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Introduction

Molecules that are capable of being reversibly biased towards
one of two or more states in response to an external stimulus
are called molecular switches." These molecules have not only
garnered interest from a fundamental standpoint, but have
also found application in a variety of realms®>* including
sensing,” ® chemical biology,”** and functional materials."®

The development of scaffolds that can function as mole-
cular switches has been a ripe area of research over the past
decade. Approaches include photoswitchable'* > (e.g. azo-
benzenes, diarylethenes, and spiropyrans) and chemoswitchable
molecules® %242 (e.g. diphenylacetylene- and hydrazone-
based switches), each offering distinct advantages and dis-
advantages. While photoinitiated switches involve covalent
changes taking place to the structure, conformational states in
chemoresponsive switches to this point have been stabilized
exclusively by weaker non-covalent interactions, rendering
these switches less rigidly binary. Despite the robustness of
their conformational states, light-responsive molecules offer
obvious challenges outside of a well-regulated laboratory
environment. To the authors’ best knowledge, no chemo-
switching scaffold has been developed that relies on the inter-
conversion of covalently differentiated states with opposing
conformations.

With these ideas in mind, we sought to develop a novel
molecular switch that would incorporate the controllability of
chemoresponsive molecules with the rigidity of covalently
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The effect of aryl substitution on various aspects of the interconversion of ortho-hydroxychalcones and
flavanones has been studied using multiple spectroscopic techniques. Derivatization of the core scaffold
predictably alters the midpoint pH of this equilibration process suggesting its viability for application as a
functional colorimetric molecular switch.

differentiated states: a dynamic covalent chemoswitch.>®
Ideally, we also desired a system that could be characterized
colorimetrically; such an attribute would allow for several dis-
tinct advantages including the ability to detect changes (a) at
low concentration and (b) on a rapid timescale and (c) the
option to utilize a variety of (non-deuterated) solvents.

We identified ortho-hydroxychalcone (1a) and its readily
accessible constitutional isomer flavanone (2a) as a potential
scaffold for development of such a switch (Fig. 1).>” This
system is capable of interconversion in aqueous solutions by
altering the pH; the range of pH within which rapid equili-
bration takes place is ~10 (where flavanone is the only
observed isomer) to ~13 (where anionic chalcone is adopted
exclusively).?® Subsequent acidification provides a kinetically
stable solution of either isomer. While 1a is held in confor-
mation by a tight hydrogen bond between H, and the carbonyl
oxygen, 2a is rigidified by the newly formed covalent bond.

The interconversion of these classes of molecules has been
studied in the context of understanding how this process
occurs in nature,>** but prior to our initial disclosure the

1a 2a

Fig. 1 Isomerism between ortho-hydroxychalcone (1a) and flavanone
(2a) can be reversibly controlled by altering solution pH. These two con-
stitutional isomers rapidly interconvert between pH 10 and 13, with
flavanone (2a) the only species present at the low end of this range and
anionic chalcone (la) observed exclusively in more alkaline solutions.
This change can be detected colorimetrically, as only 1la absorbs
strongly in the ultraviolet region.

This journal is © The Royal Society of Chemistry 2014
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scaffold had not been explored for the applied purpose of
functioning as a molecular switch. Interestingly, another chal-
cone-based scaffold has been used as a switch: 2-hydroxychal-
cones are known to interconvert with anthocyanins.' This
construct, while elegant and useful, lacks the structural rigidity
and binary nature (imparted by the hydrogen bond between
the 2-hydroxy and the carbonyl) we sought for our dynamic
covalent chemoswitch.

Previously,”” we established and detailed a UV/Vis spectro-
photometric assay for investigation of this isomerism and sub-
sequently analyzed the impact of a single methoxy substituent
in a variety of positions. Chalcones were placed in solutions of
varying pH (8.5-13) and allowed to reach equilibrium with the
flavanone isomer. For each compound, there exists a pH at
which the solution contains a 1:1 ratio of chalcone to flava-
none; the impact of substitution on the switching scaffold was
measured by tracking the shift of the midpoint pH of the equi-
librium: the putative equivalence point. Demonstrating this
ability to be structurally tuned was a crucial step in the develop-
ment of the scaffold as a functional molecular switch.

