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A photocycloaddition reaction of ethyl 1,4-diaryl-1,4-dihydropyridine-3-carboxylate for the construction
of 3,9-diazatetraasteranes (P;) and 3,9-diazatetracyclododecanes (P) is reported for the first time. The
types of reaction product clearly differ with solvent, regardless of the irradiation wavelength. The dif-
ference in P; and P, lies in the second step of the intramolecular [2 + 2] photocyclization. In order to
further investigate this phenomenon and gain a deeper understanding of the photochemical behavior of
1,4-dihydropyridines, DFT and TDDFT theoretical calculations are performed. The results provide a good
explanation for the formation of 3,9-diazatetraasteranes and 3,9-diazatetracyclododecanes.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cycloaddition reactions are a universal and straightforward
pathway to carbocyclic or heterocarbocyclic organic compounds in
which two or more bonds may be formed in a single operation [1].
The photochemical [2 + 2] cycloaddition reaction is the most fre-
quently used cycloaddition reaction to access carbocyclic products
with structural moieties of cyclobutane rings [2-12]. Carbocyclic
products incorporating fused cyclobutane rings, such as cubane,
homocubane, tetraastarane, and pentacycloundecane, continue to
attract attention in drug discovery for their higher conformational
rigidity and lipophilicity [13-16]. The cyclobutane ring has mul-
tiple sp? scaffolds in the three-dimensional structure, which not
only provide a unique chemical space, but are also correlated to
improve the pharmacokinetic properties and toxicological bene-
fits [17]. The photochemical [2 + 2] cycloaddition reaction in-
volve two olefins as substrates, one of which is required to be ex-
cited by ultraviolet light. There are a wide variety of olefins, such
as thymoquinone, «-truxillic acid, enone [18-20]. Typical olefins
are the (+)-carvone for carvone camphor, the endo-dimer of 2-
bromocyclopentadienone for the key intermediates of the cubane
ring system, the Diels-Alder adduct of p-bensoquinone and cy-
clopentadiene for pentacycloundecanes (Cookson’s diketone), and
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the 1,4-dihydrophthalic anhydride for tetraastarane derivatives, and
so on [21-22].

As an important and common structural unit, 1,4-
dihydropyridines (1,4-DHPs) are commonly used clinically as
calcium antagonists and antimicrobials for the treatment of car-
diovascular disease [23-29]. Similar to 1,4-dihydrophthalic anhy-
dride, the two double bonds in 1,4-DHPs enable them to undergo
[2 + 2] photocycloaddition to provide diazatetraasteranes [30-32].
Historically, the first [2 + 2] photocycloadditions of 1,4-DHPs were
found in the chemical literature, as reported by Eisner in 1970. The
[2 + 2] photocyclization of 3,5-dicarbonyl-1,4-DHPs had given 3,9-
diazatetraasteranes with a medium-pressure mercury lamp (MPM)
as the light source (Scheme 1a) [33], while the [2 + 2] photocy-
clization of 3-carbonyl-1,4-DHPs had given 3,9-diazatetraasteranes
under a high-pressure mercury lamp (Scheme 1b) [31,34-35]. The
regioselective [2 + 2] photocycloaddition of 3,5-dicarbonyl-1,4-
dihydropyridines had given 3,6-diazatetraasterane via a covalent
link in a head-to-head manner by the phthaloyl group (Scheme 1c)
[36]. The 3,9-diazatetraasteranes, so as it is the structure analogue
of 3,9-dioxotetraasteranes, shows good pharmacological activity,
with HIV-1 protease inhibitory activity for C, symmetry, and
anti-tumor activity by inhibiting epidermal growth factor receptor
(EGFR) and so on [37-40]. Therefore, the study of the synthesis
and pharmacological activity of 3,9-diazatetraasteranes and their
analogs have attracted extensive attention in recent years [41-44].

To continue research into the [2 + 2] photocycloaddition of
1,4-DHPs, UV LED lamps were used to replace the traditional
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Scheme 1. [2 + 2] Photocycloadditions of 1,4-DHPs (1).

mercury lamps in order to improve the synthetic efficiency
of 3,9-diazatetraasteranes with ethyl 3-carboxylate-1,4-DHPs (1)
as olefins. When using 1 as the substrate, the reaction prod-
ucts were found to differ clearly with solvent, regardless of
the wavelength of the LED lamp. The 3,9-diazatetraasteranes
(Py) were obtained in tetrahydrofuran, while P; and unexpected
3,9-diazatetracyclododecanes (P,) were observed in methanol.
(Scheme 1). In order to elucidate this phenomenon, density-
functional theory (DFT) and time-dependent DFT (TDDFT) theoret-
ical calculations were performed.

Initially, our idea was to improve the synthetic efficiency of
3,9-diazatetraasteranes (P;) by using UV LED lamps instead of tra-

Table 1
Yields of P, and P,, under different reaction conditions.

