PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Multistate reaction Kinetics of 6-hydroxy-4’-(dimethylamino)flavylium driven

by pH. A stopped-flow study

César A. T. Laia,* A. Jorge Parola, Filipe Folgosa and Fernando Pina

Received 20th July 2006, Accepted 6th October 2006
First published as an Advance Article on the web 16th November 2006
DOI: 10.1039/b610466¢

The synthetic flavylium salt 6-hydroxy-4'-(dimethylamino)flavylium hexafluorophosphate displays a set
of pH-driven chemical reactions in aqueous solutions, involving the formation of hemiketal species and
chalcones with cis and trans configurations. Such reactions were studied by steady-state and transient
UV-Vis spectroscopy and by stopped-flow techniques. A novel and more generalized kinetic scheme is
developed, in order to take account of possible acid/base pairs that occur in the network of chemical
reactions as the pH is changed. It is found that the formation of the hemiketal species by hydration of

the flavylium is slow, and it is not possible to isolate each process that leads to the formation of the
cis-chalcone (hydration and tautomerization reactions). The cis/trans isomerization reaction of
cis-chalcone is slow, and the system takes several hours to reach equilibrium after a pH jump at room
temperature. In basic conditions, negatively charged trans-chalcones are dominant. Comparison with
other flavylium compounds shows that the hydration process is affected mainly by the amino group,
while the hydroxyl group influences the tautomerization and isomerization reactions.

Introduction

The multistate pH-driven reactions of flavylium dyes produce
systems in which complex logical functions may be carried out
in solution.! This is possible because of the wide range of
two-state processes that appear by applying stimuli, such as a
pH jump or a photochromic process, to the system. Flavylium
compounds, as well as other molecules like natural anthocyanins,
present a 2-phenylbenzopyrylium core which develops into several
species, such as the hemiketal B obtained by hydration in the
2-position of the flavylium cation, a cis-2-hydroxychalcone Cc
formed by tautomerization of B, and a trans-2-hydroxychalcone Ct
obtained by isomerization of Cc (Fig. 1).>* Suitable substituents
might be introduced into the general skeleton of the flavylium
compounds in several positions, influencing greatly the reactivity
of the compounds.' The substitution by hydroxyl or methoxy in
position 4" and the absence of electron donor groups in position
7 are particularly important, because it has been shown that it
leads to a cis/trans barrier, allowing these compounds to undergo
write—lock—read—unlock—erase photochromic cycles, and perform
as XOR and XNOR logic gates (multistate/multifunctional
systems).!

This work deals with 6-hydroxy-4'-(dimethylamino)flavylium
hexafluorophosphate, a compound with a dimethylamino group
at the 4'-position and a hydroxyl group at the 6-position (see
Fig. 1). This compound can be made to undergo a wide range
of chemical reactions just by changing the pH, and it is important
to understand a priori the effects of the substituents on this
network.! The presence of the dimethylamino group has already
been studied,*>'*® and it was found that the formation of
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B, through the hydration of AH*, is slow due to an extended
conjugation between the benzopyrylium and the dimethylaniline
rings, giving rise to a planar flavylium ion. The presence of
the hydroxyl group at the 6-position opens up new possibilities,
increasing greatly the number of states that might be achieved
by pH jumps (see Fig. 1) because of all the hydration and
tautomerization reactions that might occur on the conjugated
base.”” The existence of a new pathway for the conversion of
flavylium compounds into chalcones will affect the kinetics greatly;
however it has been found that the hydration of A is negligible.
The reaction kinetics and the thermodynamics are affected by
this increase, and several assumptions and simplifications that are
usually made to describe these results cannot be applied here,
which increases the complexity of the problem. Instead, a more
general scheme is developed, which can be used in many flavylium
systems, considering that acid/base reactions reach equilibrium
immediately. The multistate reaction then transforms into a 3-
state reaction scheme, which is solved by the matrix method.’®"
With the kinetic analysis and the equilibrium results, it was
possible to obtain all the kinetic and equilibrium constants, and
these are compared with the data available for other flavylium
compounds.

