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Abstract: Three heteroditopic cryptands with different cavity dimensions have been synthesized in high yields at
278 K without employing any templating metal ion. The three secondary amino nitrogens in each cryptand could
be derivatized with anthryl groups to have a fluorophespacetreceptor configuration. The fluorophores in these
systems do not show any fluorescence due to an efficient photoinduced intramolecular electron transfer (PET) from
nitrogen lone pairs. However, the fluorescence can be recovered to different extents in the presence of different
metal ions and protons as well. On complexation by a transition metal ion or on protonation in a solvent like dry
THF, each exhibits large fluorescence enhancement as the nitrogen lone pairs responsible for PET are engaged in
bonding. Inner-transition-metal ions like Eu(lll) or Th(lll) show remarkable discrimination and give high fluorescence
enhancement only in one case where the cavity size is smaller than that of other two. Each system exhibits large
fluorescence enhancement with Pb(ll) among the heavy metal ions studied. The present study shows that transition
metal ions and Pb(ll), which are known for quenching, can indeed cause fluorescence enhancement in cryptand-
based systems. It is also reported for the first time that inner-transition-metal ions can also cause fluorescence. The
enhancement in each case is interpreted in terms of a communication gap between the metal ion and fluorophore.
Such cryptand-based fluorophores can be useful as potential molecular photonic devices and metal ion sensors as

well.

Introduction

The fluorescent sensing of ions is of considerable current

interest as sensdrs in biomedical research and as chemical
logics*8 in molecular information processing. In chemical

logics, the binding of a guest species to a host molecule (logic

input) results in a change in fluorescence intensity (logic output).
Depending upon the input/output functionality, chemical logics
have been dividedas YES, NO logic functions or as OR, AND

logic gates. Whenever multiple chemical inputs independently '
T 988 110, 4460. (b) Akkaya, E. U.; Huston, M. E.; Czarnik, A. \&.. Am.

produce one output they can be regarded as OR logic gates.

groups of Czarnik;” de Silva28 and other$ 1 have reported
several acyclic/macrocyclic hosts with nitrogen donors and
covalently linked aromatic fluorophores. In such systems, alkali/
alkaline earth metal ions and metal ions with filled d orbitals
have been used as inputs. Whenever a metal ion is bonded to
the host, the lone pairs of the nitrogens are engaged, preventing
the photoinduced electron transfer (PET) from nitrogens to the
aromatic fluorophore, thereby allowing the fluorescence to

(7) (a) Huston, M. E.; Haider, K. W.; Czarnik, A. W. Am. Chem. Soc.

hem. Soc199Q 112, 3590. (c) Huston, M. E.; Engleman, C.; Czarnik, A.

have an effective OR logic gate it is required that the receptor . 3. Am. Chem. S0d.99q 112, 7054. (d) Chae, M.-Y.; Czarnik, A. W.
part of the molecule have poor chemoselectivity. Research J. Am. Chem. S0d992 114 9704. (e) Chae, M.-Y.; Yoon, J.; Czarnik, A.
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Figure 1. (a) Plan of the higher generation molecular photonic OR logic gate. (b) Heteroditopic crygtapdsnd3) and their trianthryl derivatives
(L 1, Lz, and L3).

occur. Most of these studies have been carried out in nonaque-of fluorescence enhancement with Eu(lll) and Tb(lll) ions.
ous media. In a significant contribution, Czarnik had shown Finally, the Pb(Il) ion, which is a known quencher, is also shown
that an aqueous medidftan also be used in certain cases to cause enhancement. Also, we report here that the extent of
result which might lead to biomedical applications of such enhancement with the metal ions studied depends crucially upon
systems. Transition metal ions are known to quench fluores- the flexibility as well as the cavity size of the macrobicyclic
cence very effectively, and therefore, molecular fluorescent receptor.

signaling systems with these metal ions were not available until  Fluorescence intensity enhancement rather than quenching
recently. We have shown for the first time that Cu(ll) and Ni- is better understood in sensors and in chemical logics. Design
(I) ions can also cause fluorescence enhancement in a cryptandef an efficient sensor/device based on the “fluoroph@acer
based fluorophore. Such systems might prove useful not only receptor” configuration depends significantly upon the total
as sensors in biology but also as versatile chemical logic devices.architecture of the whole system (Figure 1a). The desired
We have designed heteroditopic macrobicyclic receptors for architecture of a molecular photonic device/sensor demands the
transition/inner-transition-metal ions where three anthryl groups following: (i) the PET causing quenching of the fluorescence
are covalently attached to the receptor unit in order to have should be very fast and efficient in the free molecule, (ii) the
transition/inner-transition-metal mediated molecular photonic PET should be more or less completely prevented when the
switches. Herein, we present that transition metal ions in receptor unit accepts an ionic input, and (iii) the distance and
general, can function as efficient logic inputs for molecular orientation of the metal ion entering the receptor unit with
photonic OR gates. To date, no fluorescence enhancement withrespect to ther-system should be such that the sporbit
inner-transition-metal ions has been repofteas these metal  coupling which facilitates the-ST intersystem crossing would
ions are mostly involved in energy transfer with the fluorophore be minimum. In other words, for efficient fluorescence sensing,
resulting in luminescence. We present here the first example the metal ior-fluorophore communication should be much less
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Figure 2. UV spectra of freel; (solid line) and that of the Cu(ll)
complex (broken line) in dry THF. Alnm)

