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Abstract: A series of donor-substituted 1,3,5-triaryl-2-pyrazoline fluorophores were structurally characterized
by X-ray analysis, and their photophysical properties studied by steady-state absorption and emission
spectroscopy. The photoinduced electron-transfer thermodynamics of the derivatives was estimated on
the basis of the spectroscopic data and redox potentials of the fluorophores. The aryl substituents in the
1- and 3-position of the pyrazoline ring influence the photophysical properties of the fluorophores in distinctly
different ways. The excited-state equilibrium energy AEy is primarily influenced by changes of the substituent
in the 1-position, whereas the reduction potential of the fluorophore is essentially determined by the 3-aryl
group. Density functional calculations were used to probe the electronic structure and energy ordering of
the emissive and the electron-transfer state. The results from the computational analysis agree qualitatively
well with the experimental data. In addition, we have evaluated a water soluble pyrazoline derivative in
vivo as a potential intracellular pH probe. Membrane permeability, low toxicity, and high quantum vyield
render the fluorophore attractive for biological applications.

Introduction analyte, the fluorescence is quenched due to photoinduced
electron transfer between the receptor and fluorophore, whereas
Fluorescent probes are powerful tools in cell biology for the upon binding of the cation the thermodynamics of the quenching
noninvasive measurement of intracellular ion concentrations. process is rendered unfavorable and the fluorescence emission
They have found widespread applications, for example, to gaugeis “switched on”. If the excited-state equilibrium energy, as well
intracellular calcium concentratioAso visualize labile zing 8 as the oxidation and reduction potential of the receptor and
and iron poolg, or as pH sensor¥.Based on their molecular  fluorophore, is known, the thermodynamics of the quenching
architecture, the probes can be divided into two major classes.process can be estimated on the basis of the Rahiiler
The cation receptor moiety is either an integral part of the formalism? Therefore, to design a fluorescent probe, a cation
fluorophore, as in intrinsic fluorescent probes, or separated by specific receptor acting as the electron donor must be combined
a spacet! The latter utilizes a fast photoinduced electron- with a fluorophore that matches the appropriate reduction
transfer process (PET) to translate the binding event into a potential. If the fluorophore synthesis provides sufficient
visible change of the fluorescence output. In the absence of thestructural flexibility, the excited-state equilibrium energy and
reduction potential can be adjusted accordingly, for example,
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by attaching electron-withdrawing or -donating substituents.
Fluorescein and rhodamine derivatives are presumably the
most widely used fluorophores in biological reseat&iheir
visible excitation wavelength, high quantum yield, cell perme-
ability, and water solubility are favorable properties for the
design of cation-specific fluorescent probes, or simply as
fluorescent tags for proteins or small molecules such as lipids
or sugars. Unfortunately, the synthesis of even simple derivatives
involves often tedious multistep procedures accompanied by low
overall yield$714and is therefore a serious limitation for tuning
of their photophysical properties. Clearly, for the design of
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r:i%g«;?ivslaat;[g: As shown by Rurack et at? the photophysical properties of

donor-substituted pyrazolines are principally determined by the
relative energy of the excited state localized on the fluorophore
1 . . o
Figure 1. Photoinduced electron transfer (PET) in 1,3,5-triaryl-2-pyrazo- ( LFT) a.nd a.hlghly pOIa.nzed state(T), which is formed upon
lines. (a) Fluorophore with electronically decoupled donor group (D); (b) E€XCitation via ultrafast intramolecular glectrqn transfer between
simplified Jablonski diagram for the ET process of a pyrazoline-based the donor (D) and the fluorophore moiety (Figure 1b). Whereas
:ﬂoanJIf*aCC}tED(tjor_ Sy|StteT t(éB'?T) (Slo, tsingltet gr?lmc: ?tf;t?‘/,l-bEy t¢mi5|5ivle emission from the locally excited stateE occurs typically with
ocally excited singlet sta , electron-transter state). Vibrational relax- : : _ H i
ation and solvent stabilization effects are not included in the diagram. h_lgh quantum yield, Fhe eleqtron transfer sts& '_5_ nonemis .
sive. The aryl substituents in the 1- and 3-position determine
the excited-state energy and redox properties of the fluorophore,
and thus influence the thermodynamics of the excited-state

Among possible substitutes, pyrazoline-based fluorophores electron-tra_msfer guenching process. Thert_efore, th? photophysi-
stand out due to their simple structure and favorable photo- cal propertles of the f_luoropho_re can be adjusted with gswtable
physical properties such as large extinction coefficient and choice of the pyrazo!lne substl.tlljents. If.the.locally excr[eq state
quantum yields @; ~ 0.6-0.8)1516 The synthesis of 1,3,5- LE for a molecule with a specific combination of Bnd R is
triaryl-substituted pyrazoline fluorophores is readily accom- higher in energy compared to the electron-transfer state ET, the

plished by two condensation reactions and provides, due to itsfluoresgence Is expected to be qgenched. In the _reversed case,
modular nature, a high degree of structural flexibifity? the excited-state electron transfer is thermodynamically unfavor-

Despite their attractive properties, surprisingly few applications, able, and emission fro.m the locally excited state LE oceurs.
including cation- or pH-sensitive probes, have been desctibd Due to the highly polarized nature of the ET state, the relative
and the suitability of pyrazoline fluorophores as probes in a energy ordering (_)f the two states (ET and LE) depends "?"30 on
biological environment is still unexplored. the solvent polarity. In a nonpolar solvent, the ET state is less

. . ) . . stabilized compared to a polar solvent which lowers the excited-
The rigid molecular architecture is well suited for the design state enerav via dinoledinole interactions. The solvent depen-
of PET-based fluorescent probes. A donor unit can be covalentlydence of ti?g uencphin tFi)1ermod namics.is an intrinsic rg ert
linked with the aryl spacer in the 5-position of the pyrazoline q g yhe . c property
) o . of PET-based fluorophores and might be an interfering factor
ring, resulting in a donotspacet-acceptor system (Figure .~ . . o .
19 20 23.25 ; . in biological applications. In a cellular context, the probe is
1a):>= The actual chromophorig-system is composed exposed to a variety of different polarities, such as the cytoplasm
of the two aryl substituents in the 1- and 3-position and three P vy P : yop

out of the five pyrazoline ring atoms (NIN2-C3). The 1L T8 ERCE SR B 00 BEES, T el
remaining two carbon atoms (C4 and C5) of the ring are sp P '

hybridized and are not part of the conjugategystem. distribution of cation-sensitive fluorophores are therefore of great

Sy (D-A)

cation specific fluorescent probes, a synthetically more flexible
fluorophore structure would be desirable.

importance.
(15) Gisten, H.; Heinrich, GBer. Bunsen-Ges. Phys. Chet977, 81, 810. In this work, we have SyStematlca”y eXplored the photom-
(16) m%tt, D. E.; Rosevear, J.; Wilshire, J. F. Kust. J. Chem1983 36, duced electron-transfer thermodynamics of 1,3,5-triaryl-substi-
(17) Wagner, A; Schellhammer, C. W.; PetersenABgew. Chem., Int. Ed.  tuted pyrazolines as a function of the aryl substituents in the 1-

Engl. 1966 5, 699. ) and 3-position. A series of 13 pyrazoline derivatidess have
(18) de Silva, A. P.; de Silva, S. A.; Dissanayake, A. S.; Sandanayal@hém. . . . . .

Commun1989 1054. been synthesized, which all contain a diethylamino group as
(19) de Silva, A. P.; Gunaratne, H. Q. Bhem. Commur.99Q 186, an electron-transfer donor and various electron-donating or
(20) de Silva, A. P.; Gunaratne, H. Q. N.; Maguire, G. E.Ghem. Commun. . . . ;

1994 1213. -withdrawing substituents attached to the 1- and 3-aryl rings

@1 ?faﬁgv%lg-gg-?G%g“afam& H.Q.N.;Lynch, P. L.3Chem. Soc., Perkin - (Chart 1). The fluorophores have been characterized by steady-
(22) de Silva, A. P.; Gunaraine, H. Q. N.; Gunnlaugsson, T.; Nieuwenhuizen, State absorption and fluorescence emission spectroscopy, and

M. Chem. CommuriL996 1967. _ i ;
(23) Rurack. K.; Resch-Genger. U.. Bricks, J. L.: SpielesQfem. Commun. the _electron transfer therr_nodynamlcs has been es_tlmated on the
200Q 2103. basis of the spectroscopic data and redox potentials. To probe

@4 Suga%kﬁfs-? grcks, 2060 Senuiz, B.i Maus, M.; Reck, G.; Resch-Genger.  the electronic structure and energy ordering of the LE and ET

(25) Yan, Z. L.; Wu, S. KJ. Luminescenc&993 54, 303. states, we have carried out density functional calculations (DFT)
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and correlated the theoretical data with the experimental results.slow evaporation of the solvent over a period of several days. The X-ray
In addition, we have characterized the properties of carboxylic data were collected on a Siemens SMART 1K CCD diffractometer with

acid derivative 2¢) in aqueous solution and evaluated the
fluorophore in vivo as a potential intracellular pH probe. The
major impetus for this work was to gain detailed insights into

the photophysics of this compound class and, hence, to provide

a basis for the rational design of cation specific fluorescent
probes in a biological environment.

