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Introduction β-aminobisphosphonate derivatives, such as pamidronate (Aredia), are commercially used to treat bone resorption disorders such as osteoporosis and Pagets disease. 1 Their activity is thought to be due to the ability to strongly chelate certain metal ions, particularly Ca 2+ . [START_REF] Kiss | Complexes of aminophosphonates. I. Transition metal complexes of aminophosphonic acid analogues of alanine, β-alanine, phenylalanine and tyrosine[END_REF] In addition, it has been demonstrated using electron paramagnetic spectroscopy that β-aminobisphosphonates derivatives bind strongly to Cu 2+ . 3 Therefore, their incorporation as the ionophore component of luminescent sensing assemblies seems a logical progression.

We have previously developed a luminescent sensor that incorporated βaminobisphosphonate as a receptor component. 4 The sensor, designed according to the Fluorophore-Spacer-Receptor format of Photoinduced Electron Transfer (PET) based sensors, 5 was shown to selectively bind Cu 2+ ions in water at pH 7.4. However, the choice of naphthalene as fluorophore has obvious restrictions when considering intracellular applications, as UV excitation is necessary. Here, we improve on the design using anthracene as fluorophore by preparing {2-[anthracen-9-ylmethyl-(2phosphono-ethyl)-amino]-ethyl}-phosphonic acid (1) and {2-[(10-{[Bis- (2-phosphono-ethyl)-amino]-methyl}-anthracen-9-ylmethyl)-(2-phosphono-ethyl)amino]-ethyl}-phosphonic acid (3). Both sensors were again constructed according to the PET design principle and differ only by the number of receptor ligands they possess. Control compounds were also prepared (2 and 4) in which the phosphonate receptors were absent. The preparation of these compounds has enabled us to propose a mechanism for the unusual pH profile of the sensors 1 and 3. In particular, it has allowed us to correct upon a postulated mechanism for the pH behavior of the aforementioned naphthalene based compound from an earlier communication. 4 The selectivity and sensitivity of 1 and 3 was also established against a range of common metal ions to determine their potential use as chemosensors.

Experimental General

All reagents used were of the highest grade obtainable and were purchased from Aldrich. The compounds 5, 7-8 and 10 were prepared with literature methods. 4,[START_REF] Gunnlaugsson | Design, synthesis and photophysical studies of simple fluorescent anion PET sensors using charge neutral thiourea receptors[END_REF][START_REF] Gunnlaugsson | Synthesis and photophysical evaluations of charge neutral thiourea or urea based fluorescent PET sensors for bis-carboxylates and pyrophosphate[END_REF] Absorbance measurements were recorded on an Agilent UV-Vis spectrometer using 

Synthesis of (2-{anthracen-9-ylmethyl-[2-(diethoxy-phosphoryl)-ethyl]-amino}ethyl)-phosphonic acid diethyl ester (6)

A mixture of 9 

Synthesis of {2-[anthracen-9-ylmethyl-(2-phosphono-ethyl)-amino]-ethyl}phosphonic acid (1)

To a solution of 6 (0.12 g, 0.23 mmol) in dry CH 2 Cl 2 (10 mL) was added bromotrimethylsilane (0.82 mL, 6.31 mmol). The mixture was stirred overnight at room temperature. Evaporation of the solvent along with excess bromotrimethylsilane under reduced pressure afforded the crude product which was triturated with hexane. 

Synthesis of (2-{[10-({Bis-[2-(diethoxy-phosphoryl)-ethyl]-amino}-methyl)anthracen-9-ylmethyl]-[2-(diethoxy-phosphoryl)-ethyl]-amino}-ethyl)phosphonic acid diethyl ester (9)

The procedure for the preparation of 6 was followed using the following amounts of reagents: 

Synthesis of {2-[(10-{[Bis-(2-phosphono-ethyl)-amino]-methyl}-anthracen-9ylmethyl)-(2-phosphono-ethyl)-amino]-ethyl}-phosphonic acid (3)

The procedure for the preparation of 1 was followed using the following amounts of reagents: 9 (0.54 g, 0.60 mmol) and bromotrimethylsilane (1.26 mL, 9.60 mmol). The product was obtained as an orange solid (0.12g, 30% 

Synthesis of (10-Diethylaminomethyl-anthracen-9-ylmethyl)-diethyl-amine (4)

The procedure for the preparation of 2 was followed using the following amounts of reagents: 

Synthesis of Diethyl-naphthalen-1-ylmethyl-amine (11)

The procedure for the preparation of 2 was followed using the following amounts of reagents: 

Results and Discussion

Synthesis of Sensors (1 and 3) and Control Compounds (2 and 4).