Thermodynamics and Kinetics

As mentioned in the introduction, flavylium compounds display
a wide range of chemical reactions driven by pH, caused not only
by acid/base equilibrium, but also because the hydration of the
flavylium ring leads to the formation of a hemiketal compound
(B) and H*. B ultimately will open and transforms into the
cis-chalcone (Cc) by tautomerization and later into the trans-
isomer (Ct) by cis/trans isomerization."”* The basic partners of
AH", B, Cc and Ct are A, B-, Cc™ and Ct~, which are formed
due to deprotonation of the hydroxyl group (see Fig. 1). Many
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Fig. 1 pH-Driven chemical reactions of 6-hydroxy-4'-(dimethylamino)flavylium.

flavylium compounds do not have such a group, and therefore
will not undergo any of the reactions on the right-hand side of
Fig. 1, which simplifies the thermodynamic and kinetic analysis.
On the other hand, most of the reactions occur on totally different
timescales. The formation of B and Cc from AH* takes place
normally within seconds, or fractions of a second, while the
cis/trans isomerization generally occurs on a very long timescale
(several hours or more). All the acid/base equilibria are virtually
instantaneous when compared with the other reactions presented
here.

With the assumption that the acid/base reactions are instanta-
neous, the molar fractions of each species will be given by:

[H']

(AN) = (IAH"]+[A]) (1-A)
[A]= %([AH*H [A]) (1-B)
[B]= [H[]H—JK (1B1+[B1) (1-0)
B1= [H]K—H( (1B1+[B1) (1-D)
[Cel= [H[]Hf]K (cel+1ce 1) (1-B)

Ce
[Ce]=—a

- TR ([Cc] + [Cc’])

(1-F)
Eqn (1) neglects acid/base reactions that produce Cc*~ and Cc*
species (it is assumed that the kinetics is studied at moderate pH).
The same equations may also be written for the Ct acid/base
equilibria. Since the isomerization reaction takes place on a long
timescale, only the reactions from AH* to Cc will be considered in

the following kinetics. The following pseudo-rate constants may
be defined.

k H+ 4 kbase+kbase OH7 KAI-[+
ALY (k™ + ke [OH ) K

(2-A)

! KM +[H']
L (A [T+ h o )T+ (RO [HT ]+ k% ) K2 2B)

7 K} +[H']
_ e [H' ]+ K™K} (2-0)

Tk

+ base - Cc

k—r = k—T[HC] + kT Ka (2-D)

Ka,c+[H+]

The following set of differential equations describes the kinetics
of the reaction of AH*/A to give Cc/Cc:

d([AH"]+[A])
dt

=—k,([AH ]+[A]) +&_, ([B]+[B])  (B-A)
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d([B]+[B 1)

o k(AT Al) ¢
(k,y+ kt)([B]Jr[B*]) thk, ([CC][Cci]) (3-B)
dficel+[Ce) k([BI+[B 1)=& ([Cel+[Cc ) (-C)

dt

The solution of eqn (3) is given by a sum of exponentials, where
the solutions of the time constants are given by the following
determinant:'®"

—k, — k., 0
k, —k, 4k -4 k. |=0 @)
0 k.

and therefore

4=0

otk vk Ve J(k+k, —k k) +4k kO
Y Y Y Y Y
37 2

The reciprocals of 4 give the relaxation times of the kinetic traces
obtained by pH jumps of stopped-flow experiments.>*!° Because
A1 = 0, it turns out that the decays are biexponential even though
the determinant is 3 x 3. If no acid/base equilibria are observed
for AH*, B and Cc, eqn (5) reduces to:

4 =0
1om —(hey + ke [H ]+ + k) N
' 2 (6)
\/(kh TR H =~k = k) + 4k k]
2

In certain conditions (acidic media, basic media or low tautomer-
ization rate constants) eqn (5) gives:

M=0
A= —(k,+k) (7
A= (kr + k—r)

Unfortunately, eqn (7) cannot be applied to the whole pH range
in some cases, and if one desires to describe the whole set of data,
eqn (5)isnecessary. Yet, in many cases the approximation of eqn (7)
is enough to describe experimental data in acidic conditions,
because a linear relationship with [H*] is observed, which therefore
can be used to obtain the rate constants. As will be shown below,
however, the pH dependence is sometimes difficult to linearize
for certain flavylium compounds, and a non-linear data fit with
eqn (5) is required in order to obtain the rate constants. After such
a procedure it may be proven that eqn (7) is enough to describe
the data, but such knowledge is only known a posteriori. If the use
of eqn (7) is valid, some approximations can be made and some
useful equations found. If [H*] 3> KP (a situation that might be
common over a wide pH range, because pK?® is expected to be
above 9):

