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Aminoflavylium compounds like anthocyanins are involved in multiple reversible, pH-dependent chemical
reactions. In very acidic media, the thermodynamically stable species is the flavylium cation, while it is trans-
chalcone in near-neutral media. Different from anthocyanins, aminoflavylium compounds achieve the
thermodynamic reversibility through different kinetic pathways depending on if the flavylium is
transformed into the trans-chalcone upon a direct pH jump or the protonated trans-chalcone if
converted into flavylium upon a reverse pH-jump. Three aminoflavylium compounds were prepared and
investigated in the presence of CTAB micelles. Two of the compounds bear bridges linking rings C and B
of the flavylium core, and the third lacks this bridge. The bridge has the effect of destabilizing the
chalcones and the hemiketal. Only in the presence of CTAB micelles does the system respond to light
stimuli, a powerful tool that provides a small cis—trans isomerization barrier for the three compounds.
The relatively slow response of the system to direct and reverse pH jumps is due to the small mole

fractions of Cc available for isomerization (giving Ct) and B available for dehydration (giving AH*). The
Received 21st April 2017

Accepted 29th May 2017 mathematical expression that accounts for the pH-dependent kinetic processes was revisited to account

. for the consequences of amine protonation in very acidic media. The crystal structures of the
DOI: 10.1039/c7ra04514j compounds possessing the bridge were obtained, and for one of the compounds, two polymorphic

rsc.li/rsc-advances forms were isolated from different crystallization solutions.

achieved through the design and synthesis of multi-
photochromes, which wusually require multistep synthetic
efforts.” Flavylium compounds are intrinsically multistate
molecules that include both natural and synthetic compounds
and can be obtained through simple synthetic procedures,
thereby providing alternatives to more complex multistate
systems."*

At high pH, the flavylium cation (generally stable only in very
acidic conditions) generates multiple different chemical
species. The prototype of the flavylium cation-based multistate
system is the anthocyanin family." In addition to anthocyanins
and other compounds of natural origin, synthetic flavylium
compounds also present the same series of chemical reactions,
as exemplified by malvidin-3-glucoside (oenin) in

Introduction

Photochromic molecular systems (i.e., molecules that undergo
reversible transformation upon light absorption between two
forms with different absorption spectra) are of pivotal impor-
tance for the design and realization of photoresponsive
dynamic materials, molecular machines, photoswitchable
drugs and drug-delivery systems, optical memories, and so
forth.*° However, most reported systems are based on simple,
bistable photochromic molecules. Multistate molecules are
required for more complex multiaddressable/multiresponsive
highly functional materials. Such molecules have been

“LAQV-REQUIMTE, Departamento de Quimica, Faculdade de Ciéncias e Tecnologia,
Universidade NOVA de Lishoa, 2829-516 Caparica, Portugal. E-mail: fp@fct.unl.pt;
nuno.basilio@fct.unl.pt

"LAQV-REQUIMTE, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias,
Universidade do Porto, 4169-007 Porto, Portugal

T Electronic supplementary information (ESI) available. CCDC 1543226-1543228.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c7ra04514j

This journal is © The Royal Society of Chemistry 2017

Scheme 1.'>'47¢

The multiple states in acidic media are characterized by five
species reversibly interconnected by four chemical reactions:
eqn (1) to (4). After a direct pH jump initiated by the addition of
base to an equilibrated solution of flavylium cation, quinoidal
base is formed [eqn (1)]."” This reaction is by far the fastest of
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Scheme 1 Example of the typical series of reactions in flavylium compounds: malvidin-3-glucoside (oenin).

the reactions and takes place during the mixing time of the
stopped flow apparatus:

AH" + H,O = A + H;0" K, proton transfer (1)
A slower process competing with eqn (1) is the pH-dependent
hydration reaction that gives hemiketal B [eqn (2)]:

AH" + 2H,0 = B + H;0" K, hydration (2)
The hydration is followed by tautomerization (ring opening/
closure), which is faster than hydration unless the pH is very low

[eqn (3)]:

B = Cc K, tautomerization (3)

Aand AH" are in very fast equilibrium during the subsequent
kinetic steps. One important feature of the flavylium multistate
system is that the quinoidal base does not react in moderately
acidic media. Thus, the system evolves towards other species
through the direct hydration of flavylium cation.'** Finally,
equilibrium is attained upon the formation of trans-chalcone
from the isomerization of cis-chalcone, a process that can be
very slow or take place in sub-seconds [eqn (4)]:

Cc = Ct K, isomerization

(4)

Despite the complexity of the multiple equilibria, the flavy-
lium multistate system can be simplified considering a single
acid-base reaction involving the species AH" and its conjugate
base CB defined as the sum of the other species A, B, Cc and Ct

[eqn (5)]:
AH" + H,O = CB + H;0" K, = K, + K;, + Kp K, + Ky KK (5)
with [CB] = [A] + [B] + [Cc] + [Ct].

