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Synthetic and natural hydroxyflavylium salts are super-photoacids, exhibiting values of the rate constant for
proton transfer to water in the excited state as high as<118' s™. The synthetic flavylium salt 4-carboxy-
7-hydroxy-4-methoxyflavylium chloride (CHMF) has an additional carboxyl group at the 4-position of the
flavylium cation that deprotonates in the ground state at a lower pfd; (@ 0.73; AH,* — Z) than the
7-hydroxy group (Ka2 = 4.84; Z— A~). Ground-state deprotonation of the carboxyl group of the acic,(AH

to form the zwitterion (Z) is too fast to be detected by nanosecond laser flash perturbation of the ground-state
equilibrium, while deprotonation of the hydroxyl group of Z to form the anionic base @&curs in the
microsecond time rangéb = 0.6 x 10f s™* andky, = 4.2 x 10 M~1-s7%). In the excited state, the cationic

form (AH,™*) deprotonates in~9 ps, resulting in the excited neutral base form (AH*), which is unstable in

the ground state. Deprotonation of Z* occurs in 30 kg*(= 2.9 x 109 s™1), to form excited A*, which

either reprotonatek* = 3.7 x 10 M~1-s71) or decays in 149 ps, and shows an important contribution
from geminate recombination to give the excited neutral base (AH*). Predominant reprotonatioh af A

the carboxylate group reflects both the presence of the negative charge on the carboxylate and the increase
in the excited-state K, of the carboxyl group. Thus, while the hydroxyKpdecreases by5 units upon

going from the ground state Kg = 4.84) to the excited state Kg* = —0.2), that of the carboxyl group
increases by at least this much. Consequently, the excited state of the Z* form of CHMF acts as a molecular
proton transporter in the picosecond time range.

Introduction SCHEME 1

Synthetic and natural hydroxyflavylium salts are super- Flavylium Cation (AF") Quinonoidal Base (4)

photoacids, displaying values of the rate constant for proton
transfer to water in the excited state as high asd B! s 1.1-3
The fast deprotonation of hydroxyflavylium cations (ir-80
ps), together with the short excited-state lifetime of the
corresponding conjugated bases (2260 ps), permits rapid
(in ~250 ps) displacement of the ground-state adidse
equilibrium toward the base by excitation of the flavylium cation
with a nanosecond laser puls&. The recovery to equilibrium
after thelight jump can then be followed, making the deter-
mination of ground-state prototropic reaction rates in the
10%-10* s ! range possible, which is not possible with con-
ventional stopped flow or temperature jump technictiés.

Pelargonin - R1=R2=H;R3=R4=Glucosyl

Peonidin,3-Gl - R1= OCH3; R2=H; R3=Glucosyl;R4=0OH
Cyanin - R1=0OH; R2=H; R3=R4=Glucosyl

Malvin - R1=R2=0CH3; R3=R4=Glucosyl

All natural hydroxyflavylium salts (anthocyanins) undergo Hemiacetal (B) Oenin - R1=R2=0CHS; R3=Glucosyl R4=OH
three additional types of reaction in aqueous solution: (1) H
hydration of the flavylium cation (AH), (2) tautomerization K,

Rl

of the hemiacetal (B), and (3) isomerization of fiehalcone R1 oH
to the E-chalcone (Scheme 1510 HO OHq HO OH,
Both the deprotonation and hydration rate constants of O _ O o K, O P Q R2
R4 R R2

flavylium cations diminish substantially in sodium dodecyl
sulfate (SDS) micelles as a result of electrostatic stabilization
of the positively charged AH with respect to the neutral forms
A and B, by the negative charge of the SDS micéfié!

R4 0
Z-Chalcone (C) E-Chalcone (Cy)

of intramolecular stabilization of AH that might result from

Because stabilization of the red color of Afis highly desirable the introduct_ion of an appropriate negatively charged substituent.
in connection with the use of anthocyanins as food dye, The synthetic flavylium salt 4-carboxy-7-hydroxy-ethoxy-

the SDS results provided a framework for interpreting the extent flavylium chioride (CHMF, Scheme 2) possesses a carboxyl
group at the 4-position of the flavylium cation, which is expected

TIST/UTL. to deprotonate at pH values lower than the hydroxgh.dn
* Universidade de RaPaulo. this work, we present a detailed analysis of the coupled
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SCHEME 2

prototropic reactions exhibited by this compound, in both the
ground and excited states.

Experimental Section

Materials. The synthetic flavylium salt 4-carboxy-7-hydroxy-
4'-methoxyflavylium chloride (CHMF), a known compout!®
was a generous gift from Prof. Raymond Brouillard (Univérsite
Louis Pasteur, Strasbourg, France). Sodium phosphate an
chloride, p.a., from Sigma were used without further purification
in the equilibrium measurements. Ultrapure bioreagent grade
sodium phosphate, hydrogen phosphate, and borate (Merck) an
bis-Tris (Aldrich) were employed in the kinetic measurements.

