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Abstract: Time-resolved and steady-state emission characterization of 10-hydroxycamptothecin reveals
a rich but less complex proton-transfer behavior than its parent hydroxyquinoline. The electronic effect of
the additional electron-withdrawing ring makes the excited-state both less basic and more acidic than the
parent and adds to the class of high-acidity excited-state proton donors in photochemistry and photobiology.

1. Introduction

Camptothecin CPT) is a pentacyclic alkaloid first isolated
from extracts of the Chinese tr&@amptotheca acuminatdhis
brightly fluorescent compound was found to be a potent inhibitor
of the growth of leukemia cell by a unique mechanism:
inhibition of DNA topoisomerase 32 A Mannich derivative,
topotecanTPT), is now used in the treatment of ovarian cancer.
The natural fluorescent properties GPT and its derivatives
have been exploited to monitor its concentration in living cells.
Significant attention has been paid to the equilibrium between
the lactone and its ring-opened carboxylate form, which
influences its antitumor ability.

Among the wide variety o€EPT derivatives, two moderately
water-soluble compounds, 10-hydroxycamptothe&®+CPT)
and 7-ethyl-10-hydroxycamptotheci8N-38, as well asTPT,
contain the 6-hydroxyquinolinesHQ) subunit (see Figure 1).
Hydroxyquinoline derivatives are known to be both strong
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Figure 1. CPT and its hydroxyderivatives with the conventional ring
numbering system.

photoacids and strong photobases, and therefore, they undergof anomalous behavior that might involve excited-state proto-

efficient tautomerization in a wide pH range resulting in weak
tautomer (zwitterion) emissioftt Because of our interest in the
acid—base properties of photoexcited molechland, in par-

tropic processes. Proton transfer, both in ground and excited
states, plays a key role in many biological processes. It is not
surprising that the functioning of many biological objects

ticular, because of the relative paucity of such examples in the depends on the pH of the media within and outside them. The

biological literature, we were particularly interested in reports
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problem of determination of static pH in this medium as well
as proton translocation is being successfully solved using various
artificial pH probes’. On the other hand, less is known about
excited-state proton transfer (ESPT) observed in naturally
occurring systems. It is interesting to note that the overall action
of light on several such systems is completely different, though
ESPT is an important step in all of them: Upon irradiation,
several photoproteins such as Green Fluorescent Pfaiein
obelirf demonstrate bioluminescence; a transmembrane protein
bacteriorhodopsin acts as a light-driven proton pump in convert-

(6) Handbook of Fluorescent Probes and Research Prod@tlsed.; Haugh-
land, R. P., Ed.; Molecular Probes: Eugene, OR, 2002; Ch. 21.

(7) Zimmer, M.Chem. Re. 2002 102 759-781.

(8) Malikova, N. P.; Stepanyuk, G. A.; Frank, L. A.; Markova, S. V.; Vysotski,
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ing light energy to a proton gradiehand several chloroplasts  linium-type red-shifted absorptiol\@ = 35—40 nm)62.17band
demonstrate phototropism, a light-directed movement and light- emission A1 = 80 nm}%2bands. The I§, of the ground-state
induced stomatal opening, all controlled by plant photoreceptor protonation was about 0.7 fo€EPT and 1.8 forSN-38 In
kinases'® In some cases, proton transfer is coupled to electron contrast to quinoline derivativeé8,the CPT does not behave

transfer, as in the case of photosynthEsisid DNA photooxi- like a strong photobase and thKE# for quinolinium nitrogen
dation? ESPT was also detected in simpler chromophores deprotonation is only 1.6%2
isolated from biological systems or their synthetic analogges. (3) CPT and some of its derivatives demonstrate single-peak

We now report evidence on the occurrence of such behavior in fluorescence in organic as well as in neutral and basic aqueous
a hydroxy derivative ofl0-CPT and, additionally, provide  solvents. In contrast, the addition of a hydroxyl substituent at
information on the dynamics of this procé4s. the 10-position (A-ring) causes a decrease in fluorescence
The camptothecin choromophore consists of five fused rings quantum yield and the appearance of a dominant red-shifted
(Figure 1). The A/B rings contain the quinoline ring system, (A4 = 150 nm) emission. Mi and Burke consider&@-CPT
while the pyridone ring D exerts significant electron-withdraw- dual fluorescence in methanelvater mixtures as solvent
ing effects. In the past decade a lot of effort has been made topolarity-dependent without taking into account any possible
establish the electronic and vibronic structureGRT chro- excited-state proton transf&® Chourpa et al’c were more
mophores using U¥vis absorbance and fluorescence spec- specific, attributing the duagN-38fluorescence as a result of
troscopy, as well as Raman spectroscépy? We note the the increased phenol-type acidity.
following important features dEPT derivatives that are relevant ) )
for the investigation ofL0-CPT photochemistry at our experi- 2+ Experimental Section
mental conditions: 6-Hydroxyquinoline was purchased from Aldrich. 10-Hydroxycamp-
(1) In aqueous solutions the ring E lactone hydrolyses, tothecin having 99% purity was purchased from ICN Pharmaceutical.
forming the carboxylate. Theky of the carboxylic group in Spectroscopic measurements were carried out in metharaier
CPT is about 6.5. The rate of hydrolysis and the lactene mixtures prepared by the volumetric method. The methanol solvent
carboxylate equilibrium constant strongly depend on pH, Was BDH HPLC grade With<0_.05_% water. Deionized yvater (resistivity
temperature, and microenvironment, but generally the half-life >10 MQ/cm) was used for dilutions. Solvents contained no detectable

of the lactone form of variou§PT derivatives in homogeneous quore_scent impurities and were used without further purification. All
. . . . experiments were performed at room temperature (cAC22Steady-
buffer solutions at neutral pH is tens of minutes. For various