The multistate system is studied by placing the system out of
equilibrium by means of external stimuli and following the

9
®

Scheme 2 Compounds studied in this work.
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respective relaxation processes. The most common external
stimuli are the previously mentioned direct pH jumps, reverse
pH jumps when acid is added to the equilibrated solutions with
basic pH, and light (flash photolysis). The kinetic behavior of
the system depends on the existence or absence of a cis-trans
isomerization barrier.*®

The compounds reported in this work do not exhibit cis-
trans isomerization barriers, as discussed below. The pH-
dependent rate constants of these systems upon direct and
reverse pH jumps follow bell-shaped curves according to eqn
(6); this equation is simplified for the compound lacking the
quinoidal base in eqn (7):*°

[H]

[H] +
H] +

Kthk +k; [ }

kobs = Kt_kl
ko
and

KKk + k4 [H']

B + 2

kobs =

Both equations presuppose that proton transfer and tauto-
merization are sufficiently fast so that the equilibrium between
AH" and A on one side and B and Cc on the other side is reached
during the overall kinetic process:'®

AH'/A = B/Cc = Ct. (8)

In this work, two diethylaminoflavylium derivatives pos-
sessing structural restrictions due to the introduction of an
ethylenic bridge between carbon 3 and carbon 2’ of the flavy-
lium structure were prepared together with 7-diethylamino-4'-
hydroxyflavylium for comparison (Scheme 2).

A previous work reported that flavylium derivatives con-
taining amino substituents exhibit interesting properties such

OH
L
N
=
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as intense color and an extended pH range for stability.”®
However, aminoflavylium compounds do not exhibit photo-
chromism in water. This drawback can be overcome in the
presence of CTAB micelles.®* In the present series of
compounds, we investigated the effect of the constraining
bridge that confers some rigidity to the chemical structure,
preventing the rotation of ring B. Light inputs were used to
access the thermodynamic and kinetic behaviors of the
different states. A deeper mathematical and kinetic analysis of
the bell-shaped curve is also reported for the first time.

Experimental
Synthesis

All solvents and chemicals employed for synthesis and for the
preparation of samples were of reagent or spectrophotometric
grade and were used as received. Compound 3 was available
from previous studies.* Millipore-grade water was used. NMR
spectra were collected using a Bruker AMX 400 instrument
operating at 400.13 MHz (*H) and 100.00 MHz (**C). Elemental
analyses were performed using a Thermofinnigan Flash EA 112
series instrument.

Synthesis of 10-(N,N-diethylamino)-5,6-dihydrobenzo[c]
xanthen-12-ium tetrafluroborate (flavylium 1). To a solution of
1-tetralone (0.29 g, 2 mmol) in acetic acid (5 mL) and HBF, (1
mL, 48%), 2-hydroxy-4-diethylaminobenzaldehyde (0.39 g, 2
mmol) was added. The resulting mixture was refluxed while
stirring for 1 h. The reaction mixture was cooled to room
temperature, and 20 mL of diethylether was added. The resulting
precipitate was filtered off, washed thoroughly with diethyl ether
and dried under vacuum. The amorphous solid was crystallized
from a mixture of acid methanol (acidified with HBF,) and
diethylether (solvent diffusion), and dark brown crystals were
obtained (397 mg, 51%). For X-ray crystallography, larger crystals
were obtained from a mixture of methanol and diethylether with
vapor diffusion. "H NMR (DCI in D,0, pD ~ 1) é (ppm): 7.63 (1H,
s),7.23 (1H, d,J = 7.7 Hz), 7.06 (1H, d,] = 9.4 Hz), 6.87 (1H, t, ] =
7.3 Hz), 6.78 (1H, t, ] = 7.4 Hz), 6.65 (2H, H,), 6.30 (1H, s), 3.09
(4H, q, ] = 6.9 Hz), 2.40 (4H, bs), 0.82 (6H, t, ] = 7.0 Hz).
Elemental analysis (%) caled for Cy1H,3NO, - (BF,), - (CH30H)g o:
C 52.45, H 4.94, N 2.89; found: C 52.31, H 4.96, N 2.92.