O

MeO,,, | COOEt light, atmosphere
B

COOEt Jight, atmosphere EtOOC

ditional mercury lamps. To optimize the reaction conditions, the
factors such as the light source, irradiation wavelength, solvent,
atmosphere and substituent of 1,4-DHPs (1), were systematically
screened. The photocycloaddition of 1a was selected as the model
compound (Table 1). It was worth mentioning that there was more
than one product, with both P; and unexpected P, produced in
MeOH solvent. The yields of the products clearly differed with
solvent, regardless of wavelength. The synthetic efficiency of 3,9-
diazatetraasterane (Py) was significantly improved, and the reac-
tion time decreased from 8 weeks, as reported in the literature, to
about 20 h.

&

\ | _—
Meo/N:N,:_ “Coogt  Solvent N Solvent NZ“Cookt

P2a 1a P1a
Entry Solvents Atmosphere HPM 500W 365 nm (LED) 395 nm (LED)

Plab PZac PIa PZa PIa PZa

1 THF N, 25 0 56 0 35 0
2 THF air 10 0 20 0 15 0
3 Benzene N, 13 0 35 0 23 0
4 MeCN N, 10 0 28 0 20 0
5 MeOH N, Trace 23 12 52 <10 37
6 MeOH air <10 10 10 14 <10 <10
7 MeOH/THF = 1:1 N, 10 15 18 43 12 28

2 Reaction conditions: 1a (3 mmol, 0.92 g), solution concentration 0.2 mol/L, at room temperature, the complete conversion of 1a (detected by thin layer chromatography

[TLC]) required about 20 h.
b [solated yields obtained via column chromatography (EA/PE = 1/5, v/v).
¢ Isolated yields obtained via recrystallization in MeOH/dichloromethane (DCM).
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Scheme 2. Structures and yields of 3,9-diazatetraasteranes (P;) and 3,9-diazatetracyclododecanes (Py).

As shown in Table 1, whether it was the formation of Py, or
P,,, the yields under an N, atmosphere were higher than those
without it. The reason was that oxygen in the air could generate
the excited state singlet oxygen (10,) to reduce the yield by com-
bining with carbon radicals. The irradiation wavelengths did not
affect the type of product, but only affected the yield of product.

Under irradiation at 365 nm LED lamp under an N, atmo-
sphere, P;, was obtained in 56% yield in THF, while P, was ob-
tained in 52% yield with 12% of Py, in MeOH (Table 1, entries 1
and 5). The generalizability of the different substituted 1,4-diaryl-
3-carboxylate-1,4-DHPs (1) was investigated (Scheme 2). The yields
of P; were 53%-57%, and those of P, were about 50%-53%. The
substituents on the 1,4-DHPs had little effect on the yields of Py
and P,. The structures of all synthesized Py and P, were confirmed
by NMR and HRMS, especially the structures of P14 & Py, were
confirmed by single crystal X-ray diffraction (Scheme 2, Fig. 1).

Based on the [2 + 2] cycloaddition of «, B-enone and alkene
derivatives and the mechanism of the 3,5-disubtitued-1,4-DHPs
[45-48], the possible mechanisms for the formation of P; and
P, were proposed, as shown in Scheme 3. Considering the sub-
stituents had little effect on this reaction, the mechanism was dis-
cussed using 1a as a model compound. The formation mechanism

PZa

Fig. 1. Structures of P4 and P,, obtained by X-ray single-crystal diffraction.

of Py, was the [2 + 2] photocycloaddition of 1,4-DHP (1), which
may presumably be divided into two steps. The first step was the
intermolecular [2 + 2] photocycloaddition. The second step was
the intramolecular [2 + 2] photocycloaddition of the syn-dimer
2a to form Py, (Path 1a). The formation mechanism of P,, was
the [2 + 2] photocycloaddition of 1,4-DHP (1), similar that of Pq,,
containing an intermolecular [2 + 2] and a half intramolecular
[2 + 2] photocyclization. The difference was that in the intramolec-
ular [2 + 2] photocyclization of 2a, the first o-bond was formed
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Scheme 3. Proposed formation mechanism of 3,9-diazatetraasteranes (P;) and 3,9-diazatetracyclododecanes (Py).

at different sites to that of P;,. The two carbon radicals at the
cross position combined with each other, resulting in the inability
to form a second o -bond, but instead the solvent became involved,
and the carbon radicals combined with the methoxy radicals pro-
vided by the MeOH, to form two C-O o-bonds in P,,.