L . state fluorescence spectra of nondeoxygenafe@PT solutions were
CPT derNa’F'VeS’_ the hydrolysis §auses a weak (ca. 5 nm) recorded on a SPEX spectrofluorometer. CD spectra were determined
bathochromic shift in the absorption spectra. The concurrent ,ging a JASCO J-810 CD spectropolarimeter. Transient fluorescence
fluorescence change is also weak. The emission peak has a smallas detected using time-correlated single-photon counting. A synchro-
bathochromic shift (up to 15 nm), and the fluorescent quantum nized, cavity-dumped picosecond Rhodamine 6G dye laser, driven by
yield decreases by less than 10%. a Nd:YAG laser, was used as a source of excitation. The time resolution
(2) CPT derivatives can be protonated at the quinoline varied from 4.88 to 97.7 ps/channel, while the instrument response

nitrogen. The protonation results in the appearance of quino- function (IRF) at the short time scales had a full-width at half-maximum
(fwhm) of about 40 ps. For the purprobe experiments we used an
(9) Lanyi, J. K.Annu. Re. Physiol 2004 66, 665-688. amplified Ti:Sapphire laser system. Laser pulses (50 fs duration,

(10) Kennis, J. T. M.; Crosson, S.; Gauden, M.; van Stokkum, I. H. M.; Moffat, ~centered near 800 nm with a pulse energy-®00 «J) with a 1 kHz
K.; van Grondelle, RBiochemistry2003 42, 3385-3392.

(11) Paddock, M. L.; Feher, G.; Okamura, M. REBS Lett 2003 555, 45— repetition rate were generated by a Ti:Sapphire-based oscillator and
50. o ’ amplified by a multipass Ti:Sapphire amplifier. Samples were excited
(12) Shafirovich, V.; Geacintov, N. Hop. Curr. Chem2004 237, 129-157. by the second harmonic of the amplified lase390 nm). The cross

13) g()?)zG(ubf;aéay’ JK S,E”ﬁtj pt?{ Pb%\?VCtrothinE; ?Qt?{ 3a§m§€ 7’ 53&? OS_B correlation between the pump and the probe pulses was measured to
. as, K.; Ashby, K. D.; Wen, J.; Petrich, J. W.Phys. Chem.
1999 103 1581-1585. (c) Reyman, D.; Vias, M. H.; Camacho, J. J. be 250 fs fwhm. Time-resolved data from the solutions were obtained
Ehol\t/loa::r?;g:\./iﬁgog)bfl_.,(ﬁggelnz%sls:—_géié?nn fheuv' FZH)\//S" Eﬁgyﬁ JB using a femtosecond purmprobe technique with a time resolution of
2001, 105 11369-11376. (e) Altucci, C.; Borrelli, R.; de Lisio, C.; de about ~150 fs, as well as time-correlated single photon counting
Riccardis, ., Persico, V. Porzio. A Peluso, @hem. Phys. Lete002 (TCSPC) with a limited time resolution of about 20 ps after deconvo-
(14) A preliminary report of this work has appeared: Ashkenazi, S.; Leiderman, lution.#* Semiempirical calculations were performed with the Spartan
P.; Huppert, D.; Solntsev, K. M.; Tolbert, L. M. IRemtochemistry and Pro implementation of the AM1 methdd.
Photobiology Martin, M. M., Hynes, J. T., Eds., Elsevier: Amsterdam,
2004, pp 20+-206.

(15) Fassberg, J.; Stella, V. J. Pharm. Sci1992 81, 676-684. 3. Results
(16) (a) Dey, J.; Warner, I. Ml. Photochem. Photobiol., 2996 101, 21—27. . . .
(b) Dey, J.; Warner, I. MJ. Lumin.1997 71, 105-114 (c) Dey, J.; Warner, 3.1. Spectroscopic Measurements and pH Titrations.
I. M. J. Photochem. Photobiol., 2098 116, 27—37. (d) Biswas, A.; Dey, _ H H i
J.Indian J. Chem., Sect. 2001 40A 11431148, Although 10 CPT is moderately soluble in neutral water in its
17) ((g)) Flet;er, F.; Kludelina, I l\(ljatl)iev, FEBS Lett 1997, 436 151-156. lactone form, it tends to aggregdf@.Thus, the study of the
Nabiev, I.; Fleury, F.; Kudelina, I.; Pommier, Y.; Charton, F.; Riou, el .
J.-F.; Alix, A. J. P.; Manfait, M.Biochem. Pharmacoll998 55, 1163— pH dependence of emission and absorbance in metharader

1174. (c) Chourpa, I.; Millot, J.-M.; Sockalingum, G. D.; Riou, J.-F.; mixtures is required to avoid aggregation. Absorption and

