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ABSTRACT

analyte responsive...
receptor

et O S

The 1,3-diphenyl-1H-pyrazolo[3,4-b]-quinoline chromophore is a versatile building block for the construction of brightly fluorescent molecular
sensors. Facile synthetic procedures allow integration of the chromophore into fluorophore—spacer—receptor systems as well as fluoroionophores
operating via intramolecular charge transfer. Whereas the former photoinduced electron-transfer probes show strong analyte-induced fluorescence
enhancement, the latter exhibit bright ratiometric dual emission. Employing prototype macrocyclic receptors, the favorable signaling features
for metal ion recognition are demonstrated.

Research efforts in the field of molecular sensors indicating ity.2 Within the field of fluorescent molecular probe research,
chemical stimuli or environmental parameters by a change modular approaches are especially appeahiq. an ideal

in their fluorescence properties are still very intensive. case, such strategies allow compounds to be tailor-made for
the past few years, besides striving to improve the selectivity certain wavelength ranges, analytes, or sensing media by
of such compounds by advancing the recognition unit, severalassembling functional units with desired properties from a
new directions have been followed to improve their sensitiv- pool of precursors. Thus, for a successful design, the
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availability of a number of different intercombinable recog- the advantages of the DPPQ unit, we chose widely used

nition, signaling, and spacer fragments in conjunction with receptor units with well-known cation preferences and

facile synthetic procedures is essenti@in the other hand,  experimental conditions commonly employed for such

besides preparative requirements, the key to highly efficient combinations of receptor and idm612

sensing ensembles in terms of signal generation is the choice  The DPPQ derivatived and 5 were obtained from the

of an appropriate fluorophore and the control of the active respective pyrazole and aniline precursors. As an example,

photophysical mechanis#ft® the synthetic procedure fet is outlined in Scheme 1. For
Based on our work in the area of supramolecular host

guest photochemistry, we are especially interested in rathe

simple chromophores that can be easily functionalized with  Scheme 1. (A) Synthesis of 43 (B) Structures ob and6?
Ph

different recognition modules in modular architectues.’ A Me oMo P e “
One of our main interests here is to design functional dyes \©\NH2 CI,Z:,‘N — m:«
that show strong analyte-induced fluorescence enhancement. Ph 4 NN,
With regard to the latter, the development of powerful dual
emissive probes especially is a central &ii@oncerning l °

. . . . HO -~ ~_OH
analyte detection, dual emission, i.e., the occurrence of two N

Ph Ph
spectrally well-separated fluorescence bands that are char- m,q -~ BfWN
3 NN NN
Ph Ph
2

acteristic for the two states of the sensor molecule, offer the
advantage of performing ratiometric sensing. This technique

largely avoids errors due to photobleaching or changes of ld
instrumental conditions such as excitation inteni®Qur O
search for a new chromophore capable of invoking dual ) e
fluorescence was stimulated by prominent disadvantages {O oJ 0 7 A
disaplayed by many of the systems introduced so far. Often, b .

only one band is highly emissive? the changes are
comparatively weak?? or both bands lie largely in the UV

spectral regiod® In this paper, we introduce the 1,3- B

diphenyl-H-pyrazolo[3,4b]-quinoline (DPPQ) chromophofe < O

as a new versatile building block for photoinduced electron- (A sre (N‘ONJ)]
transfer (PET) and intramolecular charge-transfer (ICT) O AN ‘ Co ?
operative fluorescent probes, in the latter case showing bright N @ 6: R = phenyl

dual emission from both fluorescent species. To demonstrate
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For the fluorophore spacet-receptor dye}, the negligible solvents are tentatively attributed to the existence of two
influence of the electron-donating macrocyclic recognition different ground-state conformers, related to the endo/exo
unit on the energetics of the optical transitions within the isomerisn¥?! Differing in the degree of pyramidalization of
DPPQ chromophore follows from a comparisondofvith the amino nitrogen atom as well as the position and direction
model compound6.l® For instance, the maxima of the of the lone electron pair with respect to the chromophore
absorption and fluorescence bandstofiere found at 396  m-system, these conformers can vary in their PET quenching
and 485 nm in acetonitril€, while those of4 are centered  activity.®72
at 398 and 480 nm in this solvent. The moderate increase in  The high similarity of the absorption data4fnd5 shown
Stokes shift as a function of solvent polarity, from 2600 to in Table 1 reveals the suitability of both design concepts for
4180 cnt upon going from hexane to acetonitrile, indicates largely decoupling the chromophore and the receptor unit
the partial charge-transfer character of the transition within in the ground state, i.e., separation of the two modules either
the asymmetric pyrazoloquinoline fragment. (Details on the by ao-spacer or by a perpendicular arrangement. However,
photophysical mechanisms of the unbound dyes as well asupon excitation, the features 6fare markedly different from
the host—guest ensembles will be published separ@lely. those of PET-activel. The insensitivity of the absorption
In contrast, the reduced fluorescence quantum ydgldf 4 band position on solvent polarity and the contrasting strong
as compared t6'° and especially the strong decreasebpf increase in Stokes shift (from 1830 chin hexane to 7750
of 4 with increasing solvent polarity (Table 1) suggest that cm™ in acetonitrile) suggest that the dipole moment of the

emitting state in polar solvents is much higher than that of

_ the ground state (ob) and of the emissive state df.