Figure 3. Corrected fluorescence emissiorLafin dry THF at different
than the metatreceptor interactio®? A cryptand-based system ~ concentrations: 5 107°M (A), 2 x 10°°M (B), and 1x 10°°M
thus becomes attractive as the host binds the metal ion strongly(c)'

due to cryptate effect. And the cavity is somewhat shielded transition metal ions occupy thesind of the cavity. This has

from outside interferenc®. Both of these factors weaken peen showtf by X-ray crystallography in cases of Co(ll), Cu-
metat-fluorophore communication while at the same time (j)) Ni(ll), and Zn(ll) ions. With other transition metal ions,

increase metaireceptor interactions. however, this has been inferred on the basis of spectroscopic
characteristics of the complexes formed. Inner-transition-metal
ions Eu(lll) and Th(lll) as well as heavy metal ions like Hg-

The parent cryptands and their trianthryl derivatives are (II), Pb(ll), or TI(I) usually prefet® higher than hexacoordina-
illustrated in Figure 1b. tion. Therefore, these metal ions may engage both N and O

(1) UV—Visible Absorption Spectroscopy. Freshly purified ~ donors present in the cryptands.
THF is used as the solvent. In the region of interest, the (3) Fluorescence Emission Spectra of Freesl L, and L.
unsubstituted cryptands or their metal complexes have negligibleMetal-free L1, Lo, and L3 show a well-resolved anthracene
absorption. In Figure 2, the UV spectra of free and Cu(ll)- monomer emission along with a red-shifted broad structureless
complexedL; are shown. The spectra of the uncomplexed emission centered at 550 nm in THF at 298 K (Figure 3). When
trianthryl cryptands are characteristicof 9-monoalkyl- studied as a function of concentration in THF, the intensity of
substituted anthra_cene with weII-resoIvgd structures with the (15) () The metal ion receptor units dfs, Lo, and Ls are the
(0,0) band appearing at 388.0 nm and vibrational structures atneteroditopic cryptands, 2, and3, respectively, as illustrated in Figure 1.
368.0, 350.0, and 333.0 nm. This indicates no interaction hc;y?sé?g;zzs in t1r13e4t£§(li3r)1)i% Spacioger%tg(ﬂz ;/vgh ag; 35(5;3(2) éibsz

. . . L= . L= . P = . Y= -90~

between the_nltrpgen lone pairs of the receptor part and the(2)°,z=2,R=0.054, anR, = 0.061. It has aendo-endoconformation
anthracene ring in the ground state. BathandL: present and a pseudo-3-fold symmetry axis passing through the two bridgehead
slight bathochromic shifts (25 nm) of the peak positions upon  nitrogens in the solid staté NMR data indicate that the 3-fold symmetrx
complexation with transition metal ions at room temperature. iS maintained in CDG solution at 298 K. The distance of 6.249(5)

. I . between the two bridgehead nitrogendlinhanges only slightly to 6.410-
However, in case Olf-?n_ detectable shifts in the peak posmon_s (5) A when a Ni(ll) ion is bonded at the\end of the cavity accepting in
can be observed only in the presence of Cu(ll) and Fe(lll). With a H,0 molecule as well, although the conformation of this end undergoes

Eu(lll) and Tb(lll) as well as with heavy metal ions such as significant changes (Ghosh, P.; Sengupta, S; Bharadwaj, B. &hem.

P e Soc., Dalton Trans1997 935). (b)2 crystallizes as a trihydrate in the
Hg(ll), Pb(ll), and.TI(I), no ShlftS. in the pegk positions can be |onoclinic space groufi2/c with a = 15.398(12) Ab = 20.062(6) Ac
detected except in case &f, with Pb(ll) ion. Earlier, we = 25.207(3) Af = 103.80(2, Z = 8, R = 0.088, ancRys = 0.123. It has

showed from X-ray crystallographic studieshat cryptand a pronouncecendo-endo conformation with a collapsible cavity. The
receptors of both ; andL; (i.e.,1 and2 in Figure 1) underwent distance of 5.291(14) A between the two bridgehead nitrogens increases to