Manfait, M. Biochim. Biophys. Actd998 1379 353-366. (d) Chourpa, i ; : : ;
L. Riou, J.-F... Millot, J.-M.. Pommier. Y.: Manfait, MBiochemistryl 998 emission spectra &HQ in water at various pH and its mixtures

3D7, 72r]84k7’\ﬁ91A I(e) Ehjaugit_erMD-;fC_Pol\%paMl.l; '\g?iZi?Sngég,Riogé:"F'; with methanol are presented in the literatéifegut no spectral
63“ ez, M Alix, A J. P.; Manfait, MJ. Mol. Struct2003 651 data exists for the pH dependence6iQ spectra in 1/1 vol

(18) (a) Burke, T. G.; Mi, ZJ. Med. Chem1994 37, 40-46. (b) Mi, Z.; Burke, methanot-water. In this solvent the dissociation constants for
T. G. Biochemistry1994 33, 10325-10336. (c) Mi, Z.; Burke, T. G.
Biochemistry1994 33, 12540-12545. (d) Burke, T. G.; Malak, H.;

Gryczynski, I.; Mi, Z.; Lakowicz, J. RAnal. Biochem1996 242 266— (20) Weller, A.Prog. React. Kinet1961, 1, 189-214.

270. (21) Genosar, L.; Cohen, B.; Huppert, D.Phys. Chem. 200Q 104, 6689
(19) Posokhov, Y.; Biner, H.; It S. J. Photochem. Photobiol., 2003 158 6698.

13—-20. (22) Available from Wavefunction, Inc.
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Figure 2. Absorption spectra ofl0-CPT and 6HQ in 1/1 v/v water-
methanol mixture as function of pH. (6HQ in acidic pH region. (2bHQ
in basic pH region. (310-CPT in acidic pH region. (4)L0-CPT in basic

pH region. Absorbance bands of neutral, cationic, and anionic species are

marked as N, C, and A, respectively.

many phenols increase by 6:3.0 K, unit as compared to bulk
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Figure 3. Steady-state titrations curves 6HQ and10-CPT in 1/1 viv
water—methanol mixture.[@ andO) Absorbance data f@HQ. (B and®)
Absorbance data fdt0-CPT. (%) Inverse relative anionic emission bd-

CPT at 520 nm. N, C, and A are the integrated absorptions of the neutral,
cationic, and anionic species, respectively.

constants of the parent 6-hydroxyquinoline in the 1/1 viv
MeOH—water mixture as well. We assumed thgiK, values
between water and 1/1 v/v MeGHvater mixtures were similar
for 6HQ and 10-CPT.

The titration curves are presented in Figure 3. The acidity
constant (K3) values calculated from the titration data are as
follows:

| -NH* <= -N + H* ~OH < -0~ +H*
6HQ | 4.25 9.25
10-CPT 0.96 8.96

There is no literature data on the kinetics and thermodynamics
of lactone hydrolysis 010-CPT in methanot-water mixtures,
and therefore it was important to establish the possibility of
this process in our system. As was mentioned earlier, lactone

water, while dissociation constants of protonated amines and carboxylate forms @PT hydroxyderivatives are practically

decrease, but less significan®.

nondistinguishable in UV-absorbance and fluorescence spec-

Solution pH measurements were performed in 1/1 v/v tral’Thus, similar to the method described in ref 17, we used

methanot-water mixtures (0.692 molar fraction,8) with a

glass electrode precalibrated in aqueous bdéfféhe absorption
spectra ofl0-CPT in 1/1 v/v water-methanol at neutral pH
were close to that 0BN-3817 With a pH increase from 5.5 to

CD spectroscopy to detect optically active spectrd@CPT
lactone and carboxylate, which are known to differ in the sign
of CD bands in the region of 325100 nm. A modest signal-
to-noise ratio in the CD spectra did not allow us to make precise

12.0, the peak with the maximum at 381 nm disappeared and aquantitative estimates. However, similar to results of ref 17,
new peak with a maximum at 419 nm arose (Figure 2). The we observed a decrease with time in the amplitude of a negative
absorption spectra in neutral water and methanol were nearlysignal at 350 nm of freshly prepared methanehter solutions
identical, the latter having a 3-nm bathochromic shift. Similar of 10-CPT due to lactone hydrolysis, leading to CD signal

behavior was observed f@HQ (Figure 2). In acidic media

inversion. For example, in 0.56 mol fraction,®/MeOH

another type of transition was observed. With a pH decreasesolution the signal at 350 nm changed fron2 to —0.7 Aeym
from 5.5 to 0.35, the peak at 381 nm was transformed into a M~* cm™1in 40 min after solution preparation. From the known

new peak with a maximum at 421 nm (Figure 2).

data onCPT CD spectrd™® we estimate that ca. 280% of

The two absorptions were well-separated enough for inde- 10-CPT lactone was hydrolyzed.
pendent determinations of the dissociation constant in each case. 3.2. Emission Spectra and Time-Resolved Measurements.
For the sake of the discussion later, we will associate the low In contrast to the similar ground-state propertieBiQ and
pH dissociation constant with protonation at nitrogen and the 10-CPT, the emission properties a0-CPT differed strongly
high pH constant with deprotonation at oxygen. Also for the from that of6HQ. For instance, unlikéHQ,?® the spectra of

sake of comparison witi0-CPT, we determined acidbase

(23) Ross, M.; Rived, F.; Bosch, EJ. Chromatogr., A2000 867, 45—56.