Sample Preparation. Aqueous solutions were prepared in
Millipore Milli-Q quality water. The concentration of CHMF
was~10~5 M. Sodium phosphate buffer (10 mM) was employed
to maintain the required pH. The final pH was measured with
a Crison micropH 2002 or an ORION 720A pH meter with a
combined RedRod electrode. Below pH 2, the desired hydrogen
ion concentration was obtained by exact dilution of commercia
perchloric acid (Riedel-de-Haen, PA 60%).

Absorption and Fluorescence MeasurementsUV—vis
absorption spectra were recorded on a Beckman DU-70, a
Hewlett-Packard 8452A diode array, or a Shimadzu UV-2510
PC UV-vis recording spectrophotometer. Steady-state fluores-

cence spectra were recorded on a SPEX F212| Fluorolog or a

SPEX-Jobyn Yvon Fluorolog 3 spectrofluorimeter. All fluo-
rescence spectra are corrected. Fluorescence quantum yield
were obtained using the fluorescein dianion in 0.01 M aqueous
NaOH (@ = 0.90)¢ as standard.

Laser Flash Photolysis.The laser flash photolysis experi-

Paulo et al.

counts had been accumulated at the maximum. Fluorescence
decays were deconvoluted from the excitation pulse by using
G. Striker's Sand program, which permits individual and global
analysis of the decays with individual shift optimizatith.
Molecular Orbital Calculations. Ab initio calculations were
performed at the density functional theory (DFT) level as
implemented in the Gaussian 03 pack&y&as-phase single
oint energies were obtained by using the mPW1PW91
unctional and a 6-31-£G(2d,2p) basis set with mPW1PW91/
6-31+G(d,p) optimized geometries. Energy minima were con-

dirmed by harmonic frequency calculations at the mPWIPW91/

6-31+G(d,p) level. The translational, rotational, and vibrational
contributions to the gas-phase enthalpies of the molecules were
calculated within the framework of statistical thermodynarffics.
Geometries were also optimized in aqueous solution at the
mPW1PW91/6-31G(d) level using an implicit solvent described
by the integral equation formalism for the polarizable continuum
modeP! (IEFPCM). Solvation free energies were computed at

| the HF/6-31G(d) level, employing the united atom model for

Hartree-Fock?? (UAHF) to build the molecular cavity. The
absorption wavelengths and oscillator strengths were calculated
by time-dependent DFT (TD-DFT) and ZINDO for the optimum
geometries obtained in aqueous solution with mPW1PW91/
6-31+G(d) and the IEFPCM.

Results

s Multiequilibria of CHMF. Figure la shows absorption
spectra of 4-carboxy-7-hydroxy-fnethoxyflavylium chloride
(CHMF) in aqueous solution at 2T at pH values within the
range 2.12-7.17 taken immediately (3 s) after sample prepara-

ments were carried out with an Edinburgh Analytical Instru- tion.> The isosbestic wavelength at 478 nm is characteristic of

ments LP900 laser flash photolysis system as previously

an acid-base equilibrium involving only two species within

described. Excitation was carried out with the third harmonic

this pH range: below pH-4.5, an acid form with a maximum

(355 nm) of a Surelite 1I-10 Nd:YAG laser. Solutions were absorbance at 458 nm, and, above pH 4.5, a base form with a
stirred between each laser shot and 10 laser shots averaged tmaximum absorbance at 494 nm. Upon standing, the absorption
obtain the transient absorption decays. The decays were analyzedpectrum of these solutions gradually changes over a period of
using the Edinburgh Analytical Instruments LP900 system ~1 h, with a decrease in the absorption at 458 and 494 nm
software. Lifetimes shorter than 30 ns were deconvoluted using (~20%) and an increase in absorbance at 360 and 280 nm. Such
the pulse shape of the laser (obtained by monitoring the Ramanspectral changes are characteristic of the occurrence of the
scattering peak of water in the fluorescence mode of the LP900).classical multiequilibria of anthocyanins, the time-dependent
Since the transient lifetime was wavelength independent, absorbance changes corresponding to the formation of the
transient absorption spectra were obtained by plotting the pre-hemiacetal (B) (at 275 nm) and the chalcones (3000 nm)
exponential coefficients of the decays (or recoveries) at eachat the expense of the acid and base fofms.

wavelength.
Time-Resolved FluorescenceFluorescence decays were

Decreasing the pH below pH 2 induces the appearance of a
third species with a maximum absorbance at 484 nm and a

measured using the time-correlated single photon counting second isosbestic wavelength at 474 nm, indicating an additional

technigue as described elsewh&adternate measurements €10
counts at the maximum per cycle) of the excitation pulse profil
and sample emissions were made until typically 30° total

acid—base equilibrium (Figure 1b). The absorption band at 484
e nm is thus assigned to the flavylium cation (&R, which is
present only under strongly acidic conditions (pH1.0). The
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Figure 2. Mole fractions of the AH' (@), Z (©), and A" (H) forms
of CHMF in nonequilibrated solutions as a function of the pKup=
044 1 0.73 and .. = 4.84.
TABLE 1: Experimental (Aexu) and Theoretical @ineor)