The synthesis of the target and control compounds are shown in Scheme 1.

Compound 1 was formed by first converting 9-chloromethylanthracene to 9aminomethyl anthracene (5) using the Delepine reaction. [START_REF] Surrey | Named Reactions in Organic Synthesis[END_REF] Following the Michael addition of 5 with diethylvinyl phosphonate and subsequent hydrolysis with bromotrimethylsilane, sensor 1 was isolated as a white solid. Control compound 2 was also formed from chloromethyl anthracene by direct reaction with diethyl amine.

A similar strategy was followed for the preparation of compound 3. Bisbromomethyl anthracene (7) was obtained from anthracene after reaction with hydrobromic acid.

This was then converted to 3 following similar chemistry as outlined above. The control compound 4 was also formed from 9,10-bisbromomethyl anthracene by reaction with diethyl amine.

pH titration of 1 and 2.

UV analysis of both compounds showed characteristic anthracene absorbance with a λ MAX centered at ~ 370 nm. The emission spectra, when excited at 370 nm, were also PET sensor with a tertiary amine as receptor, with fluorescence switching "On" over two log units. [START_REF] Callan | Switching between molecular switch types by module rearrangement: Ca 2+ -enabled, H + -driven Off-On-Off, H + -driven YES and PASS 0 as well as H + , Ca 2+ -driven AND logic operations[END_REF] The emission intensity was low at high pH due to PET from the tertiary amine to the anthracene fluorophore. As pH was lowered, the tertiary amine became protonated, its oxidation potential raised and PET cancelled, allowing fluorescence to "Switch On". [START_REF] Magri | The Anthracen-9-ylmethyloxy Unit: An Underperforming Motif Within the Fluorescent PET (Photoinduced Electron Transfer) Sensing Framework[END_REF] Using a plot of -log (F MAX -F) / (F-F MIN ) against pH (where F MAX is the maximum fluorescence intensity, F MIN the minimum fluorescence intensity and F the measured fluorescence intensity) the pKa of the tertiary amine was calculated as 9.43. [START_REF] Silva | Fluorescent PET (photoinduced electron transfer) sensors selective for submicromolar calcium with quantitatively predictable spectral and ion-binding properties[END_REF] The pH titration of sensor 1 (ф =0.22) also switches "On" fully at pH 9 (pKa = 10.24) but then the intensity falls off between pH 8 -5. This initial switching "On" can again be attributed to protonation of the tertiary amine canceling PET as in the case of the control, the pKa value being consistent with that found for the amino group in alkyl aminobisphosphonates determined by potentiometric titration 3 .

The reduction in fluorescence intensity between pH's 8 -5 can be explained by protonation of the phosphonate oxyanions and their hydrogen bonding with the πelectron cloud of the anthracene. The intramolecular quenching of anthracene emission by carboxylic acid groups has been demonstrated before. [START_REF] Callan | Switching between molecular switch types by module rearrangement: Ca 2+ -enabled, H + -driven Off-On-Off, H + -driven YES and PASS 0 as well as H + , Ca 2+ -driven AND logic operations[END_REF][START_REF] Eaton | Reference materials for fluorescence measurement[END_REF] The flexibility of the receptor unit in 1, means that the approach of the phosphonic acid group with the anthracene π-cloud is also feasible for 1. The slight rise and then fall in fluorescence intensity between pH 5-2, is probably due to the stepwise protonation of the phosphonate groups before they interact with the anthracene π-system.

pH titration of 3 and 4

Figure 2 shows a plot of fluorescence intensity against pH for compounds 3 and 4.

