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Circularly polarized luminescence (CPL) is increasingly gaining interest not only for its applicative
potentialities but also for providing an understanding of the excited state properties of chiral molecules.
However, applications of CPL are mainly in the field of materials science: special organic molecules and
polymers, metal (lanthanide) complexes, and organic dyes are actively and intensely studied. So far
natural compounds have not been investigated much. We fill the gap here by measuring circular
dichroism (CD) and CPL of lycorine and narciclasine, the most abundant known alkaloid and
isocarbostyril from Amaryllidaceae, which exhibit a large spectrum of biological activities and are
promising anticancer compounds. Dual fluorescence detection in narciclasine led us to unveil an
occurring excited-state intramolecular proton transfer (ESIPT) process, this mechanism well accounts for
the Stokes shift and CPL spectra observed in narciclasine. The same molecule is interesting also as a pH

Received 5th June 2023,
Accepted 5th August 2023

DOI: 10.1039/d3cp02600k chiroptical switch. Both in absorption and emission, lycorine and narciclasine are also studied

computationally via density functional theory (DFT) calculations further shedding light on their
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Introduction

In the last ten years circularly polarized luminescence (CPL) has
been experiencing an important revival,'™ after some silent
years since the invention of the technique in the Netherlands,
by Oosterhof® and Wynberg and their collaborators.” This
renaissance was not only due to updated design of the
experiment®® but also due to the application and use of CPL
data in several fields of chemical and materials science.'®°
We are convinced that many other fields are going to benefit
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from this technique in the years to come. We wish to prove here
that the field of natural product chemistry is worth investigat-
ing via CPL; indeed, this scientific area has used chiroptical
spectroscopies, limited to circular dichroism (CD)'”"'® and
vibrational optical activity spectroscopies, mainly in order to
assess the absolute configuration."”'**° We report here a CD
and CPL study of two natural products and derivatives thereof,
with the aim of characterizing their emissive properties shedding
light on how these compounds are structured in the first excited
electronic state;®" it may be useful to follow and investigate
their mode of action and interaction with biomolecules, when
the products are used as drugs.

Lycorine 1 (Scheme 1) isolated for the first time in 1877 from
Narcissus pseudonarcissus,” is the main Amaryllidaceae alka-
loid and since then the interest towards alkaloids of this family
increased because of their wide range of bioactivities. These
include antitumor, antiviral, antibacterial, antifungal, anti-
malarial, analgesic, and cytotoxic activities.> For these reasons,
lycorine was subjected to several investigations, starting
from the inhibition of ascorbic acid biosynthesis in higher
plants,>*?® its phytotoxicity®® and anticancer effects. From the
latter aspect, an extensive structure-activity relationship (SAR)
study was also performed.””*® Among lycorine derivatives
its hydrochloride form (LH) is worth mentioning, which, as
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1, Lycorine

2, Narciclasine, Ry=R,=R;=R,=H
3, Triacetylnarciclasine, R;=R,=R;=Ac, R,=H
4, Tetraacetylnarciclasine, Ry=R,=R;=R,=Ac

Scheme 1 Structures of lycorine, narciclasine, and tri- and tetra-acetyl
derivatives of narciclasine 1-4.

expected, exhibits a noteworthy increase of its solubility in
water, a problem hampering the use of lycorine. Patient-derived
xenograft (PDX) model experiment showed that LH in combi-
nation with HA14-1 greatly inhibited the growth of gastric
cancer in vivo.”

Narciclasine 2 is an isocarbostyril compound with a struc-
ture close to lycorine, however, it is not a basic compound,
since nitrogen is amidic in nature. Narciclasine was isolated for
the first time from different varieties of Narcissus bulbs®® and
showed potent antimitotic activity.>' Furthermore, narciclasine
is very well known for its potent anticancer activity as it
possesses strong inhibiting effects against a variety of cancer
cells.?>73¢

The absolute configuration of 1 and 2 had been confirmed
also by total synthesis.>”>°

Experimental section

General experimental procedures

'H and C NMR spectra were recorded at 400 and 100 MHz,
respectively on Bruker (Kalsruhe, Germany) spectrometers. The
same solvent was used as the internal standard.

EI MS data were recorded at 70 eV on a QP 5050 Shimadzu
spectrometer. Analytical and preparative thin layer chromato-
graphy (TLC) analyses were performed on silica gel plates
(0.25 mm Kieselgel 60 and 0.5 mm F254) and on reverse phase
(Whatman, Maidstone, UK, KC18 F254, 0.20 mm); the spots
were visualized by exposure to UV light and by exposure to I,
vapors. Column chromatography was performed on 0.063-
0.200 mm silica gel (Merck) and 40-63 pm, 10 X 240 mm.