. Wavelengths of the $—S; Electronic Transitions in the
Absorption Spectra, Electronic Enthalpy in the Ground
State Relative to the AH*T Form (AHeectron), Standard Gibbs
Free Energies of Solvation in Water AGsq), and Dihedral
Angles between the Flavylium B-Ring and the Carboxyl
Group

/‘Ltheor(nm) ;Ltheor(nm) iexptl AHelectron AG‘solv

o
w
1

Absorbance
o
N
1

0.1 E
TD-DFT ZINDO (nm) (kcal/mol) (kcal/mol) Bringicoon
AH,*" 459 481 484 0 —51 35.4
0.0 . . . i S z 421 424 458 -19 -32 47.9
300 400 500 600 AH 509 509 —18 —18 29.5
A~ 459 472 494 —-31 —63 40.6

A/nm

Figure 1. Absorption spectra of CHMF in (a) buffered aqueous MO Calculations and the Nature of the AH/Z Form. As

solutions at pH 2.12 (1), 3.32 (2), 3.90 (3), 4.48 (4), 5.08 (5), and 7.17 ) . . .
(6) (the isosbestic wavelength of the Z and forms is at 478 nm)  Previously mentioned, there are a priori two possible products

and (b) acidified (HCIQ) aqueous solutions at pH0.54 (1),—0.07 of deprotonation of the flavylium form (At) of CHMF: the
(2),0.43 (3), 0.94 (4), 1.43 (5), and 1.99 (6) (the isosbestic wavelength quinonoidal base (AH) or its zwitterionic form (Z), resulting
of AHz" and Z is at 474 nm). respectively from deprotonation of the hydroxyl or carboxyl
group (Scheme 2). Table 1 shows experimenialpf) and
theoretical £ineo) Wavelengths of the S-S electronic transi-
tions of the four possible forms of CHMF. Comparison of a
number of methods for calculation of electronic transitions in
anthocyanin® has shown that the TD-DFT underestimates the

absorption at 458 nm can be due to a quinonoidal base (AH) or
to a zwitterionic species resulting from deprotonation of either
the hydroxyl (Z) or the carboxyl group (AH). Finally, the
absorption band at 494 nm is assigned to the ionized quinonoidal

base (A) (Scheme 2). transition wavelengths by~30 nm for all species, while
bk v ke N ZINDO/S correctly predicts the absorption spectrum of flavy-
AH, WAH/Z +H WA +2H lium cations but underestimates the transition wavelength of

the bases by25—30 nm. The results shown in Table 1 indicate
The mole fractions of AH, AH/Z, and A", evaluated by that the absorption band at 458 nm is due to the zwitterionic
decomposition of the spectra in Figure 1 taken immediately (3 form arising from deprotonation of the carboxyl group.
s) after dissolution of CHMF, are plotted as a function of the ~ The calculated electronic enthalpie®sHeiectron 0f AH and Z
pH in Figure 2. Values ofI§; = 0.73+ 0.13 and K, = 4.84 are nearly identical, but the standard Gibbs free energy of
+ 0.20 at 20°C were obtained from nonlinear fitting of the  solvation AGsq) Of Z is significantly more negative, making
mole fractions to the appropriate equati@hghe value of X Z more stable than AH. We thus assign the absorption at 458
is in reasonable agreement with a previously reported value atnm to the Z form.
25°C (4.78)1 This value is only slightly larger than the typical Finally, the large dihedral angle between the carboxyl group
range of K, values of synthetic or natural flavylium salts (e.g., and the plane of the pyrilium ring is consistent with the
3.7 for oenin and 4.4 for 7-hydroxy-4-methylflavylium chlo- negligible effect of the carboxyl group on the absorption spectra
ride).! which refer to deprotonation of the AHcation to give of the AH/Z (458 nm) and A (494 nm) forms of CHMF relative
the neutral base (A) rather than deprotonation of a neutral to those of the AF (458 nm) and A (495 nm) forms of the
species (such as Z) to give an anion JAas in the case of  parent compounds DHF and DMEThus, the zwitterion is in

CHMF. The cationic flavylium ion form of CHMF (Akf"), on fact a flavylium cation with a nonresonant, negatively charged
the other hand, is extremely acidid{g = 0.73). Interestingly, group at the 4-position.
the absorption maxima of the AH/Z (458 nm) and &94 nm) Steady-State and Time-Resolved FluorescencEluores-

forms of CHMF are remarkably similar to those of the AH  cence spectra of CHMF in water at 2G, at pH values in the
(458 nm) and A (495 nm) forms of the parent compounds 0—1.25 range, resulting from excitation at the isosbestic
4',7-dihydroxyflavylium chloride (DHF) and’'4-dimethoxy- wavelength (474 nm), are presented in Figure 3a. AtpH
flavylium chloride (DMF)10:24 the spectrum is that of the AF* cation, with maximum
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The pattern of decay times and pre-exponential coefficients
obtained from global double exponential analysis as a function
of pH (Table 2) is typical of excited-state proton trandfexcept
for the fact that the pre-exponential coefficieAi{) of the long
decay time ;) of Z* at 525 nm is experimentally zero
(corresponding to an equal quality of single and double
exponential fits in the individual analysis) down to pH 2. At
this pH, protonation of A* would normally result in a
significant contribution (nonzer&; 1) from the long decay time
of Z* at 525 nm (see the Discussion section).

