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RNA-based tools for biological and pharmacological research
are raising an increasing interest. Among these, RNA aptamers
whose biological activity can be controlled via illumination with
specific wavelengths represent an important target. Here, we
report on a proof-of-principle study supporting the viability of a
systematic use of Morita-Baylis-Hillman adducts (MBHAs) for the
synthesis of light-responsive RNA building blocks. Accordingly,
a specific acetylated MBHA derivative was employed in the
functionalization of the four natural RNA bases as well as two
unnatural bases (5-aminomethyl uracil and 5-methylamino-

methyl uracil). The results reveal a highly selective functionaliza-
tion for both unnatural bases. The conjugation products were
then investigated spectroscopically, photochemically and com-
putationally. It is shown that when a single light-responsive unit
is present (i. e. when using 5-methylaminomethyl uracil), the
generated unnatural uracil behaves like a cinnamic-framework-
based photochemical switch that isomerizes upon illumination
through a biomimetic light-induced intramolecular charge
transfer mechanism driving a barrierless and, therefore, ultrafast
reaction path.

Introduction

The five nitrogenous bases adenine, guanine, thymine, cytosine,
and uracil characterize the nucleotides of DNA and RNA.[1] Of
these bases, uracil is only present in RNA.[2] While over the
years, DNA has represented the target of numerous therapeutic
agents (in particular antineoplastic agents),[3–5] RNA has been
recognized to be a more difficult target,[6] and only recently has
started to play an important role in the pharmaceutical world.[7]

Furthermore, RNA is no longer considered only a “target” but,
above all, a precise and specific “magic bullet”.[8,9] In this regard,
antisense oligonucleotides, siRNA, mRNA, and RNA aptamers
are being tested and used in the treatment of various diseases
when conventional pharmacological agents fail or when a more
personalized medicine practice is desirable.[10–12]

In the above context, some research groups are moving to
implement RNA therapies with systems for controlling the
pharmacological effect.[13] This can occur through controlled
and targeted delivery,[14] or external stimuli such as changes in
pH or temperature,[15,16] or RNA-ligand interactions.[17,18] In the

last case, if the ligand corresponds to a molecular photoswitch,
it is possible to obtain a pharmacological response modulated
by illumination.[19–21] This concept has led to promising designs
where, in principle, the activation of the pharmacological effect
is highly specific and minimally invasive.[20] However, the
limitation of such RNA-ligand approach lies in the achievable
affinity constants dictated by the high instability of the single
strand of RNA.[22] Accordingly, a different approach where the
ligand is covalently bound to the RNA is highly desirable.

During the last few years, we have developed acetylated
Morita Baylis Hillman adduct (MBHA) derivatives (Figure 1)
capable of reacting with nucleophilic residues to afford
covalently linked chromophoric ligands (i. e. chromophores)
that respond to illumination.[23–27] In particular, the reaction of
MBHA derivatives with imidazole[23] or butylamine[27,28] (model
compounds of histidine and lysine residues, respectively)
allowed us to generate, through the nucleophilic addition to
the acrylic double bond followed by the elimination of the
acetyl group, chromophores with push-pull electronic
structures.[29] These are characterized by an electron-withdraw-
ing cinnamic ester derivative where a carbonyl is conjugated
through an exocyclic double bond with an electron-donating
aromatic system. Upon light irradiation, some of these products
showed interesting fluorescence properties that, in some
instances, were amplified in the aggregated states (AIE
property),[23,24,30] while others were found to be capable of
undergoing a photoinduced trans-cis (or E/Z) isomerization.[27,28]

Differently from many other conjugation techniques of
light-responsive chromophores, the use of MBHA derivatives
represents an in situ chromogenic strategy compatible with the
biological environment that occurs through an addition/elimi-
nation reaction definable as a “click”[31] and does not require
catalysts. This makes MBHA derivatives extremely versatile tools
for chemical biology.
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Recently we have shown that MBHA derivatives can be used
to functionalize proteins in specific sites.[26,27,32] However, while
proteins contain nucleophilic amino acid side chains (e.g.,
cysteine, lysine, arginine, and histidine), the four RNA bases
(guanine, adenine, cytosine, and uracil) have a weaker nucleo-
philic character and, therefore, it is still not clear if MBHA
derivatives can be employed in their direct functionalization.
For this reason, in the present work, we explore the reactivity of
a specific acetylated MBHA derivative 1[33] towards the RNA
bases as well as towards the unnatural nitrogenous bases 5-
aminomethyl uracil (5-AMU)[34] and 5-methylaminomethyl uracil
(5-MAMU)[35] already used to prepare synthetic RNA (Fig-
ure 2).[36,37]

