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Abstract: The asymmetric formal [3 + 3] annulation process of (E)-2-(3-phenylacryloyl)pyridine N-
oxide with benzyl methyl ketone was investigated. The possibility of a stereoselective outcome was
checked using salts of natural amino acids, as well as chiral bifunctional derivatives containing amino
groups and thiourea or squaramide fragments as organocatalysts. Different types of organocatalysts
applied led to opposite enantiomers of 2-(3-oxo-4,5-diphenyl-cyclohex-1-en-yl)pyridine 1-oxide (up to
60% ee). Spectroscopic analysis of the isolated product and analysis of the reaction course was carried
out, taking into account the obtained regio- and stereoselectivity. In order to verify the postulated
results, calculations of the energy of the intermediate reaction products and the final product using
the Kohn–Sham Density Functional Theory (KS-DFT) were made.

Keywords: azaaromatic N-oxides; organocatalysis; annulation reaction; stereoselectivity

1. Introduction

Heteroaromatic N-oxides appear as a structural motif in many compounds with
exceptional properties [1,2]. The presence of the N+–O− bond is the reason for the special
properties and diverse usefulness of aza-aromatic N-oxides. Among many derivatives, there
are products with specific biological properties [3–5], for use as pharmaceuticals [6], and as
ingredients of personal hygiene products, cosmetics, and detergents [7]; other derivatives
are used as oxidants in organic reactions [8]. N-oxides obtained in the enantiomerically
enriched form are successfully used as chiral ligands or organocatalysts in asymmetric
synthesis [9–11]. Aza-aromatic N-oxides have significant synthetic value due to their unique
properties resulting from the presence of the N+–O− bond in their structure [12–14]. In this
last context, particularly interesting are heteroaromatic N-oxides having several places in
their structure susceptible to transformations, preferably asymmetric ones, and allowing for
significant and sterically controlled expansion of the skeleton [15–19]. The use of tandem
reactions as a synthetic tool gives the possibility of obtaining complex products quickly
and relatively easily in a one-pot experiment. The use of organocatalytic procedures allows
these processes to be performed not only effectively (high yield and stereoselectivity), but
also in a more environmentally friendly way [20]. Although several elegant organocatalytic
tandem reactions have already been reported in the literature [21–23], the construction of
cyclic molecules with a few stereogenic centers in a cascade manner remains attractive
and desirable.

Here we present studies on the selectivity in the catalytic formal [3 + 3] annulation
reaction of (E)-2-(3-phenylacryloyl)pyridine N-oxide when an unsymmetrical ketone is
used. The first step of the sequential transformation (Michael addition) can discriminate
between the formation of one of the isomers of substituted cyclohexenone, as shown in
Scheme 1.
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Scheme 1. Michael/aldol/dehydration sequence reactions of (E)-2-(3-phenylacryloyl)pyridine N-
oxide (in blue) with an unsymmetrical ketone (in red)—possible regio- and stereoisomeric products.
Possible stereogenic centers marked with an asterisk.

When choosing (E)-2-(3-phenylacryloyl)pyridine N-oxide as a substrate, we were
guided by its potential in terms of reactive sites and the possibility of employing it in various
transformations. At the same time, due to the presence of carbonyl and N-oxide oxygens
close to each other, this pattern may interact with hydrogen bond donors, which may be an
advantage when using catalysts with this type of interaction. Although the versatility of
this substrate seems to be significant, so far, relatively little attention has been paid to its
use in cascade reactions, which are a reasonably desirable tool in the hands of synthetic
chemists. The first asymmetric reactions involving 2-enoylpyridine N-oxide were described
in 2014 and 2015. It was an asymmetric direct vinylogous Michael addition, catalyzed
respectively by difunctional thioureas [24], and bifunctional amine-squaramide [25], which
in both cases were derivatives of cinchona alkaloids. The first cascade reaction, reported
by Wang group, was the formal [3 + 3] annulation of 2-enoyl pyridine N-oxides, which
involved Michael addition in the first stage followed by the intramolecular aldol reaction
or aldol condensation [26]. L-phenylalanine potassium was used as an organocatalyst for
the reaction with acetone, giving enantiomerically enriched (up to 94% ee) cyclohexenones
with various aromatic substituents at the chiral carbon atom. The Li group then presented
phosphine-catalyzed [4 + 1]-annulation of 2-enoylpyridine N-oxides, resulting in a series
of optically active 2,3-dihydrobenzofurans with high diastereomeric ratio and excellent
enantiomeric purity (up to 99%) [27].