b At pH values below 0.7, where the cation AHbecomes
oF . ; . : the dominant form, the decays measured close to the maximum

100

Fluorescence Intensity /kcounts /s
()}
o

500 550 600 "/ 650 700 750 (580 nm) and on the tail (650 nm) of the 585 nm emission band
nm show a rise time of~9 ps followed by a decay time in the
150 range of 40 ps. The presence of the rise time indicates that the

emission arises (either exclusively or predominantly) from a
species that is formed in the excited state at the expense of
AH,™*. The decays measured at the onset (555 nm) of the
emission band exhibit the same two times plus a residual
contribution from the emission of Z*, but at this wavelength,
the 9 ps time appears as a decay time (positive pre-exponential
coefficient). The results indicate that the emission band with a
maximum at 585 nm is, in fact, due to the strong overlap of the
emission of AH™ with that of a second species that is not Z*.
This second species can only be AH*, formed by preferential
deprotonation of the hydroxyl group of A (deprotonation

of the carboxyl group being disfavored in the excited state).
An exact analysis of these decays is not straightforward due to
Figure 3. Fluorescence spectra of CHMF in (a) acidified (H@IO  the strong overlap of the emission bands, the absence of AH as
aqueous solutions at pH 0 (1), 0.30 (2), 1.14 (3), and 1.25 (4), mea- a stable species in the ground state, and, most importantly, the
sured with excitation at 474 nm, and (b) buffered agueous solutions problems arising from the use of very high“fH-oncentrations,

at pH 3.09 (1), 4.25 (2), 4.72 (3), 5.64 (4), and 6.37 (By{= in the range of~1 M. In any event, however, the 9 ps time
478 nm). should provide a good estimate for the rate of deprotonation of
AH, ™ (kgr* ~ 1.1 x 10t s7Y).

Ground-State Prototropic Reaction Kinetics. Figure 5a
shows the transient absorption spectrum of CHMF in aqueous
solution at pH 3.85, a@ = 0, upon excitation wh a 5 nslaser
° ! ¢ pulse at 355 nm. The spectrum shows the depletion of Z at 455
at 584 nm, is observed (Figure 3b). Finally, above pH 6.7, only 1y and an absorption band with a maximum at 505 nm that
the emission of A* (620 nm) is observed. _ matches the absorption spectrum of. Ahe depletion of Z at

At pH 7.2, the fluorescence decay of CHMF in walt@gx 455 nm and the absorption of Aat 505 nm demonstrate that
= 445 nm), measured at 650 nm (emission of*Ais single excitation of Z leads to deprotonation to form the base #s
exponential. The lifetime of the base form (149 ps) is within found for a variety of flavylium salts (see the Discussion
the range observed for other synthetic and natural anthocyaninssecﬂon)z}—e At both wavelengths, the transients decay with first-
(130-250 ps)+* order kinetics and identical decay times (Figure 5b). Figure 6

Within the pH range 23, where only the Z form exists in  shows a plot of the reciprocal decay time (the observed rate
the ground state (see Figure 2), the fluorescence decay at 52%onstant), which is a linear function of proton concentration.
nm (emission of Z*) is a single exponential with a decay time |n the pH range where significant amounts of AHare present
of 31 ps. In contrast, at 650 nm (A emission), double in solution (pH< 0.7), any transients would decay too quickly
exponential decay is observed with a rise time (negative pre- (<3 ns) to be detected with our instrumentation.
exponential coefficientdy;) of around 20 ps, systematically . .
smaller than the decay time at 525 nm. At pH values within Discussion
the pH range 1.222 (where the mole fraction of Z is always Electronic Absorption and Emission of CHMF. The first
greater than 0.95), the decay of Z* at 525 nm becomes doubleinteresting observation made with CHMF is the strong increase
exponential, due to the appearance of an additional long decayin the acidity of the carboxyl group attached to the flavylium
time similar in magnitude to the long decay time observed at moiety (a1 = 0.73, as compared with the valu&p= 4.20
650 nm. Although there is some variation in the values of the of benzoic acid). This implies substantial resonance, with charge
long lifetime derived from individual analyses at the two transfer from the carboxyl to the flavylium ion, despite the
wavelengths, global analysis of the decays provides acceptablenonzero dihedral angl® (= 35°) of the carboxyl group relative
double exponential fits (Figure 4). Although triple exponential to the flavylium B-ring in the AH' form (Table 1). The
fits with two short decay times¥20 and~30 ps) and one long  carboxykflavylium resonance is in fact reflected in the strongly
decay time are better, the differences do not justify a claim for red-shifted absorption spectrum of the Atform (Amax = 484
triple exponential decays at the present stage of the data.nm in aqueous solution; Figure 1b) relative to that of thetAH
However, a small contribution of a third species in the form of the parent compound,Z-dihydroxyflavylium chloride
fluorescence decays is possible (see Scheme 4). (DHF; Amax = 458 nm in aqueous solution).

