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Mechanism of the Structural Transformations of
Anthocyanins in Acidic Media
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Abstract: In acidic aqueous media (pH 1-6), there are three forms of malvin: the flavylium cation AH™, the carbinol B, and
the quinonoidal base A. Equilibrium between the two neutral forms occurs exclusively by way of the flavylium cation with a
constant K>3 = [B]/[A] = 1.6 (£ 0.5) X 102 at 4 °C. Contrary to all previous reports the quinonoidal base does not hydrate.
The neutralization of this base by the hydronium ion is endothermic; the associated rate constant k3 is 1.4 (£ 0.1) X 108 M™!
s™!at 6.5 °C. The rate constant for deprotonation of the cation by the solvent k5 is 1.8 (£ 0.1) X 10%s~' at the same tempera-
ture. Hydration of the flavylium cation involves the formation of a C-O bond and a proton transfer. The rate constant k3 for
nucleophilic addition of water to the flavylium cation is 4.7 (£ 0.2) X 10725 at 4 °C; for the reverse reaction the rate con-
stant k3; is 2.6 (£ 0.1) M~ ! s™! at the same temperature. The existence of very small amounts of a third neutral form, the chal-

cone C, a prototropic tautomer of the carbinol B, is considered.

Since the work of Willstitter' and Robinson,? it has been
known that anthocyanins are responsible for a variety of
beautiful plant colors. Although they are found in every part
of a plant, they are most obvious in flowers and fruits.? Ex-
tending our knowledge of the biological phenomena involved
requires a good understanding of the physicochemical prop-
erties of these compounds and especially of their reactivity
toward chemical agents found in nature.

Depending on the degree of acidity or alkalinity, antho-
cyanins adopt different chemical structures. Each of these
structures presents, in the visible region, a characteristic ab-
sorption spectrum. At present, it is generally accepted that
there is an equilibrium between the flavylium (2-phenylben-
zopyrylium) cation AH* and the carbinol B in acidic media
(eq 1).

AH* + H,0 = B + H* (1)

Sondheimer* was the first to measure the equilibrium constant
of this reaction in the case of pelargonidin 3-monoglucoside
(R = R, = H; OH at position 5). The mechanism generally
proposed® supposes the existence of a transient species, the
anhydro base A, obtained by deprotonation of the flavylium
cation. This quinonoidal base would be converted into the
carbinol B by addition of water (mechanism I,eq 2).

Mechanism I
cHY | +H0
AH* &= A =B ()

This mechanism has been elaborated on the basis of somewhat
superficial observations; i.e., when the acidity of the medium
is rapidly and sufficiently diminished, the flavylium cation
instantaneously turns into the anhydro base which, apparently,
slowly hydrates into the carbinol.® The following reasons,
however, cause us to doubt the validity of this mechanism:

R,
OH
HO O
HO o) R,
Z o0
oGl
B

carbinol base

flavylium cation

R,

g
AN
0GlI

OH

0G1

A
quinonoidal base or anhydro base

(a) According to mechanism I (eq 2), any shift from left to
right is always assumed to make anhydro base show up, no
matter what the final medium acidity value (the proton
transfer reaction is very fast as compared to the hydration
reaction). However, it has been shown? that there is an acidity
threshold (pH 3-4), below which anhydro base formation is
no longer observed and that, despite this fact, the final product
is indeed the carbinol.

(b) The flavylium cation-carbinol equilibrium exists even
when the cation lacks a hydroxyl group. Some authors’ con-
sider that in this last case direct reaction of the cation with
hydroxyl ion takes place.

These indications point to the existence of a pathway dif-
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Figure 1. T-Jump relaxation spectra of malvin in aqueous solution: ana-
lytical concentration = 1.2 X 1073 M; initial temperature = 3.9 °C; final
temperature = 6.4 °C. Upper part: wavelength = 570 nm; pH 3.75; vertical
scale 2 X 1073 ODU per division; horizontal scale 10 us per division. Lower
part: wavelength = 525 nm; pH 4.47; vertical scale 2 X 103 ODU per
division; horizontal scale 50 us per division.

ferent from that predicted by mechanism I for the flavylium
cation-carbinol equilibrium. The main objective of the present
work was to establish the general mechanism of anthocyanins
structural transformations in acidic media. We have used the
chemical relaxation method® and chosen for study malvin
chloride (R; = Ry = methoxy), this being one of the com-
monest anthocyanins.

