and were added to a solution of the ligand in dry CH2Cl2 (30 ml).
The stoichiometry of the reaction was kept at 1:1. The solution was
allowed to stir for 12 h at room temperature and then filtered. The
filtrate was then evaporated to dryness in vacuum to afford the
metal complexes. Only four complexes were isolated and charac-
terized by ESI-MS studies. One of them, compound 4, the Zn(II)
complex formed with ligand 2 was also characterized by single-
crystal X-ray diffraction.

3.3.1. Synthesis of the complex 4. Zn(ClO4)2$6H2O (0.38 g,
0.09 mmol); 2 (0.80 g, 0.09 mmol). Orange-red complex was dis-
solved in w5 ml of CH2Cl2 and n-hexane was added to it until
a slight turbidity appeared and kept at 5 �C to obtain a crystalline
product. Yield: 0.08 g, 78.86%. FTIR (KBr) (n/cm�1): 3449b, 2973m,
2930m, 1707s, 1657s, 1572s, 1512s, 1424m, 1350s, 1259m, 1133s,
956s. 1H NMR (CDCl3, 400 MHz): 3.27 (d, 9H, –NCH3); 3J
(1H–31P)¼12.0 Hz, 8.26 (s, 3H, imino), 7.75 (s, 3H), 7.17 (d, 3H), 6.43
(d, 3H), 6.35 (s, 3H), 3.37 (q, 12H), 1.18 (t, 18H). ESI-HRMS: m/z (%):
471.6404 (100), calculated 471.6450 (100), corresponding to com-
plex [LþZn]2þ. 31P NMR (CDCl3, 500 MHz): 62.231 (s).

3.3.2. Synthesis of the complex 2$Cu (ClO4)2. Cu(ClO4)2$6H2O
(0.38 g, 0.09 mmol); 2 (0.80 g, 0.09 mmol). Diethylether was
allowed to diffuse into the filtrate to obtain the desired complex in
80% yield that was dried under vacuum. FTIR (KBr) (n/cm�1): 3449b,
2928m, 2972m, 1570s, 1509s, 1425m, 1354s, 1261m, 1076s. ESI-
HRMS, m/z (%): calculated 471.1475 (100), found 471.1407 (100),
corresponding to the complex [LþCu]2þ.

3.3.3. Synthesis of the complex 1$Cu(ClO4)2. Cu(ClO4)2$6H2O
(0.038 g, 0.09 mmol); 1 (0.80 g, 0.11 mmol). Diethylether was
allowed to diffuse into the filtrate to obtain the desired complex in
70% yield that was dried under vacuum. FTIR (KBr) (n/cm�1): 3448b,
2977m, 1720.81m, 1574s, 1511s, 1429m, 1380s, 1261m, 1190s, 1135s,
1076s. ESI-HRMS, m/z (%): calculated 365.6130 (100), found
365.2475 (100) corresponding to complex [LþCu]2þ.

3.3.4. Synthesis of the complex 3$Cu(ClO4)2. Cu(ClO4)2$6H2O
(0.07 g, 0.18 mmol); 3 (0.10 g, 0.06 mmol). Yield: 0.076 g (73.0%).
FTIR (KBr) (n/cm�1): 3448b, 2924s, 2854m, 1710.81m, 1655m, 1573s,
1510s, 1427m, 1378s, 1244m, 1134s, 1081s. ESI-HRMS, m/z (%): cal-
culated 915.8541 (100), found 915.8317 (100) corresponding to
complex [LþCu]2þ.

4. Summary

In summary, we have demonstrated a simple approach for the
design of fluorescence-based sensors. This methodology consists of
assembly of phosphorus-supported coordinating platforms whose
fluorescence properties are modulated by binding with Cu2þ as
well as by the number of coordinating arms that the ligand pos-
sesses. We believe that this design is quite general and can be ap-
plied for selective detection of other type of metal ions also. We are
currently studying these aspects.

Supporting information

CCDC 737014–737015 (for compounds 2 and 4) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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