(24) (a) Bosch, E.; Bou, P.; Allemann, H.; Resé/l. Anal. Chem 1996 68,
3651-3657. (b) Avdeef, A.; Box, K. J.; Comer, J. E. A.; Gilges, M.; Hadley,
M.; Hibbert, C.; Patterson, W.; Tam, K. ¥. Pharm. Biomed. Anal999
20, 631-641. (c) Canals, I.; Portal, J. A.; Bosch, E.; Radd. Anal. Chem
200Q 72, 1802-1809. (d) Canals, I.; Valko, K.; Bosch, E.; Hill, A. P.;
Roses, M. Anal. Chem2001, 73, 49374945, (e) Canals, |.; Oumada, F.
Z.; Rose, M.; Bosch, EJ. Chromatogr., A2001, 911, 191-202.

10-CPT exhibited dual fluorescence (Figure 4) even in bulk
methanol, while6HQ showed no ESPT. With the addition of
water, we observed a substantial decrease in the fluorescence
intensity of the high-energy band at 430 nm and a concomitant
increase of the band at 570 nm. A clear isoemissive point at

(25) Mehata, M. S.; Joshi, H. C.; Tripath, H. Bhem. Phys. Let2002 359,
314-320.
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Figure 4. Emission spectra df0-CPT in methanotrwater mixtures. Water Figure 5. Time-resolved kinetics af0-CPTin 0.124 molar fraction kD—

molar fractions (from top to bottom for R*OH band at 430 nm) are: 0, MeOH mixture. Experimental data points (normalized to the theoretical
00067, 0.035, 0.05, 0.063, 0.075, 0.098, 0.132, 0.189, 0.269, 0.37, 0.539’amplitudes) are compared with the numerical solution of the DSE (lines)

and 0.6.Aex = 384 nm. using the parameters of Table 2, after convolution with IRF.
Table 1. Parameters Used in Fitting the Time-Resolved R*OH and R*O" kinetics were fitted simultaneously using the
Fluorescence Decay of 10-CPT Measured Using TCSPC and Kineti listed i bl y 9
Pump—Probe Techniques, and Calculated pKy* Values in MeOH/ same kinetic parameters listed in Table 1.
H20 Mixtures? Because of the limited time resolution of the TCSPC
ks k kq Ry R D technique, we also studied ultrafast ESPT in water-rich mixtures
XHOP (s (Ans™)  (Ansh) (A (BY  (0%em?sTe pKgre using a femtosecond pumjprobe technique. We have dem-
TCSPC onstrated earli@f that pump-probe signals from photoacids
0 048 5.0 2 172 172 3.50 174 may have a complex nature due to heavy mixingSpf—~ S,
0.069 1.45 45 6 164 22 2.20 1.15 i * *
absorption of R*OH, R*O and stable photoproducts on one
0124 2.7 5.0 10 158 19 2.05 0.87 . - )
0175 4.0 55 11 152 18 2.00 070 hand and stimulated emission from these species on the other
0297 75 6.0 11 137 175 2.10 0.34 hand. Careful choice of excitation laser power and detection
g-ggg %g 1?'0 g ié-g ig-5 32-38 —8-22 wavelength may minimize unnecessary overlaps. Transient
0717 40 15 15 94 15 1420 —033 absorption signals of0-CPT in 1/1 vol MeOH-water were
measured at various wavelengths from 480 to 600 nm. From
Pump-Probe . . .
0 05 45 > 172 172 35 174 480 nm up to about 540 nm, the signal was positive from time
0.18 4.2 5.7 10 136 15.0 2.0 0.68 0 to 80 ps; at longer times only a slight decay was observed.
8-27 g 1;-6 % 1;-3 }S-g g-gg o 208-07 From 550 to 600 nm, the signal was positive at short times and
075 65 16 16 83 87 16 056 negative at longer times. In this wavelength range only two
087 85 20 20 77 8.0 6.7 —0.64 dominating processes were observed. The first one that led to

an increase in the pumyprobe signal was the ultrafast
4 Lifetime of R*OH was assumed to be 6.7 ns (lifetime in polar nonbasic  ghsorption occurring instantaneously and not carrying any
solvents) and lifetime of R*Owas determined to be constant of 5.05 ns at . kinetic inf . Th d h .
all water concentrations and in basic methanol solutidviole fraction of |mportant_ '_net'c In Ormat'or_" e second one was the stimu-
water.CDdebye radii and diffusion coefficients were estimated as described lated emission of R*O leading to a decrease of the overall
in ref 28.d Effective Debye radii that take into account lactone hydrolysis. i i inimi
See toxt for detailés Calculated asiy® — —I0gkd 0" expl R/ (KNL)L pump—probe signal. We.chose detec'qor.l at 590 rlm to minimize
the value of the contact radius in the ion paivas assumed to be 5.5%A. overlap between the stimulated emission of R*@nd other
satellite processes; note that this was also the wavelength for
519 nm was detected at water content from 0 up to 0.6 mole monitoring R*O- emission using TCSPC technique. As a result,
fraction. At higher water concentrations the fluorescence spectrawe found good correspondence between the long time compo-
had the same band ratio as in the latter solution, but their nent of the pump probe signal and the TCSPC signal. Figure 6
intensity decreased. _ shows the pumpprobe signal ofl0-CPT in water—methanol
The time-resolved signals from R*OH and R*@t various  mixtures measured at 590 nm after excitation of the sample by
water concentrations were detected at 420 and 590 nm,a~100 fs pulse at 390 nm. As seen, the larger the water mole
corresponding to a minimal overlap between R*OH and R*O  fraction, the faster the decay rate. At the highest water mole
emission bands (see Figure 4). Experimental curves were fittedfraction, the probe pulse transmissiaxl, changes signs from
to the numerical solutions of the time-dependent Debye AT < 0to AT > 0 at about 20 ps. The signal consists of two
Smoluchowski equation (DSE) using the SSDP program used distinct time regimes, a short-time component of amplitude of
previously?® The fitting parameters are presented in Table 1. about 0.2 and 3 ps lifetime, and a long-time component of about
Figure 5 shows an example of the experimental kinetic data 14 ps atx20 ~ 0.8.
flttlng Here, the dots are the time-resolved emission data for With decreasing pH, the simultaneous quenching of both