[H"] N
A =k+k =k ————+k [H | +k
/12 T ¥ h K:\H +[H7] I OH (8)
dmkrk ks Rl RERS

Kafc + [H+]

Eqn (8) shows how certain rate constants may be directly obtained
from experiments. If k_qy is not negligible, a multilinear regression
of 4, vs. [H*] and [H*]/(K2" + [H*]) (if K2"* is known) would
give rise to a non-zero value at the intercept with [H*] = 0. If one
is sure that eqn (7) is applicable, than eqn (8) is a practical way to
get the results needed at pH < 10.

Also, some processes within the scheme have been proven
to be quite slow or almost non-existent, as in the case of A
hydration, represented by k"% [H*]. If this term is equal to zero, a
simplification occurs, and the same reasoning applies to all other
processes on this network of chemical reactions. It is therefore
important to understand whether or not there are any processes
that can be neglected. The quality of the experimental data is also
rather critical, in order to correctly catch the shape of the time
decay constants vs. pH curves.

Once the thermodynamic equilibrium is reached, with the
establishment of the cis/trans isomerization, normally only AH*,
A, Ct and Ct~ species remain, depending on the pH. As a
first approximation, [AH*] may be obtained from the following
equation:*®

[an]= CanlH L ©)
]+ K,

in which C,y is the total concentration of flavylium species, K, is
an apparent acidity constant given by:

K, =K 4+ Kyy + KyKy + KKK, (10)

and the equilibrium constants (easily obtained with a pH titration)
are:

BI[H'] &,

o= BT _ ks 1A
Ky = ki (11-B)
K = : (11-C)

However, within the scheme shown in Fig. 1, this approach is
no longer valid if one desires to explain the whole set of data.
Ky, as defined in eqn (11-A), is not a constant because it will
depend on [H*]. The acid/base equilibria for B, Cc and Ct should
be considered as well. [AH*] should be obtained by the following
equation:

. C H+ 2
Ty Em— L (12)
[H'P+K, [H]+K,
where:
K./ = K"Ky + K< Ky Ky + K9 Ky Kp K, (13)
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and

[BIHT] _ ki[H"]
[AH'] — kW[H*] +k on

If the appearance of Cc*~ and Ct*~ are also considered, eqn (12)
must change as well, in order to accommodate these species into
the description. The change might be important at high pH when
these species appear and hence shift the equilibrium towards the
formation of the chalcone. The full description is then given by:

K = (14)

C H+ 2
(AH'] = an[H] (15)
[HF + K[ i
where:
K," = K Ky (KSKOK, + K KE) (16)

The same reasoning is also valid if Ct* and Cc* (and AH* and
BH*, which were not considered because such species appear at
very low pH values, below 1) are considered in the scheme, but such
species are unlikely to appear because under acidic conditions only
the flavylium salt remains. Nevertheless, one has to realize that
experimentally it is [AH*] vs. pH that is obtained by probing a
wavelength at which AH* (and almost nothing else) absorbs light,
and under such conditions eqn (9) is sufficient. Only if species like
Ct~ or Ct* are being probed will eqn (12) or eqn (16) be more
appropriate.

Results and data analysis
Structure

6-Hydroxy-4'-(dimethylamino)flavylium has a structure similar to
4'-aminoflavylium salt, which has been previously studied by X-ray
diffraction.'” X-Ray analysis of this salt showed an almost planar
molecule with a resonance form in which the amino group parti-
cipates in the © molecular orbital (see Scheme 1). Therefore the
positive charge is distributed and the hydration reaction in which
the hemiketal species is formed is less favorable. AMI1 semi-
empirical calculations for the present case-study suggest that these
conclusions may be extended to 6-hydroxy-4'-(dimethylamino)-

OO R="

Scheme
flavylium

1 Resonance structure of 6-hydroxy-4'-(dimethylamino)-

Fig. 2 Structure of 6-hydroxy-4'-(dimethylamino)flavylium obtained by
AM1 semi-empirical calculations.

flavylium (see Fig. 2). Table 1 compares three different flavylium
compounds and shows how crucial the dimethylamino group
bonded to C4' is in order to put the phenyl ring planar with the rest
of the molecule. An important double bond character is also found
in C4-N and C2-C1’ bonds for the dimethylamino derivatives,
which is absent for 6-hydroxyflavylium and the hemiketal species.
The double bound character does not substantially change the
C2 charge, but nucleophilic attack on this carbon will be more
difficult. In addition, the amino group is not easily protonated,
and will have a low pK,.