: ional ch diff | . 7.263(10) A when a zn(ll) ion binds at the;Nend of the cavity still
conformational changes to different extents upon complexation maintaining theendo-endoconformation. Conformational changes at the

with Cu(ll), Ni(ll), and Zn(l1) ions. However, the receptor part N, end of the cavity are also substantial (Ghosh, P.; Bharadwaj, B. K.
of L3 (3) being preorganized via ligand synthesis did not undergo Chem. Soc., Dalton Trans997 2673). (c)3 crystallizes in the monaclinic

Results and Discussion

appreciab'le phange in conformation upon compl.exation. zf’e}fi9{§3§§§§3W§1a4,:§":'7§%(§3 éhbdzmzl'%ggé%), éﬁe:cal\%igoig%)e
(2) Stoichiometry and Nature of Complexation. The largest among the three cryptands with the distance between the two

unsubstituted cryptands 2,and3 (Figure 1) readily accept a  bridgehead nitrogens being 9.904(7) A. The éhd of the cavity can

; in ; ; 1 ; accommodate a Cu(ll) ion, which can accept an anion, forming cascade
single metal ion In. the. cavity formllng 11 mCIUS.an Comple).(es_ complexes. In this situation, thesl¥nd maintains its conformation although
These are versaﬂlg ligands for first-row transition metal ions ine upper part skews away to accommodate the anion (Chand, D. K.;
such as Cu(ll), Ni(ll), Co(ll), Fe(lll), and Mn(ll). These BharadwajP. KInorg. Chem1996 3380). (d) Similar changes in the ligand

topology are observed when a Co(ll) and a SCin are bonded in a
(12) Ramachandram, B.; Samanta,JA.Chem. Soc., Chem. Commun. distorted trigonal bipyramidal fashion at thes Nnd (Chand, D. K

1997, 1037. Bharadwaj, P. Klnorg. Chem.in press).
(13) Lehn, J.-M.Pure Appl. Chen198Q 52, 2303. (16) Kepert, D. L. I"Comprehense Coordination ChemistryVilkinson,
(14) Birks, J. B.Photophysics of Aromatic Molecule§Viley-Inter- G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: Oxford, U.K., 1987,

science: New York, 1970. Vol. 1, p 83.



11906 J. Am. Chem. Soc., Vol. 119, No. 49, 1997 Ghosh et al.

20.0 Table 1. Fluorescence Output df;, L, andL3 with Different
Cation Inputd
fluorescence output
ionic ~ (0,0)band __quantum yield' &
T ye0 fluorophore input  position (nm)  ®gy D DOpr
5 Ly nil 394.8 0.0005 0.0005 0.001
=) Mn(Il) 405.0 0.301 — 0.301
x Fe(lll) 404.0 0226 — 0.226
S Co(ll) 405.6 0.215 — 0.215
Ni(I) 403.2 0210 — 0.210
180 Cu(ll) 405.0 0.280 — 0.280
Zn(lly 405.8 0310 — 0.310
Pb(I1) 405.0 0.180 — 0.180
Eu(lll) 394.8 0.077 — 0.077
Th(lll) 395.0 0.100 — 0.100
17.0 1 1 1 | Lo nil 394.6 0.001 0.001 0.002
0 o1 02 03 04 05 Mn(ll) 403.6 0.370 — 0.370
-1, ¢ Fe(ll) 404.2 0.289 — 0.289
Figure 4. Wavenumber of the exciplex emission maxium at 298 K of ﬁl%(ll)l) :’843; 8;&92 _ gg(l)g
L1 as a function of the solvent polarity paramefter /> f'; f = (¢ — cu(ll) 403.2 0266 — 0.266
1)/(2e + 1), f' = (n? — 1)/(2n> + 1). Solvents f{(— ¥ f"): dichloro- zn(ll) 403.4 0.603 — 0.603
methane (0.319); THF (0.306); cyclohexane (0.10&)exane (0.092). Pb(ll) 404.4 0.420 — 0.420
Eu(lll) 394.4 0.005 0.001 0.006
the monomer emission decreases while that of the structureless Thb(Iln) 394.8 - - 0.007
emission increases with concentration (Figure 3). To ascertain Ls rl\‘/'lln(”) Z’gf'g 8'23& _0'0005 Ocl)'gng
that the structureless broad emission is due to an intramolecular Felll) 403.0 0156 — 0.156
exciplex’ and not due to excimer formation, the emission co(ll) 397.0 0.131 — 0.131
experiments are carried out in different solvents. In each case, Ni(ll) 395.5 0.080 — 0.080
the position of the emission maximum is found to be sensitive Cu(l) 403.0 0110 — 0.110
to the nature of the solvent showing the charge-transfer character Zn(In 396.0 0.150 — 0.150
- . ; Pb(I) 395.6 0.148 — 0.148
of the emlt_tlng comp_lex. Solvent stl_Jdles sh(_)w a red-ghlft qf Eu(ill) 3958 0.024 — 0.024
the band with increasing solvent polarity. The linear relationship Th(Ill) 395.8 0.036 — 0.036