10-CPTin 0.124 molar fraction of O—MeOH mixture, and flyorescence bands was observed, and the two-band spectra
the solid curves are the theoretical calculations for both acidic transformed into sing|e_band emission with a maximum around

and anionic forms ofl0-CPT convoluted with the IRF. Both

(27) Cohen, B.; Leiderman, P.; Huppert, D.Lumin 2003 102—-103 682—
(26) Krissinel, E. B.; Agmon, NJ. Comput. Cheml996 17, 1085-1098. 687.
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Figure 6. Pump-probe signal ofL0-CPT in methanot-water mixtures.
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Figure 8. Gas-phase heats of formation predicted for variaQsCPT
tautomers and their conjugate acids by AM1.

With increasing pH, the emission band &D-CPT at
430 nm totally converted into a long-wavelength emission at
575 nm. Upon addition of NaOH up to pH 12, the emission
maxima of the latter exhibited a minor 5-nm hypsochromic shift.
Under the same conditions, the dominating emissiobHf
was from the tautomer. The emission of the neutral form
transferred into the anionic form because of ground-state
deprotonatiof (Figure 7).

A (3| pH5.00—120 @ 4. Discussion

4.1 Steady-State SpectraAt neutral pH, we associate the
381-nm absorption of0-CPT with the neutral species, and at
high pH, we associate the 419-nm absorption with the depro-
tonated species. It is important to realize that two atidse
processes occur in this pH region: E-ring lactone hydrolysis
and deprotonation of A-ring hydroxyl. Both lead to the
appearance of low-energy absorbance bands. However, as was
mentioned in the Introduction, the magnitude of the shift in the
first case is almost negligible, and therefore, the observed effect
is due to A-ring hydroxyl deprotonation. Overlap of two
' =00 00 A o0 s o0 tr§n5|t|ons is probably.thg reason for the diffuse isosbestic point

Wavelength, nm (Figure 2). The equilibrium between neutral (ROH) and O-

Figure 7. Emission spectra df0-CPTand6HQ in 1/1 v/v water-methanol depmton.ated (RQ. forms of 10-CPT, Chgggcterlzed by akp,
mixture as function of pH. (1HQ in acidic pH region. (2BHQ in basic _Of 8.9 (Figure 3), is close to that &N-3 and paren6HQ
pH region. (3)L0-CPT in acidic pH region. (4L0-CPTin basic pH region. in water3
In all cases, the excitation wavelengths were long-wavelength isosbestic At low pH, for the 421-nm absorption, several alternatives
points for corresponding acithase transitions. Emission bands of the : .
excited neutral, cationic, anionic, and tautomer species are marked as N*,Can be qonSIdered due_ to the presence of Sel\;erai—belsb
C*, A*, and T*, respectively. centers in10-CPT. It is generally acceptéel’ that the
appearance of this peak @PT derivatives is due to protonation
525 nm (Figure 7). The inflection point at the titration curve of the B-ring quinoline nitrogen. This equilibrium process has
was observed around pH 2.0 (Figure 3). Upon further acidifica- a pKaaround 1.0, more than 3<q units lower than in the parent
tion up to 5.5 M HCIQ, no dramatic changes in emission were 6HQ (Figure 3) and similar to alCPT derivatives studieé?17
observed; the emission maximum did not change, and the The much lower ground-state basicity of the quinoline nitrogen
intensity increased by 30%. This differs significantly from the in CPT and its derivatives can be explained by the electron-
pH dependence HQ emission spectra. In the latter case, a withdrawing effect of the conjugated pyridone rifg-52 For
pH decrease from 6.0 to 1.77 did not influence the dominating this reason, one might also consider protonation on the carbonyl
tautomer peak, and the emission of neutral form transferred into oxygen of the pyridone ring (see Figure 8). Indeed, semiem-

Fluorescence intensity, a.u.
T
=
=)
g
:
3

the cationic form due to ground-state protonati@figure 7). pirical (AM1) calculations indicate that protonation at oxygen
In very acidic solutions, the emission peak increased signifi- is favored by ca. 4.4 kcal/mol. However, given the significant
cantly. differences in the solvation energies we would expect for the
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two tautomers, we cannot provide irrefutable information on
the structure of the protonated species.