Table 1 AMI semi-empirical calculations

C2charge O1-C2-C1'-C2 bond torsion C3'-C4-N-C bond torsion C2-Cl’ bond order C4'-N bond order = C2-O1 bond order
6-Hydroxy-4'-(dimethylamino)flavylium
AH*  0.28 0.6° 2.5° 1.24 1.28 1.17
A 0.11 0.8° 3.7° 1.04 1.12 1.21
B 0.29 26.1° 27.9° 0.93 1.06 0.91
B- 0.30 28.1° 11.4° 0.91 0.97 0.97
4'-Dimethylaminoflavylium
AH* 0.28 0.6° 2.5° 1.24 1.28 1.15
B 0.29 26.1° 28.0° 0.93 1.06 0.91
6-Hydroxyflavylium
AH* 0.28 20.5° — 1.08 — 1.22
A 0.06 22.0° — 1.02 — 1.21
B 0.28 26.4° — 0.93 — 0.91
B- 0.30 28.3° — 0.92 — 0.97

4'-Aminoflavylium (X-ray data)"
AH* — 2.2° —

72 | Org. Biomol. Chem., 2007, 5, 69-77

This journal is © The Royal Society of Chemistry 2007



Electronic absorption spectra — equilibrium

The electronic absorption spectra exhibit a strong absorbance at
A = 540 nm in acidic aqueous solutions (see Fig. 3). Such a band
is characteristic of other flavylium compounds and is assigned
to AH*."" As the pH increases, this band gradually disappears,
reflecting the disappearance of AH*. On the other hand, a new
transition appears at 410 nm, which is assigned to the formation
of chalcone species (both Cc and Ct). For pH > 10 almost all
absorbance at 540 nm disappears, while the shape of the absorption
spectra between 300 and 500 nm shows the acid/base equilibria
of the chalcone species. A plot of the absorbance at 540 nm as
a function of pH can be fitted with eqn (8), giving rise to a
pK, of 6.4. This already gives an upper limit for the value of
K2+ Also a separated absorption band from A is not observed,
and the chalcone species have overlapping spectra. This does not
enable a clear-cut description of the system to be formulated
just by examining the electronic absorption spectra, and other
experiments are required.

0.3

Abs

400 500

700 800

A /nm

Fig. 3 Absorption spectra of aqueous solutions of the 6-hydroxy-4'-
(dimethylamino)flavylium compound (10 uM) as a function of pH (pH =
2.3 to 10.9). The spectra were run after the solutions were left to reach
equilibrium in the dark for 48 h. Insert shows absorption spectra in the
pH range 7.9-10.9.

Electronic absorption spectra — AH*/ A equilibrium

Since the hydration of AH* occurs on a rather long timescale, a
pH jump from an acidic solution containing AH* to a pH until
about 8 will instantaneously produce an acid/base equilibrium.
By recording the absorption spectra after this jump (around 30 s
after) it is possible to approximately capture this equilibrium and
therefore to obtain K" and the absorption spectrum of A. These
results are shown in Fig. 4, and it is concluded that K*™ = 1.9 x
10-® M. The isosbestic point at 560 nm is ill-defined because
at higher pH there is already some hydration/tautomerization
occurring.

Transient absorption spectra — UV-Visible spectrophotometry

The absorption spectra after a pH jump from 1 to 8.2 were
measured as a function of time (see Fig. 5). Conversion of AH*
to A is observed during the mixing time of the sample: even
after 2 minutes the absorption spectra of A peaked at 560 nm.