We find that while 1 shows a poor reactivity with natural
bases, it reacts in mild conditions with 5-AMU and 5-MAMU
forming the expected cinnamic chromophore demonstrating a
realistic, although indirect, route towards achievement of light-
responsive RNAs. The obtained products, featuring a light-
responsive double-bond as part of a cinnamic chromophore,
were spectroscopically and photochemically studied both
experimentally and computationally.

Results and Discussion

Design, Synthesis, and Chemical Characterization

Compound 1 was prepared by condensation of methyl acrylate
and p-anisaldehyde[38] and subsequent acetylation of the
corresponding MBHA derivative following the synthetic proce-
dure reported in the literature (see supporting information for
details).[33] The reactivity of 1 towards each of the four natural
RNA bases was evaluated by solubilizing both reagents in a
water and THF (1 :2) mixture in order to ensure their solubility.
Each reaction was monitored at room temperature for five days
without observing any reactivity even after the addition of N,N-
diisopropylethylamine (DIPEA) as the base (Scheme 1). The

Figure 1. Nucleophilic attack to a generic MBHA derivative and application
of this conjugation reaction leading to cinnamic-based photoswitches (A
and B) or fluorescent molecules (C).

Figure 2. Structure of the selected MBHA derivative 1, unnatural bases 5-
AMU, 5-MAMU and natural bases adenine, guanine, cytosine, and uracil.

Scheme 1. Reactivity of MBHA derivative 1 with the natural RNA (adenine,
guanine, cytosine, and uracil) and unnatural (5-MAMU and 5-AMU) bases.
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confirmation of the poor nucleophilic character of natural RNA
bases towards MBHA derivative 1 in mild conditions could
represent the starting point for the optimization of site-specific
derivatization procedures on RNA strands. In fact, similarly to
what has already been developed in the past on proteins,[39–41]

we assumed that unnatural bases containing nucleophilic
functional groups could open a more viable route to the
selective modification of synthetic RNAs by MBHA derivatives.

Therefore, we explored the reactivity of 1 towards 5-MAMU,
bearing a secondary alkyl amino group, and 5-AMU bearing a
primary alkyl amino group. Compound 5-MAMU was prepared
starting from commercially available 5-chloromethyluracil and
methylamine, while 5-AMU was prepared as hydrochloride salts
using the same starting material and hexamethylenetetramine
followed by acid hydrolysis of the quaternary ammonium salt
according to the Delépine reaction (see supporting information
for the details).[42] The reactivity of 1 towards 5-MAMU and 5-
AMU was then studied, similarly to what was done previously,
at room temperature in a mixture of water and THF (1 :2) and in
the presence of DIPEA as a base. As hoped, 1 reacted with 5-
MAMU and 5-AMU in four hours producing monoadduct 2 on
the secondary amine of 5-MAMU or the diadduct 3 on the
primary amine of 5-AMU with the apparent absence of side
reaction on the uracil ring (Scheme 1).

The structures of 2 and 3 were characterized by NMR
spectroscopy (Figure 3, S1 and S2) and HRMS (Figure S3 and S4)
confirming the formation of cinnamic chromophores covalently
linked to the aminic function. The 1D and 2D NMR analysis of 2
supported an E configuration of the cinnamic residue. In
particular, NOESY experiments highlighted dipolar contacts
between H-b (3.43 ppm) and H-2’ (7.63 ppm) possible only for
the E diastereoisomer (see Scheme 1 for the numbering). In
addition, 1H NMR spectrum of 2 shows the signal attributed to
H�D significantly shifted to down-field (7.78 ppm) (Figure 3).
This was in agreement with the E configuration of the exocyclic
double bond in which the H�D proton was found in the de-
shielding cone of the carbonyl of the ester function. The same
type of down-field shift of the H�D protons is present in the 1H
NMR spectrum of 3 (Figure 3). However, despite the structural
similarity, the signals of the aromatic protons are significantly
shifted up-field compared to the analogous protons of the 2, a
sign of a possible intramolecular π-π interaction (Figure 3).
Furthermore, the 1H NMR spectrum clearly revealed the
presence of only one diastereoisomeric form for the two
cinnamic residues, allowing the attribution of the E config-
uration for both its chromophores. In addition, NOESY experi-
ments showed contacts between H-b (3.55 ppm) and H-2’
(7.60 ppm) also in 3 (Figure 3).