Experimental Section

The purity of commercial malvin chloride (Roth) was checked by
paper chromatography in butanol/acetic acid/water mixtures by
published procedures.® Kinetic and thermodynamic runs were per-
formed in aqueous solutions with ionic strength 0.2 M adjusted by the
addition of KNQ3; (Merck suprapur).

Kinetic Measurements. The fast relaxation phenomenon was re-
corded by means of a T-jump apparatus (Messanlagen Studien-
gesellschaft) as described previously.!? Since the initial temperature
in the T-jump cell was 4 °C and the magnitude of the temperature
jump was 2.5 °C, the relaxation constants thus measured are for a
temperature of 6.5 (£ 0.5) °C.

Slow relaxation measurements were performed on a Cary 16 UV
spectrometer fitted with a thermostatted sample cell. The equilibrium
was perturbed by a sudden change in the hydronium ion concentration
and the absorbance at the cation absorption maximum (520 nm) was
recorded as a function of time. This pH-jump was generally performed
by injecting a small amount of concentrated HCI or concentrated
NaOH into the UV cell containing the malvin solution. Another
technique was also used: Into an acidic solution X containing no malvin
a small amount of an equilibrated malvin solution of acidity very
different from that of solution X is injected via a microsyringe. After
each test, the pH was directly measured in the UV sample cell. The
relaxation constants thus measured are for 4 (£ 0.5) °C.

pH Measurements. In both types of kinetic experiment (T-jump and
pH-jump), the pH was measured with a Knick pH meter at 4 (£ 0.5)
°C. A combined electrode (Metrohm EA 125) was directly immersed
in the UV cell. The buffered solutions used for pH-meter standard-
ization were either pH 4.01 and 6.86 N.B.S. standards (Beckman)
or 0.1 and 0.01 N hydrochloric acid solutions (Merck titrisol).
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Figure 2. pH-Jump relaxation spectrum of malvin in aqueous solution:
analytical concentration = 5.2 X 1075 M; temperature = 4.1 °C; initial
pH 1.76; final pH 2.20; wavelength = 520 nm; optical path = | cm; Dy,
initial optical density; D, optical density at time ¢; D, optical density at
infinity.

Equilibrium Measurements. The equilibrium measurements were
carried out at 4 (£ 0.5) °C by absorption spectroscopy using a Cary
15 spectrometer fitted with a thermostatted sample cell.

Results

Until this study there were no kinetic data for the structural
transformations of anthocyanins.'' However, they have been
qualified as “fast”, “immediate”, and even “instantaneous”
reactions.6% 12

Our results allowed us to show that, in a pH range 1-6, there
is a relaxation spectrum made up of two kinetically distinct
processes. When a malvin solution is submitted to a very fast
temperature jump (=~107¢ s) and the optical density is re-
corded as a function of time, one obtains a relaxation curve
characterizing the fastest process (Figure 1). If this same so-
lution is then submitted to a suitable pH-jump, in addition to
the fast process, a second and much slower relaxation process
is observed (Figure 2).!3

The Fast Relaxation. The upper part of Figure 3 gives the
difference with respect to the wavelength between the values
of the extinction coefficients of the flavylium cation and the
anhydro base. The lower part of the figure shows the variation
of the amplitude of the fast relaxation with the wavelength. The
amplitude of the fast relaxation process is directly related to
the difference between the molecular extinction coefficients
of the two forms of malvin leading to the fast equilibrium. The
similarity of the two differential spectra thus obtained indicates
that the fast relaxation process is simply due to the acid-base
equilibrium between the flavylium cation and the anhydro
base. When the temperature is increased, this equilibrium
shifts from the base toward the acidic cation, indicating that
the neutralization of the anhydro base by the hydronium ion
is endothermic. The rate of this shift is sensitive to the acidity
and increases as the acidity increases. The plot of 7, ~! against
hydronium ion concentration is linear (Figure 4) and can be
expressed by eq 3.