Plant materials

Sternbergia lutea Ker Gawl, collected near Bari, Italy, during the
weathering period, was identified by Prof. Arrigoni, Diparti-
mento di Biologia e Patologia Vegetale, Universita di Bari,
Italy, where a voucher specimen was deposited. Narcissus
pseudonarcissus King Alfred bulbs were collected in New Mexico,
USA, and a voucher specimen was deposited in the Institute of
Mining and Technology, Socorro, NM, USA.

Extracted compounds

The fresh bulbs S. lutea Ker Gawl were dried, minced and acid
extracted as previously detailed. Crude lycorine 1 obtained as a
free base was crystallized by ethanol obtaining the alkaloid as
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white prisms.*® Similar treatment was applied to the bulbs of
N. pesudonarcissus King Alfred, but the corresponding powder
was extracted with diluted NaOH as previously described and
crude narciclasine 2 crystallized from acetic acid as white
needles.”’ Tri- and tetra-acetyl-derivatives of narciclasine 3
and 4 were obtained from 2 by usual acetylation with acetic
anhydride in pyridine as previously reported by Mondon et al.*>
and Pettit et al.®

CD and CPL experiments

CD measurements were conducted with Jasco 815SE apparatus,
employing quartz cuvettes with 2 mm path length, in solutions
from 107> to 3 x 10~* M (the concentration of each spectrum is
reported in figure captions). Generally, 6 scans were taken
for every measurement; when needed, up to 20 scans were
taken. UV-Vis absorption spectra were recorded on the same
apparatus. Fluorescence spectra were recorded on a Jasco
FP8600. CPL spectra were recorded on a home-built system in
our lab,’ and a second CPL system based on a Jasco “reversed
J-715” CD instrument.** 2 mm x 10 mm fluorescence quartz
cuvettes were employed with a 90° scattering geometry, 30 scans
at 100 nm/min have been run. With the same system also
fluorescence spectra were recorded. As light sources, a fiber
coupled with an FP-8200 Jasco Fluorimeter was used. Measure-
ments were carried out also by linearly polarizing the excitation
beam parallel to the direction of the collected beam, to exclude
photoselection effects."**™”

DFT calculations

The conformational landscapes of the four molecules were
explored with CREST code,*® which relies on the GFN2-XTB
semiempirical method.*” In the following steps all DFT and
TD-DFT calculations were performed with the Gaussian16 suite
of packages.’® Low-energy conformers within 12 kJ mol " with
respect to the global minimum of each molecule were then
reoptimized at the M062X/TZVP level of theory including bulk
solvent effects by the conductor version of the polarizable
continuum model (PCM).*! Their nature was tested by comput-
ing Hessian matrices. The computed free energies were
employed to evaluate the Boltzmann weights for the computed
spectra. Excited stated geometries were obtained starting from
the corresponding ground state ones within the time depen-
dent DFT (TD-DFT) framework at the same level of theory.
Further specifications are provided in the Results and discus-
sion section.

Results and discussion

Compounds (1-4) used in this work are identified by NMR and
MS spectroscopy. The "H and *C NMR data (identical to those
previously reported for lycorine®*>* and for narciclasine') are
reported in the ESIt for completeness. The 'H and *C NMR
data of the tri- and tetra-acetyl derivatives of narciclasine, being
new data, are reported in Table S1, with the original spectra,
Fig. S1-S4 (ESIY).
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In the following, we present the UV-Vis absorption spectra
and circular dichroism (CD) spectra, the fluorescence and
circularly polarized luminescence (CPL) spectra of the com-
pounds reported in Scheme 1 of the Introduction section. The
spectroscopic behavior of the two compounds is notably differ-
ent. In the next section we compare the experimental spectra
and provide a first interpretation of the data; to gain more
information about compound 2, we investigate the effect
of different solvents and chemical modifications considering
narciclasine derivatives 3 and 4. We also investigate pH effects
on spectroscopic properties. In the following section, we report
DFT and TD-DFT calculations which nicely account for the
hypotheses suggested by experimental data.

Analysis of experimental CD and CPL spectra

We first analyze the absorption and emissive properties and
chiroptical response of ethanol solutions of the two parent
compounds 1 and 2 reported in Scheme 1, which directly result
from the extraction and purification from plants.