Synthesis of  10-(N,N-diethylamino)-3-hydroxy-5,6-dihy-
drobenzo[c[xanthen-12-ium hydrogen sulfate (flavylium 2). A
solution of 6-hydroxy-1-tetralone (0.32 g, 1.97 mmol) with one
equivalent of 2-hydroxy-4-diethylaminobenzaldehyde (0.4 g, 2
mmol) in a mixture of glacial acetic acid/concentrated sulfuric
acid (4 mL : 1 mL) was stirred overnight at room temperature.
Ethyl acetate was added to the red solution, and a precipitate
was formed. This dark-yellow solid was filtered, washed several
times with diethyl ether, and dried under vacuum. Yield: 0.5 g,
61%. *H-NMR (CD;0D + DCl, 400.13 MHz, 298 K) 6 (ppm): 8.38
(1H, s), 8.10 (1H, d,J = 8.7 Hz), 7.78 (1H, d, ] = 9.3 Hz), 7.28 (1H,
d,J = 9.5 Hz), 7.10 (1H, d, J = 2.3 Hz), 6.85 (1H, dd, ] = 8.7; 2.4
Hz), 6.76 (1H, d, ] = 2.3 Hz), 3.63 (4H, q, ] = 7.1 Hz), 3.06-2.90
(4H, m), 1.24 (6H, t, ] = 7.1 Hz); ESI-MS: 320.16296 (M), calcd
for C,3H,,NO," 320.16451; elemental analysis (%) caled for
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C,1H,,NO, -HSO,-H,0-H,S0,4: C 47.27, H 5.10, S 12.02, N 2.63;
found: C 48.83, H 4.97, S 11.48, N 2.67.

Measurements

Any pH adjustment was achieved by the addition of HCl, NaOH
or Theorell and Stenhagen's universal buffer. The pH was
recorded on a pH meter (Basic 20+, Crison). Direct pH jumps
were carried out by mixing a specific amount of stock dye
solution (previously dissolved in HCl 0.1 M) with an equal
volume of a solution containing buffer, enough NaOH to
neutralize the initial HCl, and CTAB (0.020 M). UV-Vis spectra
were recorded on a Varian-Cary 100 Bio or 5000 spectropho-
tometer (Palo Alto, CA, USA). Stopped-flow experiments were
conducted on a SX20 (Applied Photophysics; Surrey, UK) spec-
trometer equipped with a PDA.1/UV photodiode array detector.
Irradiation was carried out at 365 nm. Quantum yields were
measured based on the total absorbed light. Flash photolysis
experiments were performed on a Varian Cary 5000 spectro-
photometer with a Harrick fiber-mate (Pleasantville, NY, USA)
coupled to an Ocean Optics four-way cuvette holder (Dunedin,
FL, USA). The compartment was isolated from daylight, and
a commercially available Achiever 630AF camera flash (Hong
Kong, China) was used as a pulsed white light source (placed in
close contact with the quartz cuvette).

Single-crystal X-ray diffraction

Suitable single crystals of compounds 1-BF, and 2-HSO, were
selected and mounted on the respective cryoloops using
adequate inert oil.>* Diffraction data were collected on a Bruker
X8 Kappa APEX II charge-coupled device area-detector diffrac-
tometer controlled by the APEX2 software package* (Mo Ko
graphite-monochromated radiation, A = 0.71073 A). The
diffractometer was equipped with an Oxford Cryosystems Series
700 cryostream and monitored remotely with the software
interface Cryopad.*® Images were processed with the software
SAINT+,”” and the absorption effects were corrected using the
multi-scan method implemented in SADABS.”® The structures
were solved using SHELXT-2014,°*' which provided the
immediate location and identification of a considerable
number of the heaviest atoms composing the asymmetric unit.
The remaining absent and misplaced non-hydrogen atoms were
located using difference Fourier maps from successive full-
matrix least-squares refinement cycles on F* using SHELXL-
v.2014.%%%* All the non-hydrogen atoms were successfully refined
using anisotropic displacement parameters.

Hydrogen atoms bonded to the carbon atoms of the organic
molecules were placed at their idealized positions using the
appropriate HFIX instructions in SHELXL (137 for the terminal
—-CH3;, 23 for the —-CH,- and 43 for the aromatic groups) and
included in subsequent refinement cycles in riding-motion
approximation with isotropic thermal displacements parame-
ters (Uiso) fixed at 1.2 or 1.5 x Ueq of the relative atom.
Furthermore, the hydrogen atoms associated to hydroxyl groups
were markedly visible in the difference Fourier maps, and
included in subsequent refinement stages with the O-H
distances restrained to 0.90(2), and using a riding-motion

RSC Adv., 2017, 7, 30469-30480 | 30471
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approximation with an isotropic thermal displacement param-
eter fixed at 1.5 x U.q of the parent oxygen atom.