Experimental Section

Synthesis.All compounds were prepared using synthetic protocols
developed for 1,3,5-triaryl-2-pyrazoline derivativéS he crude prod-
ucts were purified by flash chromatography, and the purity of the final

graphite-monochromated Mo oK radiation ¢ = 0.71073 A). The
programs SADABS (Sheldrick)and SAINT 6.22 (Brukef} were used

for absorption corrections. The structure was solved by direct methods
and refined by least-squares calculations with the SHELXTL 5.10
software packag®. The hydrogen atoms were added using ideal
geometries with a fixed €H bond distance of 0.96 A. A summary of
the crystallographic parameters and data is included with the Supporting
Information (Tables S1 and S3).

Computational Methods. All calculations were carried out with
the Q-Chem electronic structure calculation suite of progré&riisie
geometries of ground-state structures were optimized by the density
functional method using Becke’s gradient corrected three-parameter

products was tested by reversed-phase HPLC (Varian ProStar systerexchange function& with the correlation functional of Lee, Yang, and

with UV detector, acetonitritewater, gradient 20%> 2% water). The

Parf4 (B3LYP). The split-valence polarized 6-31G* (6-31G(d)) basis

chemical structures of the synthesized compounds were confirmed byset was used for all geometry optimizations. Single point energies were

IH NMR, MS, and high-resolution mass spectrometry (HRMS).

computed at the B3LYP/6-31G* level using the optimized geometry

Description of the syntheses and detailed analytical data are provided(B3LYP/6-31G*//B3LYP/6-31G*). To obtain estimates of the vertical

with the Supporting Information.

Steady-State Absorption and Fluorescence Spectroscopyll
sample solutions were filtered through 0 4% Teflon membrane filters
to remove interfering dust particles or fibers. BVis absorption spectra
were recorded at 25C using a Varian Cary Bio50 UVvis spectro-

electronic excitation energies which include some account of electron
correlation, time-dependent density functional theory (TD-DFET)
calculations with the B3LYP functional and 6-31G* basis set were
performed. The calculation of ground-state potential curves is based
on relaxed geometries with the corresponding constraints of dihedral

meter with a constant-temperature accessory. Steady-state emission an@ngles. Molecular orbitals were visualized with the software MOLE-
excitation spectra were recorded with a PTI fluorimeter and FELIX KEL® using the Q-Chem plot output data. Details for all computations
software. For all measurements, the path length was 1 cm with a cell including the coordinates of the geometry-optimized structures are
volume of 3.0 mL. The fluorescence spectra have been corrected forProvided with the Supporting Information (Tables S4 and S5).

the spectral response of the detection system (emission correction file ~ Cell Culture Experiments. HeLa cells were cultivated in Dulbecco’s
provided by instrument manufacturer) and for the spectral irradiance modified Eagle medium (DMEM) supplemented with 5% calf serum
of the excitation channel (via calibrated photodiode). Quantum yields and 200 mMt-glutamine. For the uptake experiments, cells were

were determined using quinine sulfate dihydrate in 1.0 /$® as a
fluorescence standare{ = 0.54 + 0.05)26

Electrode Calibration in Aqueous Solution. Measurements were
performed with an Orion combination glass microelectrode (model
9802BN). For the determination oKpvalues in agqueous solution, the
electrode was calibrated ferlog[HsO"] by titration of a standardized
HCI solution (Aldrich, 0.1 N volumetric standard) with KOH (Aldrich,
0.1 N volumetric standard) at 2% and 0.1 M ionic strength (KCI).
The end pointE®, and slope were determined using Gran’s method
as implemented in the software GLBEThe electrode potential was
measured with the Corning pH/lon Analyzer 355, and the emf
measurements were reproducible wit.1 mV accuracy.

Determination of pK Values. The fluorescence emission spectra
of the fluorophore were monitored for a series of solutions in which
—log[H;O"] was varied between 5 and 9. The emf of each solution

coincubated with 50 nM Lysotracker Red (Molecular Probes) and 5
uM pyrazoline2c for 60 min at 37°C, washed 3 times with PBS, and
fixed with 3.7% paraformaldehyde for 30 min before mounting on slides
with Fluoromount® (Molecular Probes). To equilibrate intracellular pH
gradients, cells were incubated withuM nigericine (Sigma) for 30
min prior to incubation with the dyes. The cells were analyzed using
an Olympus microscope (BX40, plan apo>601.40) equipped with a
standard fluorescence excitation filter set. For quantization of the
fluorescence intensity over a large cell population (10 000 counts), cells
were analyzed with a BecterDickinson LSR flow cytometer.
Preparation of Liposomes. The liposomal experiment was per-
formed at a lipid concentration of 1 mg/mL PIPES buffer solution (10
mM PIPES, 0.1 KNG@). The solution was prepared by evaporation of
1.0 mL of lipid solution (20 mg/mL 1,2-dioleoydn-glycero-3-phos-
phocholine in chloroform). After addition of 2.0 mL of PIPES buffer

was directly measured in the fluorescence quartz cell (electrode diametersolution, the mixture was allowed to hydrate for 1 h. The mixture was

3 mm) and converted te-log[HsO"] using E° and slope as obtained

then ultrasonicated until the solution clarified and the final concentration

from the electrode calibration procedure described previously. The raw Was adjusted to 1 mg/mL.

spectral and emf data were processed via nonlinear least-squares fi

analysis using the SPECFIT software pack#ge.

Cyclic Voltammetry. The cyclic voltammograms were acquired in
acetonitrile (freshly distilled over calcium hydride) containing 0.1 M
BusNPFs as electrolyte using a CH-Instruments potentiostat (model

hesults and Discussion

1. Structural Studies. Pyrazoline derivativesl—6 were
synthesized fronp-diethylamino-benzaldehyde or benzaldehyde

600A). The samples were measured under inert gas at a concentrationzg) Blessing, R. HActa Crystallogr., Sect. A995 51, 33.

of 3 mM in a single compartment cell with a Pt working and counter

electrode and an Ag/AgCl reference electrode. The half-wave potentials(
were referenced to ferrocene as the internal standard, and the measure-

ments were typically performed with 500 mVsscan rate.
X-ray Structure Analysis. Crystals oflb, 2a—d, and3b suitable
for X-ray structural analysis were grown from acetonitrilgater by

(26) Demas, J. N.; Croshy, G. A. Phys. Chem1971, 75, 991.

(27) Gran, G Analyst (London)l951 77, 661.

(28) Gans, P.; O'Sullivan, Bralanta200Q 51, 33.

(29) Binstead, R. A.; Zuberiler, A. D. SPECFIT Global Analysis System
3.0.27 ed.; Spectrum Software Associates: Marlborough, MA, 01752, 2001.

(31) SHELXTL 5.10Bruker: Madison, WI, 1998.

32) Kong, J.; White, C. A.; Krylov, A. I.; Sherrill, C. D.; Adamson, R. D.;

Furlani, T. R.; Lee, M. S,; Lee, A. M.; Gwaltney, S. R.; Adams, T. R,;

Ochsenfeld, C.; Gilbert, A. T. B.; Kedziora, G. S.; Rassolov, V. A.; Maurice,

D. R.; Nair, N.; Shao, Y.; Besley, N. A.; Maslen, P. E.; Dombroski, J. P.;

Dachsel, H.; Zhang, W. M.; Korambath, P. P.; Baker, J.; Byrd, E. F. C;

Voorhis, T. V.; Oumi, M.; Hirata, S.; Hsu, C. P.; Ishikawa, N.; Florian, J.;

Warshel, A.; Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.; Pople, J.