In Fig. 1 we present spectroscopic data of lycorine 1.
In correspondence to the main accessible UV features, the CD
spectrum shows three bands at 294 nm (negative), 248 nm
(weak positive) and 222 nm (intense negative). The fluorescence
spectrum shows an intense emission band centered at 330 nm.
The CPL spectrum (Fig. 1, top right panel) exhibits a negative
band centered at 330 nm. In agreement with that observed in
most systems, the sign of the CPL band is the same as that for
the longest wavelength CD band. This can be interpreted to be
due to a similar configuration of the chromophore in both
ground and excited states.”>® Exceptions to this rule have been
observed, but are uncommon.?' Besides, from CD and UV-Vis
data we have that the g ratio, originally defined by Kuhn>*® to
be gups = Aéle = AAbs/Abs, is —0.33 x 10° for the longest
wavelength feature and smaller for the other bands; in the
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Fig. 1 Lycorine 1. Left panels: CD (top) and UV-Vis (bottom) spectra. Right
panels: CPL (top) and corresponding fluorescence (bottom) spectra.
Concentration: 3 x 10~% M; solvent: ethanol. Excitation wavelength:
290 nm. CPL is reported after normalization of the corresponding fluores-
cence band.
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fluorescence-CPL case one observes gy, = AI/I = 2(I, — Ig)/
(I + Iy) ~ —0.8 x 107 ° for the single emission band. These
values are quite standard® for merely organic compounds,
since, as demonstrated in ref. 44, g is limited above to twice
the fine structure constant, namely (2/137), at least considering
electric dipole moment allowed transitions. Finally, we notice
that the UV-Vis absorption band at 294 nm and the fluores-
cence band have the same shape, analyzing the former from
high to low wavelengths and the latter from low to high
wavelengths; this is referred to as the two complementary
spectra being “mirror-symmetric”’. The same happens to CPL
in comparison to the CD feature at the highest wavelength.

In Fig. 2 we report the CD-UV, CPL and fluorescence spectra
of 2, in ethanol solutions.

Narciclasine 2 CD-UV spectra exhibit a larger number of
bands than lycorine 1 with an absorption onset at higher
wavelengths. A broad positive and featured CD band, which
has two positive maxima at 335 nm and at about 310 nm, is
allied to the corresponding UV band structured in two compo-
nents the first one at 335 nm (assignable to conjugated iso-
carbostyril chromophore transition) and the second at 300 nm.
Three CD bands (negative, positive and negative) occur at 260,
245 and 228 nm respectively. Interestingly the fluorescence
spectrum of 2 (Fig. 2, right panel) shows two bands, the first
one at ca. 340 nm and a second intense band at 495 nm (with a
shoulder at 585 nm). Of the two bands observed in the emission
spectrum, we were only able to measure the CPL signal corres-
ponding to the transition at higher wavelengths, which shows a
positive band at ca. 495 nm. To be able to measure CPL signals,
we were forced to work at high concentrations; under this
condition the sample gives strong auto-absorption of the emitted
light,*® due to the low Stokes shift. In diluted samples, the
fluorescence was not enough intense to record CPL at 340 nm.
Even though the observed 495 nm CPL band correlates both
in sign and g factors (gaps & 0.8 X 10™°, gium ~ 1.2 x 10 °) to
the first band in the CD spectrum at 335 nm, the large
difference in the wavelength and the presence of a higher
energy fluorescence band suggested us that it is the 340 nm
fluorescence band (see right panel of Fig. 2) that may be
interpreted as the emission counterpart of the longest wave-
length feature of the UV absorption and CD spectra, in a similar
way to that observed for lycorine 1, while the longest wave-
length emission (Stokes shift 160 nm) may be associated with
an evolution of the system in the excited state.

Different phenomena could lead to dual emission: the
presence of different species, aggregation phenomena, even-
tually favored in the excited state (excimers), intra or inter
molecular excited state proton transfer.>” ¢!

In order to test concentration effects possibly promoting
aggregation, we considered increasingly diluted solutions and
we report CD and fluorescence data thus obtained in Fig. S5
(ESIt). ECD spectral shape is not affected by dilution; the
two fluorescence bands recorded in the same solutions, at
concentrations lower than 10~* M, show the same intensity
when corrected dividing by transmittance to account for auto-
absorption.®® At higher concentrations, transmittance is too

This journal is © the Owner Societies 2023
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Fig. 2 Narciclasine 2. Left panels: CD (top) and UV (bottom) spectra. Middle panels: CPL (top) and fluorescence (bottom) spectra. Right panel: Extended
fluorescence spectrum from 300 to 700 nm. Concentration: 2.8 x 10~* M for CD and CPL and 3.4 x 10~° M for fluorescence; solvent: ethanol. Excitation
wavelength for emission spectra: 300 nm. CPL is reported after normalization of the corresponding fluorescence band.

low in correspondence of the higher energy band and for this
reason we cannot report reliable corresponding data (see
Fig. S5, ESIt). In conclusion we cannot completely exclude
aggregation effects on the observed dual fluorescence, however,
from what was observed, it seems unlikely that just aggregation
can explain the intense band at 495 nm, thus another mecha-
nism must be considered.

Before resorting to theoretical considerations, we present
other experimental data in order to check the role of OH groups,
which obviously are involved in solute/solvent or solute/solute

interactions, or intramolecular H-bonds. To this aim we studied
the two selectively acetylated derivatives of narciclasine, which are
compounds 3 and 4 (see Scheme 1), where either only one or no
OH is left unprotected, respectively. CD-UV spectra of 3 and 4,
measured in acetonitrile solution, are reported in Fig. 3 (left
panels) and compared with the CD-UV spectra of 2 in ethanol
solution.