These preliminary findings indicated that the effect of sub-
stitution on the dynamic interconversion is complex. While
previous studies have focused on the reliance of this putative
equivalence point exclusively on the pK, of H,, the data indi-
cated that this was not the case; we proposed that the pK, of
Hp also plays a role in this dynamic process (Fig. 1).

In order to further probe the utility of this scaffold as a
molecular switch and its susceptibility to electronic bias, we
were interested in expanding this study to include a substitu-
ent of a different identity (namely, fluorine) and also to see if
the effects of multiple substitutions would be linear or syner-
gistic. Additionally, we sought to gain deeper insight into the
influence of aromatic substituent electronics on the isomeriza-
tion process by investigating not only the thermodynamics of
isomerization but also the kinetics.

Results and discussion

The synthesis of the molecules to be evaluated was performed
in a similar manner to the procedure previously disclosed
(Scheme 1). A high-throughput synthetic route was developed
for the conversion of acetophenones and benzaldehydes to
chalcone products; in this manner, sufficient material was
generated for all described studies.

(©) Os H
HO N aq.NaOH HO
| FR* [ FR——
= % EtOH
3 4

R, R'=H, OMe, F

/\_/’A’ring

Scheme 1 General synthesis of substituted chalcone derivatives (1).
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Fig. 2 Raw UV/Vis absorbance data for the conversion of ortho-hydroxy-
chalcone 1a to flavanone 2a.

UV/Vis studies on midpoint pH

The pH-dependent constitutional isomerization was studied
using the previously described UV/Vis spectrophotometric
assay. The interconversion was tracked by absorbance at the
Amax Of the highly conjugated chalcones (Fig. 2); this value was
more significantly affected by substitution on the ‘B’ ring
and ranged from 304 to 340 nm (Table 1). While in some
cases overlap of the absorbance spectra of the two species
was observed in this region, signal amplification (A[chaiconel/
Al flavanone]) in each case was sufficient for quantitative monitoring.

The putative equivalence point (i.e. the pH at which there
exists a 1:1 ratio of the two isomers) was obtained by fitting
the pH-dependent absorbance data with a sigmoidal curve
(Fig. 3). While the scope of this study only included two mono-
substituted molecules at each of the explored positions, it is
instructive to consider the data from a linear free energy
relationship (between midpoint pH and substitution) perspec-
tive. The construct chosen for this analysis was the Swain-
Lupton equation,** which separates the effects of each substi-
tuent to field (F) and resonance (R) effects.>> >’ This dataset
seemed appropriate as an analytical tool for this system as dis-
cerning the relevant classical Hammett parameters (e.g. 6, ¢,
o”) is difficult in this case.

Swain-Lupton substituent constants (F, R) with more posi-
tive values indicate more significant electron withdrawing
effects and those with negative values of greater magnitude
representing an increasing ability to donate electron density.
Relevant to this study are the values for fluoro (F = 0.45, R =
—0.39) and methoxy (F = 0.29, R = —0.56) substituents; in both
cases the substituents are inductively withdrawing and reso-
nantly donating. Position-dependent reaction constants fand r
(Table 2) were derived from the midpoint pH shift data for the
studied monosubstituted compounds (Table 1, entries 2-6, 11,
16, and 21). Compounds 1b-1e feature a single substituent on
the ‘B’ ring. This data emphatically shows that substitution on
the 4 position is more influential than at the 3 position
(Table 2, entry 2); in fact, substitution at the 3 position seems
to have little effect on this equilibrium. While the difference in
consequences between the respective substitutions could be
expected from a resonance standpoint, the contrast in force

Org. Biomol. Chem., 2014, 12, 5108-5114 | 5109
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Table 1 Key results of studies on the switching ortho-hydroxychalcone (1)/flavanone (2) derivatives