A. Q-Chem 2.0 ed.; Q-Chem Inc.: Export, PA, 2000.

(33) Becke, A. D.J. Chem. Phys1993 98, 5648.

(34) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785.

(35) Stratmann, R. E.; Scuseria, G. E.; Frisch, Ml.Xhem. Phys1998 109,
8218.

(36) Flikiger, P.; Lithi, H. P.; Portmann, S.; Weber,NIOLEKEL 4.1 4.1 ed;
Swiss Center for Scientific Computing: Manno, Switzerland, 262001.
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Figure 2. X-ray structures and numbering schemes showing$hes¢mer of pyrazoline derivativeda—d. Thermal ellipsoids are drawn at the 50% level.

Table 1. Selected Structural Data for Pyrazoline Derivatives 1b, 2a, 2b, 2c, 2d, and 3b

parameter

1b?

2a 2b 2 2d 3b(A) 3b (B)e
N(1)—-N(2) (&) 1.376(4) 1.379(2) 1.373(2) 1.374(2) 1.379(2) 1.377(8) 1.380(8)
N(1)—C(5) (A) 1.493(4) 1.482(2) 1.496(2) 1.483(2) 1.490(2) 1.515(9) 1.496(9)
N(1)—C(6) (A) 1.384(5) 1.380(2) 1.379(2) 1.377(2) 1.373(2) 1.382(10)  1.373(9)
N(2)—C(3) (A 1.291(5) 1.291(2) 1.296(2) 1.292(2) 1.297(2) 1.300(10)  1.287(9)
C(3)-C(12) (A) 1.449(5) 1.463(2) 1.458(3) 1.462(3) 1.459(2) 1.431(9) 1.456(9)
C(3)-C(4) (A) 1.512(5) 1.499(2) 1.515(2) 1.504(3) 1.501(2) 1.509(10)  1.502(10)
N(2)—C(3)-C(12) (deg) 120.9(3) 121.58(13) 122.13(16)  120.52(16)  121.20(15)  121.5(6) 120.6(6)
C(6)~N(1)—N(2) (deg) 119.9(3) 119.74(11) 119.42(14)  119.56(15)  120.34(13)  119.8(6) 119.2(5)
N(1)—C(5)-C(18) (deg) 112.7(3) 113.40(14) 112.44(13)  112.21(15)  110.96(13)  111.2(5) 112.5(5)
N()—C(5)-C(18)-C(23) @1)° (deg) ~ —48.6(4) —34.63(13) —63.6(2) ~54.2(2) ~46.9(2) -58.5(9)  —47.0(8]
N(2)—N(1)—C(6)-C(11) @2)" (deg) —3.6(6) 8.1(2) 0.6(2) -7.8(3) —4.2(2) —2.4(8) —32.8(109
N(2)—C(3)-C(12)-C(13) =)’ (deg)  10.9(6) —-8.5(2) 8.8(2) 0.5(3) 4.02) 4.7(8) —0.5(10}

51 at N(I)° (deg) 359.9 357.86 359.73 359.65 358.56 357.9 358.8

5> at C(3) (deg) 360.0 359.94 359.98 360.0 359.98 359.9 359.9

aORTEP plot and numbering scheme in Supporting Informa#id@ihedral angles refer to theSY sterecisomers Sum of bond angles N2N1-C6,

N2—N1—-C5, and C5-N1—-C6.9Sum of bond angles N2C3—C12, C4-C3—C12, and N2-C3—C4. ¢ Crystallographically independent conformations
with opposite chirality! (S) isomer.

by aldol condensation with the corresponding acetylphenyl from —34° to —63°. Consistent with this observation, quantum
derivative followed by cyclization with various substituted chemical calculations of the potential energy curve for rotation
phenylhydrazines as described in the literature for similar around the C5C18 bond axis reveal a relatively shallow
compounds?® Slow evaporation from acetonitritevater pro- minimum (vide infra). The nitrogen atom of the diethylamino
vided X-ray quality crystals for derivativelh, 2a—d, and3b. group is planar in all structures, suggesting significant interac-
The ORTEP plots and atomic numbering schemes of the tions of the lone pair electrons with the aromatisystem. The
structures are shown in Figures 2 and 3, and selected structuratielocalization of electron density from the nitrogen atom to the
parameters are compiled in Table 1. Despite the relatively rigid neighboring aromatic ring is further supported by the partial
molecular framework of 1,3,5-triaryl pyrazolines, the observed double-bond character of the N2€21 bond (average 1.376
structural differences are significant. The phenyl ring in the £ 0.002 A), which is in all structures considerably shorter
5-position of the pyrazoline ring shows the largest conforma- compared to the N24C25 single bond (average 1.4600.015
tional flexibility among the three aryl substituents, which is A). Given the rotational flexibility of the ethyl group, it is not
reflected in considerable variations of dihedral arjleanging surprising that several different conformations were found for

3802 J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003
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Chart 2
EtoN

Figure 3. X-ray structure and numbering schemes for pyrazoline derivative
3b. The two conformations (A and B) are crystallographically unique. For
better comparison, bottS(isomers are depicted. Thermal ellipsoids are

drawn at the 50% level.

the diethylamino substituent. The crystal structur@o$hows
even a disordered orientation of the ethyl group (only one
orientation is shown in Figure 2).

The other two phenyl groups in the 1- and 3-position exhibit
much smaller conformational variations. Both dihedral angles
0, and 03 deviate only a few degrees from an ideal coplanar
orientation between the phenyl ring and the pyrazafirsystem
(Table 1). Consistent with a pronounced electronic interaction,

(0, = —32.8), whereas conformation A shows a coplanar
orientation with the pyrazoline ring and a dihedral angle of
—2.4.

The variations of bond lengths within the pyrazolinsystem
reflect differences in the degree of charge delocalization, as
illustrated by the Lewis structures in Chart 2. The two aryl
substituents are electronically separated and communicate only
indirectly via the “Janus-faced” lone pair localized on the
pyrazoline nitrogen N1. This electron lone pair can be delo-
calized toward either the aryl ring in the 1-position (Chart 2,
structure 1) or the aryl substituent in the 3-position (structure
[l). The degree of delocalization will vary as a function of the
electron-donating or -withdrawing character of the substituents
R; and R.

According to the data listed in Table 1, the differences are
most prominent for the C3C12 bond, which varies significantly
as a function of R For example, the increased electron-
withdrawing character of the cyano group 2b shortens the
bond from 1.463 to 1.458 A compared to the unsubstituted
derivative 2a. In pyrazoline1b, which allows even greater
charge delocalization due to the electron-richer nitrogen N1,
the bond is further shortened to 1.449 A. Analogously, with
increasing electron-withdrawing character of substitugntti
bond distance NxC6 is decreasing. The additional cyano
substituent in derivative?b shortens the bond to 1.379 A
compared to 1.384 A idib. With the electron-donating methoxy
substituent Rin 2d, the bond length is even further decreased
to 1.373 A.

2. Photophysical Studies. 2.1. Steady-State Absorption and
Emission.In view of potential applications as sensor molecules
in a biological environment, the spectroscopic measurements
should preferably be carried out in aqueous solution. Due to
the limited water solubility of the synthesized pyrazoline
derivatives, methanol was chosen as a substitute. In addition,
the water-soluble free ackewas synthesized and spectroscopi-
cally characterized under physiological conditions at pH 7.20.