The CD and UV spectra of 3 and 4 are quite similar to the
spectra of 2, though not identical, in particular similarities
observed at low energy indicate little involvement of OH or

0.0008 60
1 Tetraacetylnarciclasine-4
Al
50
0.0004 -
Triacetylnarciclasine-3
40 4
0 T T T
200 250 300 350 400nm450 370 470 570 nm 670 30
40000
e I
1 4
30000 - 20
20000 A 4
10 A
10000 - 3
0 T T T T L2 0 T T T 0 T T T
200 250 300 350 370 470 570 nm 670 320 420 520 nm 620

400 450
nm

Fig. 3 Left panels: CD (top) and UV (bottom) spectra of 2, 3 and 4. Middle panels: CPL (top) and fluorescence (bottom) spectra of 3. Right panel:
Comparison of fluorescence spectra of 3 and 4. Concentrations 8.8 x 10™* M for 3 and 4.6 x 10™* M for 4 for CD and CPL, ten times diluted for
fluorescence. CPL is reported after normalization of the corresponding fluorescence band. Excitation wavelength 300 nm for compound 3 and 280 nm
for 4.
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acetyl groups in the first transitions, however, the absorption/
CD onset of 4 at slightly lower wavelength than 2 and 3 suggests
some steric influence of OAc substitution of the phenolic
hydroxyl on the chromophore responsible for the first
transitions.

The fluorescence spectra of the two derivatives 3 and 4 were
also measured (Fig. 3, right panel). It is worth noting that
compound 4, similar to the lycorine 1 case (see Fig. 1, right
panel), possesses an intense emission band at short wave-
lengths. On the other hand, compound 3 emits, with an intense
band centered at about 515 nm, approximately in correspon-
dence with the higher wavelength band of narciclasine 2 (see
Fig. 2, right panel), though, unlike narciclasine, at a shorter
wavelength (at ca. 385 nm) only a very weak feature is observed.
The CPL spectrum of 3 (Fig. 3, top center panel) shows a
positive band centered at 515 nm. This band, presenting a
large Stokes shift, is similar in position, intensity, sign and
band shape to the corresponding band of 2, suggesting a
common origin of emission in the two compounds. We were
not able to record CPL spectra for 4 at short wavelengths since
the compound, under the excitation beam, was not stable for
enough long time to allow CPL measurement. Comparison of
fluorescence spectra of 3 and 4 indicates that the phenolic OH
plays a crucial role in the mechanism giving rise to the low
energy emission band with a large Stokes shift. Typically these
observations suggest the possibility of an excited state intra-
molecular proton transfer (ESIPT) mechanism to be responsi-
ble for the band at a higher wavelength, as shown among others
by Zhou and collaborators.®*** ESIPT was first hypothesized in
1955% to interpret methyl salicylate spectroscopic data and its
role has since been recognized in many molecular systems
through experiments and calculations.®*””® The phenomenon
and the correspondingly observed spectroscopic signature
show strong dependence on the strength of the intramolecular
H-bonding and on solvent interactions; even the possible occur-
rence of intermolecular proton transfer has been observed.®?
For this reason, one may expect different results in different
solvents. Contrary to the case of two conformers of methyl
salicylate, which either provide or exclude the possibility of
intramolecular H-bonds,®? in narciclasine 2 and its derivative 3
all of the most stable conformers exhibit the intramolecular
hydrogen bonds between the phenolic OH and the amide
carboxyl group (for conformational study, see below in the
theoretical section). Thus, one may assume that in the excited
state, the proton moves to the carbonyl group leading to a more
stable quinoid form of 2 and 3 (indicated as the T “tautomer”’
in Scheme 2) which emits at higher wavelengths. In the follow-
ing we will refer to the original form as N and the tautomeric
form after proton transfer as T.

Considering the effect of solvent on the ESIPT process,
hydrogen bonding donors like alcohols hinder such mecha-
nism,*® an analogous effect may be observed in the case of
polar solvents like acetonitrile.®® Strong H-bond acceptors like
DMSO are expected to further suppress the intramolecular
proton transfer.”* As a first check, we report in Fig. S6 (ESIt)
the fluorescence spectrum of 3 recorded in both ethanol and
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excitation 300 nm
—_—

R O Ground state

g Excited state

2, Narciclasine, R;=R,=R3=R,=H
3, Triacetylnarciclasine, R;=R,=R3=Ac, R;=H

Scheme 2 Structures of ground and excited states of 2 and 3.