-
o
o

n
o

Fluorescence Intensity /kcounts /s

550 600 650 700 750
A/nm

n o
o
o

intensity at 585 nm. Upon an increase of the pH up to 1.25, the
emission of Z* at 530 nm starts to develop at the expense of
the emission of AR* (isoemissive wavelength at536 nm).
Above pH 3, a second isoemissive wavelength of Z* and,A
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Figure 4. Global analysis of fluorescence decays of CHMF yOHat pH
is quasi-single exponential).

SCHEME 3
kg * .
Z* — A- + H
ke *[H']
ky ka.-
kg .
V4 4—_>+ A+ H
kp[H']
SCHEME 4
kop* s *[H]
7r = A*+ H —» AH*
ey *[H']
k|| v ka kan
kg
<~ A+H AH
kyp[H']

TABLE 2: Decay Times (r;) and Pre-exponential
Coefficients at 525 nm Ay) and 650 nm @) from Global
Analysis of CHMF Decays in Aqueous Solution at Different
pH Values

pH 71 (ps)  72(ps) Aqx Az Aoy A,

2.88 121 325 —0.001 1.000 1.00 -0.22
2.75 119 31.6 0.001 0.999 1.00 —0.21
2.26 115 334 —0.002 1.000 1.00 -0.30
2.06 113 33.1 —0.004 1.000 1.00 -0.30
2.00 115 30.0 0.004 0.996 1.00 —-0.17
1.93 115 31.9 0.005 0.995 1.00 —0.28
1.69 110 31.9 0.006 0.994 1.00 —0.39
1.50 101 30.0 0.010 0.990 1.00 —0.27
1.22 100 29.7 0.015 0.985 1.00 —0.31

The calculated dihedral anglé)(is larger in the zwitterion
form (Z) (48), reducing the carboxylateflavylium s-orbital
overlap. This is apparently sufficient to make the absorption
spectra of the Z form of CHMF and the AHform of DHF

2.00Aexc = 445 nm andlem = 525 and 650 nm (the decay at 525 nm

4 T T T T T T
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24 o [} 4
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°
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t/us

Figure 5. Transient absorptionof CHMF in aqueous solution at pH
3.85 resulting from excitation wita 5 nslaser pulse at 355 nm: (a)
decay of A" at 505 nm and recovery of Z at 455 nm; (b) transient
spectrum measured immediately after the laser pulse.

similar to each other. The similarity between th€,pvalue of
CHMF (4.84) and the g, value of DHF (4.0)° further indicates
that, despite being a zwitterion, Z exhibits properties typical of
a flavylium cation.

Although the zwitterion form (Z) of CHMF does hydrate in
water, it does so to a smaller extent than either of the parent
compounds DHE or DMF .24 Thus, in contrast to the strong
stabilizing effect of anionic SDS micelles observed for all
flavylium salts studied to dafef11the presence of a carboxylate
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' ' ' T of the synthetic or natural flavylium salts studied to date
0.104 ((1.3-5.0) x 10° s1 for HMF, pelargonin, cyanin, DHF,
malvin, and oenin}=® This difference suggests that, at best,
0.08+ 1 there is only modest stabilization of the flavylium moiety of Z
by the carboxylate charge. In contrast, the valuépf(4.2 x
" 0.064 ] 10t M~1s7Y) is larger than the, values found for the other
~, flavylium salts studied previously ((28.6) x 109 L-mol2-s7Y),
+°0.04+ ] consistent with the fact that the base form of CMHF is
negatively charged rather than neutral like the base form of these
0.02- T other flavylium salts.
Excited-State Kinetics.The data from fluorescence decays

0.00+ T T T T measured in the pH range from 1.22 to 2.88 (predominant
0.0 0.5 1.0 1.5 2.0 25 L ) .
. excitation of Z at 445 nm) were analyzed using conventional
[H]/mM two-state kinetics for evaluation of the four rate constants in
Figure 6. Plot of the observed rate constant for return to the ground- Scheme 3.
state Z-A~ equilibrium of CHMF as a function of proton concentration. The rate constants were evaluated from the two reciprocal

decay timesA; andly), the ratio of pre-exponential coefficients
group in CHMF does not appreciably stabilize Z with respect at 525 nm R =A;2J/A11), and the lifetime of Z ¢; = 1/kz =
to the hemiacetal form (B). 451 ps) measured with the methoxylated parent compound DMF
Ground-State Kinetics. The fast deprotonation of ordinary  (eqs £5).1
flavylium cations in the excited state {80 ps) and the

short lifetime of the corresponding excited conjugated bases K" =X = kg 1)
(130—-250 ps) permit displacement of the ground-state -acid

base equilibrium toward the base (A) 250 ps, upon koo [H = (XY— A A Ky (2)

excitation of the flavylium cation with a nanosecond laser

pulse?~® Subsequently, the excess of ground-state base proto- Ky =Y— kpz*[H +] (3)

nates, returning the system to equilibrium. The kinetics of this

process can be followed by monitoring the transient absorbance X=(Rl,+ A)/(R+ 1) 4)
of either the depleted flavylium (recovery of AlHor the excess

of base (decay of A). Both transients normally obey first-order Y=4,+4,—X (5)

kinetics with identical rateStonsa = ka + kp[H'].4 Typically,

kq is of the order of 10 s™! and k, is diffusion controlled In the 2-2.88 pH rangeR = « (A;; = 0), which implies
((2.2-3.6) x 1019 M~1.s71).2 that X = A, andY = 1; (egs 4 and 5) and thd,*[H 7] is