Information regarding the crystallographic data collection
and structure refinement is summarized in Table S1 (ESIf),
while the geometric details concerning the hydrogen bonding
interactions are collected in Table S2 (ESIt). Additional crys-
tallographic details can be found in the corresponding CIF files
provided in the ESL.f

Results and discussion
X-ray structures

Compound 1-BF, was dissolved in MeOH and re-crystallized by
the slow diffusion of Et,O, resulting in a brown crystalline
material with good quality for single-crystal X-ray diffraction
analysis. The crystal structure was determined to be in the
monoclinic space group C2/c with the asymmetric unit (asu)
comprising a cationic organic molecule and a tetrafluoroborate
anion, BF, (Fig. 1, left side; detailed information about the
crystallographic data collection and structure refinement can be
found in the Experimental section). On the other hand, two
distinct single crystals of 2-HSO, were obtained by diffusing
Et,O into different solutions of the compound: one in MeOH
and the other in MeCN. These two crystal structures confirmed
the formation of two polymorphs (ie., the same compound
isolated in two distinct crystalline systems) of compound
2-HSO, (Fig. 1, right side). Crystallization from MeOH solution
resulted in a compound with a monoclinic P2,/c crystalline
structure (2-HSO,_M), while the same procedure from MeCN
solution led to an orthorhombic Pna2, phase (2-HSO,_O). In
both 2-HSO,_M and 2-HSO,_O, the asu includes a cationic
organic molecule and a hydrogen sulfate anion, HSO, .

The dihedral angle between the average planes of the benzo-
pyrylium group and the benzene ring is 10.197° in molecule 1,
while those of molecule 2 are 17.127° for 2-HSO,_M and 9.646°

Compound 1-BF,

View Article Online
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for 2-HSO,_O. These structural differences in terms of the
planarity of the molecules in the solid state are certainly related to
the occurrence of distinct intermolecular interactions, particu-
larly hydrogen bonds (see Table S2f for details about the
geometric information of these interactions) involving the
organic cations and the respective anions along with - -
staking between adjacent organic molecules. In fact, in the
structure of compound 1-BF,, the crystal packing arrangement is
strongly influenced by an extensive network of C-H---F weak
hydrogen bonds involving the organic moieties and the BF,~
anions (green dashed lines in the top part of Fig. 2; and Table S1,
ESIf). Furthermore, contiguous organic molecules close-pack
along the b-axis of the unit cell through offset m---7 stacking
interactions involving the benzopyrylium groups and the benzene
rings with the Cg---Cg distance between 3.5884(3) and 3.7860(3) A
(Fig. 2; Cg stands for the gravity center of each aromatic ring).

The occurrence of two polymorphic forms of the compound
2-HSO, isolated from different crystallization solutions seems
to be a consequence of the hydrogen bonding networks that are
distinet in the two crystal structures. In particular, the strong
O-H:--O hydrogen bonds involving the organic cations and the
hydrogen sulfate anions have different arrangements (blue
dashed lines in Fig. 3): in polymorph 2-HSO,_M, the inorganic
anions form discrete dimmers and further interact with two
additional organic molecules (Fig. 3 top); in 2-HSO,_O, the
inorganic cations form one-dimensional chains, each of which
establishes an additional O-H---O interaction with one organic
molecule (Fig. 3, bottom). Furthermore, the extensive network
of weak C-H---O hydrogen bonds in the two structures (pale
yellow dashed lines in Fig. 3) leads to the formation of extended
3D supramolecular structures.

The bell-shaped curve: an overview

The bell-shaped curve that accounts for the kinetics of the
multistate system as it approaches equilibrium [eqn (6)] is

Compound 2:-HSO, M

Top view

Top view F2l

c7

ceecceoe®
VweTMINZ0O

Side view

N

i %

Fig.1 Top and side views of the crystal structures of compounds 1-BF, (left) and 2-HSOy, (right; drawn from the 2-HSO,4_M structure) showing

the labeling scheme for all non-hydrogen atoms. Symmetry transformation used to generate equivalent atoms: (i)

30472 | RSC Adv., 2017, 7, 30469-30480
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Compound 1-BF,

C—H---F interactions

Fig. 2 Representation of the C—H---F weak hydrogen bonds (yellow
dashed lines; top) and the m---1t stacking interactions (grey shadow;
bottom) found in the crystal structure of compound 1-BF,. For clarity,
only the hydrogen atoms involved in the C—H---F bonds are shown.
For detailed information about the hydrogen bonds, see Table S2 in
the ESL

represented in Fig. 4a (red curve). This process accounts for the
interconversion rates between flavylium cation and ¢rans-chal-
cone (direct pH jumps) and vice versa (reverse pH jumps). Two
limiting reactions can be identified in this curve. The hydration
limit given by eqn (9), which becomes the controlling step at
higher pH, and the isomerization limit [eqn (7)], which is rele-
vant at lower pH, coincide with the mathematical expression
observed when there is no quinoidal base, as in compound 1.
The pH extremes of the bell-shaped curve are only accessed at
lower and higher pH values from direct and reverse pH jumps,
respectively.

ken 9

Recently, we observed that at very low pH, the rate of the
system increases with decreasing pH, which was interpreted to
result from the acid catalysis of cis—trans isomerization.** This
effect has been fitted with the product ¥%;[H"]. In the case of
multiple flavylium states possessing amine substituents, it was
also reported that the protonation of trans-chalcone in reverse
pH jumps leads to an identical increase in rate; however, this
effect was observed at less acidic pH values when compared to
the catalysis (Fig. 4b, green curve).