Tal . Sl Spectoscop Desoinds sl s Lo 100, USSR Pt sobents can niahel
Their Nd and Cd Complexes at 293 K 9 9

tion process as a consequence of a charge transfer from the

solvent  Aa/NM_ Zemnm  P¢ t/ns anilino donor to the DPPQ moiety, acting as an electron
4 MeOH 398 482 0.031 0.8 acceptor, rather than from a transition within the DPPQ
4 MeCN 398 480 0.022 1.3° fragment!®?? This assumption is supported by the time-
4 THF 402 470 0.040  08° resolved data in Table 1. Here, the fast component of a
4 ELO 401 453 0.30 8.3 biexponential decay is found as a decaying species in the
4 hexane 403 444 054 117

high-energy and as a rise time in the low-energy part of the

4-Na'  MeCN 400 482 0.39 17.9 o ¢ btained by alobal \sis. of. ref 7
4Ca'  MeCN 400 486 0.42 201 emission spectrum (o ained by global analysis, cf. re a).
5 MeCN 413 593 0.18 1.0, 10.0¢ An outstandmg feature di_l_s the high quorescence_yl_eId

5 THE 416 525 0.35 15, 8.2¢ of the CT species, exemplified s = 0.18 in acetonitrile

5 Et,0 413 488 0.34 1.3,5.1¢ as compared to 0.37 in hexane. For many other related biaryl-
5 hexane 417 445 0.37 47 type donor-acceptor dyes, the CT state is only weakly or
5-Na'  MeCN 401 584 0.20 2.9, 10.0° nonfluorescent and can thus not be exploited for signaling
5-Ca''  MeCN 398 498 0.35 3.2,14.2¢

applications relying on a dual mode transduction mech-

aCae =5 x 1078 M, dexc ~390 nm. The coordination features of the ~anism?2-%23This strong CT fluorescence is probably con-
complexes are consistent with those reported on related compoundsnected with an allowed emissive character of this state. Often
containing these receptold!” b Mean lifetime of a biexponential decay o . ) )
with 0.6, 20.8 (MeOH), 0.4, 17.9 (MeCN), 0.8, 18.2 (THF), and 1.6, 9.3 ns CT states are of the ‘twisted intramolecular charge transfer
(EtO), determined by global analysis; see téxtor the wavelength  (TICT) type** with inherent forbidden emissive properties.
dependence of the sign of the amplitude of the short lifetime, see text. N .

The allowed emissive properties ®are thus most probably

due to a relaxation toward planarity in the excited state. There

uenching via an electron-transfer process from the meth—are a number of compound classes where allowed and
q 9 P forbidden ICT states have been identifi@éd®

ylene spacer-appended and electronically decoupled amino The remarkable features of the PET and ICT processes of

nitrogen atom t_o the chromophqre IS acc_elerated as t.hethe 4- and 6-donor-substituted DPPQ derivatives suggest that
solvent polarity increases. The biexponential decays, with . _
these dyes can yield favorable effects in the presence of

relative amplitudes varying only slightly over the entire . . .
o . . . analyte species that are readily bound by the macrocyclic
emission band, observed féin the medium to highly polar : ! . )
units. To demonstrate the basic sensing mechanisms, we

investigated the spectroscopic propertiegta&nd5 in the
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100.
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(17) Rurack, K.; Sczepan, M.; Spieles, M.; Resch-Genger, U.; Rettig, of Macrocycles; Bernal, I., Ed.; Elsevier: Amsterdam, 1987; p 103.
W. Chem. Phys. Let2000, 320, 87. (22) Rettig, W.; Maus, M. IrConformational Analysis of Molecules in

(18)6 is a suitable model fod within the boundaries discussed in:  Excited States; Waluk, J., Ed.; Wiley-VCH: New York, 2000; p 1.
Miyasaka, H.; ltaya, A.; Rotkiewicz, K.; Rechthaler, &hem. Phys. Lett. (23) (a) Jonker, S. A.; van Dijk, S. I.; Goubitz, K.; Reiss, C. A;
1999,307, 121. Schuddeboom, W.; Verhoeven, J. Wol. Cryst. Lig. Cryst.1990, 183,