In the case of CHMF, all excited species decay in the vanishingly small (eq 2). Below pH 2,,*[H ] increases
picosecond time range, well within the width of the nanosecond linearly with proton concentration (Figure 7a), with a slope of
laser pulse. In the low pH range<0.7), where AH" is the koz* = (4.4+ 0.4) x 10° M~1-s7%, a value approximately 10-
dominant form, no transients are observed. Indeed, at such lowfold smaller than the ground-stakg» (4.2 x 10 M~1-s7%), as
pH values, the return to equilibrium in the ground state should expected from the abnormally low valuesAf;. A simplistic
be much faster than the time resolution of our nanosecond laserinterpretation of this difference betweggy* and k;> would be
flash photolysis systen~3 ns). Thus, sincel,; = 0.73, the a decrease in the base strength of i the excited state,

assumption of diffusion-controlled protonatidg, ¢-(2.2—3.6) resulting in reaction-controlled protonation in the excited state.
x 100 M~1-s7124 would predict thatky; is at least 7x 10° However, this is not plausible because such reaction control
sL. Hence kopsgwould be expected to be of the order-ef10° has not been observed for protonation of any of the other
s 1 and the decay of any transients much too fast is) to be conjugate bases of flavylium photoacids, many of which are
resolved by our system. even weaker bases. A more consistent interpretation emerges

In the 1.74 pH range, the zwitterion (Z) is the dominant when the pH dependence k- is also considered.
form and its excitation leads to deprotonation of the hydroxyl = Protonation at the Carboxylate Group. Figure 7b shows
group to form the excited base (A (see the fluorescence plots of the rate constantk* and ka- versus [H]. The
spectra in Figure 3b) in 31 ps. Although the carboxylate group deprotonation rate constakt* = 2.9 x 10°s1is independent
of Z in principle becomes a stronger base in the excited state, of [H*], as expected, and clearly smaller than that of the parent
diffusion-controlled protonation would be unable to compete compound DHFKs* = 8 x 1010s71).4
with the decay of Z* at pH values higher than 3k[H™] > The linear dependence &f- with [H*], with a slope value
100 ns). Thus, the net effect of the laser pulse is to perturb theequal to (3.7+ 0.8) x 101 M~1-s71 and an intercept value of
ground-state prototropic equilibrium by producing an excess of (8.3 + 0.08) x 10° s7%, is most unusual for two reasons. First,
A~. By plotting the observed rate constants (equal to the the lifetime of the base form of all other flavylium salts that
reciprocal decay timeskonsa= ka2 + Kp2o[H ], as a function of have been studied is pH independkritand second, the lifetime
the proton concentration (Figure 6), the ground-state prototropic of A~ predicted from the intercept value is 120 ps, clearly
rate constantse, = (1.3 £ 1.1) x 10f st andky,, = (4.2 + shorter than the experimental value (149 ps) measured by direct
0.1) x 10*® M~%-s71 can be determined. As frequently found excitation of A~ at pH 7.2. This suggests that the base form of
for flavylium salts?—6 the accuracy of thiy, value determined CHMF is quenched by the proton in a second process, different
from the intercept is poor. Alternatively, a more accurate value from back protonation to produce Z*.
of kiz = 6 x 10° s can be calculated frorf,, (which is Protonation at the carboxylate group, producing the neutral
accurate) and the equilibrium constant valuekgs = 1.5 x base (AH), is the obvious assignment of this second process
1075, This latter value okgp, Which is within the uncertainty ~ because aromatic carboxylate groups become much stronger
of the intercept value, is the lowelf value measured for any  bases in the excited state (e.g., the naphthoic acids, for which



Prototropic Reactivity of CHMF J. Phys. Chem. A, Vol. 110, No. 6, 2008095

0.3 T T M T M T v T v T 140 I) T T T T T T
a) a
12041 &g @ T, -
i 9 i
0.2 | 100 8
2 . 80 _
~ o
T S 601 -
£ 0.1 -
& 40 7, 4
EEAEE N w =]
20 -
0.0 1. . § § . 7 0 T T T T T T T
0.00 001 002 003 004 005 0.06 0.00 001 002 0.03 0.04 005 0.06
[H]/M H1/M
12 T T T T T T T
32 T T T T T T T -
b o o o) b) A,
30] o ] 10{ ®e®0 @ ® ®
o © U
281~ 00 ke >
= = 0.8 n
0.6 -
<
0.4 -
0.2 -
A,
: i n [
701 k, (PH7.2) ] 00{ mEmm m
6.5 T T T T T T _' _' 1 _' 2 _' _' 4 _' .'
0.00 001 002 003 004 005 0.06 000 0.01 002 003 004 005 0.06
H1/M
[H1/M H1

Figure 8. Plots of (a) decay times and (b) pre-exponential coefficients
of CHMF in water as a function of proton concentration: experimental
(closed symbols) and calculated with the rate constants derived from
Scheme 4 (open symbols).