found (Figure 4) betweeme(max) and the solvent polarity = Experimental condit r T THE —
; ; ; 8 Qi xperimental conditions: medium, dr ; concentratio
parameter is consistent with the Weller equafibnSimilar and Lg,plO‘5 M; concentration of ionic inp)L/Jt, 16 M; concentratian

results were reportéd garlier by other workers for intramo- ot , 5 106 M; concentration of ionic input, 5 10-4 M. Excitation
lecular exciplex formation. at isobestic point 370 nm with excitation band-pass of 5 nm; emission
The quantum yields of monomer emissidpgy, and that of band-pass, 5 nm; temperature, 298di; calculated by comparison of

; e ; corrected spectrum with that of anthraceda- (= 0.297) taking the
the exciplex emission®re, are presented in Table 1. In all area under the total emission. The errorda is within 10% in each

cases®er (total quantum yi?Id-q)FT = Qv + Dre) vglues case, except free ligands, where the erroinis within 15%.
are extremely low, indicating very efficient photoinduced
electron transfer (PET) from the HOMO of tertiary N atoms to | , however, the enhancement is considerably lower. The cavity
the anthracener-system. Aigthraqeno cryptands and anthry- o the receptor unit irs is more rigidsc and does not adjust
Iazamacrocl:ylc(:jlesf rebpolr‘;tbé‘d’ eg&l)ler showed much higher upon metal coordination inside. Hence, the bonding interactions
quantum yields for botibey and Pre. between the lone pairs of nitrogen and a metal ion will be less
(4) Fluorescence Emission Spectra in the Presence of 4, those in the other two cases. The binding abilities of
Transition Metal Cations. The ®gy increases highly when a L, andL toward a metal ion, e.g. Cu(ll), are nicely reflected
transition metal ion is used as an input; the extent of enhance-in ,the quantum yields of fluor,escence in,the three cases. Cu-
ment depends upon the_r_wature of the metal ion as _vvell_as the(“) gives Oy of 0.280 withL 1, 0.266 withL », and only 0.110
receptor (Table 1). Cavities of botly andL, are flexible in with L3. For the other transition metal ions studiéd,exhibits

nature,L , being more sd%2° In either case, the donor atoms - ; ) X
at the N, end of the cavity in the receptor part can adjust for the_ highestDey. This common teljdency of hlgh@.FM with
L, is probably due to its cavity being the most flexible among

efficient binding of a metal ion. Therefore, with a metal ion : -~ e ; )
like Co(ll), Cull), or Zn(ll) that prefers tetracoordination, the the three which facilitates stronger binding interactions with a

fluorescence recovery is maximum due to strong donation of Métal ion and nitrogen lone pairs. In all of the complexes of
the lone pairs of the N atoms which effectively lowers the L1, Lo, andL 3 with transition metal ions, the emission spectra

communication between the lone pairs and the fluorophore. It Show slight red-shifts (Table 1), concomitant broadening of both
is interesting to note here that ions like Mn(Il), Ni(ll), and Fe- the (0,0) and other vibrational bands, and a different intensity
() which prefer higher coordination also exhibit a high ratio of the (0,0) and the first vibrational band compared to those
intensity of fluorescence. lItis quite possible, however, for these of the free cryptands (Figure 5). Fluorophores are known to
metal ions to achieve higher than four coordination by binding show emission bands which are solvatochromic in nature.

solvent molecules inside as well as outside the cd¥ft§.With Therefore, a possible mechanism for such a red-shift can be
- - - due to an metal ion induced change in polarity around the
,nc(_:ﬂ,ZlTereY%)r(lf,'pllg’;g_ordon’ M., Ware, W. R., Eds.; Academic Press fluorophore. No exciplex emission can be observed in these

(18) Beens, H.; Knibbe, H.; Weller, A. &hem. Phys1967 47, 1183. complexes as the lone pairs of the N atoms are engaged to the

(19) (a) Fages, F.; Desvergne, J. P.; Laurent, H1.BAm. Chem. Soc . metal jons. In all three ligand systems, Zn(ll) shows the highest
1989 111, 96. (b) Fages, F.; Desvergne, J. P.; Laurent, H. B.; Marsau, P.; L .
Lehn, J.-M.; Hibert, F. K.; Gary, A. M. A.; Joubbeh, M. A. Am. Chem. €nhancement among the metal ion inputs due to its nonquench-

Soc.1989 111, 8672. ing nature.
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Figure 5. Corrected fluorescence spectra of fteg(A), of L1 in the
presence of Tb(lll) (B), and df, in the presence of Cu(ll) (C) in dry
THF medium. The broad band in A represents intramolecular exciplex
emission. The extra peaks in B are due to emission from the Tb(lll)
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Figure 6. Corrected fluorescence spectra of fteg(A), of L, in the
presence of Eu(lll) (B), of freé, (C). and ofL, in the presence of
Eu(lll) (D) in dry THF medium. The broad bands in A, C, and D
represent intramolecular exciplex emissions. The extra peaks in B and

complex as shown. All spectra are drawn with arbitrary intensity scales D are due to emission from the Eu(lll) complex as shown. All spectra

for clarity.