771(s™') = 1.8 X 104 + 1.4 X 108[H*] (3)
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Figure 3. Upper part: Ae = (ean+ — €a) vs. wavelength; T =4 (£ 0.5) °C.
Lower part: T-Jump induced variations in optical density of a malvin so-
lution vs. the wavelength; initial temperature = 4 °C; final temperature
=8 °C; pH 3.46.

The Slow Relaxation. After a pH-jump, the slow equili-
bration is a pseudo-first-order process. Under these conditions,
since a large perturbation can be applied to the system, an
excellent signal-to-noise ratio is obtained (Figure 2). For each
kinetic run 7,~' was obtained by plotting log (Dg — D.)/(D
— D) vs. time. Figure 5 shows the variation of 7,~! with hy-
dronium ion concentration. It is clear that the slow equilibra-
tion rate depends strongly on the acidity; the greater the
acidity, the greater the rate.

We are now able to quantitatively explain observations re-
ported in previous studies. For malvin it is known that the
flavylium cation is red, that the anhydro base is blue, and that
the carbinol is colorless. If the acidity of a colorless solution
previously equilibrated at pH 5-6 is modified so that the new
acidity value is pH 1-2, the red color of the flavylium cation
appears without delay. This agrees well with our measurement
of rp:if [H*] = 0.1 N, then 7, =3.3sat4°Cand 0.6 s at 20
°C. Thus for temperatures close to room temperature, the time
required for the appearance of the red color is about the same
as that for mixing if the mixing is not performed in the quickest
possible way. What happens if the opposite operation is at-
tempted, i.e., going from a highly acidic red medium to a
moderately acidic and colorless one? For pH values between
3 and 4, the rate of equilibration, although slower, is still high
since 7, varies between 30 and 70 s from pH 3 to 4. If the
acidity is further decreased (pH 5-6), the 7> values become
very large (=103 s) and there is time enough to record the
whole anhydro-base absorption spectrum by conventional
means.

The variation of 7,~! with the acidity does not obey any
simple relationship; depending on the pH, three distinct cases
can be observed. For the most acidic media (Figure 5a) and
the least acidic media (Figure 5c¢), the acidity dependence is
linear as expressed by eq 4 and 3, respectively.
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Figure 4. Plot of 7,~! vs. hydronium ion concentration. Analytical con-
centration = 1.2 X 10~3 M; initial temperature = 4 °C; final temperature
= 6.5 °C; wavelength = 485, 495, 505, and 525 nm; intercept = 1.8 (£
0.1) X 104s™!; slope = 1.4 (£ 0.1) X 108 M~!s™!; r = 0.996.
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Figure 5. Plot of 7! versus hydronium ion concentration. 7 = 4 (£ 0.5)
°C. (a) [H*] » K, intercept = 4.7 (£ 0.2) X 1072 57!; slope = 2.6 (+
0.1) M~ !5~ r=0.999. (b) [H*] = K 3. (c) [H*] « K2: intercept =
O;slope = 4.5(£0.5) X 102M™!s7. K13 =1.1 X 107* M at 4 °C. Incase
(c) the acidity is measured immediately before and after each kinetic
run.

77 1(s7!) =4.7X 1072 4 2.6[H*] 4)
~(s71) = 4.5 X 102[H*] (%)
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For moderately acidic media (Figure 5b) the dependence is
apparently complicated and shows that there is a transition
zone between the two linear relationships. It thus well explains
the large change in slope (from 2.6 t0 4.5 X 102M~!s™!) ob-
served between eq 4 and S.

Discussion

(A) Mechanistic Considerations. The least complicated
complete mechanism able to account for the flavylium cat-
ion-carbinol equilibrium will be a triangular one (mechanism
I1, eq 6) characterized by the existence of two parallel path-
ways: one which we call direct and one involving the anhydro
base as an intermediate. Other mechanisms (I, eq 2; and 111,
eq 21) will appear as special cases of the triangular one.