Figure 3. Comparison of 1H NMR (400 MHz, CD3OD) spectra of E-2 and E,E -3. The insets show the NOESY H-b/H-2’ contacts, used to attribute the E
configuration of the exocyclic double bonds.
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To further confirm the selectivity of 1 towards the 5-MAMU
and 5-AMU amine nitrogen, the conjugation reaction was
carried out under the same previously optimized reaction
conditions but adding a stoichiometric amount of each natural
base to the reaction mixture. After 4 hours, only the formation
of the 2 (when using 5-MAMU) and 3 (when using 5-AMU) with
the E configuration were observed, excluding any possible
electrophilic attack towards the natural RNA bases.

Photophysical and Photochemical Characterization

We demonstrated the responsiveness to light of the achieved
chromophores experimentally and elucidate the corresponding
geometrical structures and double-bond isomerization mecha-
nism computationally. As shown in Figure 4A, the UV-vis
absorption spectrum of E-2 in methanol (1×10�5 M) showed the
presence of a dominant band centered at ca. 305 nm. Similarly,
the spectrum of E,E-3 showed, in the same conditions, a similar
absorption band this time showing a non-linear increase of the
molar extinction coefficient. Such non-linear increase supports
the hypothesis of π-π interaction between the chromophoric
residues of 3 (Figure 4).[43–46]

The two compounds were irradiated with monochromatic
light centered at 330 nm or 310 nm to probe their reactivity.
This was followed via both UV-Vis and/or 1H NMR spectros-
copies.

Firstly, E-2 in deuterated methanol (ca. 1×10�2 M) was
irradiated in a 5 mm NMR Pyrex tube until a photostationary
state was reached. The irradiation produced Z-2 which con-
stituted the 62% and 54% of the sample when using 330 or
310 nm light, respectively (Figure 5). This Z/E ratio was obtained
from the integral values of the signals attributed to the same
protons in the two diastereomeric species. The formation of Z-2
is supported by a H�D signal shifted to 6.72 ppm as a
consequence of the displacement out from the de-shielding
cone of the ester carbonyl. The Z configuration was also
confirmed by the appearance of a new contact between H�D
and H-b evident in the NOESY spectrum registered after
irradiation (Figure 5).

As shown in Figure 4B, the photoconversion of E-2 was also
monitored by UV-vis spectroscopy. A solution of E-2 in
methanol (1×10�5 M) was constantly irradiated in a quartz
cuvette using an optical fiber emitting monochromatic UV light
at 310 nm and the absorption spectrum was measured at fixed
four minutes intervals. The E-2 to Z-2 interconversion is in-line
with the progressive decrease of the band centered at 305 nm
and the appearance of a new band centered at ca. 277 nm.

To demonstrate the reversibility of the photoconversion
without net loss of E-2, the photostationary state obtained at
310 nm and monitored via NMR was irradiated with a
monochromatic light centered at 275 nm producing the
decrease of the Z-2 and an increase E-2 signals respectively,
until a new photostationary state consisting of 62% of the latter
was obtained (Figure 5).

Figure 4. (A) UV-Vis absorption spectra of compounds E-2 and E,E-3 (1×10�5 M in methanol). Vertical excitation energies (ΔEaS1�S0, the values in black are given
in kcal/mol) and oscillator strengths (f, values in red) obtained at the TDDFT/M06-2X/def2-TZVP level for the five molecules studied in the present work are
given in the inset. The calculated excitation energy position in nm and the relative intensity for E-2 and E,E-3 are also displayed below the corresponding
experimental bands. (B) Evolution of the absorption spectra of compound E-2 (1×10�5 M in methanol) under continuous irradiation with a light at 310 nm. The
calculated excitation energy position in nm and the relative intensity for E-2 and Z-2 are also displayed below the corresponding experimental bands.
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Contrary to the high photostability shown by the mono-
adduct 2, the irradiation of the diadduct E,E-3 in the same
conditions led to the formation of several chemical species. In
particular, as suggested by 1H NMR spectra of the kinetic
experiment reported in Figure S5, the photoconversion of the
chromophores from trans to cis configuration is accompanied
by the formation of a complex mixture (here not characterized)
of chemical species compatible with a [2+2] photocycloaddi-
tion reaction which is known to occur in cinnamate esters for
specific setups.[47] This poor photostability of the diadduct E,E-3
could be motivated to the presence of the π-π intramolecular
interaction between the aromatic moieties of the two chromo-
phoric residues capable of bringing the acrylic double bonds
closer together in space, making them readily available for the
photocycloaddition reaction.[48]