2.1.1. UV-vis Spectra The absorption spectra plotted in
Figure 4 (left) are arranged according to the aryl substituent R
in the 3-position of the pyrazoline ring. All spectra are
characterized by a strong, featureless absorption band centered
around 24 00626 000 cnt?, which is only shifted to substan-

the bond distances of these two aryl groups to the pyrazolinetially higher energy in the case of the pentafluorophenyl

ring are significantly shorter as would be expected for a single
bond. The unit cell of the crystal structure of the pentafluo-
rophenyl-substituted derivativ&b contains two crystallographi-
cally independent molecules with substantially different con-
formations. Notably, the pentafluorophenyl ring in one of the
conformations (B) is twisted along the NT6 bond axis

derivatives3a and 3b (Figure 4a and c). The energy maxima
of this band are compiled in Table 2 together with other
spectroscopic information of the synthesized derivatives. Based
on the results of DFT calculations discussed in section 2.3, the
band can be assigned to an alloweet 7 * transition localized

on the pyrazoline ring system and therefore corresponds to
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A [nm] 2.1.2. Emission SpectraWhereas the absorption energy

a0 ? 80 400 =0 400 500 600 700800 appears to be rather insensitive toward changes in the substitu-
B "

/'“\ a) R, = HOMe

1.0 tion patterns, the emission maxima are significantly influenced
and vary by more than 7000 ct(Figure 4). As observed for

- the absorption spectra, the emission maxima shift to higher
0.5 energy with increasing electron-withdrawing character of the
substituent R Charge-transfer states are effectively stabilized
in polar media such as methanol and water, due to dipole
dipole interaction of the polarized excited-state with the solvent.
Therefore, with increasing charge-transfer character of the
excited state, the Stokes’ shift is expected to increase. With
decreasing electron-withdrawing character of the substituent in
the 1-position, the lone pair electrons on N1 are more delocalized
toward the 3-substituted phenyl ring, and hence the charge-
transfer character of the emissive state is increasing. This effect
can be observed consistently for all derivatives. For example,
the p-cyano-substituted pyrazoling$, 2b, and4a (Figure 4b)
exhibit a gradually increasing Stokes’ shift going from 4250 to
5700, and 6610 cmt with decreasing electron-withdrawing
character of the substituents on the 3-phenyl ring. Similarly,
the Stokes’ shift is increasing from 3230 to 3620, and 6750

n
o

—_
(=)

T I R B R B R A

T 00

-~

»> o
o o

molar absorptivity [103cm-1M-1]
normalized fluorescence intensity

LB h / VAN

0.0 Frrrrrrr eSS e 0.0 cm! for the N1-phenyl substituted seri8s, 2a, andla (Figure
4 3% 30 25 20 26 26 24 22 20 18 16 14 12 4a). The donor strength of the N1 electron lone pair is
v103 [em™1] maximized with an electron-donating substituent such as the
Figure 4. UV absorption (left) and normalized emission spectra (right) of p-methoxyphenyl group. Combination with an electron-acceptor
pyrazolinesl—5 in methanol at room temperature. as in thep-cyanophenyl-substituted derivativia results in a
Table 2. Room Temperature Photophysical Data of Pyrazolines large Stokes’ shift of 6610 cmi. The reverse combination with
1-6 in Methanol at Neutral and Acidic pH the p-methoxyphenyl group attached in the 3-position and an
Voo Vavs electron-withdrawing cyano substituent at the N1-position, as
[em™]  [em™] Ven  Vas~Ven'  Of of in 2d, decreases the Stokes’ shift dramatically to 3550tm
compd  neutral acidict  [em™]  [em™]  neutral  acidic  ef° In summary, the 1,3,5-triaryl-substituted pyrazoline fluorophores
la 27990 28240 21128 6750 011 024 2 exhibit great flexibility for tuning the absorption and emission
1b 25350 25350 19650 5700 0.04 0.29 7

lc 28100 25773 19080 6110 002 052 a7 properties, a_md the meas_urt_ad data are in agreemen_t with the
2a 27620 28010 24000 3620 001 057 50 Spectroscopic trends of similar, previously characterized 1,3-
2b 25640 26590 21390 4250 0.011 0.43 40 and 1,3,5-aryl-substituted pyrazolin€g$s

2c 25700 26320 20960 4740 0.011 0.59 55 ; ; ;
54 27470 27770 23920 3550 0032 020 6 2.1.3. Quantum Yields The aryl substituents in the 1- and

3a 31560 32680 28330 3230 0.004 0.004 1 3-position not only influence the absorption and emission energy
3b 28820 29760 22080 6740 0.004 066 160 of the molecule but also determine the redox properties of the

4a 24090 24630 17480 6610 0.12 0.12 1 fluorophore. and thus influence the thermodvnami f th
4b 24450 25000 17090 7360 011 0.11 1 uoropnore, ald us L;e ce eh_ ermodyna hcs of the
5 25380 25910 19260 6120 0.028 0.40 14 e-XC|ted'State electron-trans e-r q.UenC- INg process. T e qua.ntum
6 26050 26050 20880 5170 0.63  0.62 1 yield of the fluorescence emission gives valuable insights into

the efficiency of the quenching process. Moreover, protonation
a0.1% trifluoroacetic acid in methandl Determined for acidic conditions of the diethylamino group, which is acting as the electron-donor
only. ¢ Stokes’ shift under acidic condition$Quantum yield determined . . . ' .
with quinine sulfate in 1.0 N k8Os as reference® Fluorescence enhance- ~ Moiety in the excited-state electron-transfer process, is expected
ment factor between neutral and acidic solutions (based on quantum yield). to increase the donor oxidation potential and should therefore
o o inhibit the quenching pathway. Indeed, the fluorescence quantum
excitation to théL_E state, as shown in Figure 1b. The quantum yield for most of the pyrazoline derivatives-5 increases
chemical calculations also suggest a considerable charge-transfegignificantly in the presence of 0.1% trifluoroacetic acid (Figure
character for this transition, which is influenced by the nature 5) and approaches an average value around 0.5. It is noteworthy

of the pyrazoline substituents. For a given substituenttie that emission of both of thg-methoxy-substituted derivatives

absorption energy is slightly increasing with increasing electron- 4a and 4b remains unchanged upon protonation but already
withdrawing character of théN-phenyl substituent R For exhibits a significant quantum yield of 0.1 in neat methanol.
example, thg-methoxyphenyl derivativda shows an absorp-  The quantum yields in neutral and acidic methanol for all
tion maximum at 24 090 cm, whereas the phenyllb) and derivatives are listed in Table 2. A more detailed discussion of

p-cyanophenyl2b) derivatives are shifted to 25 350 and 25 640 the observed emission intensity changes follows the quantitative
cm1, respectively (Figure 4b). Furthermore, the absorption band analysis of the electron-transfer thermodynamics (section 2.3).
shifts to lower energy with increasing electron-withdrawing 2.1.4. Solvatochromic Shift and Excited-State Dipole
character of the substituents,.Rinterestingly, an electron-  Moments. An analysis of the Stokes’ shift as a function of
donating group such as the methoxy-phenyl substitue@din  solvent polarity gives an estimate of the difference between
does not further shift the absorption maximum to higher energy. excited-state and ground-state dipole moments, which is indica-
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0.8 Table 3. Slopes of the Solvatochromic Plots and Estimated Dipole
oneutral Moments According to the Lippert—Mataga Model
macide 20~ 1l Wbl e
06 compd [em=Y a”[A] (DFTY: D] 0] de [A]
% la 5099 5,51 4.4 9.2 13.6 2.8
S, 1b 8581 5.67 8.5 125 20.9 4.4
g %41 1c 8864 5.73 6.4 129 193 40
3 2a 4981 5.56 9.3 9.2 18.5 4.5
c 2b 5866 5.66 9.0 10.3 19.3 3.8
3 02 2c 8024 5.72 104 12.2 22.6 4.7
4 2d 452 5.69 10.9 29 13.8 2.9
3a 2744 5.39 5.0 6.5 115 24
3b 8673 5.81 7.0 12.9 20.0 4.2
0- 4a 8309 5.52 8.2 11.8 19.9 4.1
1a 1b 1c 2a 2b 2c 2d 3a 3b 4a 4b 5 6 4b 8803 5.69 5.3 12.7 17.9 3.7
5 7327 5.83 7.0 12.0 19.0 3.9
compound 6 8136 5.49 92 116 207 43
Figure 5. Comparison of the emission quantum yields in neutral and acidic
methanol containing 0.1% trifluoroacetic acid. aSlope of solvatochromic plot (from eq )Onsager cavity radiag

were calculated from the molecular volumes based on X-ray data or

tive for the extent of the charge-transfer process occurring in geometry-optimized structures and increased by 0.5 A to account for the
first solvation shell (see Supporting Information for detaifSf.omputed

the excited state. The absorption and emission spectra of allg gund-state dipole moment (B3LYP/6-31G*/B3LYP/6-31G* alculated
derivatives were acquired in four solvents covering a large based on computed,. ¢ Charge separation (1 B 4.8 A).

polarity range (cyclohexane, diethyl ether, ethyl acetate, and

acetonitrile), and the data were analyzed employing the Lippert 5000
Mataga formalism (egs 1 and #):3° A compilation of all a) Ry =pCN
absorption and emission data is added to the Supporting 4000
Information (Table S2). According to the Lippeiataga
formalism, a plot of the Stokes’ shif\V(aps-em) Versus the
solvent polarity functiomAf = f(es) — f(n) allows for determi- 3000
nation of the difference between the excited-state and ground-
state dipole momentg«§ — ug) via linear regression:
Y 2000 4T
AT = T T = AT+ 2221 5 g 5 ) Ro=H
he & 3
$ 6000 ~
with 3.% | 1a
€~ 1 n®—1 £ 000 1 2s
Af = 1f(e) — f(n) %1 i1 (2) § |
[<]
whereay is the Onsager cavity radid8es andn are the relative & 2000 AT
permittivity and refractive index of the corresponding solvent, ¢) Rp = p-COOEt
respectively, andAr, is the extrapolated Stokes’ shift in a
vacuum. If the ground-state dipole moment of the molecule is 6000
known, the excited-state dipole moment can be estimated from |
the slope.
With the exception od, all pyrazoline derivatives exhibit 4000 ¢
a considerably larger dipole moment in the excited state - 2c
compared to the ground state (Table 3). As previously concluded 2000
from the absorption and emission data acquired in methanol, o0 o1 o2 o3
the charge-transfer character increases with the increasing solvent parameter f(g,)~f(n)
electron-withdrawing ability of the substituens.Feor example, Figure 6. Solvatochromic shifts as a function of the solvent polarity

within the series of thep-cyanophenyl-substituted derivatives —parameteAf according to the LippettMataga formalism (eq 1).