Figure 7. Plots of the rate constants of the excited-state prototro-
pic reactions of CHMF in KO as a function of proton concentration:
(a) reprotonation rate constant of A at the carbonyl group;

(b) deprotonation rate constant of Z* and (apparent) reciprocal decay

time of A™*. TABLE 3: Proton Transfer Rate Constants for CHMF in
ApK, is ~6—8 upon excitatiorf and the carboxylate group Aqueous Solution at 2_93 K

bears a negative charge. Protonation at the carboxylate group reaction rate constant
would not be reflected in the pre-exponential coefficient at 525  AH,™ — AH (ground state)Kg/s™%) >7 x 1¢°
nm (A1;) because it does not produce Z* and an eventual second Z— A~ (ground state)k/s ?) 6.3x 10°
protonation on the oxygen at carbon 7 would produce the A - Z(ground state)iglM *s ) 4.2 100
unstable AH™. In other words, reprotonation at the carboxylate Qﬁi A:'?gxci(;?gfges)tzti)/s@)/ s %éi igo
will decrease the apparent lifetime of A without affecting A~* — 7* (excited state)Kpi*/M “Lg-1) 4.4% 10P
the decay of Z*. In essence, then, the protonation of &t the A~* — AH* (excited state) Kos*/M ~-s7%) 3.7x 10w

carboxylate group is in fact diffusion controlled, with a rate
constantiys* = 3.7 x 10 M~1-s7%) close to that in the ground  with the present data because it is a combination of three rate
state K, = 4.2 x 10'°° M~1-s71). Scheme 4 summarizes this constants: proton migration from hydroxyl to carboxylate
kinetic situation. involving two or three water molecules, dissociation of the ion
Geminate Recombination. The observed difference pair, and recombination of the ion pair. However, it is clear
(Aka- = 1.7 x 10° s71) between the value da- measured by  that a difference between the lifetimes of the base form measured
direct excitation of A at pH 7.2 and that estimated from the by direct excitation or after deprotonation of the acid provides
intercept of the plot oka- versus [H] at lower pH values, a signature for geminate recombination. In Figure 8, the
where A™* is formed by deprotonation of Z* (see Figure 7b), agreement between the experimental data (decay times and pre-
implies the existence of a pH-independent protonation processexponential coefficients) and the respective theoretical values
of A~*. This process could be either proton abstraction from derived from the calculated rate constants (Scheme 4 and Table
water or fast geminate recombination of the*A:-H* ion pair 3) is shown.
formed upon deprotonation of 2728 In both cases, the The foregoing results have implications for the analysis and
protonation must occur at the carboxylate group (to give AH*), interpretation of the ground-state proton transfer kinetics,
because Z* is not formed from A (single exponential decay).  because excitation of Z also produces AH (from proton
The first hypothesis can be excluded because proton transferecombination) in addition to A (from the natural decay of
from water is not seen when Ais prepared by direct excitation ~ A™*). Thus, the return to the ZA~ equilibrium will also
of A~ at pH 7.2. The fact that the geminate pair is an arion involve deprotonation of AH at the carboxylate followed by
cation pair in the case of CHMF is an additional factor in favor protonation on the oxygen at carbon 7, or vice versa, to give Z.
of recombination of the pair due to the reduced rate of proton However, at the maximum proton concentration used in the light
escapé® Thus, we assign thAka- difference to the geminate  jump experiments (2.3« 1072 M), the relative amounts of
recombination of the A*--+H* pair to give AH*. A more ground-state A and AH produced from A* are 80 and 20%,
guantitative analysis of the magnitude &k, is not possible respectively, and part of this AH might undergo reasonably rapid
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deprotonation to A. Thus, the analysis of the ground-state (2) Moreira, P. F., Jr.; Giestas, L.; Yihwa, C.; Vautier-Giongo, C.;
proton transfer rates must be essentially correct. Quina, F. H. Maanita, A. L; Lima, J. CJ. Phys. Chem. /2003 107

(3) Giestas, L.; Yihwa, C.; Lima, J. C.; Vautier-Giongo, C.; Lopes,

Conclusions A Quina, F. H.; Maanita, A. L.J. Phys. Chem. 2003 107, 3263.
Nonequilibrated solutions of CHMF exhibit three forms in (4) Maganita, A. L.; Moreira, P.; Lima, J. C.; Quina, F. H.; Yihwa,

the ground state between pH 0 and 7: an acid form{AH  C.: Vautier-Giongo, CJ. Phys. Chem. 2002 106, 1248.

predominant below pH 0.73; a zwitterionic form (Z), predomi- (5) Lima, J. C.; Vautier-Giongo, C.; Lopes, A.; Melo, E. C.; Quina, F.

H.; Maganita, A. L.J. Phys. Chem. 2002 106, 5851.

(6) Vautier-Giongo, C.; Yihwa, C.; Moreira Jr., P. F.; Lima, J. C,;
Freitas, A. A.; Quina, F. H.; Mamita, A. L. Langmuir2002 18, 10109.