In order to get geometric and mechanistic information on
the observed photoreaction of E-2, we calculated the relative
Gibbs free energies of the two diastereoisomers of 2 and three
diastereoisomers (E,E, E,Z, and Z,Z) of 3 in isolated conditions.
As reported in the Computational Methods section, for each
isomer we performed a sampling of the conformational space

using the Conformer-Rotamer Ensemble Sampling Tool
(CREST)[49] based on the fast semi-empirical extended tight-
binding method GFN2-xTB.[50] The lowest energy conformer
produced by CREST was then relaxed using density functional
theory (DFT),[51] using with the B3LYP functional, empirical
dispersion correction D3BJ[52,53] and the def2-SVP basis set.[54]

The located energy minima were confirmed via frequency
calculation at the same level of theory. Such calculation was
also used to determine Gibbs free energies differences. For 2,
we found that the identified E-2 isomer is 4.4 kcalmol�1 more
stable than Z-2, while for 3 we observe that the E,E-3
diastereoisomer is 6.3 and 4.7 kcalmol�1 more stable than the
E,Z-3 and Z,Z-3 isomers, respectively. For the five located energy
minima we calculated the vertical excitation energy (ΔEaS1�S0)
and the corresponding oscillator strengths (f) with time-
dependent density functional theory (TDDFT)[55] with the M06-
2X functional[56] and def2-TZVP basis set[54] (see inset in
Figure 4A).

Remarkably, the relative maximum absorption wavelengths
(λaS1�S0) obtained from the ΔEaS1�S0 values agree with those
observed experimentally. In fact, we compute for E-2, Z-2 and

Figure 5. Comparison of 1H NMR spectrum of E-2 with those recorded with different PSS obtained by irradiation at 330, 310, and 275 nm. The insert show the
NOESY contacts, used in the attribution of the E and Z configuration of the double bond.
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E,E-3 a λaS1�S0 of 300.7 nm, 285.3 nm and 293.9 nm, respectively
that reproduces the observed trend of 305.0 nm, 277.0 nm and
296.5 nm and thus support the isomer assignment (see also
Figure 4A and 4B).

While the computational results support the experimental
assignment of the most stable structures, they don’t provide
information on the mechanism allowing the spectral progres-
sion of Figure 4B. In fact, this would require complex non-
adiabatic dynamics simulation of the Z-2!E-2 and E-2!Z-2
photoisomerizations[57] as well as the calculation of the
activation ΔG∞ for the two corresponding thermal isomer-
izations that are beyond the scope of the present work.
However, as we discuss in the next paragraph, approximate
mechanistic information could already be obtained by studying
the computed equilibrium geometries and, most importantly by
a mapping of the S1 potential energy profile along the
isomerization coordinate. Accordingly, and in contrast with the
expected structures for E-2, the dominant E,E-3 isomer (see
Figure 6A) clearly exhibits a π-stacking interaction of the
aromatic moieties, suggesting that this spatial orientation,
which brings the two cinnamic double bonds in close vicinity,
might lead to photoinduced reactions such as a 2πs+2πs
cycloaddition. This justifies the complexity observed in the
corresponding NMR data presented above. No further inves-
tigation has been carried out on this isomer.