Entry Compounds R R' Jma (M) ApH?  Rate,1to2° Rate,2to1? 6, Hy (ppm) A8, H, (ppm mL™" d-DMSO)
1 1a/2a H H 310 0 1 1 12.8 —1.45
2 1b/2b 4-OMe H 338 —-0.36 0.7 0.6 12.92 -1.81
3 1c/2¢ 3-OMe H 306 +0.05 1.1 1.0 12.78 —1.68
4 1d/2d 4-F H 312 -0.15 1.0 1.5 12.75 -1.74
5 le/2e 3-F H 306 +0.04 0.9 1.0 12.7 -1.76
6 1f/2f H 4'-OMe 314 -0.10 0.2 0.5 13.41 -1.72
7 1g/2g 4-OMe 4'-OMe 336 -0.31 0.6 0.6 13.52 —

8 1h/2h 3-OMe 4-OMe 312 -0.14 0.8 0.3 13.4 —

9 1i/2i 4-F 4'-OMe 314 —-0.30 0.1 0.5 13.39 —

10 1j/2j 3-F 4'-OMe 310 -0.10 0.1 0.6 13.32 —

11 1k/2k H 5-OMe 309 +0.42 1.7 0.9 12.35 -1.83
12 11/21 4-OMe 5-OMe 340 +0.02 1.3 1.6 12.46 —

13 1m/2m 3-OMe 5-OMe 306 +0.45 1.7 0.5 12.32 —

14 1n/2n 4-F 5-OMe 310 +0.45 2.0 0.4 12.31 —

15 10/20 3-F 5-OMe 306 +0.55 0.7 0.4 12.26 —

16 1p/2p H 4'-F 310 —-0.95 0.4 2.0 13.18 -1.59
17 1q/2q 4-OMe 4'-F 336 — — 1.7 13.31 —

18 1r/2r 3-OMe 4'-F 306 —-0.94 1.4 1.7 13.17 —

19 1s/2s 4-F 4'-F 312 -1.18 0.5 0.3 13.15 —

20 1t/2t 3-F 4'-F 306 -1.10 0.2 2.3 13.08 —

21 1u/2u H 5'-F 310 —-0.24 1.6 4.0 12.51 -1.65
22 1v/2v 4-OMe 5'-F 340 —-0.50 2.1 2.1 12.63 —

23 1w/2w 3-OMe 5'-F 304 -0.15 1.8 1.3 12.5 —

24 1x/2x 4-F 5'-F 314 —-0.22 0.2 2.5 12.47 —

25 1y/2y 3-F 5-F 306 —01 02 1.3 12.42 —

“ Jmax Teported is for chalcones (1), at which conversion was monitored for all UV/Vis experiments. ” ApH relative to midpoint pH of 1a/2a
(11.46). “ Rates for conversion of 1 to 2 relative to k(a to 2a) (0.002576 s). 4 Rates for conversion of 2 to 1 relative to k(za to 1a) (0.1911 s7). ¢6 from
TH NMR spectra of chalcones (1) taken in CDCI,.” Datapoint unable to be acquired.

(AU)

310nm

A

chi"/DoF = 0.00025
R" = 0.99159
Al 0.11621 +0.0096

A2 0.65135 +0.01097

Fig. 3 pH vs. absorbance plot for unsubstituted parent compounds
1a/2a, assembled from data seen in Fig. 2.

effects is somewhat surprising considering that this effect is
ostensibly correlated to proximity. Substitution at the 4 posi-
tion (Table 2, entry 1) is positively correlated with both F and
R; this indicates that the midpoint pH increases as electron

5110 | Org. Biomol. Chem., 2014, 12, 5108-5114

Table 2 Swain—Lupton position-dependent reaction constants derived
from ApH of monosubstituted switching derivatives

Substituent
Entry position f r %r
1 4- 0.4 0.85 68
2 3- 0.02 —-0.08 n/a
3 4'- -3.55 —1.66 32
4 5'- -2.15 —1.86 46

density is withdrawn from this position. Additionally, a %r of
68 demonstrates the significant resonance contribution of sub-
stituents at this location on this interconversion.