At the PCM/B3LYP/def2-TZVP//B3LYP/6-31 g(d) level, DFT/
TDDFT calculations were carried out to investigate the favorable
[2 + 2] photocycloaddition pathways of the 1,4-DHPs (1). The cal-
culated free energies of the formation pathways in MeOH were dis-
cussed, and the reactive sites of 2a (Ty) was qualitatively analyzed
using the Fukui function. The formation mechanisms of P; and P,
were the [2 + 2] photocycloaddition of 1,4-DHPs (1), which could
be divided into two steps. The first steps were the intermolecu-
lar [2 + 2] photocycloaddition to form a syn-dimer 2a. The second
steps were the intramolecular [2 + 2] photocycloaddition of the
syn-dimer 2a in both cases, with the difference being that P, in a
half intramolecular [2 + 2] photocyclization involved MeOH (Path
1a and Path 2a).

According to theoretical research on the [2 + 2] photocycload-
dition mechanism of the 1,4-DHPs, the formation of syn-dimer 2a
was similar to the first step in previous reports [26]. Therefore, the
calculation analysis focused on the second steps in order to eluci-
date the differences in the formation of Py and P,. In the following
discussion, the most stable conformation of 1a was used, and its
Gibbs free energy was used as the energy reference point.

2a* (syn, T))

Fig. 2. Fukui function f(0) surface atom in 2a* (syn, T;) (isovalue = 0.002).

First, the reactive sites of 2a* (syn, T;) were qualitatively ana-
lyzed using the Fukui function, and the isosurface graphs of 2a*
(syn, T;) were displayed in Fig. 2. The isosurface graphs of 2a*
(syn, T;) showed that unpaired electrons were mainly distributed
on the C1 and C3 atoms, with a few electrons distributed on the
C2 and C4 atoms. The C1 and C3 atoms were more likely to be
the sites of photoreaction with the highest reactivity, which was
consistent with the experimental results that P, formed the C-C
single bond at the cross position first.
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Fig. 4. Optimized structures and significant bond distances of transition states (TS2
and TS3).

Second, the energy profile of Path 1a and Path 2a in MeOH
and their relative Gibbs free energy were calculated (Fig. 3). The
energy barrier of the IM2 (T;) formation through the transition
state TS2 (Path 1a) was 53.6 kcal/mol, and that of the IM3 (T;)
formation through the transition state TS3 (Path 2a) was only
16.2 kcal/mol. IM3 (T;) was more favorable to form than IM2 (Ty).
In the conversion of IM2 (T;) and IM3 (T;) to IM2 (Sg) and IM3
(Sp), spin-flipping was required, and the minimal energy crossing
point (MECP) between Ty/Sq was successfully localized. The free
energies were 1.8 kcal/mol and 2.5 kcal/mol, respectively, so the
two spin-flipping processes were readily occurred. In the conver-
sion of IM2 (T;) to Pq,, the second o-bond formed between the
C2 and C3 radicals (ring-closure) was proven to be barrierless [26].
In the conversion of IM3 (Tq) to Py,, the form C-0O o -bond involv-
ing C2 or C4 with methoxy radicals was speculated to suggest the
possible existence of another transition state, but attempted to lo-
cate the transition site failed several times. This was finally proven
to be a barrierless process by the means of relaxed scanning of
the bond distance (C2-03), wherein energy decreased continuously
with the shortening of the bond distance (Fig. 5). Therefore, the
rate-determining steps of Path 1a and Path 2a were the first o-
bond formation. The overall energy barrier was 53.6 kcal/mol and
16.2 kcal/mol, respectively. The Gibbs free energy of Py, and Py,
was —76.6 kcal/mol and —123.4 kcal/mol, respectively. This sug-
gests that Path 2a was the dominant pathway in both thermody-
namically and kinetically. This was consistent with the experimen-
tal results showing that the yield of P, was always much greater
than that of P; in MeOH.

In conclusion, under irradiation at 365 nm LED lamp in an
N, atmosphere, it was shown that the photocycloaddition reaction
of ethyl 1,4-diaryl-1,4-dihydropyridine-3-carboxylate reaction could
tolerate different substituents, with yields of P; of about 55% in
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Fig. 5. Relaxed scanning curves for the combination of C; and methoxy radical.

THF, and that yields of P, of about 50% in methanol. The formation
mechanism of P; and P, was speculated to occur in two steps; the
first step was the intermolecular [2 + 2] photocycloaddition which
formed the syn-dimer 2a, the second step was the intramolecular
[2 + 2] photocycloaddition of the syn-dimer 2a to form Pq, or a
half intramolecular [2 + 2] photocyclization involving MeOH sol-
vent to form P,. The rate-determining steps in the process of the
syn-dimer 2 to P; and P, (Path 1a and Path 2a) were all the first
o-bond formation in IM2 (T;) and IM3 (T;). The calculated val-
ues of the energy barrier and the Gibbs free energy also suggested
that Path 2a was the dominant pathway both thermodynamically
and kinetically, meaning that P, was the dominant product, and
it was consistent with the experimental results.
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