This journal is © The Royal Society of Chemistry 2017
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Compound 2:-HSO, M

D—-H--O interactions

%«,Lﬁl

Compound 2-HSO, O

D—H--O interactions

VARV 2 7 il

a

i T g

Fig. 3 Representation of the strong C-H---O and weak C-H---O
hydrogen bonds, respectively drawn as blue and pale-yellow dashed
lines, found in the two polymorphic forms of the compound 2-HSOg4:
2-HSO4_M (top) and 2-HSO,_O (bottom). For detailed information
about the hydrogen bonds, see Table S2 in the ESL.{

The bell-shaped curve indicates that in very acidic media, the
reverse pH jumps are controlled by the trans-to-cis isomeriza-
tion with rate constant k_;. The increase in the rate in Fig. 4b
caused by the protonation of the amine (green curve) results
from the increase in the trans-to-cis rate constant (k;) upon
protonation. The possibility the superposition of the two effects
accounted for by the rate constants £; and k' ; in the same pH
region introduces great error in the determination of these
constants. Despite this quantitative limitation, the two effects
can be detected in some cases.*

Determination of the equilibrium constants of the multistate
system

The parameters obtained from the bell-shaped curve [eqn (6) or
(7)], K'a determined from eqn (5), and K, determined from eqn
(1) by means of the pH-dependent absorption spectra at equi-
librium and immediately after direct pH jumps (Table 1) are not
sufficient to calculate the rate and equilibrium constants of the
multiple states. However, the flash photolysis data permit the
calculation of k;K/(1 + K) with good accuracy [see eqn (12) below]
along with k_1,/(1 + K;) with less accuracy. The ratio between the
two terms in eqn (12) is coincident with Kki/k_1, which is
independently obtained from the direct pH jumps. This also
allows k_/(1 + K;) to be obtained with good accuracy. Moreover,

RSC Adv., 2017, 7, 30469-30480 | 30473
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Fig. 4 (a) Representation of egn (6) (red line), egn (7) (blue line) and egn (9) (pointed line) as functions of pH. Simulation was carried out for pK, =

5; KpKiki = 107" M7t s ki = 107% s7% Kikilkp = 107% (kn = 1073 s7Y); k¥, = 1073 k™, = 10>, (b) In the case of the protonation of the amine
substituent, the contribution of the protonated amine should be considered (pKc+/ct = 1.6); for the contributions, see egn (7), (9) and the global

eqgn (11).

Table 1 Kinetic and thermodynamic parameters obtained from the bell-shaped curve, absorption spectra at equilibrium and immediately after

direct pH jumps by stopped flow as well as from flash photolysis®

1(]) 2(2] 3(3) 4(3] 5(3)

6(4) 7(4) 8(5] 9(5)

K, K, KnKik; ki Kiki/k_n

Ktki/(l + Kt) k—h/(l + I(t) k; I<h(1 + Kt)

¢ (1) Equilibrium; (2) immediately after a direct pH jump by stopped flow; (3) direct pH jumps; (4) flash photolysis; (5) from the ratio of column 3 to

column 5; (6) from the ratio of column 8 to column 7.

from the ratio Ky,(1 + K;)/K', the maximum of the mole fraction
distribution of the sum of the species B + Cc can be estimated.
The complete resolution of all equilibrium constants in the case
of the existence of a small cis-trans isomerization barrier (as in
the present compounds) is only possible if K; is determined. This
is generally very difficult since the species B and Cc are elusive,
in the sense that their concentrations are very small at equilib-
rium and during the kinetic processes.

The case of the amines

The protonation of the amine substituent at lower pH intro-
duces new kinetic pathways resulting from the different rates of
these species.

The mathematical expression that accounts for effects
observed when there is an amine substituent is given in eqn (10)
(see ESIT for the corresponding mathematical deduction):

+ + +12
L0 PR L P L
e = H'] + K. [H'] + K¢+ +[H]+Kcr
obs — Kk1 K+ki+
) ] 4+ 5
+ KHH.
(10)

30474 | RSC Aadv., 2017, 7, 30469-30480

In this expression, the contribution of the protonated flavy-
lium cation (in the amine substituent) was neglected because
this protonation takes place at extremely acidic pH values. We

I Kk .
also observed that the contribution of the term ——L is negli-
ht
gible in the fittings, which is expected considering that at very
low pH, the trans-to-cis isomerization rate likely controls the
kinetics. The approximation given by eqn (11) is thus a good
description of the system:

[H+] KCt* +
RS g
obs — [H+] N Kt_kl
ko
[H']

+ k% + kS [HT.