(b) Inner-Transition-Metal Cations. We have used Eu-
(1IN and Th(lll) ions as metal inputs to the three systems. The
results are collected in Table 1. The systdm shows
fluorescence enhancement with both Eu(lll) and Tb(lll) ions.
However,L ; does not exhibit a similar enhancement with these

are drawn with arbitrary intensity scales for clarity.

(c) Heavy-Metal Cations. The emission signal undergoes
drastic enhancement (Table 1) when any of the fluorophores is
treated with Pb(ll) ion in dry THF medium although other heavy
metal ions such as Hg(ll), TI(l), and Ag(l) do not show any
appreciable enhancement. The emission with Pb(ll) is a

ions, although with a transition metal ion, the enhancement is structured red-shifted one without any exciplex like those found

comparable with both ; andL , (vide supra). We attribute this
to significantly lower metatreceptor interactions betwedn
and Eu(lIl)/Tb(l1l) ions which cannot attenuate communication

in the case of transition metal ions withy andL,. With L3,
however, no red-shift is observed. With the other heavy metal
ions, the spectra are similar to those of ftegl ,, andL 3. This

between the fluorophore and the lone pairs on nitrogens. It is can be attributed to the fact that only Pb(ll) ion enters the cavity

known that inner-transition-metal ions preéfehnigher coordina-
tions compared to transition metal ions. Therefore, Eu(lll)/Th-
(1) ion would like to occupy the position in the middle of the
cavity to achieve higher coordination by engaging all the donor
atoms. The receptor unit in; is able to wrap around the Eu-
(IM)/Tb(I) ion to establish numerous binding interactions and
to sense its size and shape. In contrast, the recepitortiaving

a larger cavity cannot effectively bind either metal ion.
Interestingly, withL », the exciplex emission is observed (Figure
6) in the presence of Eu(lll)/Th(lll) ion. This further shows
that no significant donation occudté'® from the anthryl-
substituted N atoms toward the lanthanide ions. It is of
significance to note here that, in cases of Eu(lll) and Tb(lll)
complexes ofL,, the (0,0) band position remains uneffected
and the spectral resolution is similar to that of the freéFigure

5 and Table 1). The energy of the lowest triplet state of
anthracene is lower than the emitting states of Eu(lll) and Tbh-
(I ions. The lowerdgr observed for the lanthanide complexes
of L; compared to that of any of the transition metal complexes

of L1, Lo, andL 3 and engages the nitrogen lone pairs. Like in
the case of transition metal ionk, shows the highes®rr
among the three systems (Table 1), probably due to best fit of
the Pb(ll) ion in the relatively larger and flexible cavity b$.
While Pb(ll) is a known quencher, an earlier report is available
where it was found to enhance fluoresceffce.

Control Experiments. The metal perchlorate or nitrate salts
are hydrated and can generate protons in organic solvents. The
generated protons can engage the lone pairs of nitrogens through
protonation causing fluorescence enhancement. To prove that
the large fluorescence enhancement by transition, inner-transi-
tion, and Pb(ll) ions are indeed due to the metal ions and not
due to the protons generated, certain control experiments are
carried out.

When no ion is added in THF3® (9:1) medium,®er
increases by a negligible factor of 1.2 compared to the case
when dry THF is used. When the input is a hydrated metal
salt (102 M) in THF:H,O (9:1) medium®gr with L4, L, and
L3 (10°° M) spans the range 0.029.035 and remains un-

of the same ligand is presumably due to nonradiative decay of changed even after 40 h. When the concentration of the metal
the fluorescent state of anthracene to the lowest triplet stateion input is 103 M, @t values lie in the range 0.0:®.015.

through the rare-earth (lll) ion states. In case Lof the
fluorescence recovery is much less than that vithdue to
less metatligand interaction in the former. Although the