(19) (a) Rechthaler, K.; Rotkiewicz, K.; Danel, A.; Tomasik, P.; 273. (b) Hirano, T.; Kikuchi, K.; Urano, Y.; Higuchi, T.; Nagano, J.
Khatchatryan, K.; Kéhler, GJ. Fluoresc.1997,7, 301. (b) Parusel, A. B. Am. Chem. So000,122, 12399.
J.; Rechthaler, K.; Piorun, D.; Danel, A.; Khatchatatryan, K.; Rotkiewicz, (24) Grabowski, Z. R.; Rotkiewicz, K.; Siemiarczuk, A.; Cowley, D. J.;

K.; Koehler, G.J. Fluoresc.1998,8, 375. Baumann, WNouy. J. Chim.1979,3, 443.
(20) Rurack, K.; Danel, A.; Rotkiewicz, K.; Grabka, D.; Spieles, M.; (25) Maus, M.; Rettig, W.; Bonafoux, D.; Lapouyade,JRPhys. Chem.
Rettig, W. Manuscript in preparation. A 1999,103, 3388.
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presence of two representative main group metal ions, Na component is positive in the blue and negative in the red
and Cd, in acetonitrile. Upon cation addition td, the part of the spectrum and its weight always smaller than
changes in spectral band position are comparatively small —50%. These excited-state features can be either due to two
(Table 1), in agreement with a PET signaling mecharfism. ground-state conformefsor an excited-state branching. In
Binding of a cation to the receptor strongly alters its redox the first case, upon excitation, one conformer relaxes slower
potential and weakens its donor strength thus deceleratingtoward a more planar structure, accompanied by a subsequent
the quenching process. As a result, the fluorescence stronglycharge-transfer and internal decoordination reaction to
increases. Moreover, an advantage of the choice of a receptof5* — M""].62In the latter type of reaction, one part of the
with a trialkylamino nitrogen atom is directly evident from precursor state relaxes to CT ultrafast, whereas the other part
the nearly identical fluorescence enhancement factors foundrelaxes toward the minimum of the precursor state and then
for Na as well as C4 the former being a weaky-binding has a barrier to reach CT, which slows down the reaction as
cation commonly yielding only moderate switching efféétés was shown by us for a twisted biphenyl derivatife.

As follows from Figure 1 and Table 1, equipping the Concerning the development of DPPQ-based probes for
DPPQ fluorophore with a 4-(p-phenyl) receptor moiety as analytical applications in real-life media, first results obtained
for 4/Cd' and5/H" in protic and mixed aqueous solvents
are very promising (e.g4-Cd in MeOH again displays
enhanced fluorescence with PET-like featuredepf= 0.26
andz; = 13.2 ns). Thus, for instance, targeting'Ctne use
\ of selective receptors with a donor atom that can actively

participate in both, binding and signalidgshould yield
7\\\‘ suitable molecular Casensors of the PET and/or ICT type

YR introduced heré® Accordingly, the preparation of such
' compounds is currently in progress.

In conclusion, we have shown that the DPPQ chromophore
is a promising candidate for the construction of brightly
signaling fluorescent probes, relying either on an intramo-
lecular charge or electron transfer process. The strong dual
. . . . d fluorescence resulting from the ICT process especially is an
306 400 500 600 700 80 advantageous feature in terms of ratiometric fluorosensing

wavelength /nm in the visible spectral region. Moreover, the modular design
Figure 1. Steady-state spectra 5f(l) and fluorescence titration Of. functionalized _pyrazoloqumt_)llnes promls.es' to conceive
with Cd' in acetonitrile (ge =5 x 106 M, Jexc = 390 nm). tailor-made fluoroionophores with purpose-fit signal expres-
sion and cation selectivities by introducing the respective
spacers and recognition modules.

blue-to-red flue. band ratio
o nN kS o

1.0

absorbance

fluorescence /arb.u.

in 5 can yield dual emissive sensor molecules with a high
fluorescence output for both states of the system, bound an
unbound. Furthermore, the strong CT character combined
with mesomeric interaction iB leads to the fact that both
bands are well-separated and cover a broad range of thedL027025I

visible spectrum, between 440 and 700 nm (Figure 1).

Besides the strong influence of the valence and elect’ron g% “F"S‘r”&ifﬁb Eiftgere\{vé-e PS*}KISA’%‘%T‘;- cffnoaz}altﬂgj Eﬂ%“.-N.; Kane, A
affinity of the cation on the band position of the complex’s 1. m.:'maguire, G. E. M.Chem. Lett1995, 125.

fluorescence spectrum (cf. shifts induced by &scompared (28) Note that recently a related dye (1,9-dihydro-3-phetydpgyrazolo-
to Cd', Table 1), a biexponential decay behavior is observed Edﬁggﬂg'ﬂ?gg{:ogi) r'\1/|as ,E’Iﬁer}su,\c,l%esﬁf”",\%aemgo‘\’,f,’gnfgr EH 3:23',”3’.;'”
for these complexes, where the amplitude of the fast wang, M.Chem. Commur2001, 960.
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