2d, 2a, 2b, and 2c, the slope of the solvatochromic plots is

gradually increasing from 452 to 4981, 5866, and 8024cm character and the largest dipole moment 22.6 D. In a polar
(Figure 6a) ' ' solvent such as methanol or water, the excited state of this

The estimated excited-state dipole moments increase accorgderivative is more effectively stabilized compared to the other
ingly from 13.8 to 18.5, 19.3, and 22.6 D, respectively compounds within the series, and therefore also yields the lowest
Evidently, the strong electron-withdrawing ester grou2m emission energy (Table 2). A comparison of the solvatochromic

results in an excited state with the greatest charge-transfer,Sh'ftS, betweer} derivatives with varying §ubstltuent§ it .
identical substituents Reveals a different picture. Changes in

(37) Lippert, E.Z. Elektrochem1957, 61, 962. the electron-withdrawing character ofi Rave no significant
ggg Hg{’:&g B aurtorsen 1955 408 S4%. om. Soc JprL056 29, 465 effect on the slope, as indicated by the parallel lines of the linear
(40) Onsager, LJ. Am. Chem. S0d.936 58, 1486. regression analysis (Figure 6b and c). Only the intercept
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Table 4. Redox Potentials for Pyrazolines 1—6 in Acetonitrile/0.1 Table 5. Electron Transfer Parameters and Quantum Yields of
M BusNPFg vs Fc/Fct Pyrazolines 1—5 in Methanol
compd Eio(0x) [V] Eqp(red) [V] Ey2" (D*ID) Ex® (AIA7) AGgr®
1a 0.37 051 —ogx compd  AEq? [eV] [ev] [ev] [ev] D efe
1b 0.41 0.60 —2.27 —2.57 la 3.05 0.37 —2.82 0.10 011 2
1c 0.40 0.56 —2.30 —2.68 1b 2.76 0.41 —2.27 —0.12 0.04 7
2a 0.42 0.77 —2.63 1c 2.74 0.40 —2.30 —0.09 0.02 37
2b 0.44 0.87 —2.14 —2.56 2a 3.20 0.42 —2.63 —-0.19 0.01 50
2c 0.43 0.84 —2.19 —2.56 2b 2.92 0.44 —2.14 —-0.38 0.01 40
2d 0.43 0.52 1.03 —2.80 2c 2.89 0.43 —2.19 —-0.31 0.01 55
3a 0.42 0.92 —2.70 2d 3.19 0.43 —2.80 —0.00 0.03 6
3b 0.43 0.99 —2.24 —2.78& 3a 3.71 0.42 —2.70 —0.63  0.004 1
4a 0.29 0.54 0.98 —2.28 —2.53 3b 3.16 0.43 —2.24 —0.53 0.004 160
4b 0.24 0.53 1.02 —2.30 —2.84 da 2.58 0.29 —2.28 —0.05 0.12 1
5 0.41 0.62 —2.29 —2.49 4b 2.58 0.24 —2.30 —-0.08 0.11 1
6 0.78 —2.17 —2.41 5 2.77 0.41 —2.29 —-0.11  0.03 14
aNot resolved? Reversible. aEstimated from normalized absorption and emission spettialf-

way potential measured in acetonitrile/0.1 M 4BiPFs vs Fc/Fc. ¢ Cal-
which corresponds to the extrapolated Stokes’ shift in a vacuum, culated based on eq 3 as described in the Supporting Informé@ueantum

is considerably changed. Conclusively, the two substituents R {6?'1%/0'Trmpoinc‘§fif g‘g&eﬁ‘cﬁ:‘;iaiwfnceme”t factor upon protonation
and R influence the charge-transfer process in the excited state

in two distinctly different ways. The change of dipole moments  In contrast, the first reduction step is distributed over a larger
between ground and excited state is primarily determined by potential range<2.1 to—2.8 V) and clearly varies as a function
Rz, which is therefore the major determinant for the magnitude of the aryl groups Rand R. No significant difference can be
of the solvatochromic shifts. observed between the reduction potential of compd,nehich

2.2. Redox Properties and Electron-Transfer Thermody- is missing the diethylamino substituent, and its analoBce
namics.The free energy change for the electron-transfer reaction Consequently, the first reduction step involves addition of an
(D—A*) — (D*t—A*") between an excited-state acceptor (A*) electron to the 1,3-diaryl-pyrazoline moiety to form the radical
and ground-state donor (D) can be estimated using the Rehm anion of the fluorophore. Derivatives containing at least one
Weller expression241 electron-withdrawing substituent, such as CN or COOEt, exhibit

consistently a second reduction step betweéh4 and—2.8

AGgr =E,,(D'/D) — Ej(AJA7) — AGy— W,  (3) V. It is noteworthy that for a given substituent, Ehe first

reduction step occurs in a rather narrow potential range. For
where E1o(D*/D) and Ey(A/A”) are the ground-state redox  eyample, all of the ethyl carboxylate derivativis 2c, 3b, 4b,
potentials of the donor and acceptor moiety, respectively, and 5,45 are reduced around?2.25 V, regardless of the nature of
AGqp is the free energy change for the transition between the R.. An analogous comparison of a series of compounds with
ground state and the vibrationally relaxed excited state of the jjentical substituent Reveals a strong dependence an RS,
precursor (D-A*¥). Further details about the estimation of the o p-cyanophenyl-substituted derivativés, 2b, 2¢, and 2d
solvent dependent work terw, and solvent specific corrections  qyer a large potential range from2.14 to —2.80 V with
are given with the Supporting Information. variation of R.

2.2.1. Cyclic Voltammetry. To analyze quantitatively the 2.2.2. Photoinduced Electron-Transfer Thermodynamics
electron-transfer thermodynamics according to the Rehm e free energy changeGer associated with the excited-state
Weller equation (eq 3), the redox potentials of all pyrazoline g|actron-transfer reaction (EA*) — (D*+—A*") in the pyra-
derivatives1—6 were measured (Table 4). _ o zoline derivativesl—5 were calculated employing the Rehm

Almost all compounds are oxidized irreversibly within @ \yglier equation (eq 3). The resulting data compiled in Table 5
rather narrow potential range of 0:38.43 V. This first  |oyeq) that the two aryl substituents Bnd R influence the
oxidation step is evidently independent from the substituents g|actron-transfer process in distinctly different ways. For
Riand R and can be attributed to removal of an electron from  ¢onyenient comparison, the quantum yields and fluorescence
the 5-aryl diethylamino group. Compousdwhich is lacking enhancement factors between neutral and acidic methanol are
the diethylamino substituent, shows a greater oxidation potential 5154 included in Table 5.
of 0.78 V, which is consistent with the assignment. Only the o g given substituentRthe thermodynamic driving force
two pyrazolines4a and 4b with the electron-rich 1-anisyl  jycreases with increasing electron-withdrawing character.of R
substituent exhibit a distinctively lower potential of 0.29 and kg, example, in the series of the ethyl carboxylate pyrazolines
0.24 V, respectively. Interestingly, the oxidation potential of 1c, 5, 2¢, and 3b, the free energy changAGer becomes
the 3-anisyl-substituted derivativ&d is not lowered but still gradually more favorable and decreases fref09 to—0.11,
shows a third oxidation arodnl V asalso observed foda —0.31, and finally—0.53 eV. The emission quantum yields in
and 4b. Apparently, the electron-donating methoxy group neytral methanol are decreasing in the same order, which is
sufficiently lowers the oxidation potential only in the case of qngjstent with the increased efficiency of the photoinduced ET
the electron-rich IN-aryl but not the 3-aryl substituent. 4, enching process. As pointed out in the previous section, the
Consequently, removal of the first electron occurs preferably first reduction potential of 1,3-diaryl pyrazolines is primarily
from this site and not from the diethylamino group. determined by the nature of the aryl substituent in the 3-position,