Finally, to qualitatively characterize the observed photo-
chemical interconversion of E-2 driving the spectral evolution
and the formation of the stationary states (see Figure 4B) we
computed the potential energy profile of the first excited state
(S1) along the corresponding initial relaxation dominated by a
stretching coordinate (compare the geometrical parameters in
Figure 6A, left with those at the top-right of Figure 4B) followed
by the torsional deformation of the cinnamic double bonds
assumed to be the reaction coordinates. Notice that the initial
stretching relaxation corresponds to a limited displacement of
the reaction coordinate. Since TDDFT (at least in its linear
response formalism) lacks the multireference character neces-
sary to produce the correct potential energy surface in the
regions of S1/S0 conical intersection (photochemical transition
state or funnel; CoInS1/S0) region, we employed the recently
reported mixed reference spin-flip time dependent density
functional theory (MRSF-TDDFT or MRSF), which has been
shown to generate CoInS1/S0 topologies and topographies with
accuracy comparable to that of higher level multireference
methods.[58,59] As shown in Figure 6B, it has been possible to
optimize the conical intersection CoInS1/S0 driving the isomer-
ization reaction (left) and featuring a fully broken (ca. 97 degree
twisted) cinnamic π-bond. Accordingly, and consistently with
the energy profiles reported in the right panel of the same
figure, the relaxation starting from the FC point of E-2 initially
generate a geometrically unlocked structure where the cinnam-
ic double bond is now a single bond as also described by the
initial changed in geometry described above. The geometrical
evolution (see the methods section for details on the
construction of the reaction coordinates and energy profiles)
then continues along the torsional coordinate associated to the
same bond until the CoInS1/S0 is entered and, after decay to S0,

the Z-2 product is generated. The S1 energy profile is barrierless
and the reaction is thus predicted to occur in a subpicosecond
time-scale. This qualitatively agrees with previously reported
studies on the E to Z gas-phase photoisomerization of similar
chromophores.[60,61] Most notably, Nomoto et al. performed very
accurate multireference calculation for E to Z photoisomeriza-
tion of a para-methoxy methylcinnamate (pMMC) model in
methanol, reporting a quasi-barrierless isomerization path.[62] As
reported in the supporting information a similar geometrical

Figure 6. (A) Computed geometry of the dominating monoadduct E-2 (left)
and diadduct E,E-3 (right) optimized at the B3LYP-D3BJ/def2-SVP level of
theory. Relevant geometrical parameters (in Å, values computed at the
MRSF/BH&HLYP/6-31G* level) are given in the skeletal formula at the bottom
of structure E-2. The distances between the cinnamic double-bond carbons
of the two chromophoric moieties in E,E-3 are given in red. (B) Left. S1 and S0
energy profiles along the E-2!Z-2 photoisomerization coordinate (right)
computed at the MRSF/BH&HLYP/6-31G* level of theory (see also text). Right.
Charge progression of the red-framed moiety along the computed E-2!
CoInS1/S0 branch of the same E-2!Z-2 photoisomerization path (see framed
region of the energy profile diagram on the left part). Notice the rapid
exchange of charges expected in the vicinity of the degeneracy at a conical
intersection. The resonance formulas showing the limiting electronic
structures (resonance formulas) dominating the ground and reactive excited
state are also given. (C) Left. Skeletal formula illustrating the change
(compare the values with the structure of part A, left corresponding to the
structure of the Franck-Condon (FC) point) in geometrical parameters (in Å)
occurring during the initial bond-lengths relaxation from FC after a limited
torsional deformation along the S1 potential energy surface. Right. CoInS1/S0

geometry associated to E-2!Z-2 photoisomerization and corresponding
relevant geometrical parameters (in Å and degrees). Both geometries
correspond to the geometries marked of the energy profile in part B, left
and were computed at the MRSF/BH&HLYP/6-31G* level of theory.
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evolution and energy profiles have been documented for the
opposite Z-2!E-2 photoisomerization process (Figure S6).
These findings indicates that the E and Z configurations of
monoadduct 2 rapidly interconvert upon illumination to
generate the stationary state and behaves like a light-driven
molecular switch.

The agreement with previous simulations suggests that the
uracil moiety only marginally interact with the aromatic moiety
of monoadduct 2. This was also confirmed by recomputing the
E-2!Z-2 isomerization energy profile after substitution of the
uracil group with a methyl group (Figure S7), resulting in a
negligible difference with the original path.

As reported in Figure 6C, the evolution of the charge on the
aromatic moiety along the S1 branch of the E-2!Z-2 isomer-
ization coordinate indicates that the spectroscopically bright
state features a charge-transfer character associated to a
“quinone-like” resonance formula, which is necessary to unlock
and elongate the cinnamic double bond (see above) and
promote isomerization.