acetonitrile for due comparison with narciclasine, it was
observed that in both solvents 3 has a negligible component
at high energy, and an intense band at low energy; it is also
clear that emission is more intense in 3 than in 2 at the same
measurement conditions. So, in the presence of bulky groups,
substituted for peripheral hydroxyl groups, fluorescence is
enhanced and the ESIPT process is favored; differently from
3, the interaction ethanol-narciclasine 2 perturbs the intra-
molecular H-bond and the acceptor properties of C—=0, this
condition permits emission from two species, the excited state
with original ground state geometry (N) at high energy (low
Stokes shift) and another excited state determined by (T). To
gain further information regarding the dual fluorescence
response, we performed further measurements of 2 (Fig. 4)
with different solvents: a mixture of ethanol:CCl,, DMSO and
water. Due to solubility reasons, both the CCl, and the H,O
solutions were prepared starting from an ethanol solution of 2.

When CCl, is added to ethanol in a 1:2 v/v ratio one notices
the ““disappearance” of the 350 nm fluorescence band (Fig. 4).
This result is consistent with the hypothesized ESIPT mecha-
nism since CCl, does not interact with the solute through
hydrogen bonds, therefore this solvent promotes the conver-
sion to the most stable quinoid form (T). In DMSO, instead,
compound 2 shows a noteworthy increase of the relative
intensity of the near-UV fluorescence band at 340 nm with
respect to the 495 nm one. In mixed ethanol/H,O the overall

150
DMSO
I ethanol
ethanol/CCl,
ethanol/H,0
100 A
50 A
O T T T
300 400 500 600 nm 700

Fig. 4 Comparison of fluorescence spectra of 2 in ethanol (blue line), in
mixed ethanol/CCl, solution (orange line) ina 1: 2 v/v ratio, in pure DMSO
(green line), in mixed ethanol/H,O solution (purple line) in 1:5 v/v ratio.
Excitation wavelength: 300 nm.
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emission is quenched: the high wavelength emission band
almost disappears and only the band at about 360 nm is clearly
visible, though with a long red tail. These results strongly
support the ESIPT mechanism.

For the sake of completeness, we report in the ESI} also CPL
measurements in DMSO for compounds 2 and 3 (see Fig. S7,
ESIY).

Being the fluorescence measured in ethanol/H,O 1:5 highly
quenched, we report in Fig. S8 (ESIT) different ratios of ethanol/
H,O for both compounds 2 and 3. It is interesting to consider
how the ESIPT band is much more quenched than the high
energy component for narciclasine, a similar trend is observed
for the triacetyl derivative, with no significant high wavelength
component.

Another characteristic point of this mechanism is that low
temperatures inhibit the kinetics of proton transfer’>”® leaving
the original natural N form more populated. To test tempera-
ture dependence, we have measured the fluorescence spectra of
2 at liquid-N, temperature (see Fig. S9, ESIt) in the EPA mixture
(ether, isopentane, ethanol, 5: 5 : 2, by volume). At 77 K we may
notice that the relative intensity of the near-UV band increases
with respect to the low energy band. This again supports the
interpretation based on an ESIPT mechanism. Some shifts of
the bands are also observed: the 340 nm fluorescence band at
room temperature is red shifted to 385 nm at liquid-N, tem-
perature, while the low energy band at 495 nm is blue shifted to
485 nm. These effects could be connected to the glassy state of
the solvent in the 77 K measures.

In line with the tests of sensing properties of these mole-
cules towards different environments, we investigated the
behavior of compounds 2-4 in the presence of a strong base
such as NaOH. Indeed, according to reference” (see also
ref. 30, 31 and 75) narciclasine 2, under basic conditions,
exhibits a change in the absorption spectrum, with respect to
the neutral form, with the appearance of a low energy absorp-
tion band at 365 nm and strong enhancement of the emission
band at a high wavelength upon excitation at 360 nm. Thus,
we performed measurements of 2 in NaOH-water solution
(ethanol : water 1:10, 10 mM NaOH). The CD and UV spectra
of 2 under this mixed solvent condition present a feature with
positive CD at 365 nm (see Fig. 5, the solid orange line); a
second positive CD band at 310 nm and a negative one at
260 nm are observed matching the neutral 2 CD profile (solid
blue line). Finally, a positive CD band is observed at 230 nm,
which is opposite in sign with respect to the negative one of the
neutral solution.