(41) Kavarnos, G. Jrundamentals of Photoinduced Electron Transfé€H whereas the :N'aryl_ group d|splays Or!ly I'_ttl_e influence.
Publishers: New York, 1993. Therefore, changes in the thermodynamic driving force of the
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ET process in the seriekc, 5, 2c, and 3b must be due to Table 6. Selected Computed? Structural Data for 1,3,5-Triaryl
differences in the equilibrium energyEop, which changes as ~ Pyrazolines 175

a function of R. Indeed, with increasing electron-withdrawing CO-N1) N(O-N@ N@-CE) C@E-C12) 3 3
character of R the emission energy is gradually increasing _°"" ® A A ® (deg)  (deg)

)
i ilibri la 1.399 1.366 1.294 1.463  357.10 359.99
(Table 2) and therefore enhancing also the equilibrium energy " 1399 1353 1508 Tace 39050 380.0

AEqgo (Table 5). ic 1397 1356 1298 1458 35979 360.0
A comparison of the ET driving force for a seres w22 13 1% L2 1ag Sme s
identical substituent Rout varying R reveals a different trend. 2¢ 1.385 1.363 1.295 1460 359.82 360.0
The quantum yields of the pyrazoline derivativgg 2b, and 2d 1.381 1.372 1.294 1460  354.22 359.99
2¢ are virtually identical, and the fluorescence enhancement gg‘ i:ggg iggg %:ggg i:igg ggg:gg 228:87
factors (ef) upon protonation show only small variations. 43 1.404 1.352 1.299 1.456 358.41 360.0
Nevertheless, derivative@d with the electron-rich methoxy 4b 1.404 1.356 1.298 1456 357.90 360.0
substituent significantly reduces the reduction potential of the 1.399 1.358 1.297 1458 35855 3600
fluorophore, which renders the thermodynamics of the ET  aGeometry-optimized structures from DFT calculations (B3LYP/6-
qguenching process less favorable. Consequently, the emissior81G*). ® Sum of bond angles at N1 (NN1—C5, N2-N1-C6, C5-N1—
quantum vyield of the unprotonated fluorophore increases, andgg)-CS“m of bond angles at C3 (NL3-C12, C4-C3-C12, N2-C3~
the observed enhancement factor is significantly lower. A similar '
effect can be observed for the pyrazolirkessand 1c (or 1b).

The unsubstituted 3-aryl ring gives rise to a substantially lower
reduction potential inla compared talc, which contains an
electron-withdrawing ester group. The ET quenching process
of l1a in neutral methanol is consequently less favorable
compared to that dfc, which is in line with the greater emission
quantum yield of 0.11 in neutral methanol.

The quantum yield of the two N-anisyl-substituted deriva-
tives4aand4b does not undergo any changes upon protonation
with trifluoroacetic acid. Due to the substantial charge-transfer
character, théLE state is effectively stabilized in methanol and
the resulting equilibrium energiEgyp is significantly lower
compared to those of all other derivatives (Table 5). Further-
more, the first oxidation potential of these two electron-rich Fi o

L . ) igure 7. Overlay of the calculated geometry-optimized structures for
derivatives is substantially lower than expected for removal of pyrazolinesi—5 at the B3LYP/6-31G* level (grey, predicted geometry for
an electron from the diethylamino donor group (Table 4). 3b).

Evidgntly, the_emission q“e“Chi”Q process i_s not due to ET from 2.3.1. Geometry-Optimized Structures To minimize arti-
the diethylamino group and mustinvolve a different mechanism. ¢,ts que to conformational differences between the various

The analysis of the ET process according to the Rehm  derivatives, the X-ray-structure coordinate2bfwere used as
Weller formalism provides valuable information about the g “template” for all calculations. The substituents &d R
thermodynamic efficiency of the quenching process but not were attached using standard bond lengths and angles, and the
necessarily about its inhibition upon protonation with trifluo-  resulting structures were geometrically optimized. The computed
roacetic acid. To understand the protonation induced Changeﬂ(ey structural parameters are Comp”ed in Table 6 and agree
in the emission quantum yields, it is necessary to consider the generally well with the crystal structure geometries (Table 1).
energy difference and relative ordering of the emis$is and Only the dihedral anglé; (N1—C5—C18-C19), which reflects
nonemissivéET levels. Protonation of the diethylamino group  the relative orientation between the 5-aryl and the pyrazoline
increases the oxidation potential of the donor and raises thETEfOTQ‘ing, deviates signiﬁcanﬂy from the Crysta| structure geometries_
the'ET level. Nevertheless, a large fluorescence enhancementrhe potential energy curve calculated for rotation around the
factor is 0n|y observed, if th&ET level rises SUfﬁCiently above C4—C6 bond axis in derivativ@b reveals a shallow energy
the energy of the emissikE level (Figure 1). minimum and a rather low activation barrier of 28.3 kJ mol

2.3. Quantum Chemical Calculations.Since the'ET state (data not shown). Given the small energy difference of 3.6 kJ
undergoes only nonradiative deactivation, it is not possible to mol~%, computed for two conformers for whicfy differs as
spectroscopically measure its energy. Instead, quantum chemicamuch as 20, the deviation of the dihedral angles can well be
calculations can be used to better rationalize the observedattributed to packing forces in the solid state.
fluorescence changes upon protonation. Rurack et al. recently An overlay of the geometry-optimized structures 1bf5
reported molecular orbital calculations to probe the ET ther- reveals significant variability for the substituents in the 1- and
modynamics of donor-substituted 1,3,5-triaryl pyrazolines but 5-position, whereas the geometry around the 3-substituted aryl
only at the semiempirical level using AM1-optimized geometries group is virtually identical for all derivatives (Figure 7). The
(ZINDO//AM1).2* To provide reliable state energies and various degrees of pyramidalization at the N1-nitrogen atom
electronic structures for the pyrazoline derivatives6, we influence the geometry of the pyrazoline ring and therefore also
optimized the geometries and calculated the ground- and excited-the orientation of the substituents on the neighboring carbon
state electronic structures at the B3LYP/6-31G*//B3LYP/6-31G* C5. The sum of bond angles at carbon C&3)(is 360 for all
level. computed structures, which is indicative of a coplanar orientation
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(a) 50 Table 7. Calculated Transition Energies for the Lowest Two
Excited States in Pyrazolines 1—6
%‘ 0.0 4 — = abs exp? 1| Egasb 1ETgash (1ET _ 3ET)
o o — = D compd [ev] [ev] fe [ev] fe [ev]
2-20 _ = - —
) LumMo la 3.47 361 0757 365  0.009 0.00
2,0 1b 3.08 3.22 0.974 3.03 0.017 0.02
e HOMO&HOMOS1 1c 3.12 321 0883 317  0.106 0.07
8 — == === — 2a 341 3.59 1.030 3.40 0.028 0.03
5609 2b 3.18 325 1124 286  0.022 0.02
° - 2c 3.18 326 1119 3.00 0.019 0.02
-8.0 4 =_— = — 2d 341 3.61 1.168 3.53 0.106 0.04
-_ = —_- - - 3a 3.91 396 0867 356  0.081 0.07
3b 3.57 3.47 1.027 3.09 0.049 0.01
1a 1b 1c 2a 2b 2c 2d 3a 3b 4a 4b 5 6 la 508 301 0.820 308 0.070 0.02
(b) 45 4b 3.03 301 0850 320 0.020 0.02
S P U i 5 3.15 3.20 0.918 3.17 0.012 0.02
2 ] T = == T T 6 3.23 3.30 1.102 4.21 0.011 0.11
@ 40
2 - 2 Taken from solution spectrum in methanol at°®s ® DFT calculation
by 1 (B3LYP/6-31G*//B3LYP/6-31G*), state assignment based on orbital surface
5 = — —_ plots. ¢ Oscillator strength.
g s4 —
?:a _ = — Franck-Condon vertical excitation energies at the B3LYP/6-
.0l R 31G* level. Recent work by Stratmann et al. has shown that
e TD-DFT vyields significantly better results compared to those
1a 1b 1c 2a 2b 2c 2d 3a 3b 4a 4b 5 6 of Hartree-Fock based methods such as the random-phase
compound approximation (RPA) or single excitation configuration interac-
Figure 8. Results of TD-DFT calculations for pyrazolinés 6: (a) orbital tion (CIS)3
energy diagram covering all MOs between HOM@ and LUMGH10, According to the TD-DFT calculations, the two lowest-energy