Conclusions

In conclusion, we have shown that the conjugation of specific
MBHA adducts to unnatural nitrogenous base represents a
viable, although indirect, synthetic pathway for the preparation
of unnatural RNA aptamers responding efficiently to a light
stimulus and, for instance, potentially useful in the control of
gene expression.[20,22] In fact, the demonstrated cinnamic
chromophore generated after the electrophilic attack of the
investigated MBHA derivative could act as a permanent and
ultrafast on-off molecular switch. Much still needs to be done to
assess the limits of the presented approach and, most
importantly, to achieve a prototype library of light-responsive
RNA aptamer that represents one of the main targets in our lab
currently.

Experimental Section

Materials and Methods

Synthesis. All chemicals used were of reagent grade. Yields refer to
purified products and are not optimized. Merck silica gel 60 (230–
400 mesh) was used for column chromatography. Merck TLC plates
and silica gel 60 F254 were used for TLC. Melting points were
determined in open capillaries in a Gallenkamp apparatus and were
uncorrected. NMR spectra were obtained with a Bruker 400 AVANCE
spectrometer in the indicated solvents. The chemical shifts are
referenced to the residual not deuterated solvent signal (CHD2OD: δ
(1H)=3.31 ppm, δ (13C)=49.86 ppm). The values of the chemical
shifts are expressed in ppm and the coupling constants (J) in Hz. An
Agilent 1100 LC/MSD operating with an electrospray source was
used in mass spectrometry experiments, and a Bruker TimsTOF
apparatus was used in recording HR-MS spectra. The absorption
spectra were recorded with a Agilent Cary-60 in the indicated
solvent. A tunable light source Zolix (TLS2-X300PU�G, 300 W UV
Xenon Light Source with monochromator Omni-λ2047i) equipped
with a fiber bundle (200–1100 nm, fibers 19 of 200 μn) was used for
the irradiation of the solutions.

General Procedure for the Reaction of MBHA 1with Natural
and Unnatural Nitrogenous Bases

The appropriate nitrogenous bases (1 equivalent) was dissolved in a
mixture of THF-H2O (2 :1 v/v). Then, MBHA acetate 1 (0.10 g,
0.38 mmol) and DIPEA (0.13 mL, 0.76 mmol) were added and the
resulting mixture was stirred at room temperature for 4–24 h. The
reaction mixture was monitored by TLC and ESI-MS observing the
conversion of the MBHA 1 only in presence of the unnatural
nitrogenous bases 5-MAMU and 5-AMU. With these, the solvents
were concentrated under reduced pressure and the resulting
residue was purified by flash chromatography to obtain pure amine
derivative E-2 or E,E-3.

(E)-Methyl 2-((((2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)
methyl) (methyl)amino) methyl)-3-(4-methoxyphenyl) acrylate
(E-2)

The title compound was obtained starting from 5-MAMU (0.072 g,
0.38 mmol) as white solid (85 mg, yield 62%, m.p. 126.0–127.0 °C)
using ethyl acetate as the eluent. 1H NMR (400 MHz, CD3OD): 2.18
(s, 3H), 3.29 (s, 2H), 3.43 (s, 2H), 3.79 (s, 3H), 3.83 (s, 3H), 6.96 (d, J=
8.9, 2H), 7.33 (s, 1H), 7.64 (d, J=8.7, 2H), 7.78 (s, 1H). 13C NMR
(100 MHz, CD3OD): 43.1, 53.4, 54.2, 54.9, 56.7, 111.9, 115.8, 129.3,
129.7, 134.5, 143.1, 145.3, 154.4, 163.0, 167.5, 171.7. MS (ESI): m/z
360.1 (M+H+). HR-MS: m/z (M+H+) calcd for C18H22N3O5

+

360.15540; found 360.15435.

(Z)-Methyl 2-((((2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)
methyl) (methyl)amino) methyl)-3-(4-methoxyphenyl) acrylate
(Z-2)

NMR data of the title compound were derived after UV light
irradiation of the corresponding E diastereoisomer. 1H NMR
(400 MHz, CD3OD): 2.28 (s, 3H), 3.30 (s, 2H), 3.34 (s, 2H), 3.71 (s, 3H),
3.81 (s, 3H), 6.74 (s, 1H), 6.88 (d, J=8.8, 2H), 7.23 (d, J=8.7, 2H), 7.35
(s, 1H). 13C NMR (100 MHz, CD3OD): 43.5, 53.1, 53.7, 56.6, 63.4, 111.9,
115.6, 130.0, 131.8, 132.5, 136.2, 142.9, 154.3, 162.1, 167.5, 172.7.