300 400 500 600 700

A /nm

Fig.4 Absorption spectra of aqueous solutions of the (5 uM) 6-hydroxy-
4'-(dimethylamino)flavylium compound as a function of pH between 1.7
and 9 taken 30 s after a pH jump from 1. Insert shows absorption at A =
540 nm.
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Fig. 5 Transient absorption spectra between / = 2 min and 20 h after a
pH jump from 1 to 8.2. After 3 h, all the flavylium species (AH* and A)
have disappeared, while Ct appears on a long timescale (more than 5 h).

Afterwards, the absorption at 560 nm decreases gradually, while
a new band appears around 400 nm. A clear isosbestic point is
not observed, so again it is not possible to distinguish different
species within the spectra. However, it is possible to fit the data
with a biexponential decay, in which one of the components
is due to the cis/trans isomerization with a relaxation time of
3.6 hours (see Table 2). The other component is in fact a mixture of
two components containing both hydration and tautomerization
processes, which could be resolved by stopped-flow experiments,
which have a much better time-resolution.

Table 2 Isomerization rate constant at 293 K

pH ki/107° 57!
7.7 9.4
8.2 6.1
8.4 7.8
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Stopped-flow — direct pH jumps

Starting from acidic solutions (pH ~ 1), only AH* is present.
By a sudden increase of pH, a mixture of AH*/A is immediately
achieved on the timescale of a stopped-flow experiment: even after
3 ms the spectrum is shifted to the wavelength characteristic of A
(see Fig. 6). Therefore two processes are observed: the hydration
of AH*, which generates the hemiketal compound B, and the
tautomerization of B with the consequent ring opening, leading
to the formation of the chalcone Cc. Nevertheless, such a picture
is simplistic, because the reverse reactions back to AH* also occur.
However, as shown in eqn (5), biexponential kinetics are expected
even when all these processes are taken into account, and, as shown
in Fig. 6, this is what is observed experimentally.
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0.6
0.4
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Fig. 6 Direct pH jump from 1 to 10 of a solution measured by

stopped-flow. a) Time-resolved spectra for time delays of 3 ms, 0.5, 1,
2,3, 6,10, 20 and 30 s; b) Bleaching at 2 = 545 nm.

Stopped-flow — reverse pH jumps

Starting off from pH = 7, four hours after the sample preparation,
a mixture of AH*, A, Cc, Ct and B is expected at the beginning.
The pH jump to acidic conditions leads to the formation of AH*,
because of the reverse chemical reactions that take place. At the
end, only AH* and Ct (or Ct*) species will remain. Fig. 7 shows
that A is immediately converted to AH* after a pH jump from
7 to 1.6. Afterwards the absorption at 4 = 540 nm increases
with biexponential kinetics, and some minutes later only AH*
and Ct (or Ct*) species remain. The amplitude of the signals
from reverse pH jumps is considerably lower than from direct
pH jumps. The consequences are kinetic traces with much more
noise, making them more difficult to analyze. As seen in Fig. 8,
the errors associated with the decay constants are higher.

Rate constants and equilibrium — full description

Fig. 8 shows a fit of the pH dependence of the constants obtained
from stopped-flow experiments using eqn (5). This dependence

400 450 500 550 600 650 700

A/nm
b)
1.2
1 WM
TR T
g s
Eos ¥
g
5 0.6 -
£
204
< |
0.2 ,}
ol v ‘
0 4 8 12

t/s

Fig. 7 Reverse pH jump from 7 to 1.6 of a solution measured by
stopped-flow. a) Time-resolved spectra for time delays of 8§ ms, 80 ms,
0.5, 1, 12 and 60 s; b) Absorption increase at A = 545 nm; the white line is
a biexponential fit.

shows an unusual dependence, especially for pH values between 5
and 10, where the kinetics is rather slow for the second component.
The fitting results in the following values:

ky, =0.005 s
ky=331M"s"!
k oy =048 s

ke =610 M " 57!

kr=0.305"
kor=064s"
Ko =017 57!