(b) transition energies for the six lowest-lying singlet states (LE state: bold

lines, ET state: dotted lines) singlet states are energetically well separated from the closest

higher lying states across all derivatives (Figure 8b). Only one
of the two states (bold lines in Figure 8b) exhibits a large
oscillator strength around 1.0 (Table 7), suggesting an allowed
transition. The lowest-energy absorption band of the UV spectra
agrees well within 0.20.2 eV with the calculated energies
(Table 7) and can be assigned to the transitipr~SLE. Both
states involve excitation into the LUMO, which is qualitatively
identical for all derivatives, as illustrated with the MO plots of
various selected examples in Figure 9.

The occupied MO associated with the allowed transition is
also qualitatively identical for all derivatives, but dependent on
the nature of the substituents Bnd R, the energy ordering
varies and the orbital is identified either as HOMO or HOMO-1
(Figure 9).

The MO contributions for the two lowest-energy states are
est visualized with the corresponding detachmarttiachment
density plots, as shown in Figure 10. The detachment densities
(blue) of the allowed transition are concentrated on the 1-phenyl
ring but can be found also on N1, N2, and C3 of the pyrazoline,
whereas the attachment densities (red) are localized on the
3-phenyl ring and expand over to C3 and N1 of the ring system.

of the aryl and pyrazoline ring (Table 6). In contrast, the sum
of bond angles at N13;) is smaller than 360for most deriv-

atives, reflecting a partly tetrahedral conformation, which is in
line with the experimentally determined geometries (Table 1).

As discussed previously for the crystal structure geometries,
the substituents Rand R influence the bond lengths of the
pyrazoline core. In particular, the two bonds between N1 and
its neighboring atoms C6 and N2 show significant changes
across the various derivativés-5, reflecting differences in the
ground-state electronic structures. For example, with increasing
electron-withdrawing character of the substituent tRe bond
lengths NE-N2 gradually decrease in the serid, 2a, and
2b, whereas N*C6 follows the opposite trend (Table 6). Both
changes are consistent with an increased charge delocalizatiorb
toward R, as reflected by Lewis structure Il (Chart 2). In
contrast, with increasing electron-withdrawing character of
substituent R the bond lengths N2C6 are decreasing in the
series4a, 1b, and 2b, but the distance NiN2 is slightly
increasing. In this case, the charge delocalization can be

described with Lewis structure | showing an increased bond Conclusively, there is significant orbital overlap, which accounts
order for N1-C6. for the large oscillator strengths of this transition. Furthermore,
2.3.2. Ground- and Excited-State Electronic Structures the state is characterized by a considerable charge transfer, which
The computational analysis of the ground-state electronic js consistent with the solvatochromic shifts and increased
structures reveals that the energy range of the frontier orbitals excited-state dipole moments (Table 3). A comparison with the
is clearly separated from all other MOs with exception of the orbital plots in Figure 9 allows one to recognize readily the
HOMO-1 (Figure 8a). involved MOs of the transitions and shows that the plotted states
The HOMO energy levels are very similar for most deriva- are essentially constituted by pure MOs without mixing.
tives and parallel the rather narrow range of the measured The attachment density of the second-lowest energy state is
oxidation potentials (Table 4). Furthermore, the changes of the localized on the 3-phenyl ring and identical with the corre-
LUMO energies are consistent with the observed variations in sponding density of th&LE state. In contrast, the detachment
the first reduction potentials. To further elucidate the nature of density is mostly concentrated on the diethylamino-substituted
the lowest excited statéET and'LE, we used time-dependent  phenyl ring, suggesting an electron transfer between the nitrogen
density functional theory (TD-DFT) to calculate the gas-phase donor moiety and the pyrazoline fluorophore (Figure 10).
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LUMO

HOMO

4a 6

2b 6

Figure 10. Detachment (blue) and attachment (red) density plots for the fifjta{®l second (§ excited states of pyrazoline derivativeb, 4a, and6.

The small energy gap to the neighboring triplet state further In contrast, the energy difference betweem&d S in derivative

underlines the highly delocalized nature of this state (Table 7), 6, which is lacking the diethylamino donor group, is substantially
which can unambiguously be assigned to the nonemisd&ive larger. The lowest lying state is qualitatively identical with the
level. The energy ordering of the two states varies as a functionemissive state ir2b and 4a, whereas the high-energy singlet

of the substituents fand R. For example, ir2d the first excited state $does not resemble the ET state. In fact, the detachment

singlet state Scorresponds to the electron-transfer stdie&, attachment density analysis for this state reveals a “reversed”
whereas $can be assigned to the locally excited stit& electronic transition from the pyrazolimesystem to the 5-aryl
according to the detachmerattachment density analysis substituent (Figure 10).

(Figure 10). In derivativda, the S state is qualitatively identical As expected, théET state (dashed lines) lies below thée

with S, of 2b, and $ corresponds toSThe predicted energy  state (bold lines) for most of the studied pyrazoline derivatives
ordering of the two states agrees well with the experimental (Figure 8b). A reversed energy ordering is only observed for

data, which show efficient electron-transfer quenchingZor la, 4a, and4b, all of which exhibit unfavorable ET thermo-

(*ET is lower thartLE), but not for4a (ET is higher tharLE). dynamics, as previously shown (Table 5), and an increased
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1 1 . * _ *
of the "LE and’ET states (B3LYP/6-31G*//B3LYP/6-31G"). Figure 12. Fluorescence emission of pyrazolige as a function of pH

(0.1 M KClI, 25°C). Inset: fluorescence intensity at 475 nm and curve fit

. . . for determination of the protonation equilibrium constar
fluorescence emission quantum yield in neutral methanol (Table P q P

2). o . . .
distribution have not been investigated yet. The pH-responsive
1
In the ?Ias pha;e,_thtTl enﬁrgy gap beLweenllllh‘eanq E-[j . hemission guantum vyield of the studied pyrazoline derivatives
states reflects principally the energy change associated withy prompted us to evaluate them as possible selective markers

the ET process. A plot of th_e calculated excited-state energy for acidic organelles. Weakly basic amines generally accumulate
differences versus the experimental free energy changes takeriln cellular compartments with low internal p#43Protonation

f:f.m Tab1|815 rleveals asurptrlsw.]tggllytgood qua!|tat|\{[e Icc()jrrflatﬁ]n of the amino group yields a membrane impermeable cation,
(Figure r)] n algrelemlen_ Wi eijexperm;_en A | a a," he which remains trapped inside the organelle. Since pyrazoline
quantum chemical calculations reproduce qualitatively well the 5. o g superior solubility properties under physiological

relative energy levels of th_e_emlsswe LE and the nonemissive conditions, all cell biological studies were carried out with this
ET states. Nevertheless, it is important to remember that thederivative

calculated state energies refer to the vertical Frarf@éndon
excitation energies in the gas phase at 0 K, whereas the
experimental data (for LE) are based on the vibrationally relaxed
states in a polar solvent at room temperature. Due to the charge

separated nature of ET, the dipole moment of this state is diethylamino group ir2e. When the emission maximum @t
typically larger compared to that of LE, and therefore, the energy is compared, the emission maximumasis slightly shifted to

s_tab_il?zation in a polar medium is e_XpeCted to b? more higher energy (20 876 cm), as would be expected based on
S|gn|f|cant._ For exam_p!e, the_ET quenghmg for both derivatives yo reqyced electron-withdrawing character of the negatively
3a§2%35b0|s Jery effICI(_Ent|WIt_:_1 irll esstlrgatedGlET dof_—O_.gG: charged carboxylate anion. The quantum yield increases from
an Y €V, respectlvey (Ta € ), but only derivati 0.02 to 0.30 upon protonation of the diethyl amino group in
displays a drgmatlc fluorescence increase by a factor of 160acidic medium (pH< 4.5). Based on these data, the basicity of
upon protonation. The calculated energy gap between LE andthe diethylamino group lies in the appropriate range for a