From these data one can see that the reason for poor ground

and excited basicity o10-CPT is the electronic structure of
molecule, namely, the electron-withdrawing nature of the D ring.
Thus, the ground-state behavior 80-CPT (and SN-3879)
resembles that &-HQ, with modifications due to the relative
pKa's. Depending on pH, thremajor ground-state species can
exist: an N-protonated quinolinium cation (alternatively, hy-
droxypyridinium), neutral molecule, and O-deprotonated phe-
nolate (Figure 3). In addition, the E-ring ®PTs may exist in

lactone and carboxyl forms at solutions at pH close to neutral,

and we attribute the ca. 5-nm hypsochromic shift to lactone
ring opening. However, this transition is almost invisible against
the background of hydroxyl deprotonation.

Scheme 1

K (r=a) (r—)
R*OH ——R*0..H'2 5 R*O" + H'

FOoF

protonated phenolic proton of ring A. As was mentioned earlier,
lactone and carboxylate forms 6PT hydroxyderivatives are
practically nondistinguishable in UV spect®, and their
lifetimes measured in R*Oband are the sanié.We assume
that both the lactone and the carboxylate form&@{CPT have
very close spectral, kinetic, and diffusion parameters except for
the charge. In this case, the apparent fluorescence signal assumes
an “effective” charge of this molecule, reflecting the ground-
state equilibrium caused by slow hydrolysis.

k'

0

Similar SpeCtra| behavior for this SyStem was demonstrated Because of the Comp|ex behavior of a d|ffus|ng proton from

by Mi and Burke!® who proposed that microenvironment
polarity is the main determinant of the emission spectral

the field of its conjugate base, we have found that simple
exponential decay does not fit the observed kinetics. Rather,

properties. No assumptions about the nature of the emissionye have developed a two-step scheme in the experimental and
bands and mechanism of the excited-state processes were giveRheoretical studies of reversible ESPT processes in solutions
Chourpa et al. were more specific in giving the reasons for dual (Scheme 15. Here we give only briefly the details of this

fluorescence o8N-38in DMSO—water mixtures,’® proposing

approach. The first step involves protolytic dissociation to form

that the low-energy emission is from the phenolate formed as g solvent-ion pair with intrinsic rate constaik. The solvent:

a result of the excited-state proton transfer to solvent.

ion pair can undergo both adiabatic and nonadiabatic (proton

The appearance of the low-energy emission band at 570 nmquenching) recombination with rate constarks and Ky

for 10-CPT in neat methanol solution indicates an efficient

respectively. The reversible reaction within the contact ion pair

ESPT process and a significant excited-state acidity. The largejs followed by a diffusion second step in which the hydrated

fluorescence quantum yield in methanelater mixtures and
similarity of the emission maxima at neutral and basic (pH 12)
solutions is evidence of the excited anion (R3Ciormation,

in contrast to6HQ, for which a double excited-state proton
transfer leads to a tautomer as the dominant spédigs.the
latter case, upon further addition of NaOH up to 5 M
concentration, the emission 6HQ shifted to shorter wave-
length, i.e., from a tautomer to purely anionic emis3i(aata

not shown, see Figure 7 in ref 3), while the emission maxima
and intensity of10-CPT remained the same. Therefore, we
conclude that the excited-state prototropic behavidtGCPT

in neutral and basic solutions is much simpler than@biQ

and does not involve an aromatic quinolinium nitrogen as a

proton is removed from the parent molecule. The diffusion
separation of proton and the excited anion is described by DSE
with the characteristic constarils= Dy+ + Dgr+o-, the mutual
diffusion coefficients of the proton and the conjugated base,
andRp = |z12|€%/kgTe, the Debye radius. The latter defines
the Coulombic attraction potenti®(r) = —Rp/r. The overall
reaction involves electronically excited species, and thus, one
should consider the fluorescence lifetimeskyX# 7, for the
acid, 1ky' = 7o' for the base, and &' = 7"’ for the contact

ion pair. Usually,zo" is much longer than that for all other
chemical and diffusion processes and can be ignored. A more
detailed description of Scheme 1 and method for kinetic
parameters determination is given in the series of our preceding

strong photobase in the excited state. This means that ESPTpublications?82°

involves only deprotonation of the A-ring hydroxyl group.
Therefore, the spectral behaviortd-CPT in methanot-water
mixtures as shown in Figure 4 can be attributed to the well-
known increase of the protolytic photodissociation rate with
increasing water concentratiéfln contrast to the ground-state
properties, the excited-state properties66fQ differ strongly
from that of 10-CPT. The former compound shows no ESPT
in dry methanol, but in water in very wide pH range from 0 to

In contrast to the kinetic behavior of naphthols, we need to
introduce one more adjustable parameter to fit adequately the
time-resolved signal of the conjugated base R*Qt was
predicted theoreticalk® and demonstrated experimentaty
that the effective nonadiabatic recombination (proton quenching)
leads to a nonexponential decay of R*@uorescence signal.
However, we were unable to simultaneously fit the fluorescence
kinetics of protonated and deprotonated fornl8fCPT using

12 it demonstrates very weak fluorescence from tautomer (o jated values of the Debye radii and diffusion coefficients