This could be due to partial protonation of the nitrogens in the
receptor unit as a result of generation of protons upon addition
of a metal ion in aqueous THF medium. However, wheh H

emission intensity enhancement is much less here compared tqas HCI/HCIQ; 1072 M) is used as the input, thégr value

that of the transition metal cryptates, the lanthanide systemsranges between 0.21 and 0.225 in aqueous THF and between
can potentially function as an ideal OR gate since there is no 0.23 and 0.250 in dry THF for these three systems and remains
shift of the emission band (Table 1). unchanged with time.
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Figure 7d). Keeping in mind that both; andL, show almost
(a) A (d) equal enhancement on protonation, the enhancement in the case
of Ly and Th(lll) is definitely due to the metal ion.
We have recorded the fluorescence emission spectra with a
metal ion input in the presence of 2,64dit-butylpyridine (102
M), which is a noncoordinating base. It shows that there is no
difference in enhancement of fluorescence in the presence/
absence of the base. However, we have found that the
fluorescence enhancement obtained after protonatian/bb/
<10 L 3 with trifluoroacetic/perchloric acid is not lost upon addition
E_B. of excess of 2,6-diert-butylpyridine. This result shows that
° B the pyridine added cannot deprotonate the protonated ligand.
. s = h 3 s This is not surprising as it has been repotfettiat protonated
A (b) . ©) cryptands cannot be deprotonated by adding any base under
drastic conditions.

Intensity (arbitrary unit)

Conclusion

A It has been known for a long time that transition metal ions
effectively quencht—27 fluorescence, and a number of mecha-
nisms have been forwarded to rationalize such behavior. These
are conversions of electronic energy to kinetic via collisions,
heavy atom effects, magnetic perturbations, formations of charge
transfer complexes, electronic energy transfers from/to the metal
ion, etc. In the present situation, the heavy atom effect is
500 600 probably not operational as Pb(ll) ion shows significant
Aom) enhancement as well. M_oreover, the 3d metal ioqs are not
Figure 7. (a) Corrected fluorescence spectra_gfin the presence of regarded a.s h?a"y- The giant mz.ac'rocycllc system will also not
Pb(Il) in THF:HO, 10:0 (A), 9:1 (B), 8:2 (C), 6:4 (D), and 4:6 (E). tak«_e part in |ntermolecu_lar collisional energy Ioss to any
Spectra B-E are multiplied by 10 for clarity. (b) Corrected fluorescence Noticeable extent. No evidence for charge-transfer interaction

spectra in dry THF oL, in the presence of Pb(ll) (A), df in the of the anthryl groups with the metal ion has been found.
presence of Pb(ll) and H(HCIO,) (B), and ofL - in the presence of Charge-transfer interactions between an excited-state fluorophore
H* (HCIO,4) (C). (c) Corrected fluorescence spectra in dry THE of and a metal ion should produce an exciplex. We have not seen
in the presence of Pb(ll) (A), df, in the presence of Pb(ll) and*H any exciplex formation when the metal ions is inside the cavity.
(HCIO,) (B), of Ly in the presence of H(HCIO,) (C). (d) Corrected  Also, no alteration in the fluorescence band envelope is
fluorescence spectra in dry THF bf in the presence of Th(lll) (A) jntroduced by a metal ion. For the other two mechanisms to
and ofL in the presence of Th(lll) (B). All spectra are drawn with e oherative, the fluorophore and the metal ion should have
arbitrary intensity scales for clarity. bonding interactions via the spacers or should be flexible enough
We have made further control experiments withas it gives for the metal orbital(s) and the orbitals with the proper symmetry
the highest®gr values among the three systems. When on the fluorophore to come closer to make direct overlap.
hydrated Pb(ll) ion (16® M) is used as an input fdr, (1075 However, the host is designed in such a way that the inside
M) in different THF:H:0 (9:1, 8:2, 6:4, and 4:6) binary solvents, and outside of the cavity are not in communication to a
very small fluorescence enhancement is observed with respeckignificant extent. Direct evidence for this comes from the fact
to the case when dry THF is used under exactly similar that, when any of the host cryptands is derivatized with redox
experimental conditions (Figure 7a). Any combination of THF active’® side groups such as a nitrobenzyl, the redox potential
and HO shows almost the same enhancement of fluorescenceof the side group remains unchanged whether a metal ion enters
intensity. Thus, in aqueous THF medium, Pb(ll) ion generates the cavity or not. In the case of communication between outside
almost an equal amount of protons, which leads to partial and inside the cavity, there should have been a significant change
protonation of the nitrogen atoms in the cryptand unit. On the 30 @ Tk - A Chem SodooL
her hand. in drv THF medium. th ni r f water i 20) (a) Takemura, H.; Shinmyozu, T.; Inazu m. Chem. So
?i:eewatir%f hygrgtion assggi;te(’jtwﬁhothg ISD%IEII():esgIt Wﬁ'i[sh iz 113 1323. (b) Chand, D. K.; Ragunathan, K. G.; Mak, T. C. W.; Bharadwa,
e . P. K. J. Org. Chem1996 61, 1169 and references therein.
negligibly small to generate any appreciable amount of protons.  (21) Lackowicz, J. RPrinceples of Fluorescence Spectroscopye-
Hence, the enhancement on addition of hydrated Pb(ll) salt to num: New York, 1983.