KP=31x10"M

K&=38x10°M

ke, ke, kow, k%, and k™ converge to meaningless values,
suggesting that A is much less reactive than AH*. Also, the
approximation of eqn (7) is only valid for pH values above 11
or lower than 1 (see Fig. 8b). Therefore, this is a system where

74 | Org. Biomol. Chem., 2007, 5, 69-77

This journal is © The Royal Society of Chemistry 2007



0.001 - Reverse

Direct

0.1

k/s™

0.01 A

0.001 -

0.0001 T ‘
0 7 14
pH

Fig. 8 a) pH dependence of the constants obtained from direct and
reverse pH jumps with the stopped-flow technique, and the fit with eqn (5);
b) Curves 1 and 2 from graph a), and k, + k_,[H*] (curve 3) and k. + k_.
(curve 4) (see eqn (7)).

each component of the kinetics may be addressed to one specific
reaction (hydration or tautomerization) only under rather extreme
pH conditions.

It is now possible to calculate K; from K," and K§' from K,”
from the absorption spectra at equilibrium conditions. It is even
possible to attain an estimation of K<~ using eqn (14), since at
certain wavelengths (between 420 and 290 nm) the absorption
spectra show variations at pH values above 8 (see Fig. 3 and
Fig. 9). This is an indication of the presence of Ct>~ and/or Cc*~
species at pH values above 8, and therefore it is possible to use
eqn (15). However, it is not possible to distinguish between the
two species, unless it is assumed that [Cc*~] is negligible, in which
case only an indication of K&~ is obtained.

To fit the experimental data at various wavelengths, a general
expression is required. According to the Lambert-Beer law, the
absorption at a given wavelength is the sum of the absorptions
of each of the species in solution. In this system there are many
molecules in solution (AH*, A, B, B-, Cc, Cc~, Cc*~, Ct, Ct~ and
Ct*"), and each molecule will have an extinction coefficient ¢ for
every wavelength. Discarding certain molecules that will exist in
small amounts, like B~, eqn (17) should describe the experimental
results.

Abs(J) =

ean[H T+ (65 + ecc Kt + e KiKr) Ku[H'] + K+ Ky <(£Cc — K&+ e — KaC[KI) +

However, not all variables can be obtained, so it is better to work
with this simplified expression described by eqn (18), where ¢, &’
and ¢” are related to the extinction coefficients.

e [H T + &K, [H 1+ K, K,y (g” + ;—MJ
Abs(4)= L DA
’ r K
H P+ K [H ]+ K+ o
[H] + K, [H]+ a+[H+]

The fitting results (see Fig. 9) are given by:
K'=14x10°M
K, =246

KO KK, + K& K% = 6.64 x 1074 M?

If one considers the amount of Cc?~ to be negligible, one obtains
K= =2.0x 10" M (pKS— = 8.7).

0.3
A= 540 nm
0.2
[7]
o
<
A= 485 nm
0.1 - A=410 nm
A= 340 nm
0
1 3 5 7 9 11 13

pH

Fig. 9 Absorption variation under equilibrium conditions at different
wavelengths fitted with eqn (18).

Discussion
Formation of the hemiketal

The results obtained show a rather slow hydration of AH* species
(ky = 0.005 s7'), which is almost the limiting step of the set of
chemical reactions described in Fig. 1. Once B is formed, it readily
reacts to form AH* or Cc, at almost equal rates (kr = 0.30 s' and
k_on = 0.48 s7"), and under acidic conditions only AH* is formed
(k_, = 33.1 M~'s7"). K};, which should be considered as an equi-
librium parameter instead of a constant (see eqn (14)), decreases
strongly with pH, acquiring very low values such as 10~ M.

The instability of B is explained by the double bond character
of C2-C1’ (see Table 1), which hinders the nucleophilic attack
by H,O. Such behavior has been observed in other flavylium
compounds bearing an amine group on the 4'-position,”? and
in 7-hydroxy-4'-(dimethylamino)flavylium.”® Therefore, electron-
donating groups at such positions reduce the formation of B,
slowing down all the kinetics of the scheme in Fig. 1. On the

(sco- KE K K + oo KE© Kfc)
[H]

[H P+ K [H*] + K/ + ==

(17)

[H*]
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other hand, A is much less reactive than AH*, a result that has
also been observed previously. Only by nucleophilic attack of A
with OH™ is it possible to form the hemiketal species, and therefore
in basic conditions the reaction is catalyzed by OH".