2. Materials and Methods
2.1. General

Solvents were distilled, and other reagents were used as received. Reactions were
monitored by thin-layer chromatography (TLC) on silica gel 60 F-254 precoated plates
(Merck, Darmstadt, Germany), and spots were visualized with a UV lamp. Products were
purified by standard column chromatography on silica gel 60 (230–400 mesh) (Merck).
Optical rotations at 578 nm were measured using an Optical Activity Ltd. (Huntington,
UK) Model AA-5 automatic polarimeter. Melting points were determined using a Boëtius
hotstage apparatus (PHMK VEB Analytic, Dresden, Germany). 1H and 13C NMR (400 MHz
and 100 MHz, respectively) spectra were recorded in CDCl3 on Jeol 400 MHz (Japan) and
Bruker Avance II 600 MHz instruments (Karlsruhe, Germany). High-resolution mass spec-
tra (HRMS) were recorded using electrospray ionization mode on the Waters LCT Premier
XE TOF spectrometer (Waters Corporation, Milford, MA, USA). HPLC analysis was per-
formed on SHIMADZU NEXERA X2 apparatus (Chiral Technologies INC. West Chester, PA,
USA) using CHIRALPAK IA-3 column (4.6 mm × 25 cm) without a guard column. 1HNMR
and 13C NMR spectra of all obtained compounds are shown in Supplementary Materials
(Figures S1–S3).
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2.2. Preparation of (E)-2-(3-Phenylacryloyl)Pyridine N-Oxide

The first step of the synthesis was performed according to the literature procedure [28]:
to a solution of 2-acetylpyridine (1.2 g, 10 mmol, 1 eq) in dichloromethane (100 mL), m-
CPBA (70%, 2.6 g, 1.5 eq) was added portion wise at 0 ◦C. After complete addition, the
reaction was allowed to reach room temperature and was stirred for 72 h. The concentrated
solution was washed with aqueous sat. NaHCO3 (20 mL), the water phase was extracted
with chloroform (3 × 15 mL), and the combined organic layers were dried with MgSO4.
The solvent was evaporated giving the crude product which was purified by column
chromatography on silica gel with eluent CH2Cl2:MeOH (10:1, v:v).

2-acetylpyridine cetylpyridine N-oxide, yield: 0.634 g (48%); yellowish liquid. 1H NMR
(400 MHz, CDCl3): δ = 2.79 (s, 3H, CH3), 7.26–7.32 (m, 1H, Py), 7.32–7.38 (m, 1H, Py), 7.68
(dd, J = 7.8, 2.3 Hz, 1H, Py), 8.17–8.21 (m, 1H, Py); spectroscopic data in agreement with
literature data [28].

The second step was based on the report of the Pedro group [29]: to a solution of
2-acetylpyridine N-oxide (0.580 g, 4.2 mmol, 1.0 eq) and benzaldehyde (0.85 mL, 8.4 mmol,
2.0 eq) in MeOH (21 mL) an aqueous solution of KOH (1 M, 0.85 mL) was added at 0 ◦C.
The mixture was stirred for 24 h at 0 ◦C and then it was quenched with a solution of HCl
(2 M, 0.41 mL). After addition of water (40 mL) the solution was extracted with CH2Cl2
(3 × 30 mL). The combined organic extracts were dried with Na2SO4. The solvent was
evaporated giving the crude product which was purified by column chromatography on
silica gel with eluent CH2Cl2:MeOH (10:1, v:v).

(E)-2-(3-phenylacryloyl)pyridine N-oxide, yield: 0.770 g (81%), yellow-orange solid; mp.
104–105 ◦C (lit.29 104–105 ◦C). 1H NMR (400 MHz, CDCl3): δ = 7.32–7.42 (m, 5H, Ar),
7.59–7.66 (m, 2H, Py), 7.66–7.74 (m, 2H, Py, = CH), 7.76–7.84 (m, 1H, = CH), 8.27 (dd, J = 6.1,
0.9 Hz, 1H, Py); spectroscopic data in agreement with literature data [29].