[H] + Koo (11)

Eqn (11) can be deduced by simple reasoning considering
that at lower pH, the system is controlled by trans—cis isomeri-
zation; thus, the rate constant k_; in the bell-shaped curve is
multiplied by the mole fraction of Ct, while the mole fraction of
Ct" multiplies the equivalent rate constant k' ;. In the present
compounds, the bell-shaped curve is not observed because the

This journal is © The Royal Society of Chemistry 2017
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values trend towards k_; at lower pH, but at these same pH
values, a new pathway accounted for by the rate constant k' ; is
open. The term k' refers to the isomerization catalyzed by
protons.

Compound 1

The flavylium cation of compound 1 in water exhibits an
extended stability up to pH 8 and is only hydrated to give the
trans-chalcone (ionized) at very basic pH. No photochromism
was observed in water. The absorption spectrum of the flavy-
lium cation does not change significantly in the presence of
CTAB micelles, suggesting a lack of interaction due to electro-
static repulsion. However, ¢trans-chalcone is highly stabilized by
the CTAB micelles, thereby dramatically reducing the pH
domain of the flavylium cation. The inspection of the shape and
position of the absorption spectra indicates that CB is essen-
tially trans-chalcone.

The pH-dependent absorption spectra of compound 1 at
equilibrium are shown in Fig. 5 in the acidic (a) and basic
regions (b). The spectral variations are compatible with flavy-
lium cation in equilibrium with t¢rans-chalcone in acidic
medium and t¢rans-chalcone in equilibrium with ionized trans-
chalcone in basic medium with acidity constants of pK’, = 3.8
and pK,ps = 8.9, respectively.

Fig. 6a shows the spectral variations after a direct pH jump to
6.1. Immediately after the pH jump, the observed absorption
spectrum corresponds to the flavylium cation. The system
evolves from the flavylium cation to ¢rans-chalcone, according
to mono-exponential decay.

In the case of the reverse pH jumps, the initial species is
trans-chalcone, which is converted to flavylium cation after the

addition of acid (Fig. 6b), rendering the system

View Article Online
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thermodynamically reversible. However, at lower pH, the trans-
chalcone is protonated during the mixing of the acid, and the
protonated trans-chalcone starts to play a role in the kinetics.
This is confirmed by the absorption spectra of the reverse pH
jumps taken immediately after mixing (Fig. 6c). The equilib-
rium between trans-chalcone (Ct) and its protonated form (Ct")
occurs at pKc¢ejce = 1.4. In conclusion, at lower pH, Ct' is
transformed to flavylium cation, and the spectral variations
corresponding to the reverse pH jumps are not the same as
those of the reversible process depicted in Fig. 6a.

The rates of the reverse and direct pH jumps accounted for
by eqn (11) are represented in Fig. 7. Fitting was achieved for the
following parameters:

KiKki=95x10° M s™; k;=6x10"* s,
Kik;
—h

—1.0x 10 M; k% =0.015 s Ko jo = 1074,

The rate constant k;, can be calculated from the ratio of the
first and the third parameters, ky, = 9.5 x 10~ * s~

In Fig. 7, which shows the rate constants as functions of pH
[eqn (11)], the existence of two regimes accounting for the
multistate species that are protonated or non-protonated at the
amine substituent is apparent. Regarding the kinetics of the
non-protonated species, at higher pH, the process is controlled
by the hydration rate constant (k). This corresponds to the
limit of eqn (7) when the proton concentration is very small. At
lower pH, the trans-to-cis isomerization is the rate-determining
step (k_;), the limit of eqn (7) at higher proton concentrations.
For the kinetics of the protonated species, no intermediate Cc"
or B' is directly observed; thus, the kinetic control is likely the
trans-to-cis isomerization of the protonated chalcones, which is
the basis of the approximation that gives eqn (11).

Ct

pH =7 pKobs=8.9

Ct
pH=10

I

300

500

600 700

Wavelength (nm)

(@)

400 500 600 700

Wavelength (nm)

(b)

Fig.5 (a) pH-dependent spectral variations for compound 1 (2 x 107> M) in the presence of CTAB (0.020 M) in the range of 0.85 < pH < 7.1; the
traced red line is in the absence of CTAB at pH = 0.85. (b) The same as in (a) but for 7.1 < pH < 10.2. (c) Fitting the absorption data, at 535 nm and
455 nm , against the pH allows us to obtain the acidity constants for pK’, = 3.8 and pKgps = 8.9.
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Fig.6 (a) Spectralvariations of compound 1 (2 x 10> M) in the presence of CTAB micelles (0.020 M) after a direct pH jump from pH 1.0 to 6.1. (b)
Spectral variations after a reverse pH jump from pH 6.8 to 1.6, keps = 5.3 x 1072 57, (c) Spectral variations taken immediately after a reverse pH

jump.
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Fig. 7 Rate constants of the slowest kinetic process in reaching
equilibrium after direct and revere pH jumps observed for compound 1
in the presence of CTAB (0.020 M). The individual contributions of the
protonated and non-protonated species were simulated according to
eqn (11). Fitting was achieved for KpKiki = 9.5 x 1078 Ms™ k_; = 6 x
107% s Kiki/k_p = 1.0 x 107% M; k*; = 0.015 s %; Kepryer = 10714