(zwitterion) formed as the result of double proton transfer
coupled to intramolecular charge transfer (Figuré¥).
4.2. Time-Resolved Emission DataOn the basis of these

that we derived earlié? for single-charged anion df0-CPT
(see curve b in Figure 9). A very good fit was achieved when
we used a larger value of the Debye radii (see Table 1 and curve

conclusions, we may apply our kinetic scheme for protolytic 3 in Figure 9), meaning a stronger Coulombic attraction than
photodissociation of hydroxyaromatic compounds (Scheme 1) predicted for a singly charged proton and the monoanion of

for the analysis 010-CPT excited-state behavior. For simplicity,
we will consider R*OH as an averaged population of the excited
10-CPT in both lactone and carboxylate forms, but with

(28) Solntsev, K. M.; Huppert, D.; Agmon, N.; Tolbert, L. M. Phys. Chem.
A 200Q 104, 4658-4669.
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10-CPT. This suggests that the effective charge of the excited
anion is more tham—1|, which is in good agreement with our

(29) (a) Gopich, I. V.; Solntsev, K. M.; Agmon, N.. Chem. Phys1999 110,
2164-2174. (b) Agmon, NJ. Chem. Phys1999 110, 2175-2180. (c)
Solntsev, K. M.; Agmon, NChem. Phys. Let200Q 320, 262—268.
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specific solute-solvent hydrogen bond formation. The long

1.0
component of 87 ps fits approximately to the fluorescence decay
08l of R*OH and to the growth of the fluorescence of R*O
measured by time-correlated single-photon counting techniques.
< Solvation dynamics measurements of Coumarin 343 dye in
3;. 06" water! and Rhodamine 800 dye in watéhave shown that
5 solvation is a bimodal process with long components ap-
E:E' 04} proximately equal to water and,D dielectric relaxation time®.
3 It is plausible that hydrogen-bond formation or breaking has a
02l range of time scales depending on the nature of both solute
and solvent and whether a weak hydrogen bond already exists
0.0 . . . . as mentioned above. In photoacids such as 2-naphthol and its
~o 3 6 9 12 15 derivatives, the ground-state ROH species already exhibit a

Time, ns hydrogen bond# Upon excitation ofl0-CPT, the change in
Figure 9. Time-resolved kinetics of R*O from Figure 5. (a) Data and  the charge distribution and bond lengths will probably affect
numerical solution of the DSE using the effective Debye radius. (b) Solution this preexisting hydrogen bond at much shorter times. The fact

of the DSE usmg the theoretical Debye radius for this mixture. (c) Solution
of the DSE using the Debye radius 2 times larger than theoretical. See textthat the short component of 3 ps exists in the signal of both

for detalils. R*OH and R*O™ of 10-CPT (data for R*OH is not shown) is

in favor of the assignment to nonspecific solvation. More
data on lactone ring hydrolysis ih0-CPT and otherCPT experiments are needed to clarify this important point. At present
derivativest518since the carboxylate form aD-CPTis doubly we cannot conclusively assign the origin of the fast component
charged after deprotonation. in the pump-probe signal shown in Figure 6.

4.3. Ultrafast ProcessesWhile the DSE treatment provides 4.4. The pH and Water Concentration Dependencdn the
an adequate description for proton diffusion from a photoexcited acidic region the prototropic behavior @0-CPT also differs
acid, more recently we have discovered significant mechanistic from that of 6HQ and is even more intriguing. As was

information in the ultrafast time rangé.In the current work, mentioned earlier, the increased emission figHQ cation is

the direct proton-transfer rate between @ CPT and water caused not by the shift of excited-state-€F* equilibrium, but

was measured using a pumprobe technique with~150 fs by the decreased activity of water acting as proton acceptor.
time resolution. We attributed the positive part of the signal to Let us analyze the possible reasons for the observed prototropic
absorption due to the optical transition RCBj(— ROH(S). behavior of10-CPT.

The negative component arose from the R*@imulated It was established from the kinetic data that th&pof 10-
emission due to transition to the ground state. The total signal CPT in 1/1 v/v MeOH-H,O mixture is around 0 (Table 1).

at 590 nm was analyzed by Therefore, the observed transition with apparefifparound

2 is not the result of R*OH~> R*O~ + H™ equilibrium. On
—AT 0 0gopeSt) — Oreo-(1 — 1)) + Aexptirg,,) (1) the other hand, this equilibrium is about Kgunit higher than
the ground-state N-protonation (Figure 3), and therefore, static

whereoron+ denotes the absorption cross section of$ht a guenching could also be ruled out.
higher excited-stat&s;, — S, transition of ROH andor<o— As was mentioned earlier, a minor increase in basicity was
denotes the emission cross section of R*§t) and (1— S(t)) detected for theCPT after excitation. Interestingly, the differ-

are the excited-state survival probabilities of R*OH and RfO  ence between ground- and excited-statg*for deprotonation
respectively, which are calculated by the SSDP program. At of the excitedCPT quinolinium is approximately the same as
our time frame, therron+S(t) component can be considered as the difference between ground-staté,for the “>NHT < >N”"
ultrafast, and therefore, all time-dependent signals appear fromtransition and the unknown transition at pH 2 fb@-CPT.
oro-(1 — St)) + A exp(—t/tshor). TO make correlations with  Taking into account the fact that emission spectra did not change
TCSPC measurements, we can mention that the data in Figurewith the subsequent addition of an acid to the solution, we may
6 correspond to the first 50 ps of R*Cbuildup in Figure 5. speculate that the weak emission at 520 nm comes from the
The short componentghor, arises from changes in botikop+ zwitterion (or tautomer) ofl0-CPT.