EFT n thflgas %haﬁ’e '? almost identical forfbothhdeng/atlvesd lysosomotropic dye, and the membrane permeable derivative
(Figure 11), and therefore cannot account for the observe 2c might be suitable to track intracellular pH gradients.

differences. The excited-state dipole moment of the emissive 5 5™ | vivo Evaluation. Incubation of HelLa cells with

state in3b, however, is almost twice as large compared to that pyrazoline2c revealed a perinuclear punctate staining pattern

,Of 3a Als aC()lnsequerr]lpi, thz LE sta;]te is better stabki)lizeﬂtior I_E(Figure 13a, middle). The carboxylate ester readily diffuses
In a polar solvent, which reduces the energy gap between through the cell membrane and exhibits a surprisingly low

and I_ET' AﬁF’p_arelm'?" only 'nhthr? caﬁe ﬁéthhe LE__ET ensrgy h toxicity. In a separate experiment, the cells were incubated for
EaEp Is sufficiently Jow, suc tdatht eE ;tate_ r|‘§es_ ahO\ée ¢ ”e 3 h at a concentration of BM, showing no visible signs of
state upon protonation and the emission Is "switched on’. . i eftects. To further elucidate the nature of the stained

The consideration of solvent effects as well as vibrational compartments, HeLa cells were coincubated with Lysotracker

relax_gtlon n th? (E)zlalcglz:tlobn to_f eXCItetil-stat?_enlerglestw(;);lld Red, a commercially available fluorophore which specifically
provide more refiable data but IS currently not Implemented 101 ;g 4cidic organelles (Figure 13a, righitBurprisingly, the

TD-DFT in any of the commercially available electronic false-color micrograph reveals no colocalization between

structure softwgre_packages. . . . Lysotracker and pyrazolin@c, which was additionally con-
3. Characterization under Physiological Conditions and firmed by confocal microscopy (data not shown)
Cell Biological Studies. The tunability of the photophysical To further investigate whether the observed staining pattern

propert!es combined with their synthetic .erX|b|I|ty render with 2cis due to an ion trapping mechanism by organelles that
pyrazoline-based fluorophores very attractive targets for the

development of fluorescent probes. In contrast to fluorescein- (42) Griffiths, G.; Hoflack, B.; Simons, K.; Mellman, 1.; Kornfeld, Sell 1988
and rhodamine-based fluorophores, biologically relevant proper- .., 32 329.

X - o (43) Anderson, R. G. W,; Falck, J. R.; Goldstein, J. L.; Brown, MP%oc.
ties such as membrane permeability, toxicity, or subcellular Natl. Acad. Sci. U.S.A1984 81, 4838.

3.1. Potentiometry To further improve the water solubility
at neutral pH, the free acigle was synthesized via hydrolysis
of ester2c. The fluorometric pH titration shown in Figure 12
Teveals a K value of 6.56+ 0.02 for protonation of the
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Figure 13. Phase images (left) and fluorescence micrographs for incubation of HeLa cells with pyr&adimieldle) and overlays with Lysotracker (right,
false color image). (a) No pretreatment; (b) preincubation wittMLnigericine for 30 min at 37C.
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] Figure 15. Fluorescence emission intensity of pyrazol2e(20 uM) in
0 " | s | : the presence (a) and absence (b) of liposomes (1 mg/mL, PIPES 10 mM,

0.1 M KCI pH 7.20, 25°C).

n

3 4 2 3 4

log(fl intensit .
og(fluorescence intensity) and c, the fluorescence signal of the Lysotracker probe under-
Figure 14. Flow cytometric analysis of HelLa cells incubated with

. ° i ey goes a dramatic change, whereas the average fluorescence emis-
Lysotracker (left) or pyrazolin@c (right) showing the effect of nigericine. . . .
The plots represent histograms of the fluorescence intensity distribution SION Of 2? remains l;'nCh?r‘ge‘j- It IS _nmeworthy that_ the flow
(population of 10 000 cells). (a) Control without nigericine. (b) 10 and (¢) cytometric analysis identifies two distinct cell populations upon
50 min after addition of JuM nigericine to the cell suspension. treatment with nigericine. After an individual cell has taken up
the drug, intracellular pH gradients are apparently quickly

were not stained by the Lysotracker probe, we equilibrated e trajized and the emission of the Lysotracker probe drops
intracellular pH gradients with nigericine. Incubation for 30 min instantaneously.

with media containing 051 uM concentrations of the drug is 3.3. Model Studies with LiposomesThe incubation experi-

generally sufficient to destroy intracellular pH gradiettts.  nents with nigericine strongly suggest that the intracellular

Indeed, the Lysotracker specific fluorescence disappears COM-staining observed with2c is not due to an ion trapping

pletely in an analogous incubation experiment with pH- nechanism of the protonated dye inside a low pH organelle.

eqwhbrated cglls (Figure 13b). In contrast, the stalnlng pbsewed Since the thermodynamics of the electron-transfer quenching
with 2¢ remains unchanged even under thes«_e conditions, andprocess is strongly dependent on the solvent polarity, the

therefore suggests a pH-independent mechanism for accumulagyorescence enhancement might be due to partitioning of the
tion in the vacuolar structures. To assess quantitatively the gye into intracellular membrane structures. Because of the lower
fluorescence changes averaged over a large cell population, wWeo|arity of the membrane environment, the ET state might be

performed a flow cytometric analysis (Figure 14). Cells were g ficiently destabilized and rise above the emissive LE state.

incubated for 90 min with a mixture of Lysotracker Red and ¢ test this hypothesis, we measured the fluorescence intensity
pyrazoline2c, and after measurement of the initial fluorescence ot o¢ in the presence and absence of synthetic phospholipid
intensity for a population of_lO 000 cells (Flgure_ 146_1), nigericine yegicles (liposomes). Indeed, addition of pyrazolfto an

was added at a concentration ofl¥l. As shown in Figure 14b aqueous solution of liposomes at pH 7.20 caused a 3-fold

(44) Millot, C.; Millot, J. M.: Morjani, H.. Desplaces, A.: Manfait, MJ. en_hancement of the fluorescence intensity over a period of 2 h

Histochem. Cytocheni997, 45, 1255. (Figure 15).
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A control experiment without liposomes led to a slightly were supported by the Center for Computational Molecular
decreased fluorescence emission, presumably due to photodeScience and Technology at the Georgia Institute of Technology
composition (bleaching) of the fluorophore. The observed shift and partially funded through a Shared University Research
of the peak emission to higher energy further supports the (SUR) grant from IBM and the Georgia Institute of Technology.
proposed mechanism, since not only the ET but also the emissiveWe also thank Sarah Shealy and David Bostwick for mass
LE level has a larger dipole moment compared to the ground spectral data, Raxit Patel for performing the incubation experi-
state (Table 3). ments and flow cytometric analysis, Dr. David Sherrill for
helpful discussions, Dr. Harish Radhakrishna for using his
fluorescence microscope, Dr. Mira Jasowicz for her support of

The structural flexibility of 1,3,5-triaryl pyrazoline allows for  the electrochemical measurements, and John Cody for a critical
facile tuning of the photophysical properties. The substituents review of the manuscript.

R; and R influence the photoinduced electron-transfer ther-

modynamics of the investigated donor-substituted fluorophores  Supporting Information Available: Synthesis and spectro-

in distinctly different ways. The reduction potential of the scopic characterization of derivativés-6, details of X-ray
fluorophore is essentially determined by, Rthereas the equi-  structural acquisition and analysis (CIF files), and additional
librium energyAEqyg is primarily influenced by changes imR information as mentioned in the text. This material is available
The presented data identify pyrazoline fluorophores as a versatilefree of charge via the Internet at http://pubs.acs.org. The
platform for the development of PET-based cation fluorescent crystallographic data for the structural analysis have been
sensors. Cell permeability, low toxicity, and high quantum yield deposited with the Cambridge Crystallographic Data Centre.
render the fluorophore also attractive for biological applications. Copies of this information may be also obtained free of charge
On the basis of the results presented in this study, we recentlyfrom The Director, CCDC, 12 Union Road, Cambridge CB21EZ,
designed a fluorescent chemosensor for the highly specific UK (Fax +44-1223-336033; E-mail deposit@ccdc.cam.ac.uk
detection of monovalent copper in aqueous solution. or http://www.ccdc.cam.ac.uk).
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