(a) Formation of B by Two Competitive Pathways.!4

Mechanism I1

AH*
fast slow
k'll k B}
AN\ (®)
kg

A+ Ht —— B+ H'
slow

Insofar as the three species AH*, A, and B are present in
detectable concentrations, mechanism II (eq 6) will be char-
acterized by two relaxation times.'> Linearized rate equations
are given by eq 7:

—dX|/dt =a;x; +apx;

—dx,/dt = az x| + axnx; @)
where:
x; = A[AH*] (8)
x2 = A[B] (%)
ain = ki + k2i([A] + [H*]) + ki3 + k3 [B] - (10)
aiy = (ka1 — k3))[H*] (11)
ax; = ka3 — ki3 — k3 [B] (12)
axn = ka3 + k3 + k3 [H*] (13)
Eq 14 is the characteristic equation:
an—r17! a2 =0 (14)
as ap-—r7

The reciprocals of the relaxation times obey eq 15 and 16,
where 7| represents the relaxation constant of the faster process
and 75 that of the slower one.

(15)
(16)

A simplification is possible here because the acid-base
equilibrium between the flavylium cation and the anhydro base
is very fast compared to the two hydrolysis equilibria. This
leads to a;| > a2:. Moreover, it is easy to show that: the last
two terms in eq 10 are negligible relative to the first two terms
(k12 ko1 > ki3, k31); a1z reduces to ko [H]; [H] > [A],
at most, [A] represents only a very small fraction of the ana-
lytical concentration.

Consequently, if the triangular mechanism is the correct one,
the measured relaxation times should obey eq 17 and 18:

nT'+ 7 =a +axn

7 X 7l = ayia; — appaz

U=k + k2 [HY] (17)
ket ()
N Lz 5 _ Bl
+ ki3 (Klz + [H+]) * ki [H] (1 t Ko [H+]) (18)

where:
K2 = kis/kx (19)

Equation 18 is the sum of four terms. Each term corresponds
to the particular contribution of each of the slow reactions to
the overall slow equilibration process.

(b) B is Formed Through A only. As already pointed out,
mechanism I (eq 2) is the generally accepted one. The kinetic
expression for the faster process is identical with that of eq 17.
The reciprocal slow relaxation time for this mechanism is given
by eq 20, obtained from eq 18 by setting k3 = k3, = 0.

K
=k +k (—-‘2 ) 20
7 ¥k e (20)
(c) B is Formed by the Direct Reaction only.
Mechanism III
k k
A+ H* & AH* = B+ H* 1)
ki2 k31
fast slow

The kinetic originality of mechanism I1I (eq 21) lies in the
fact that the slow hydrolysis equilibrium of the flavylium cation
is coupled with the fast proton transfer equilibrium between
the same cation and the anhydro base. The reciprocal fast re-
laxation time for this mechanism is given by eq 17. Equation
22 which expresses 72~ as a function of the hydronium ion and
the carbinol concentrations is obtained from eq 18 by setting
k3 =k =0.

i [H] i ( [B] )
=k (Klz + [H+]) B Sy ey

(22)

When no anhydro base is present, eq 22 reduces to eq 23. This
means either that K, = 0 for compounds not forming an
anhydro base or that [H*] > K.

"' = ki3 + k31 ([B] + [H*]) (23)

(B) The Mechanism of Structural Transformations of An-
thocyanins in Acidic Media. (a) The Fast Relaxation. 7 is re-
lated to the setting up of the equilibrium between the flavylium
cation and the anhydro base.'® According to eq 3, the rate
constant for deprotonation of the cation by the solvent k5 is
1.8 (£ 0.1) X 104s™'; the rate constant k,; of the neutraliza-
tion of the anhydro base by the proton is 1.4 (£ 0.1) X 108 M~!
s~!. This latter value is much lower than that expected for a
reaction whose rate is diffusion controlled (k2 =~ 10/ M~!
s~'). This result may be related to the major structural reor-
ganization which occurs when a quinonoidal structure changes
to a flavylium one.'” The equilibrium constant K, is 1.3 (£
0.2) X 107*M at 6.5 (+ 0.5) °C and is typical of the first pK
of the flavylium cation (pK;; = 3.9). This value is in good
agreement with those measured for some flavylium cations
hydroxylated at position 7 or 4’ or at both positions at the same
time.” We shall show that it is absolutely necessary to know
K, if one is to understand the slow relaxation process.

Showing that there is a fast acid-base equilibrium between
AH and A does not allow us to distinguish among the pos-
tulated mechanisms I, II, and 111.