and or-o-, and its origin is probably related to ultrafast  The dependence of ESPT rate constants on the solvent
hydrogen-bonded complex formation. The fits to the signals with composition and Kz* in methanotwater mixtures has been
the above-mentioned time components are shown in Figure 6analyzed by us previous} Therefore, in the current work we

as solid lines, and the proton-transfer rate and the relevantpase our assumptions on the background developed earlier. The
parameters are given in Table 1. dissociation rate coefficienky, depends nonlinearly on the mole

The time-resolved fluorescence signal of 8-hydroxy-1,3,6- fraction of water (Graph 1 in Figure 10), showing a strong
pyrenetrisulfonate HPTS) in water using the up-conversion
technique measured by Tran-Thi and co-workaaitso exhibited (31) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, Nature 1994

i i . 309, 471-473.
shqrttlme components prior to 'Fhe actual proton-transfer process, (32) Zolotov, B.. Gan, A.: Fainberg, B. D.: Huppert, . Lumin, 1997, 72—
which takes a much longer timley ~ (100 psy!. The fast 74, 842-844,

)

)
components were attributed to solvation dynamics and to a (33) Beég’"”' D.; Cassettari, M.; Salvetti, G. Chem. Phys1982 76, 3285~
(34) (a) Solntsev, K. M.; Huppert, D.; Tolbert, L. M.; Agmon, 8.Am. Chem.

(30) Tran-Thi, T.-H.; Gustavsson, T.; Prayer, C.; Pommeret, S.; Hynes, J. T. S0c.1998 120, 7981-7982. (b) Solntsev K. M.; Huppert, D.; Agmon, N.
Chem. Phys. Let00Q 329, 421—-430. J. Phys. Chem1999 103 6984-6997.

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12707



ARTICLES

Solntsev et al.

100

k,1/ns

1 ! I L I

20 40 60
% mol. MeOH

10

log (k, - k), 1/ns

1 1l0
log [H,0], M

100 -

®

-
o
T

log k ” 1/ns

-
T

1.0 1.5

0.5
pPK*
Figure 10. Dependence of dissociation rate const&mton solvent
properties, M) Data measured using TCSPC technique. Straight lines
represent linear regression fitsO)( Data measured by pumiprobe
technique. (1kq vs solvent composition. (&} vs molar water concentration

in methanot-water mixtures. (3) Brgnsted-type dependence ofkpgn

the Kz*, determined at different MeOHA® ratios.

20

variation in the methanol-rich region and changing moderately
in the water-rich region. A similar effect was observed for
5-cyano-2-naphthdt and 5-cyano-1-naphth8tit was explained

by (a) preferential solvation of the hydroxyl moiety by water
and (b) gradual change in the solvation energy of the CIP.

(35) Pines, E.; Pines, D.; Barak, T.; Magnes, B.-Z.; Tolbert, L. M.; Haubrich,
J. E.Ber. Bunsen. Phys. Chert998 102 511-517.
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Previously we suggested analyzing the water dependence of
kg using the assumption that ESPT to water and methanol can
be considered as two parallel processes. In this case the nature
of the proton-accepting water cluster can be determined by an
analysis of the dissociation constant dependence on water
concentration using

ky = Koy + Ky [H0]" )

whereky, is the dissociation rate in pure methanol dqds its
water dependent component, amd¢an be roughly associated
with the number of water molecules involved in the proton-
transfer step. We have found a correlation between the photoacid
strength and the size of water cluster acting as primary proton
acceptor® The apparent size of the water clustedecreased
from 2.0 for HPTS with pKy* = 1.4 down to 0.8 for
5,8-dicyano-2-naphthol withiy* ~ —4.5. Our results show
that for 10-CPT n is about 1.3 (graph 2 in Figure 10) and
pKa* —0.7. Therefore, we confirm the above-mentioned
hypothesis thah probably reflects the structure of the contact
ion pair that may vary for the photoacids with differemdjys.
Graph 3 in Figure 10 demonstrates the Brgnsted-type
dependence. The dissociation rate dependence on the free energy
of the reaction shows a good linear correlation with a slope of
0.94+ 0.02. This demonstrates that the ESPT frodrCPT to
methanot-water mixtures is in endothermic regime for all water
concentrations and our fastest determihkgdor this system
(85 ps™Y) is still far from the rate-limiting factor for protolytic
photodissociation in water. The characteristic time of the latter
is usually assumed to be several picoseconds, between the Debye
and longitudal relaxation times in watér.

I

5. Conclusions

As we have demonstrated previously, the acidity of hy-
droxyarenes shows a unique dependence on the structure of the
photoacid. The antitumor agent 10-hydroxycamptothecin joins
the class of photoacids with remarkable excited-state acidity,
combining the kinetic efficiency of a hydroxyquinoline without
its energy-wasting tautomerization and allowing access to more
instrumentally accessible wavelengths. Although this study did
not specifically examindPT, we assume that its prototropic
behavior mirrors many of these same properties, with the
additional presence of an internal base. The result is that the
efficient intramolecular proton transfer results in emission only
from the conjugate baséd Such intramolecular excited-state
proton-transfer studies have been the subject of earlier stéfdies.
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