2.3. General Procedure of Catalytic Formal [3 + 3] Annulation

The catalytic formal [3 + 3] annulation of (E)-2-(3-phenylacryloyl)pyridine N-oxide
with benzyl methyl ketone was based on the literature procedure [26] using different
catalysts. Thus (E)-2-(3-phenylacryloyl)pyridine N-oxide (67.5 mg, 0.30 mmol, 1.0 eq) and
catalyst (0.06 mmol, 20% mol) was placed in a sealed tube, and a toluene as the solvent
was added (1 mL). Then, a solution of benzyl methyl ketone (48 mg, 0.36 mmol, 1.2 eq) in
toluene (0.2 mL) and water (5 µL) was added. The resulting mixture was stirred at 35 ◦C
for 6 days. Then, silica gel (0.540 g) was added and stirring was continued at 90 ◦C for 24 h.
After that, the reaction mixture was purified by column chromatography on silica gel with
eluent AcOEt: MeOH (5:1, v:v).

2-(3-oxo-4,5-diphenyl-cyclohex-1-en-yl)pyridine 1-oxide (III), yield: 41 mg (40%) in experi-
ment with catalyst B, brown, gummy liquid; [α]D

20 = −12.4 (c 1.0, CHCl3) for 60% ee. 1H
NMR (400 MHz, CDCl3): δ = 3.21 (dd, J = 18.0, 4.3 Hz, 1H, CH2), 3.34 (ddd, J = 18.0, 11.1,
2.8 Hz, 1H, CH2), 3.75 (ddd, J = 12.5, 11.1, 4.3 Hz, 1H, CH), 3.96 (d, J = 12.5 Hz, 1H, CH),
6.49 (d, J = 2.8 Hz, 1H, =CH), 6.95–7.00 (m, 2H, Py), 7.03–7.19 (m, 8H, Ar), 7.26–7.37 (m, 3H,
Py, Ar), 8.21–8.25 (m, 1H, Py); 13C NMR (100 MHz, CDCl3): δ = 35.6 (C6), 48.4 (C5), 60.1
(C4), 126.1, 126.2, 126.2, 126.8, 126.9, 127.7, 128.3, 128.4, 129.4, 130.4, 137.7, 140.6, 141.6, 148.8,
153.8, 199.1 (C3); HRMS calculated for C23H19NO2 [M + H]+ 342.1494, found 342.1488;
HPLC (Chiralpak IA, n-hexane:i-PrOH = 8:2, 1.0 mL/min, λ = 231 nm), t = 46.5 min (major),
t = 57.6 min (minor).

2-(5-oxo-3,4-diphenyl-hexanoyl)pyridine 1-oxide (I), yield: 13 mg (12%) in experiment
with the catalyst B, dark blue gummy liquid; 1H NMR (400 MHz, CDCl3): δ = 1.82 (s, 3 H,
CH3), 3.08 (dd, J = 16.8, 4.1 Hz, 1H, CH2), 3.55 (dd, J = 16.8, 10.4 Hz, 1H, CH2), 4.05–4.16 (m,
2H, 2xCH), 6.89 (dd, J = 7.8, 2.0 Hz, 1H, Py), 6.97–7.05 (m, 2H, Py), 7.10–7.20 (m, 5H, Ar),
7.28–7.41 (m, 5H, Ar), 8.04 (d, J = 6.4 Hz, 1H, Py); 13C NMR (100 MHz, CDCl3): δ = 30.5 (C6),
43.7 (C3), 46.9 (C4), 65.3 (C2), 125.4, 126.4, 126.8, 127.4, 128.3, 128.4, 129.0, 129.1, 136.1, 140.0,
142.3, 146.8, 196.8 (C1), 206.7 (C5); HRMS calculated for C23H21NO3 [M + H]+ 360.1600,
found 360.1610.
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2-(1-hydroxy-3-oxo-4,5-diphenyl-cyclohexyl)pyridine 1-oxide (V), yield: 11 mg (10%) in
experiment with the catalyst B, yellow, gummy liquid; 1H NMR (400 MHz, CDCl3): δ = 1.66
(br s, 1H, OH), 2.04 (d, J = 12.4 Hz, 1H, CH2), 2.07 (d, J = 12.4 Hz, 1H, CH2), 2.81 (dd, J = 12.8,
3.7 Hz, 1H, CH2), 3.99 (td, J = 10.2, 3.7 Hz, 1H, CH), 5.23 (dd, J = 12.8, 10.2 Hz, 1H, CH2),
5.64 (d, J = 10.2 Hz, 1H, CH), 6.68 (dd, J = 7.9, 1.8 Hz, 1H), 6.72–6.78 (m, 1H), 6.89–6.95
(m, 1 H), 7.00–7.04 (m, 1H), 7.10 (t, J = 7.5 Hz, 2H), 7.20–7.23 (m, 2 H), 7.30–7.33 (m, 2 H),
7.53–7.56 (m, 2 H), 7.74–7.81 (m, 2H), 8.17 (dd, J = 6.4, 0.6 Hz, 1H); 13C NMR (100 MHz,
CDCl3): δ = 41.5 (C6), 41.6 (C5), 56.5 (C4), 76.2 (C2), 95.8 (C1), 123.7, 124.8, 125.3, 126.9, 127.2,
127.9, 128.1, 128.3, 128.3, 128.4, 128.5, 139.6, 140.0, 141.7, 146.4, 150.7, 198.9 (C3); HRMS
calculated for C23H21NO3 [M + H]+ 360.1600, found 360.1590.