The control compound shows a typical sigmoidal profile with fluorescence switching "On" over two log units. Both tertiary amines must be protonated before fluorescence switches "On" as there are two PET channels present in the molecule. The calculated pKa of 8.34 of 4 (ф = 0.12) is approximately one log unit lower than in 2. Again, the profile of sensor 3 (ф = 0.09) is markedly different than that of the control. The fluorescence remains low until approximately pH 4 when it switches "On" dramatically. There is also evidence of a small rise in intensity from ~ pH's 12 -9

(pKa 8.34) which falls off between pH's 9 -7. This can again be explained as in the case of 1, with the rise due to protonation of the tertiary amine, and the fall off due to oxyanion protonation and subsequent hydrogen bonding with the anthracene π-cloud.

The much more effective quenching of fluorescence for 3 compared to 1 is most likely due to a stronger interaction between the protonated oxyanions and the anthracene π-cloud, due to the presence of the second receptor ligand. A second small step is also evident between pH's 7 and 5 (pKa = 5.99) which again may be explained by a stepwise protonation of the phosphonate groups before interaction with the anthracene π-cloud. But what causes the large enhancement in fluorescence on going from pH's 4 -2? The hydrogen bonding effect of the phosphonate groups with the anthracene π-cloud must be turned off in some manner.

We believe this can be best explained as follows: the full protonation of the phosphonate groups, coupled with the flexibility of the receptor units enables a strong hydrogen bonding interaction of the phosphonate groups with each other. That is, the phosphonate groups on one side of the anthracene molecule (the 9-position) interact strongly with those on the opposite side of the molecule (the 10-position) by bending to one side of the π-system, as depicted Figure 3. This strong hydrogen bonding interaction is at the expense of the hydrogen bonding with the anthracene π-cloud and enables fluorescence to switch "On". However, as observed in Figure 2, the intensity maxima of the sensor is somewhat smaller than in the control, indicating that a residual phosphonate -anthracene π-cloud quenching interaction still exists, even at pH 1.0.

The mechanistic interpretation outlined above for the unusual pH profile of compounds 1 and 3 is different to that previously postulated by us in an earlier communication. For purposes of clarity we include the fluorescent intensity -pH profile for {2-naphthalen-1-ylmethyl-(2-phosphono-ethyl)amino] ethyl}-phosphonic acid (10) used in that study along with its control analogue (11) in Figure 4. The profile of 10 is similar to 1 in that it switches "On" at high pH, switches "Off" slightly at intermediate pH and then back "On" at low pH. However, the magnitude of the decrease in intensity at intermediate pH is much smaller for 10 than for 1. In addition, the intensity of 10 at low pH (i.e pH 2) is about that of its control 11 (i.e it is fully switched "On") while the intensity of 1 at the same pH is about half that of the control.

We previously accounted for the intensity increase of 10 from pH's 12-10 as being due to intramolecular proton transfer from a protonated phosphonate group to the tertiary amine of the receptor, resulting in a partial cancellation of the PET process.

The second stepped increase in intensity from pH's 6 -4 was attributed due to full protonation of the tertiary amine and a complete cancellation of the PET process. We now consider this to be an inaccurate description for the profile of 10 and believe the same reasons as offered for 1 and 3 are also evident for 10. That the reduction in intensity between pH's 9 -7 is much less dramatic for 10 than 1 is most likely due to the much smaller π-cloud of naphthalene compared to anthracene, leading to a reduced effectiveness of the phosphonate -π-cloud hydrogen bonding interaction and a reduced quench.