(b) The Slow Relaxation. If we examine the slow equilibra-
tion (Figure 5), we can see that the theoretical expression found
in eq 20 cannot in any way account for the experimental data.
Thus mechanism I (eq 2) is not the mechanism behind the
structural transformations of anthocyanins in acidic media.
It is clear that only eq 18 and 22 are likely to be in agreement
with the experimental facts. We shall consider two extreme
cases depending on the acidity: [H*] » Kz and [H*] «

12-
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For [H*] >» K, (Figure 5a), eq 18 becomes eq 24 and eq
22 becomes eq 25, assuming that [B] « [H*].

k23K
7 =kt [ZI?I‘“iZ + ki3 + k3 [HY] (24)
Tz_l =k|3+k3|[H+] (25)

If this theoretical result is compared to eq 4, one can see that
mechanism III (eq 21) correctly describes the structural
transformations of malvin for the most acidic media. The tri-
angular mechanism (eq 6) is also compatible insofar as k3 and
k»3K,>/[H*] are negligible relative to k3 and k3, [H*], By
identification k13 =4.7 (£ 0.2) X 1072s~ ' and k3, = 2.6 (£
0.1) M~'s~1at 4 (£ 0.5) °C. Thus the value of the constant
for the flavylium cation-carbinol equilibrium is K’j3 =
(k13/k31) X yp+ = 1.4 (£ 0.3) X 10~2 M, where yp+ is the
activity coefficient of the hydronium ion. Expressed as a log-
arithm this becomes: pK’|3 = 1.85 at 4 (£ 0.5) °C. This value
is in excellent agreement with that determined by spectroscopic
equilibrium measurements at the same temperature: pK’y3 =
1.86 (£ 0.02). Moreover, Timberlake and Bridle®c reported
a value of 1.91 (£ 0.07) for the same equilibrium at 20 °C and
0.1 M ionic strength (NaClO,). The following partial con-
clusion can be drawn,; for [H*] ~ K”,3, the interconversion of
the flavylium cation and the carbinol takes place by the direct
reaction only.

Now that the existence of the direct pathway is firmly es-
tablished, it remains to be seen if it coexists with the hydration
of the anhydro base or if this hydration reaction does not exist
at all. This can be done by examining the second extreme
case.

For [H*] « K, (Figure 5c),'® eq 18 reduces to 26 and eq
22toeq 27:

T = kst kas + (z—:z"' 6k3l)[H+] (26)
= (2 Bk ) 4] @7)

where:
§= KlzK;lz[B] ~ 1 (28)

Both expressions are linear in [H*] with a slope practically
equal to k3/K 2 (the term Bk 3, is negligible) and the intercepts
are respectively k3, + k33 for eq 26 and zero for eq 27. In-
spection of Figure 5c reveals that in the least acidic range eq
27 is in agreement with the experimental relationship 5.'° By
identification one obtains « = k3/K;> = 4.5 (£ 0.5) X 102
M~! 57!, From the values of o and k3, we obtain a second
estimate of the K, value: K12 = 1.1 (£ 0.2) X 1074 M at 4 (£
0.5) °C. This latter value is in good agreement with that
measured by the T-jump technique,

The case for which [H*] =~ K, (Figure 5b) remains to be
examined. The variation of 7,~' as a function of hydronium
ion concentration is complex and corresponds to unsimplified
eq 22. When the acidity is progressively lowered, the second
term of eq 22 rapidly vanishes and 7,~' thus reduces to
ki3(H*]/(K12 + [H*]).

(c) Anthocyanins Structural Transformations in Acidic
Media Follow Mechanism III. Taking malvin as an example,
we have demonstrated that the flavylium cation-carbinol
equilibrium occurs directly without going through the anhydro
base and that it is even erroneous to label it as “anhydro” in-
sofar as this implies the addition of water in a reaction which
we have shown does not occur. We wish to point out that when
a suitable pH-jump occurs, the readily formed quinonoidal
base is the kinetic reaction product and that this kinetic
product turns, through the cation yielding it, to the carbinol
which is the thermodynamic reaction product. Rate and
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Table L. Rate and Equilibrium Constants? for the Structural
Transformations of Malvin in Aqueous Acidic Medium at Ionic
Strength 0.2 M (KNO3)

ki2=18(£0.1) X 104571

kyy=1.4(£0.1) X 108 M~1s716 K;5 =1.3(£0.2) X [074M?

k|3=4.7 (d:O.Z)XlO‘Zs"‘

k31 =26(0.1)M™ts7te K'13=14(£03) X 1072 M¢
K23 = [B]/[A] = 1.6 (& 0.5) X 1024

a Cf. text for definitions. ® T=6.5°C. ¢ T = 4 °C. 9 The stability
of the quinonoidal base A depends only on the ratio X>/K’13.

equilibrium constants associated with this mechanism are re-
ported in Table I.