Much larger values of the Swain-Lupton position-depen-
dent reaction constants are obtained when evaluating the sub-
stitution of the ‘A’ ring. Substitution at either the 4’ (Table 2,
entry 3) or 5' (Table 2, entry 4) position shows negative corre-
lation to both force and resonance effects; this result demon-
strates that the midpoint pH decreases with the inclusion of
electron withdrawing substituents on the ‘A’ ring.

Confidence in these Swain-Lupton parameters may be
gained from the equilibrium data collected for the disubstituted

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Experimental vs. predicted ApH for disubstituted derivatives.
Experimental ApH was derived for each compound by subtracting the
midpoint pH for each derivative from the midpoint pH for 1a/2a. For
each disubstituted compound, this value was plotted against the ApH
expected from adding the ApH for each of the two substituents indivi-
dually. This treatment reveals a strong linear correlation between mid-
point pH and substitution.

compounds. If the data were linearly related, it would be
expected that the effect of each substitution on the midpoint
pH of the chalcone/flavanone interconversion would be addi-
tive. This correlation is observed: the midpoint pH of the dis-
ubstituted compounds has a strong correlation to the values
predicted by adding the effects of individual substituents on
the putative equivalence point (Fig. 4).

Certain aspects of the derived Swain-Lupton constants
fand r appear at odds with the prevalent idea that the putative
equivalence point of this equilibrium is entirely dependent on
the pkK, of the phenolic proton (H,). In general, electron-with-
drawing substituents at any position would be expected to
lower this pK, value consequently lowering the midpoint pH of
the isomerism. Experimentally, while electron withdrawal
from the ‘A’ ring does correspond to this expectation, the
opposite effect is observed for substitution of the ‘B’ ring.

The %r is indeed greater at the 5' position than at the 4
position, which would be expected when assessing the impact
on the H,. This value, however, does not approach that to be
expected from a simple reaction manifold with a single substi-
tuent in a position to interact in a resonant manner with the
group of interest (80%r). Interestingly, this change in %r is
largely due not to a change in the resonance contribution (7),
but rather to the varying impact of the force constant (f).

1H NMR studies

The dependence of midpoint pH on H, pK, can be further
probed using NMR spectroscopy. While the pK, of alcoholic
protons cannot be directly correlated to the chemical shift in
the "H NMR, the collected data shows that substitution has a
predictable impact on the chemical shift of the phenolic
proton (Fig. 5). However, no direct significant linear relation-
ship exists between this chemical shift and midpoint pH
(Fig. 6). This shows that while substitution does correlate to
the electronic environment of this proton, this relationship is
not analogously correspondent to the effect on midpoint pH.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Experimental vs. predicted 'H NMR chemical shift (5) of Ha.
Experimental A was obtained by subtracting the § for each derivative
from the § for 1a. For each disubstituted compound, this value was
plotted against the A§ expected from adding the A§ of each of the two
substituents individually. This plot reveals a strong linear correlation
between § of Hp and substitution.
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Fig. 6 Chemical shift (5) of Ha vs. midpoint pH. This plot shows that
despite the linear dependence of each of these variables independently
to substitution, there is no significant correlation between them.

The chemical shifts of these protons, however, are also
affected by the presence of a strong intramolecular hydrogen
bond between this phenolic proton and the carbonyl oxygen. A
DMSO titration study was performed to query the impact of
substitution on hydrogen bond strength. The results estab-
lished no significant consistent variance amongst the hydro-
gen bond strengths in the examined mono-substituted
derivatives (Table 1) and this suggests that the chemical shift
of H, for a given compound is not affected by this factor.