Flash photolysis

When a flavylium-based system exhibits photochromism, as in
the present compound in the presence of CTAB, flash photolysis
is a powerful technique to obtain crucial kinetic information of
the system. The origin of the photochromism is related to the
photo-induced cis-trans isomerization of the chalcones, which
is the formation of the cis isomer from the trans isomer in this
case. Transient absorption were observed after a light flash and
monitored for the trans-chalcone and flavylium cation at 455
nm and 535 nm, respectively. The results obtained at pH 3.3 and

30476 | RSC Adv., 2017, 7, 30469-30480

pH 6.1 are represented in Fig. 8a and b, respectively. At pH 3.3,
the bleaching of Ct absorption immediately after the flash is
observed and attributed to the formation of Cc, which takes
place during the lifetime of the flash (us).** The bleaching
occurs because the mole absorption coefficient of Cc is lower
than that of Ct at 455 nm. The absorption of Ct is only partially
recovered. Simultaneously, at 535 nm, the absorption of the
flavylium cation increases. This general behavior (the partial
recovery of Ct and formation of AH') has been identified in
other flavylium compounds lacking the cis-trans isomerization
barrier.**** The lack of the cis-trans isomerization barrier was
confirmed by the flash photolysis at pH 6.1 [Fig. 8b]. After the
flash, the Ct absorption is completely recovered with a rate
constant of 0.6 s~'. On the other hand, no increase in absorp-
tion due to flavylium cation formation is detected at 535 nm.
The very small decrease in absorption at this wavelength can be
explained by the slightly higher mole absorption coefficient of
Cc at this longer wavelength compared to Ct, as observed in
other cis-chalcones.*® These results clearly show that the system
does not have any cis-trans isomerization barrier, in contrast to,
for example, anthocyanins.™

The experimental data of flash photolysis at moderate pH
values, where the contribution of the protonated species can be
neglected, can be accounted for by eqn (12). Moreover, the yield
of Ct recovery is given by eqn (13) (see Fig. 9). The equilibrium
between Cc and B is again considered to be reached quickly
compared to the other processes.

K, 1
Kops = Xecki + Xpk o [H'] = TKlki + TKlkfh [H"] (12)
K
1 thi Kiki
—+ K tKi (13)

e = TR, 1 v K+ ky[H']
TK +Ktki +71 +K‘k* [H ]
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Fig.8 Flash photolysis traces of the compound 1 (2 x 10> M) in the presence of CTAB (0.020 M): (a) pH = 3.3, kops = 2.3 5 *and (b) pH = 6.1, k; =
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Fig. 9 Representation of the flash photolysis rate constants as func-
tions of pH and (O) and yield of Ct recovery (@) for compound 1in the
presence of 0.020 M CTAB. Fitting was achieved by means of egn (12)
and (13) with Kiki/(1 + K = 0.65 s~*and k_,/(1 + K = 6500 M s~ %,

At higher pH, where the Ct recovery is complete, the value of
the respective plateau in Fig. 9 (black circles) gives Kk;/(1 + K).
As mentioned above, the fitting of the second term in eqn (12),
k_n/(1 + K;), does not have good accuracy. However, the ratio
between the first and second terms in eqn (12) should be equal
to Kiki/k_n, a value previously calculated from Fig. 6B (Table 2).
Eqn (12) and (13) can thus be used to fit the experimental data
from flash photolysis, as shown in Fig. 9, before any significant
contribution of the protonated species. Inspection of Fig. 9
shows that at lower pH, the influence of the protonated species
is observed (yellow region), and the yield of Ct recovery is greater
than that predicted by eqn (13). This suggests that in the
protonated species, the recovery of Ct is faster than flavylium

This journal is © The Royal Society of Chemistry 2017

formation when compared to the same reactions of the non-
protonated species (open circles in Fig. 9).

A deeper analysis of the flash photolysis data for the
protonated species would include the equilibrium between Cc,
Cc', B and B', as shown in the ESL.{ However, the large number
of unknown parameters precludes the respective quantitative
analysis. Nevertheless, crucial information on the system is
obtained from the data reported in Table 2.

The ratio Ky,(1 + K)/K'; = 0.14% confirms that the species B
and Cc can be neglected at equilibrium, rendering K, = K,KK;
within experimental error. The coherence of the experimental
data can be verified by the ratio KpKki/k_; = 1.6 x 107%, in
agreement with the value of K',. For this compound, we were not
able to obtain information on the kinetics of equilibrium
between B and Cc; as a result, K; was not obtained. While this is
a drawback, it does not prevent the study of the system if B and
Cc are considered together in the energy level diagram of the
multistate system.' This diagram can be obtained from the
equilibrium constants of the multistate system and the relation

AG® = —RTInK. In the present case, it is not possible to

obtain the positions of B and Cc; however,
[B][H*] ([B] + [Cc] [H']

Kh(1+K;) = = B Cc|) corre-

sponds to equilibrium with constant Ky(1 + K;) involving the
species AH" and the sum of B and Cc.