The slowing down of the disappearance of the quinonoidal
base with pH increase has often been rationalized on the basis
of the formation of anion A~ which is reputed to be more stable
than A.% This interpretation can no longer be considered as
valid; it is the kinetic nature (see 72~') of both coupled reac-
tions which accounts for this slowing down. In the light of our
results some conclusions should be revised, in particular those
of Sperling, Werner, and Kuhn’ who use base A as the cor-
nerstone of their reaction scheme while ignoring the flavylium
cation hydration reaction.

(C) Elementary Steps for the Flavylium Cation-Carbinol
Equilibrium. Equilibrium 1 looks like an acid-base equilibrium.
However, it is not a simple proton transfer reaction. Two
closely linked mechanisms are possible. First, it might be
thought that there is nucleophilic addition of the solvent at
position 2, thus leading to protonated carbinol BH*. This
protonated species would be highly unstable and would yield
carbinol B by transfer of a proton to the solvent molecule (eq
29). The essential characteristic of this two-step mechanism

H\ /H II{
+HO ot 0l

/(:)§C/ - /Q\é/ = /Q\C/ (29)

| | l

AH' BH™* B
is the separation in time of the proton transfer from the
breaking (or making) of the hydroxyl group C-O bond. We
must recognize that we have no evidence at all for the existence
of BH*. An alternative to this mechanism is given by a
mechanism (eq 30) in which the two elementary acts, i.e.,
proton transfer and C-O bond breaking (or making), are

synchronized. This is a concerted process which takes place
without an intermediate state.

H H) /H
Ay /0/
_ + | _
/9§C/ + HO0 = Ao N

(30)

Therefore general acid-base catalysis could be effective for
the flavylium cation-carbinol interconversion. As we have
already pointed out, buffer effects on the equilibration kinetics
can be important, especially for the least acidic media.°

This mechanism is clearly analogous with that of the hy-
drolysis of hemiacetals, acetals, ketals, and ortho esters,?' as
well as with the hydrolysis of the /N, O-trimethylenephthali-
midium cation.22

Conclusion

Chemical relaxation appears to be an efficient method for
investigating the kinetics of the structural transformations of
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anthocyanins and of flavylium cations in general. In acidic
medium the experimental results have usually been interpreted
in terms of the following reactions: an acid-base equilibrium
between the flavylium cation and the quinonoidal base and a
hydration equilibrium of the latter to give the carbinol. Not
having been based on quantitative kinetic results, the validity
of this mechanism has never been demonstrated. The analysis
of the chemical relaxation spectrum of malvin in acidic me-
dium (one relaxation time in the microsecond range and an-
other in the second range) confirms the existence of the fast
proton transfer equilibrium. On the other hand, the hydration
step does not take place via the quinonoidal base but rather the
flavylium cation.

Consequently, the currently held mechanism must be con-
sidered in error and replaced by the only mechanism which we
have shown to be consistent with the relaxation kinetics and
results obtained prior to this work. The equilibrium between
the two neutral forms, the quinonoidal base and the carbinol,
is, according to the new mechanism, established exclusively
by the flavylium cationic intermediate. The hydration of this
cation is specific to flavylium cations; it leads directly to the
carbinol which possesses a hemiacetal function. The proton
transfer reaction is specific to anthocyanins as well as to flav-
ylium cations bearing an acidic hydroxyl group.

Note Added in Proof. We have just succeeded in demon-
strating the existence of chalcone form (C) by increasing the
temperature so as to favor the chalcone at the expense of the
carbinol. For malvin, the amount of chalcone at equilibrium
at 4 °C is about 3% relative to carbinol. A paper giving full
details of this exciting finding will be submitted for publication
to this journal.
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