Formation of the chalcones

Kinetically, the formation of cis-chalcones (Cc) occurs after the
formation of hemiketal species, and the cis/trans isomerization
takes some hours to proceed, and therefore Ct species are not
observed within the timescale of stopped-flow experiments. But,
once equilibrium is reached, there is a rich chalcone pH-dependent
chemistry. The mole fraction distribution of the several species can
be calculated following a procedure reported in the literature®!
(see Fig. 10), and it is found that even at pH 3 a significant amount
of Ct exists in solution. Cc™ appears in large quantities around
pH 8, while for pH > 9 Ct*>~ (and perhaps Cc*~) becomes dominant.
It is not possible to be certain of the presence of either Cc*~ or
Ct*~ at such high pH with the present set of data, but, unless both
species have a similar pK,, it is likely that only Ct>~ is dominant.
Cc* should be much less stable than Cc~ due to the hydrogen
bond that should be formed in Cc™.

1

0.8 -

0.6 -

0.4 -

molar fraction

0.2 -

pH

Fig. 10 Molar fraction distribution at the equilibrium pH for 6-hydroxy-
4'-(dimethylamino)flavylium species.
Comparison with other flavylium compounds

Table 3 compares the kinetic and equilibrium constants of different
and related flavylium compounds. All reactions depend strongly

on the presence of the substituents. The amino group considerably
decreases the rates of hydration and dehydration, presumably due
to the planar structure and extended m conjugation of the AH*
species. The hydroxyl group, which is an electron-donor as well,
also reduces the hydration rate, but in a less pronounced way. The
presence of an electron-acceptor group like NO,, on the other
hand, has an opposite effect. For 4'-hydroxy-6-nitroflavylium, a
ky of 9 s™' was obtained,* a value that is 3 orders of magnitude
higher than for 4'-hydroxyflavylium (k, = 8.9 x 107?s7"),* another
flavylium compound with a planar structure.

Such an effect is much less pronounced on the tautomerization
and isomerization reactions: remarkably, the isomerization is
almost identical on the 6-hydroxy- and 6-hydroxy-4'-(dimethyl-
amino)- compounds, and the same seems to happen for the
tautomerization reaction. Thus it seems that for these reactions
the hydroxyl group at C6 has a stronger influence, perhaps because
these reactions proceed from a molecule where the two rings
are electronically decoupled. Therefore, rather than being an
intermediate case, the chemistry of 6-hydroxy-4'-(dimethylamino)-
flavylium resembles 4'-aminoflavylium for the hydration reaction,
while for the tautomerization and isomerization it resembles 6-
hydroxyflavylium.

These two aspects provide, therefore, a framework in which
the design of new flavylium compounds may be directed in
order to obtain desirable chromic properties. Knowledge of
how substituents affect the reaction kinetics is as crucial as the
understanding of solvent effects. Qualitative predictions may then
be complemented by semi-empirical calculations, in order to
obtain the ideal pH-dependent rate constants for the network of
chemical reactions of these compounds.

Final comments

The flavylium salt 6-hydroxy-4'-(dimethylamino)flavylium hex-
afluorophosphate, which has a wide array of pH-driven chemical
reactions in aqueous solutions, was synthesized. In order to
understand the chemistry of this type of compound, a generalized
kinetic scheme is required. This leads to a better understanding of
the relationship between chemical structure and reactivity, because
it is possible to access many kinetic rate constants. In the present
case, a comparison with other flavylium compounds shows that the
hydration process is affected mainly by the amino group, while the
hydroxyl group influences the tautomerization and isomerization

Table 3 Equilibrium and kinetic constants for different synthetic flavylium compounds

Substituent None? 6-OH* 4'-Dimethylamino?  7-Diethylamino-4-OH¢  7-OH-4-Dimethylamino”  6-OH-4'-Dimethylamino
Ky/M 9.8 x 10~ 1 x10°* 2.8 x 107 — 2.5 % 10°¢ 2.9 x 1078
K 0.06 0.57 21 — — 0.47