We have previously postulated that while the pK, of Hy is
an important factor in chalcone/flavanone interconversion the
pK, of Hg is also significant. The precise mechanisms for
interconversion in both directions (Schemes 2 and 3) have
been previously debated,>*** and specific commentary on this
process is beyond the scope of this study. It is clear, however,
that Hp is directly involved in the transformation of flavanone
to chalcone, and that this process could have significant influ-
ence on the equilibrium of these two constitutional isomers.
Our hypothesis is that lowering the pK, of Hg would facilitate

Org. Biomol. Chem., 2014, 12, 5108-5114 | 5111
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simultaneous addition and protonation

Ph o
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Ph N o~
1a 5a conjugate o 2a
addition +H+
B

6a

Scheme 2 Possible mechanisms for chalcone (1a) to flavanone (2a) at
pH 9.25.

E2 elimination

Ph o O Ph
Ph O
2a 5a
e o elim.

6a

Scheme 3 Possible mechanisms for flavanone (2a) to chalconate (5a)
at pH 13.

the conversion of flavanone to chalcone, thus having an analo-
gous effect to H, and lowering the midpoint pH.

From this perspective, the similar r value for substitution at
4" and 5' makes more sense, as resonance with either the
phenol or the carbonyl can impact this overall equilibrium in
the same direction, i.e. electron withdrawal will lower the mid-
point pH. This may also help to explain the counterintuitive
findings with regard to ‘B’ ring substitution: lack of molecular
rigidity (additionally precluding interaction with Hg through a
n system)*® renders the Swain-Lupton treatment complex to

apply.
UV/Vis studies on relative rates

In an effort to further explore the individual contribution of
the pK,s of Hy and Hg to the equilibrium, the rates of both
unidirectional reactions were studied. Relative rate constants
for the quantitative conversion of 1 to 2 and 2 to 1 were
obtained by monitoring the UV/Vis absorbance of these reac-
tions under non-equilibrating conditions (Table 1). Impor-
tantly, the complete conversion of both starting materials to
their respective products was verified by isolation and NMR
characterization of 1a and 2a after kinetic measurement
acquisition.

Substitution on the ‘B’ ring exclusively (Table 1, entries 2-5)
generally did not have a large effect on the rate in either direc-
tion. Notably, the inclusion of a methoxy substituent at the
4 position slowed conversion in both directions, while incorpor-
ation of a fluoro substituent at the same location only affected
the flavanone to chalcone rate and in fact sped up this
reaction.

Derivatives bearing a single substituent on the ‘A’ ring only,
however, displayed marked rate differences. Substitution at the
4’ position (Table 1, entries 6 and 16) slowed the conversion of
chalcone to flavanone but displayed diametrically opposed
activity with respect to the reverse reaction. In the 5’ position

5112 | Org. Biomol. Chem., 2014, 12, 5108-5114
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(Table 1, entries 11 and 21), while both substituents mildly
enhanced the rate of isomerization from chalcone to flava-
none, only the fluoro group had a significant impact in the
other direction. This variance in impact suggests that different
factors are determining the rate in each direction, again con-
flicting with the presumption that pK, of H, is the sole
mediator of the interconversion.

Investigation of disubstituted derivatives revealed that the
linear free energy relationship between substitution and the
studied equilibrium surprisingly did not extend to the kinetics
of the reaction in either direction (1 to 2 or 2 to 1): there is no
statistical correlation between the rates predicted by multiply-
ing the effects of the individual substituents and the actual
rates for the disubstituted compounds (Fig. 7 and 8). The non-
linearity of this data highlights the mechanistic complexity of
the studied interconversion and suggests either a change in
mechanism or at the very least a change in the rate-determin-
ing step. Sifting through the myriad factors at play and deri-
vation of meaningful data from these results are both beyond

27 rate, 1 to 2, predicted °
18 T
16 T
e [ ]
147 R? = 0.26586
1.2 [
[ J
1 4
08 T
06 T
047 @ [ ] L
te, 1to 2,
02 T ] rate, 3
o [ ] experimental
0 . : : |
0 0.5 1 1.5 2 25

Fig. 7 Plot of predicted vs. experimental relative rates for the quantita-
tive conversion of chalcones (1) to flavanones (2) at pH 9.25. This demon-
strates the non-linear effect of substitution on rate of conversion in this
direction.