2.4. Computational Details

To propose a plausible molecular mechanism of the discussed Michael addition and
aldol condensation reactions KS-DFT calculations for the main compounds shown in
Scheme 2 (I, II, III, IV) were performed. The relative values of Gibbs free energies are
shown in Supplementary Materials (Table S1). The stationary points were located at the
ωB97XD/SCRF (toluene)/def2-TZVPP level and the corresponding Gibbs energies were
computed assuming def2-TZVPP basis set.
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3. Results

The (E)-2-(3-phenylacryloyl)pyridine N-oxide was prepared in two steps, following
the literature procedure [28,29], as shown in Scheme 2.

Using the N-oxide as a substrate for stereoselective transformation involves not only
the searching for an appropriate, effective catalyst [17]. An equally important factor was
the choice of the second substrate for the reaction. Encouraged by Wang’s results [26], we
decided to try to expand his concept to include unsymmetrical ketones. The introduction
of this seemingly small modification may result in the formation of various products as
shown in Scheme 1, making the regioselectivity of the reaction an important factor to
analyze, especially at its first stage. Thus, we chose benzyl methyl ketone (BMK) as a
model to monitor the course of the reaction using different catalysts (Table 1). At first,
we implemented similar reaction conditions as in the cited work [26], applying BMK in
some excess (1.2 eq) and freshly prepared L-phenylalanine potassium salt (L-Phe-K) as
organocatalyst (20 mol%). The product of expected annulation was observed in the post-
reaction mixture next to the unreacted substrates, but in very low yield (15%). Similar
results were obtained with the use of the racemic form D/L-Phe-K salt (entry 7); moreover
the use of BMK in greater excess (1.5 eq, entry 8) did not improve the result. Instead of
toluene, other solvents were also tested in the reaction. Since the dehydration step requires
a rather elevated temperature, it was decided to use 1,2-dichloroethane (1,2-DCE) and
1,4-dioxane. The summarized results are shown in Table 1.

Taking into account the reaction mechanism proposed by the authors of reference [26],
including the interaction of the counterion and enamine activation, we selected a few more
catalysts that could be used in our experiments. In addition to L-Phe-K, salts of amino acids
such as L-proline and L-tert-leucine were tested. Organocatalysts derived from L-proline
were previously successfully used in enantioselective transformations involving enones,
also in [3 + 3]-annulation [20,30–32]. Unfortunately, attempts to use other amino acid salts
as organocatalysts did not bring a significant improvement in results compared to the
L-Phe-K application (15%, 18% ee, Table 1, entry 1). Contrary to expectations, a decrease
in yield and ee was observed when L-Pro-K was used (12% yield, 8% ee, entry 2). The
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application of L-tert-leucine salt (L-tert-Leu-K) resulted in a significant in ee up to 40%
(entry 3), however, the yield obtained was very unsatisfactory (16% yield). Also, changing
the counterion of the L-phenylalanine salt and using L-Phe-Na as a catalyst resulted in a
low reaction yield (10%) and a racemic product (entry 6) was obtained. For the L-Phe-K
salt, changing the solvent to 1,2-dichloroethane resulted in an approximately two-fold
decrease in yield and enantioselectivity (Table 1, entry 5), while in 1,4-dioxane the reaction
did not occur at all (entry 4). When the procedure did work, in all cases, after a sequence
of cascade reactions and chromatographic purification, the same product was obtained.
The components were identified based on a comparative analysis of 1H NMR spectra by
studying the reaction mechanism.