Considering fluorescence, we excited the system at 300 nm
in all cases and, upon addition of NaOH, we observed an
intense fluorescence band which is ca. 20 nm blue shifted
(475 nm) with respect to that observed in ethanol while no
emission is observed in the high energy region. Furthermore, a
correspondingly strong CPL spectrum is observed, with a
positive band centered at ca. 475 nm and a g, factor of about
1.2 x 107>, Similar measurements in NaOH water solution have
been performed for compounds 3 and 4 (starting from concen-
trated acetonitrile solutions) and are reported in Fig. S10 (ESIt).
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Fig. 5 Narciclasine 2. Left panels: CD (top) and UV (bottom) spectra in
ethanol solution (solid blue line), in NaOH-water solution (ethanol: water
1:10, 10 mM NaOH) (solid orange line), and on the latter solution after
addition of one drop of HCl 1 M (dashed red trace). Right panels: CPL (top)
and fluorescence (bottom) spectra in ethanol: water 1:10, 10 mM NaOH
(orange line). Also fluorescence in pure ethanol solution recorded under
the same conditions is reported for the sake of comparison (blue line).
Excitation wavelength for emission and CPL spectra: 300 nm.

For both derivatives the CD-UV spectra were quite similar to
those of 2 already described, the fluorescence spectra are also
quite similar to those of compound 2; even for compound 4 we
notice the appearance of an emission band at 475 nm while, in
acetonitrile solution, 4 has an intense band at 355 nm. We then
treated basified solutions of 2-4 with a drop of HCI (Fig. 5 and
Fig. S10, ESIY); indeed, ECD and UV spectra of compounds 2
and 3 (red dashed lines) revert to the spectra of the neutral
species (solid blue lines). Instead, for compound 4, after the
overall process, the spectra do not match the neutral case,
being similar instead to the spectra of neutral 2 and 3. The
alkaline condition is expected to deprotonate the phenolic OH,
if present, and possibly hydrolyze the acetyl groups. HCI
addition leads to protonation of anionic species, by again
neutralizing the compounds. At the end of the process the
CD spectra of the three compounds display the same features
including compound 4 as if it had recovered a phenolic OH (see
Scheme S1, ESIY).

The observed spectroscopic results in basic solution will be
further investigated via DFT calculations in the following.

Computational results

Both the recorded CD signal and the excited state spectroscopic
response observed in emission have been rationalized by
means of quantum-mechanics DFT and TD-DFT calculations.
We first examined the possible conformers for all four mole-
cules in Scheme 1 in the ground state using the CREST®
program. The obtained structures were then fully reoptimized
at the DFT level of theory and the lowest energy ones presenting
non-negligible population are presented in Tables S2-S5 (ESIT).
Apart from hydroxyl or O-acetyl groups’ orientation, the poly-
cyclic backbone is quite rigid: the possible ring deformations
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are reported in Tables S2-S5 (ESIt) as Cremer-Pople ring
coordinates.”® Considering, in particular compound 2, the
eight most populated conformers reported in Table S3 (ESIt)
differ only in the OH orientation described by three dihedral
angles (the phenolic OH is engaged in intra-molecular H-bond)
and in the ring puckering angle ¢, relative to the dioxolane ring
(care must be taken in accurately performing the conforma-
tional search to properly account for the puckering of this ring).
The cyclohexene ring (ring 4 in Fig. S12, ESI) is in half-chair
conformation (as described by 6, and ¢,) with the hydroxyl
near the NH group in equatorial position and the other two
OHs in axial orientation, the opposite half-chair conformations
are substantially less stable, lying more than 6 k] mol " above
the global minimum. The ECD spectra of each conformer of
compound 2 are presented in Fig. S13 (ESI{), from which
it appears that in the spectroscopically accessible region the
CD signals are independent of hydroxyl orientation while,
somehow unexpectedly, they appear sensitive to the dioxolane
puckering coordinate ¢,. For the sake of discussion, we report
in Table S3 (ESIt) also a couple of structures with the alter-
native conformation of the cyclohexene ring and the relative
CD spectra. Through conformational search, DFT optimiza-
tion, TD-DFT calculations and Boltzmann average of the
calculated spectra, we obtained good correspondence between
calculated and experimental spectra as shown in Fig. 6 for the
four compounds. In all the studied molecular systems, the
band at lower energy is mostly associated with a HOMO-
LUMO transition (see Fig. S14, ESIT for orbital representation
of 2), which in 2-4 is flanked at slightly higher energy by a less
intense transition involving a combination of HOMO—1-
LUMO and HOMO-LUMO+1 transitions. Once the ground
state response of the neutral molecules had been satisfactorily
modeled, we approached the excited state investigation, par-
ticularly with the aim of understanding the dual fluorescence

View Article Online

Paper

and CPL response of compound 2. Furthermore, we modeled
the anionic species.

Calculation of fluorescence response in the case of lycorine
is quite simple; being the lowest energy transition independent
of hydroxyl orientation, we can take the lowest energy con-
former to represent the excited state upon due optimization.
This gives for fluorescence and CPL the results reported in
Fig. S15 (ESIt) together with absorption and ECD, altogether
the match between the experiment and calculation is good.