L, in dry THF is attributable to Pb(ll). Interestingly, when we Yogiz)lgé‘é'ba””' G. G.Practical Fluorescence?nd ed.; Dekker: New

add HCIQ (1073 M) to the system containing hydrated Pb(ll) (23) Banfield, T. L.; Husain, DTrans. Faraday Socl969 65, 1985.
salt andL in dry THF, the®gr value decreases (Figure 7b) (24) varnes, A. W.; Dodson, R. B.; Wehry, E. I. Am. Chem. Soc.

H i 1972 94, 946 and references therein.
from 0.420 to the value close to that obtained withand an (25) Kemlo, J. A.. Shepherd. T. NChem. Phys. Lett1977 47, 158,

Intensity (arbitrary unit)

L 2

400 500 600 400

acid. In case Off}* hydrated Pb(ll) salt in dry THF med.ium (26) Rurack, K.; Resch, U.; Senoner, M.; Dachne] Sluoresc.1993
under the conditions as above showsr as 0.180, which 3(3), 158.

increases (Figure 7¢) to the acid value when HQIOD—3 M) (27) () Fabbrizzi, L.; Licchelli, Pallavicini, P.; Perotti, A.; Sacchi, D.
is added. All of the transition metal ions mentioned in Table 1 Angew. Chem., Int. Ed. Endl994 33, 1975. (b) Fabbrizzi, L.; Licchell;

. . Pallavicini, P.; Perotti, A.; Taglietti, A.; Sacchi, khem. Eur. J1996 2,
are found to behave like the Pb(ll) ion. 75.

Further evidence comes from the fact that when Tb(lll) is _ (28) Kaifer, A.; Gutowski, D. A.; Echegoyen, L.; Gatto, V. J.; Schultz,

; i iynifi R. A; Cleary, T. P.; Morgan, C. R.; Goli, D. M.; Rios, A. M.; Gokel, G.
used as the input th; in dry THF significant fluorescence W. 3. Am. Chem. Sod98s 107 1958,

enhancementder = 0.100) is observed, whereas withy (29) Bullpitt, M.; Kitching, W.; Doddrell, D. Adcock, WJ. Org. Chem.
negligible enhancement is seed®sy = 0.006) (Table 1 and 1976 41, 760.
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in the redox potential values. Thus we show here that fluor-  General Synthesis of the Trianthryl Cryptands, L, L2, andLs,
escence enhancement with transition metal ions is a generalA general method of synthesis was adopted for all the trianthryl
phenomenon with cryptand-based systems. We have shown forcryptands. The macrobicyclic cryptant3) (1 mmol) was taken in
the first time that inner-transition-metal ions can act as logic 40 ¢n¥ of dry MeCN in a 100 crhthree-necked round-bottom flask. It
inputs to give one output like an OR logic gate and a slight was hgated to 335 K for30 min to dissolve the cryptand completely.
change of the cryptand cavity dimension significantly influences ;gtgz'ssiu;0Ig;ﬁ)r:)r:’;fée(sa?:ri‘il)g'ga‘émsor:‘:;irz:]a?égrigge(”zeo (r?wgr)nm'lc')r?é
{Lucgefﬁsxﬁegﬁéﬁléﬁelrt 'SC:LS%SE%W;IBg{g;ggasg(gﬁﬁ;x%?n mixture was allowed to reflux under nitrogen atmosphere for 12 h with

o - ’ - Eonstant stirring. In course of the reaction, a light yellow solid
Syntheses of similar systems and detailed studies on them withyecinitated. At the end of the period, the reaction mixture was filtered

transition/inner-transition-metal ions are in progress. Efforts iy hot condition and the light yellow residue was first washed with hot

are also on to have water-soluble systems to study possiblemeCN and then stirred with cold water (340 cn#) for 1 h; the water-

fluorescence enhancement with transition metal ions.

Experimental Section

General Procedures. *H NMR spectra were recorded on Bruker
WP-80 FT (80 MHz) and Bruker WM-400 FT (400 MHz) spectrom-

eters. The chemical shifts are reported in parts per million on the scale
using tetramethylsilane as a reference. FAB mass (positive ion) data

soluble part was removed by filtration, and the remaining solid was
washed with 2-propanol (% 20 cn?) followed by ether. The pale
yellow solid thus obtained was air-dried. Further purification of the
compound was achieved by recrystallization from,CH:MeCN (1:5
ratio by volume) as a pale yellow microcrystalline solid. All attempts
to obtain any of the products in single crystal form suitable for X-ray
crystallography remained unsuccessful.