(2E,2’E)-Dimethyl 2,2’-((2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-
yl) methylazanediyl) bis (methylene) bis (3-(4-methoxyphenyl)
acrylate) (E,E-3)

The title compound was obtained starting from 5-AMU (0.067 g,
0.38 mmol) as white solid (63 mg, yield 60%, m.p. 187.6–189.0)
using petroleum ether-ethyl acetate (8 : 2) as the eluent. 1H NMR
(400 MHz, CD3OD): 3.30 (overlapped with CHD2OD, s, 2H), 3.55 (s,
4H), 3.72 (s, 6H), 3.78 (s, 6H), 6.81 (d, J=8.8, 4H), 7.26 (s, 1H), 7.60 (d,
J=8.7, 4H), 7.76 (s, 2H). 13C NMR (100 MHz, CD3OD): 51.8, 52.8, 53.4,
56.6, 112.6, 115.8, 129.3, 129.6, 134.6, 143.1, 145.0, 154.3, 163.0,
167.2, 171.8. MS (ESI): m/z 550.2 (M+H+). HR-MS: m/z (M+H+)
calcd for C29H32N3O8

+ 550.21839; found 550.21661.

Computational Methods

The conformer search for the five isomers was performed fully
automatically using the CREST[49] program with default parameters,
based on the semiempirical quantum chemistry method GFN2-
xTB,[50] including the methanol as solvent with the analytic
linearized Poisson-Boltzmann formalism. As input for each mole-
cule, we provided three-dimensional structures generated with
Open Babel[63] from the corresponding SMILES (Simplified Molecular
Input Line Entry System) strings.[64] While CREST produces numerous
conformers and rotamers, we specifically opted for the lowest
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energy conformer as the sole representative of the global
conformational minimum for each molecule. The five structures so
obtained were subsequently relaxed on S0 at the B3LYP/def2-SVP
level, with empirical dispersion correction D3BJ.[53] Solvent effects
(methanol) were accounted for via polarizable continuum model
(PCM). At these geometries, vertical excitation energies were
calculated at the TDDFT/M06-2X/def2-TZVP level of theory. All DFT
and TDDFT calculations were perform using the Gaussian09 suite.

The E-2 to Z-2 photoisomerization energy profile was constructed
as follows. Starting from the minimum energy conformer from the
CREST protocol, the FC structure of E-2 was optimized on S0 with
DFT at the BH&HLYP/6-31G* level of theory. From here, an S1
geometry optimization constraining the exocyclic double bond
torsion was performed at the MRSF/BH&HLYP/6-31G* level of
theory, as no minima could be optimized on the S1 potential energy
surface. After the optimization of CoInS1/S0, we used linear
interpolation in internal coordinates (LIIC) to interpolate the geo-
metries between the S1 constrained structure and CoInS1/S0,
computing MRSF/BH&HLYP/6-31G* excitation energies at each
point. From CoInS1/S0, we performed a DFT relaxation on S0 to obtain
the Z-2 FC geometry. The path from Z-2 to CoInS1/S0 was
constructed in the same fashion as for E-2. LIIC interpolation was
performed with the python package chemcoord.[65] The CoInS1/S0

geometry was obtained via MRSF/BH&HLYP/6-31G* optimization
using the adaptive penalty function approach.[66] Solvent effects
were included also in this case with PCM. All MRSF calculations
were performed using the GAMESS 2023 R1 package.[67]

Supporting Information

Experimental details for the synthesis and the characterization
of compounds 1, 5-AMU and 5-MAMU; Additional NMR and HR-
MS spectra of compounds 2 and 3; Computed isomerization
profiles for Z-2!E-2 photoisomerization, and E-2!Z-2 with a
simplified model of monoadduct 2. Cartesian coordinates and
Gibbs Free Energies for the 5 molecules investigated optimized
at the B3LYP�D3BJ/def2-SVP level of theory, CoInS1/S0 geo-
metries for the E-2!Z-2 and Z-2!E-2 photoisomerization
reaction of monoadduct 2, and E-2!Z-2 photoisomerization of
monoadduct 2 after substitution of the uracil moiety with a
methyl group, at the MRSF/BH&HLYP/6-31G* level of theory.
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