As a first step in the analysis of the properties of the excited
state of narciclasine and its derivatives, we decided to rely on
a smaller model system (see Fig. 7 for its representation).
As already mentioned, this choice, aimed at reducing the
computational cost, is justified by the HOMO-LUMO nature
of the first transition (see Fig. S14, ESIt), which is almost
localized on the atoms that the model shares with the real
molecules. Moreover, since the transition is well localized on
the rigid portion of 2 and its derivatives, it remains almost
constant and independent of the conformation of various
pendant groups. This further simplifies our analysis to only
the most stable conformer also for the complete systems. In
Fig. 7 the potential energy surface (PES) of the template system
in the excited state S1 and the PES in the ground state evaluated
at the excited states geometries are reported. The PES of the S1
state was built starting from the transition state and follow-
ing the intrinsic reaction coordinate (IRC) between the two
minima. Then, beyond the stationary points, the PES was
extended by following the normal modes corresponding to
two OH stretchings.”” In Fig. S16 (ESIT) also the behavior of
local internal coordinates, OH stretching and O-H-O bending,
are reported along the reaction coordinate. As expected, in the
excited state two minima separated by a low barrier transition
state are found, differently from the ground state where only
one minimum is present. As already reported in ref. 63 the
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0 5
0 0
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Fig. 6 Experimental and calculated CD (top) and UV (bottom) spectra of compounds 1 (left panels) and 2 (center left panels), 3 (center right panels) and
4 (right panels). Solvent: ethanol (1, 2) and acetonitrile (3, 4). Level of theory: TD-DFT/M062X/TZVP/PCM (ethanol/acetonitrile). Calculated wavelengths
were 25 nm red-shifted. Calculated CD spectra were divided by 4, while UV spectra were divided by 2.
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Fig. 7 On the left graphical representation of the potential energy sur-
faces (PESs) of the first excited state (red) and ground state (blue) along the
proton transfer reaction path. Dotted lines represent the PESs with an
explicit methanol molecule included in the QM calculations. On the right
graphical representation of the template molecule before (N normal form)
and after proton transfer (T tautomeric form). The wavelengths of the
transition in the two forms are also reported with respect to the PCM
simulations only.

energy barrier is extremely sensitive to the characteristics of the
solvent. In fact, an implicit solvation model like PCM under-
estimates the barrier which increases only when explicit solvent
molecules are included in the QM simulations. In Fig. 7 the
effect achieved including only one solvent molecule is reported
as a dashed line.

As may be observed in Fig. 7, the more stable quinoid form
(T) gets closer to the ground state PES resulting in a less
energetic transition. Indeed, the calculated shift from 370 nm
to 452 nm well reproduces the experimental data both in terms
of relative positions and Stokes shift (see Table S6, ESIT).
Encouraged by these results, we optimized the first excited
states of the most populated conformer of 2 in both possible
forms N and T, just considering the two possible envelope
conformation of the dioxolane ring. In all cases the “tautomer”
T form is the most stable one and the simulated transitions
(see Table S2, ESIT) are in excellent agreement with the experi-
mental values.

For due comparison, we show in Fig. 8 experimental and
calculated absorption, CD and CPL and fluorescence spectra.
It is important to note that the calculated Stokes shift for the
lowest energy emissive band is ca. 180 nm, which is in good
agreement with the experimental one.

Considering the relatively high concentration adopted in
some experiments, we also decided to simulate possible effects
coming from the aggregation of molecules driven by the n-n
stacking interaction. Stable aggregates of this type have been
found after CREST evaluation and have been optimized via TD-
DFT at the same level as the monomer. Even though dimeriza-
tion leads to slightly red shifted simulated emission transitions
with respect to the monomer ones, this effect is not pro-
nounced enough to be related to the wavelength difference
between the two experimentally observed bands. For com-
pound 2 theoretical predictions for fluorescence bands are:
372 nm for the N structure, 456 nm for the tautomeric structure
T, and 400 nm for a dimer of N type, further suggesting that
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Fig. 8 Comparison of experimental and calculated CD and CPL (upper
panels) and absorption and fluorescence (lower panels) for 2 (left) and 3
(right). Simulated emission and CPL spectra from N and T forms are
reported as dashed and solid lines, respectively. Calculated spectra were
red shifted by 25 nm.

ESIPT is the crucial mechanism explaining the origin of the
dual fluorescence of narciclasine.

The last point we wish to consider is the simulation of the
absorption and emission spectra under basic conditions; the
assignment of the observed bands through DFT calculations
permits to shed light on the nature of the charged species.
A first test on the template molecule introduced in Fig. 7 gives
already good results. From Table S6 (ESIt) one may see that the
deprotonation of the phenol is less energetically demanding
than the deprotonation of the amide group. Nonetheless, one
should keep in mind that these simulations were performed
under PCM conditions, which may not reflect the relative
stabilities in H-donor solvents. For this reason, the comparison
of experimental spectra with calculated ones for the three
possibly occurring situations can give a more reliable picture.
Indeed, once the amide is deprotonated, the tautomeric T form
becomes the most stable one even in the ground state. The
observed wavelength of both the first feature in the absorption
and in the emission spectra seems compatible only with the
deprotonation of the phenol unit, and the corresponding
rotational strength is appreciable and positive as observed,
particularly considering one of the two possible envelope con-
formers of the dioxolane ring.