were recorded on a JEOL SX 102/DA-6000 mass spectrometer using Trianthryl Cryptand L ;. Yield: 73%. Decomposition above 210

argon as the FAB gas at 6 kV and 10 mA. The accelarating voltage
was 10 kV and the spectra were recorded at 298 K. Melting points
were obtained using an electrical melting point apparatus by Perfitt

°C. Anal. Calcd for GgH7sNsOs: C, 82.90; H, 6.68; N, 6.20. Found:
C, 82.76; H 6.73; N 6.03%. FAB-MSm/z (%) 1131 (75) [, + 1]*.
IH NMR (400 MHz, CDC}, 25 °C, TMS): 6 2.3 (m, 12 H), 3.3 (t,

(India) and were uncorrected. UV and visible absorption spectra were 6H), 3.5 (s, 6H), 4.1 (s, 6H), 4.3 (t, 6H), 6:8.4 (m, 39H).

recorded on a Hitachi model 3021 spectrophotometer at 298 K.

Trianthryl Cryptand L ». Yield: 78%. Decomposition above 205

Fluorescence spectra were obtained with a Hitachi model F-4010 C. Anal. Calcd for GHgiNsOs: C, 83.01; H, 6.96; N, 5.97. Found:
spectrofluorimeter and corrected for emission. Fluorescence quantumc, 83.11; H, 6.62; N, 6.01%. FAB-MSm/z (%) 1172 (60) [.2]*. H

yield was determined in each case by comparing the corrected spectrumNMR (400 MHz, CDC}, 25°C, TMS): 6 0.8 (m, 6H), 1.2 (t, 6H), 2.0

with that of anthracene in ethanol, taking the area under the total
emission.

Materials. All chemicals were of reagent grade which were used
without further purification unless otherwise noted. Triethanolamine,
salicylaldehyde, tris(2-aminoethyl)amine, sodium borohydride, 9-an-

thracenemethanol, triphenylphosphine, and the metal salts were obtaine

from Aldrich (U.S.). Tris(3-aminopropyl)amine was purchased from

Strem Chemicals (U.S.). Sodium hydroxide, anhydrous sodium sulfate,

(t, 6H), 3.2 (t, 6H), 3.5 (s, 6H), 3.9 (s, 6H), 4.2 (s, 6H), 6&3 (m,
39H).

Trianthryl Cryptand L 3. Yield: 75%. Decomposition above 210
°C. Anal. Calcd for GgH7sNsOs: C, 82.90; H, 6.68; N, 6.20. Found:
, 82.76; H 6.73; N 6.03%. FAB-MSm/z (%) 1130 (100) [3]*. *H
MR (80 MHz, CDC}, 25°C, TMS): 8 2.2 (m, 12 H), 3.05 (sb, 12H),

3.9 (t, 6H), 4.2 (s, 6H), 6:38.5 (m, 39H).

bromine, potassium iodide, potassium carbonate, perchloric acid, and  Synthesis of Tri(2-nitrobenyl) Cryptand L4 . Synthesis ot 4 was

thionyl chloride were received from S.D. Fine Chemicals (India).
Thionyl chloride was purified prior to use. Chlorofrom, methanol,

ethanol, acetonitrile, dichloromethane, tetrahydrofuran, cyclohexane,

andn-hexane were received from Merck (India) and were purified prior
to use following standard methods. Tetrahydrofuran (THF) was dried
under a nitrogen atmosphere from potassium benzophenone ketyl.

Trialdehyde. Ortho- and meta-substituted trialdehydes were pre-
pared according to our publishégrocedures.

Syntheses of the Cryptands £3. Syntheses of the cryptands were
achieved by following our method. Generally, a tripodal trialdehyde
is allowed to react with a tripodal triamine af6€ in a suitable solvent
under moderate dilution conditions. The Schiff base thus formed is
reduced in situ with an excess of NaBffirst at room temperature
followed by refluxing over a period of time. It is then shaken with
cold water, and the entire solvent is removed in a rotary evaporator.
The cryptand is then extracred with CHCand after usual workup,
the desired product is isolated as a colorless solid which are finally
crystallized from acetonitrile.

9-Bromomethylanthracene. 9-Bromomethylanthracene was pre-
pared from 9-hydroxymethylanthracene according to a liter&ture
method.

achieved by following the procedure adopted for trianthrylcryptands
as a yellow crystalline solid. Yield: 75%. Mp: 20C. Anal. Calcd

for CsqHeoNsOe: C, 67.26; H, 6.27; N, 11.62. Found: C, 67.12; H,
6.34; N, 11.52%. FAB-MS:m/z (%) 965 (100) [, + 1]*. *H NMR

(80 MHz, CDCh, 25°C, TMS): 6 2.2 (sh, 12H), 3.2 (t, 6H), 3.6 (s,
12H), 4.2 (t, 6H), 6.9-7.8 (m, 24H).
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