Selectivity and Sensitivity measurements of 1 and 3

The nature of the pH -fluorescence profile of 1 means that its use as an Off-On sensor for physiologically relevant analytes is limited, as its fluorescence remains "On" over a wide pH range. However, as the fluorescence intensity is quite high at pH 7.4, 1 may be effective as an "On -Off" sensor in buffered solution. We screened 1 against a range of common metal ions, in 0.01 M HEPES buffer at pH 7.4. As shown in transfer. 5e Also, its position in the Irving Williams series means it is a strong binder to ligands, irrespective of the nature or number of ligands involved. [START_REF] Rurack | Flipping the light switch 'ON' -the design of sensor molecules that show cation-induced fluorescence enhancement with heavy and transition metal ions[END_REF] The quenching effect from Fe 2+ is most likely due to an inner filter effect, [START_REF] Xie | Luminescent CdSe-ZnS quantum dots as selective Cu 2+ probe[END_REF] but the quenching effect from the closed shell Zn 2+ , although minor, was not expected. In contrast, the addition of these ions to a solution of the control produced negligible quenching, highlighting the requirement of the aminobisphosphonate receptor for analyte binding. Figure 6 shows a plot of relative intensity against -log [anion] for Cu 2+ and Fe 2+ . Both ions quench fluorescence over two log units indicating a 1:1 binding between sensor and metal ion. [START_REF] Gunnlaugsson | Design, synthesis and photophysical studies of simple fluorescent anion PET sensors using charge neutral thiourea receptors[END_REF] The binding constants, Log β, calculated from equation 1 were 4.72 and 5.23 for Cu 2+ and Fe 2+ respectively. [START_REF] Silva | Fluorescent PET (photoinduced electron transfer) sensors selective for submicromolar calcium with quantitatively predictable spectral and ion-binding properties[END_REF] -Log (

F MAX -F) / (F -F MIN ) = Log [Anion] + Log β (1)
This confirms that Fe 2+ binds stronger to the sensor than Cu 2+ as observed for 10 in a previous study 4 . The sensitivity of 1 for Cu 2+ is in the physiologically relevant range [START_REF] Gunnlaugsson | Eu(III)-cyclenphen conjugate as a luminescent copper sensor: the formation of mixed polymetallic macrocyclic complexes in water[END_REF] and the quenching effect caused by Fe 2+ can be cancelled by the addition of fluoride ion to produce the colorless FeF 6 3-

. [START_REF] Xie | Luminescent CdSe-ZnS quantum dots as selective Cu 2+ probe[END_REF] Therefore, 1 could be utilized as a water soluble sensor for Cu 2+ , operable in the physiological range. The low fluorescence intensity of 3 at pH 7.4 means it is potentially suitable as an "Off -On" sensor, provided analyte binding is sufficient to disrupt the intramolecular hydrogen bonds between the phosphonate groups and the anthracene π-cloud. Unfortunately when tested against the same metal ions listed in figure 4, no fluorescence enhancements were observed suggesting that the phosphonate -anthracene π-cloud interaction must be relatively strong.

Conclusion

We have presented a new class of fluorescent sensors whose response to pH varies considerably depending on both the number of receptors attached and the nature of the fluorophore. The reason for the unusual pH profile for these compounds has been attributed to a phosphonate -fluorophore π-cloud hydrogen bonding interaction that quenches fluorescence. To the best of our knowledge, this is the first reported example of such an effect with phosphonates on anthracene. In the case of compound 
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 1 Figure 1. The sigmoidal profile of control compound 2 (ф = 0.16) was typical of a

Figure 5 ,

 5 Figure 5 , addition of Cu 2+ leads to an ~ 80 % quenching of the original fluorescent intensity, while Fe 2+ and Zn 2+ led to quenches of ~ 60 and ~ 20 % respectively, with the other ions having virtually no effect. The quenching effect of Cu 2+ is expected as
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 123456 Figure 1. Plot of fluorescent intensity against pH for 1 (▲) and 2 (◊). [1] = 4.40 x 10 - 6 M, [2] = 1.88 x 10 -6 M, λ ex = 370 nm.

  

  

Synthesis of anthracen-9-ylmethyl-diethyl-amine (2)

  