After the preliminary analysis of the template, we also
examined the complete molecule 2, as already observed in the
neutral case, the pendants have little influence on the first
transitions, therefore we focused on the different possible
structures of the backbone by varying ¢, (for the dioxolane)
and 0, and ¢, (for the cyclohexene). For each possible charged
forms, namely deprotonated phenol indicated as “NH(—1)”,
deprotonated amine in the normal “N(—1)” and tautomeric
“T(—1)” forms, four structures were considered through varia-
tion of the polycyclic backbone conformation and tested. The
geometrical parameters and the first transition characteristics
in absorption and emission, are reported in Tables S7 and S8
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(ESIY), while the calculated CD spectra for the various cases are
illustrated in Fig. S17 (ESIt).

In this case the deprotonated phenol species, “NH(—1)",
appears to have slightly higher energy than tautomeric “T(—1)",
but the correct wavelength and rotational strength calculated
for the first feature suggests the prevalence of “NH(—1)".
Considering the backbone conformations, deprotonation of
the amide group stabilizes the opposite half-chair of the
cyclohexene ring with respect to the neutral case (Table S7,
ESIY). Interestingly, in the case of “NH(—1)” (see Fig. S17A,
ESIY) the dioxolane puckering is crucial to account for the CD
features at high energy, whose sign inverted in the two envelope
forms, while the cyclohexene ring is less important. In the cases
of deprotonated amide instead, CD spectra are more similar for
the various conformers. In Fig. S18 (ESIt), we superimposed the
neutral form calculated spectrum with the anionic form spec-
tra. It is difficult to appropriately model the dynamic situation
that correctly represents the basic condition of compound 2:
absorption onset and rotational strength of the first transition
strongly suggest deprotonation of phenol, but the high energy
CD spectrum, showing a positive band at about 230 nm of
opposite sign with respect to the neutral form, can be justified
assuming also the presence of the “T(—1)” form. Without
claiming to be able to determine the exact equilibrium among
the species, we can say that contributions from the two charged
forms, prevalently NH(-1) with some contribution from T(—1),
provide a calculated spectrum that well mimics the changes
observed with respect to the neutral form (see Fig. S19, ESIT).

Finally, let us look at the fluorescence and CPL observed for
2 in basic conditions. For each possible charged form, four
structures have been optimized and energy transitions and
rotational strengths were computed. The deprotonated phenol
anion is expected to be the most present species in basic
solution also at the excited state (energy of this form is the
lowest one). This form bears the correct sign for the CPL
emission and also the wavelength is correctly evaluated (consi-
dering that all calculated transitions are blue shifted with
respect to the experiment). In particular one may notice that
the emission band recorded under basic conditions is at lower
wavelength than emission in ethanolic neutral solution and
this is confirmed by calculations (see Tables S3 and S8 for
comparison, ESIt) assuming prevalence of the NH(—1) anion.

Conclusions

In this work we have obtained the CPL spectra, together with
their absorption counterpart, namely the CD spectra, of two
chiral natural products, lycorine 1 and narciclasine 2. Both
compounds are extracted from Amaryllidaceae plants; however,
the two types of compounds have distinct chemistry with the
first one belonging to the alkaloid family and the second one
being an isocarbostyril molecule. This difference has a good
counterpart in the CPL spectra: for 1 CPL and CD are related in
sign and magnitude, with a relatively small Stokes shift, and for
2 CPL and fluorescence are not immediately related to their
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absorption counterparts, with different CPL and CD band-
shapes and with a large Stokes shift. DFT calculations have
permitted us to understand that the ground and excited state
structures of 1 are quite similar, while in the case of 2 two
different tautomeric forms characterize the ground and excited
state, connected by the ESIPT mechanism. This effect gives the
advantage of a large Stokes shift and, in the case of polar
solvents, leads also to the interesting phenomenon of dual
fluorescence: in general, compounds with such behavior are
sought after in terms of imaging and materials science applica-
tions, and recently two interesting examples of ESIPT have been
reported also with CPL activity.”®”® With this work, we propose
narciclasine and triacetylnarciclasine with the first one being
a natural, biocompatible and biochemically active product.
Furthermore, both compounds present intense fluorescence
and CPL response in basic aqueous solution, which is of
interest for sensing. DFT calculated CD spectra compared to
the recorded CD response provide information about the
charged species present in solution. Since the characteristic
core of these molecules is common to other natural products,
further studies will be worthwhile pursuing, with the aim of
testing different substituents and different environments of
biological interest.
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