T rate,2t01, predicted

3T L] R?=0.29953
2 [ ]
11 [] rate,2to 1,
[ ] ‘ L] experimental
0 } ; ; " } i
0 0.5 1 1.5 2 2.5 3

Fig. 8 Plot of predicted vs. experimental relative rates for the quantita-
tive conversion of flavanones (2) to chalcones (1) at pH 13. This demon-
strates the non-linear effect of substitution on rate of conversion in this
direction.

This journal is © The Royal Society of Chemistry 2014
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the scope of the current work, however it is further evidence
against the prevailing notion that there is a sole factor
(i.e. pK, of H, or, similarly, stability of chalconate 5) mediating
interconversion.

Conclusions

This work has elucidated several interesting substituent-
dependent features of the reversible interconversion of ortho-
hydroxychalcones and flavanones. It has been shown that the
putative equivalence point - the pH at which a solution con-
tains a 1:1 mixture of isomers - can be altered electronically
by substitution of either of the aromatic moieties. Analogues
featuring mono-fluorination of the ‘B’ ring (1d/2d, 1e/2e) show
similar activity to the previously described mono-methoxylated
structures (1b/2b, 1c/2c), while derivatives bearing a fluorine
on the ‘A’ ring (1p/2p, 1u/2u) exhibit significantly altered
switching properties when compared to their methyl ether
counterparts (1f/2f, 1k/2k). Of particular interest is the 1p/2p
equilibrium, which displayed the greatest midpoint pH shift of
all of the investigated mono-substituted derivatives.

A linear free energy relationship between substituents and
midpoint pH can be described by and understood through use
of the Swain-Lupton equation. This relationship cannot be
extended to the kinetics of the forward and reverse reactions
independently; the mechanistic complexity of this equilibrat-
ing scaffold is evident in this finding. The Swain-Lupton data
coupled with the lack of correlation between the midpoint pH
and either (a) Hy '"H NMR chemical shift (despite the linear
substituent-dependence of this data) and (b) the hydrogen
bond strength indicates that the shift in midpoint pH is not
due solely to the pK, of H,. These findings contribute to our
understanding of this scaffold and will aid in the development
of structural derivatives for use as dynamic covalent molecular
switches.

Selected experimental procedures

Procedure for UV/Vis equilibration assay to determine
midpoint pH

A 4 x 107" M stock solution of chalcone (1) in ethanol was pre-
pared. Into a cuvette was added 150 pL of chalcone solution
followed by 1.85 mL of aqueous buffer by way of autopipette.
Each sample was prepared in triplicate and all samples were
equilibrated in a fridge at 2.6 °C for 2 hours. The samples were
removed and stored at ambient temperature for 1 hour. The
UV-Vis spectrum was taken from 290-500 nm for each sample.
The absorbance at A,,x for each pH was then plotted in Origin
and fitted using a logistic sigmoidal function iteratively until
chi® was minimized, with x0 representing the midpoint.

Procedure for UV/Vis assay to determine chalcone to flavanone
rates

A 4 x 107" M stock solution of chalcone (1) in ethanol was
prepared. Into a cuvette was added 150 pL of this solution

This journal is © The Royal Society of Chemistry 2014
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followed by 1.85 mL of 9.25 pH NaHCO; buffer. Immediately
following the addition of buffer, absorbance at the chalcone’s
Amax Was measured every 5 seconds for 9000 seconds. A plot of
In[A/A,] vs. time was fitted linearly; the slope of this line was
used to determine the relative rate.

Procedure for UV/Vis assay to determine flavanone to chalcone
rates

A 4 x10~* M stock solution of flavanone (2) in ethanol was pre-
pared. Into a cuvette was added 150 pL of this solution fol-
lowed by 1.85 mL of 12.75 pH KCl buffer. Immediately
following the addition of buffer, absorbance at the corres-
ponding chalcone’s A, was measured every 0.2 seconds for
240 seconds. A plot of In[A/A,] vs. time was fitted linearly; the
slope of this line was used to determine the relative rate.
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