K, 400 25 130 — >4000 25

ey /s7! 4.6 0.09 2.8 x 107 1.5x 10~* 0.02 0.005
ko/M™'st 47 x10° 900 1000 — 8000 33.1

k /s 0.11 — 80 — — 0.30

k /s 1.78 — 3.7 — — 0.64

ki/s™! 41x10*  1x10* 48x10° — 0.4 7.8 x 1073
k_i/s™! 1.1 x 10°° — 3.7 x 1078 1 x 1072 <l x10™* —
kgs/M™'s™h — — 9.3 x 10* 3.5 1.4 610
k_on/s™! 49 x 10 — — — — 0.48

Kbuse /51 — — — — — 0.17

@ Calculated using eqn (10). ® Ref. 3 and 11. ¢ Ref. 17. 4 Ref. 12. ¢ Ref. 14./ Ref. 13.
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reactions. This deduction is helpful in order to design better
flavylium compounds for applications like information storage.
Ultimately, the work developed here might also be applied in
photochromic or electrochromic devices, enabling a framework
in which compounds with a more complicated chemical structure
might also be used in a quantitative way.

Experimental
Synthesis

All reagents and solvents used were of analytical grade. NMR
spectra were run on a Bruker AMX 400 instrument, MS spectra
were run on a Micromass GCT machine, and elemental analyses
were obtained on a Thermofinnigan Flash EA 1112 series device.

6-Hydroxy-4'-(dimethylamino)flavylium hexafluorophosphate

This was prepared by condensation of 4'-(dimethylamino)-
acetophenone (0.69 g, 5 mmol) and 2,5-dihydroxybenzaldehyde
(0.82 g, 5 mmol), on the basis of a method initially described
by Robinson and Pratt,” and later developed by Michaelidis and
Wizinger,* using concentrated sulfuric acid instead of gaseous
hydrogen chloride. The reagents were dissolved in acetic acid
(10 ml), and 98% (w/w) sulfuric acid (2.5 ml) was then added,
keeping the temperature below 60 °C. The solution became red and
was stirred overnight. Addition of ethyl acetate led to precipitation
of a brown solid, which was filtered and washed with ethyl ether.
A yield of 51% was obtained. The solid may be dissolved in
acetic acid and reprecipitated as its hexafluorophosphate salt
by adding 65% (w/w) HPF,. Elemental analysis: exp. (calc.
for C;;H,,NO,PF,-0.5H,0; FW = 420.29 g mol™") C 48.39%
(48.58%), N 3.44% (3.33%), H 4.44% (4.08%). MS-FD: m/z 266.1
[M — PF]* (100%). "H NMR (400 MHz, CD;CN/DCI, 300 K,
AH* species): 6/ppm 3.23 (s, 6H, N(CH,),), 6.92 (d, 2H, *J =
8.8 Hz, H3 + HY), 7.22 (d, 1H, *J = 2.8 Hz, H5), 7.43 (dd,
IH, °J = 9.1 Hz, *J = 2.8 Hz, H7), 7.77 (d, 1H, *J = 9.1 Hz,
HS), 7.97 (d, 1H, *J = 9.4 Hz, H3), 8.17 (d, 2H, *J = 8.8 Hz,
H2 + H6'), 8.37 (d, 1H, °J = 9.4 Hz, H4). "C NMR (100 MHz,
CD;CN/DCI, 300 K, AH" species): 6/ppm 41.2 (N(CH,),), 112.9
(CS), 114.7 (C3 + C5), 115.5, 117.6 (C3), 120.3 (C8), 124.6,
126.3 (C7), 134.2 (C3' + C5), 147.6 (C4), 149.8, 157.5, 158.2,
171.0.

Measurements

All experiments were carried out in aqueous solution. The pH
was adjusted by addition of HCl and NaOH, or buffer, and
was measured in a Meterlab pHM240 pH meter from Radiome-
ter Copenhagen. UV-Vis absorption spectra were recorded in
a Shimadzu UV2501-PC spectrophotometer. The stopped-flow
experiments were performed in a SFM-300 spectrophotometer,
controlled by a MPS-60 unit (Bio-Logic) and the data were
collected through a TIDAS diode array (J & M), with wavelength
range between 300 and 1100 nm, all connected to a computer. The
standard cuvette had an observation path length of 1 cm or 0.1 cm.
For these experiments the dead time of each shot was previously
determined to be 5.6 ms with a 8§ mL s~ flow rate.

Semiempirical calculations

Geometries were optimized by AMI1 at the UHF level.
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