AH* + H,O = B + Cc + H;0", K(1 + K (14)
This allows us to draw the energy level diagram of the
multistate system and rationalize the direct and reverse pH
jumps as well as the flash photolysis (Schemes 3 and 4).
At the direct pH jump from pH 1.0 to 5.0 (Scheme 3a), the
system evolves to Ct, the most stable species, from B and Cc.

RSC Aadv., 2017, 7, 30469-30480 | 30477
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Table2 Thermodynamic and kinetic rate constants characterizing the multistate systems of compounds 1 to 3 in the presence of 0.020 M CTAB

micelles. Estimated error is 10%

Compound pK', pKa KnKek; Kikilk_1, k_; k' pKce kn
1 3.8 1.0 x 1077 1.0 x 10°* 6.0 x 10°* 0.015 1.4 9.5 x 1074
2 3.8 6.0 2.0 x 1078 7 %x107° 6.0 X 10°° 0.0015 1.1 2.9 x 1074
3 1.6 6.2 2.5 x 1077 6 x10°* 1.0 x 10°° 0.002 0.7 4.2 x 1074
Compound Kiki/(1 + Ky) k_pn/(1 +Ky) Kp(1 +Ky)
1 0.65 6500 1.5 x 1077
2 0.2 2860 9.9 x 1078
3 0.6 1000 4.2 x 1077
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s i ionp
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Scheme 3 Energy level diagrams of (a) direct and (b) reverse pH jumps of compound 1 in the presence of 0.020 M CTAB micelles.
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Scheme 4 Energy level diagram accounting for the photochromism
of compound 1 in the presence of 0.020 M CTAB micelles.

During the reverse pH jumps (Scheme 3b), the initial species is
Ct (pH = 5.0), and equilibrium between Ct and Ct' is estab-
lished with 72% Ct' immediately after the (reverse) pH jump.
The system has two competitive channels to go back to the
flavylium cation, which is the stable species at pH 1.0: (i) the
neutral route and (ii) the protonated route.

The flash photolysis data can also be rationalized using the
energy level diagram. At pH 3.8, the species Ct is in equilibrium

30478 | RSC Adv., 2017, 7, 30469-30480

with AH" (50% each) and can be excited in the near-UV range.
The excited state can decay by radiative and non-radiative paths
(not shown in the figure) and isomerize to Cc. This last species
can revert back to Ct or forward leading to AH". The excess AH"
obtained upon light absorption decreases to the equilibrium
concentration in a way similar to a direct pH jump to pH 3.8. At
higher pH, Cc reverts completely to Ct.

The following relation [AH']/[Ct'] = K¢¢/K', = 25 emphasize
that, at the equilibrium, the fraction of AH" predominates and
Ct" can be neglected.

The mathematical treatment for the two other compounds is
similar to that of compound 1; the respective details are shown
in the ESL T and the data are reported in Table 2.

A global view of the thermodynamics of the three
compounds is given in Scheme 5. The flavylium cation at pH
0 was used as a common reference point. The energy level of Ct"
was calculated for pH 1.0. The energy level of Cc" + B" was
positioned considering the acidity constant of the Cc species,
which is only a rough approximation. Nevertheless, some
information can be obtained by inspecting this diagram. The
thermodynamic levels of compounds 1 and 2 are similar, indi-
cating that the introduction of the hydroxyl substituent in
position 4’ does not significantly affect the energy levels. When
comparing compounds 1 and 2 with compound 3, it is clear that
the trans-chalcones and the cis-chalcone/hemiketal are very
destabilized by the bridge. On the other hand, the quinoidal

This journal is © The Royal Society of Chemistry 2017
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Scheme 5 Energies of the three compounds studied in this work
relative to flavylium cation superimposed at pH 0.

base is not affected. This result was expected considering that
like flavylium cation, the quinoidal base is a planar molecule in
which the bridge can be well accommodated. In the other
species and particularly in trans-chalcone, the bridge introduces
geometric constraints that destabilize the structures.

Conclusions

Amino substituents increase the complexity of the flavylium-
based multistate system of chemical reactions by introducing
new channels of reactivity upon protonation of the several
species in acidic media. Despite their complexity, these systems
and other flavylium-based multistate systems are conveniently
rationalized by constructing an energy level diagram in which
the relative thermodynamic energy levels of the multiple species
are compared with that of flavylium cation at pH 0. The flavy-
lium cation is always the most stable thermodynamic species in
sufficiently acidic media. In moderately acidic conditions, the
species appearing at the top of the diagram have negligible
concentrations at equilibrium.
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