	mL) was stirred at 100 °C overnight. The solution was allowed to cool and excess
	solvent and un-reacted amine were removed by evaporation under reduced pressure.
	The crude product was then washed with distilled water and extracted with ethyl
	acetate. The organic layer was dried over Na 2 SO 4. and the solvent removed under
	reduced pressure to afford the product (0.89 g, 82.54%); mp 84 o C; δ H (400 MHz,
	CDCl 3 ) 1.00 (6H, t, J 6.5Hz, -NCH 2 CH 3 ), 2.55 (4H, q, J 7.0 Hz, -NCH 2 CH 3 ), 4.45
	F (2H, s, -CH 2 NCH 2 CH 3 ), 7.45 (4H, m, Ar-H), 7.9 (2H, d, J 8.5 Hz, Ar-H), 8.30 (1H, s, o r Ar-H), 8.50 (2H, d, J 8.0 Hz, Ar-H); δ C (100 MHz, CDCl 3 ) 10.9, 45.6, 49.2, 122.8,
	123.9, 124.6, 126.4, 127.9, 130.4, 132.4, 132.9; m/z (ESMS) 264 (10%) (M + ), 191 P e (100%); HRMS calcd for C 19 H 21 N 264.1747; found 264.1750.
	e r
	R
	e
	The resulting solid was dissolved in DCM and the product obtained after precipitation v i e
	with ether (0.092 g, 98%); mp 172 o C; δ H (400 MHz, MeOD) 2.1 (4H, m, -w
	CH 2 CH 2 P(O)(OH) 2 ), 3.6 (4H, m, -NCH 2 CH 2 -), 5.5 (2H, s, -CH 2 N-) 7.65 (4H, m, Ar-H), 8.2 (2H, d, J 8.0 Hz, Ar-H), 8.45 (2H, d, J 8Hz, Ar-H), 8.85 (1H, s, Ar-H); O n l δc(100 MHz, MeOD) 22.7, 24.2, 51.8, 120.7, 124.0, 126.8, 129.4, 129.6, 130.9, 132.8, 133.0; m/z (ESMS) 423 (25%) [M + ], 232 (50%), 121 (100%); HRMS calcd for y
	C 19 H 23 NO 6 P 2 (M-H) -422.0928; found 422.0923.
	A mixture of 9-(chloromethyl)anthracene (1.080g, 4.41 mmol), diethylamine (1.37
	mL, 13.23 mmol) and DIPEA (2.3 mL, 13.23 mmol) in anhydrous 1,4 dioxane (10

  ). δ H (400MHz, MeOD) 2.00 (8H, m, 4x-CH 2 P-), 3.30 (8H, t, 4x-NCH 2 -), 5.67(4H, s, 2 x Ar-CH 2 ), 7.77 (4H, dd, J 1 3.0 Hz, J 2 7.5 Hz, Ar-H), 8.48(4H, dd, J 1 3.0 Hz, J 2 7.5 Hz, Ar-H); δ C (100MHz, MeOD) 20.8, 22.2, 48.1, 123.6, 123.8, 127.7, 130.5; m/z (ESMS) 668 (20%) [M

+ ], 588 (60%), 560 (60%), 349 (100%); HRMS calcd for C 24 H 36 N 2 O 12 P 4 (M-H) -667.1146; found 667.1139.

  obtained as dark viscous liquid (2.61g, 84.2%); δ H (400MHz, CDCl 3 ) 0.99 (6H, t, J 6.2Hz, 2 x-CH 3 ), 2.49 (4H, m, 2x-NCH 2 -), 3.90 (2H, s, Ar-CH 2 -), 7.31 (4H, m, Ar-H), 7.50 (1H, d, J 7.5Hz, Ar-H), 7.66 (1H, d, J 7.5Hz, Ar-H). 7.72 (1H, d, J 7.5Hz, Ar-H);

	δ C (100MHz, CDCl 3 ) 11.8, 47.0, 56.3, 124.8, 125.6, 125.9, 127.4, 127.6, 127.8, 128.6,
	132.7, 134.0, 135.9; m/z (ESMS) 214 (100%) [M + ], 141 (25 %); HRMS calcd for
	C 15 H 19 N 214.1590; found 214.1591.
	F o r
	P
	e
	e r
	R
	e
	v i e
	w
	O n l
	y

1-(chloromethyl)napthalene (2.22 mL, 14.15 mmol), diethyl amine (4.40 mL, 42.45 mmol) and N-ethyldiisopropylamine (7.39 mL, 42.46 mmol). The product was

Table 1 :

 1 this attraction can be broken at very low pH's when all the phosphonate oxyanions are protonated. In addition, compound 1 showed good selectivity for Cu 2+ ions in water at pH 7.4 and its sensitivity was determined to be in the physiological range.(aminomethyl) phosphinic acid in aqueous solution and in the solid state. Photophysical properties of 1-4 and 11.

	F o r
	P
	e
	e r
	R
	e
	v i e
	w
	O n l
	y
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