(7) Brouillard, R.; Dubois, J. EJ. Am. Chem. Sod 977, 99, 1359.

nant in the pH range 0.734.84; and an anionic base form (A
predominant above pH 4.84. Equilibrated solutions (24 h after
preparation) of Z also contain the hemiacetal (B) and the
chalcone forms, resulting from hydration of Z (see Scheme 1). ) o 0 i & - Delaporte BJ. Am. Chem. Sod977, 99, 8461.
The cationic species A#t is quite a strong aC|_d in the groqnd (9) Santos, H.; Turner, D. L. Lima, J. C.. Figueiredo, P.: Pina, F..
state kg1 > 7 x 10° s H) and a supgr-photoaugl in the exc@ed Maganita, A. L. Phytochemistryl993 33, 1227, e P
.State kar* ~ 1.1x 10 s7). The ZWItte.non () |s_aweak a_CId (10) Pina, F.; Benedito, L.; Melo, M. J.; Parola, A. J.; Lima, J. C.;
in the ground state (> = 4.84) but quite strong in the excited  Maganita, A. L.An. Quim. Int. Ed1997, 93, 111.

state (Ko < 0). However, both the ground- and excited-state  (11) Fernandes, A. C.; RofaaC. C.; Rosa, C. P.; Vieira, V. P.; Lopes,
deprotonation rate constants of Z are significantly smaller than A; Silva, P. F.; Maanita, A. L.Eur. J. Org. Chem2004 23, 4877.

those of the AH form of other flavylium salts, reflecting the (12) Swain, T. InThe Flavonoids Harborne, J. B., Mabry, T. J., Mabry,
presence of the negatively charged carboxylate group in the ZH., Eds.; Chapman and Hall, Ltd.: London, 1975; p 1129.

form of CHMF. Although the negative charge is mostly (13) Harborne, J. B.; Williams, C. A?hytochemistry200Q 55, 481.
localized on the carboxylate group (the charge on the carboxylate (14) Mazza, G.; Brouillard, RFood Chem1987, 25, 207.

group was evaluated as the sum of the atomic charge<G, (15) Sweeny, J. G.; lacobucci, G. A. Agric. Food Chem1983 31,
calculated at the semiempirical AM1 level)40% of the charge 931
is delocalized onto the flavylium ring, increasing the-B® bond (16) Demas, J. N.; Crosby, G. A. Phys. Cheml1971, 75, 991.

strength and causing the deprotonation rate constants to h(17)cﬁtfikerv Gg-? Subragganiam, V.; Seidel, C. A. M.; Volkmer, AJJ.
decreasés The increased negative charge on the flavylium "~ 2/185) F?m.hal\j ? 1T03 5 lé' W Sehledel H. B.: Souseria. G. E.- Robh
H H H H H rnscn, M. J.; 1rucks, G. W.; schlegel, A. b.; Scuseria, G. E.; RODbD,
moiety is also in agreement with the decrease in the extent ofM_ A Cheeseman. J. R.: Montgomery, J. A.. Jr.. Vreven, T.: Kudin, K.
hydration observed for the Z form of.CHMF relatlyg to the N Burant, J. C.; Millam, J. M. lyengar, S. S.; Tomasi, J.; Barone, V.;
parent compound DHF; any decrease in the net positive chargeMennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;;
on carbon 2 will disfavor nucleophilic attack by water. Nakatsuji, H., Hada, M., Ehara, M.; Toyota, K., Fukuda, R, Hasegawa, J.;
Th tint fi feat P f CHMF hy is th Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
€ most Ineresling teature o » NOwever, IS € x - knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
concerted action of the hydroxyl and carboxylate groups upon Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
excitation. Ultrafast photodeprotonation of the hydroxyl group golme:jlh CS OlghterSk'B J. V\G fy?af( P. Y-;kMefoéUfga, K. Yf’té" GD- A_-;I
* : : H H H : : alvador, P.; Dannenberg, J. J.; ZakrzewsKkl, V. . Dapprich, S.; Daniels,
of Z result's in partial geminate recomblnatlon with p:eferennal A. D. Strain, M. C.. Farkas, O.. Malick. D. K.. Rabuck. A. D.:
reprotonation at Fhe garpoxylate group to give AH*. The net Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
result is proton migration in the excited state between these two Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
ositions in the molecule that is fast enough to compete P- Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.. Al-Laham, M. A.;
P . . . .. . 9 . P Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
efficiently W|th_ dissociation of Fhe geminate pair. The Same g Chen, W.; Wong, M. W.: Gonzalez, C.. Pople, J. Baussian 03
phenomenon is also reflected in the diffusional reprotonation revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
of A~*, where again the preference_ is for protonation on the  (19) Adamamo, C.; Barone, \J. Chem. Phys1998 108 664.
carboxylate group. Thus, the excited Z* form of CHMF (20) Hill, T. L. An Introduction to Statistical Thermodynamiésidison-
effectively acts as a molecular proton transporter in the Wesley: Reading, MA, 1960.

picosecond time range. (21) Mennucci, B.; Cammi, R.; Tomasi, J. Chem. Phys1998§ 109,
2798.
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