Table 1. Results of the catalyzed formal [3 + 3] annulation of (E)-2-(3-phenylacryloyl)pyridine N-oxide
with benzyl methyl ketone a.

Entry Catalyst Additives Solvent Yield(%) b ee (%) c

1 L-Phe-K 5 µL H2O toluene 15 18
2 L-Pro-K 5 µL H2O toluene 12 8
3 L-tert-Leu-K 5 µL H2O toluene 16 40
4 L-Phe-K 5 µL H2O 1,4-dioxane 0 -
5 L-Phe-K 5 µL H2O 1,2-DCE 10 <5
6 L-Phe-Na 5 µL H2O toluene 10 <5
7 D/L-Phe-K 5 µL H2O toluene 10 0
8 d D/L-Phe-K 5 µL H2O toluene 12 0
9 A - toluene 0 e -
10 B - toluene 40 60
11 C - toluene 0 e -
12 D - toluene 0 e -

a Reactions were carried out using 0.3 mmol of N-oxide, 1.2 eq of BMK in 1.2 mL of solvent, for 6 days, followed
by 24 h at elevated temp. (90 ◦C) with silica gel. b Yield of isolated, purified product III. c Determined by HPLC.
d 1.5 eq of BMK was used. e only unreacted BMK was isolated.

By analogy to those effectively employed in chalcone [33] or enoyl-pyridine N-oxide trans-
formations [20,24], some well investigated bifunctional organocatalysts, based on the structure
of thiourea with a chiral fragment derived from quinine or (1R, 2R)-diaminocyclohexane
(DACH) (A, B, respectively, Figure 1), and amine-squaramide with a quinine or mefloquine
motif (C and D, respectively, Figure 1), were also investigated.
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Figure 1. Structures of hydrogen-donor catalysts tested in the formal [3 + 3] annulation reaction;
(A,B)—thiourea derivatives, (C,D)—amine-squaramide derivatives.
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In the case of the second type of catalysts, the counterion interaction occurring in amino
acid salts was replaced by the interaction associated with the hydrogen bond formation.
All compounds shown in Figure 1 were tested in the reaction, but the only catalyst effective
in this reaction was the thiourea catalyst B. Moreover, it also provided the highest yield and
enantiomeric excess of the obtained product (40% yield, 60% ee, entry 10 in Table 1). The
isolated diastereomeric product showed optical rotation ([α]D

20 = −12.4 (c 1.0, CHCl3)).
A repeated reaction provided the same results. In the case of other catalysts in this series,
solely the recovered substrate (BMK) was isolated from the post-reaction mixture (77%
with catalyst A, 80% with C, and 50% with D). In no case did the analysis of the 1H NMR
spectra reveal even traces of the product (the spectra were complicated, and definitely
contained signals that may have come from catalysts).

4. Discussion

In Scheme 3 the possible variants of the reaction course, ultimately leading to various
possible products are depicted. After the first stage of the reaction, in which Michael
addition occurs, the formation of two products (I and II) is potentially possible. However,
taking into account the stability of the carbanions being formed, the formation of product I
seems more likely. Moreover, when the reaction was stopped at an early stage, the product
I of the Michael reaction was identified in the post-reaction mixture (Figure S1). The 1H
NMR spectrum showed a characteristic singlet (1.82 ppm, integrated as 3 hydrogen atoms),
derived from the acetyl group. There should be no such signal when product II is formed.
Analyzing both products in terms of subsequent intramolecular aldol condensation, two
further possible paths should be considered for each of them. In the case of product I,
formed in Michael addition, the subsequent reaction leads to the formation of product III.
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Analogous consideration of the possible transformation of product II leads to the final
formation of compound IV. The formation of products II and IV seem rational, although
compound III seems to be a slightly more likely reaction product due to the preferential
formation of compound I during the Michael addition. These considerations seemed
to be reflected in the 1H NMR spectra. Figure 2 shows the crucial fragment of the 1H
NMR spectrum of the isolated final product. Analysis of signals and respective measured
coupling constants allows for an easy identification of its structure. It can be concluded that
the first stage, (i.e., Michael addition), is completely regioselective, taking into account the
structure of the ketone and the carbon atom with which it is attached to the β carbon of the
enone system. This reaction also proceeds completely diastereoselectively, leading finally
to a cyclic product with phenyl substituents in the trans position (equatorial–equatorial).
Compound III was identified based on the characteristic peak at 6.49 ppm, originating
from the hydrogen of the =CH group. The signal with a similar shift was also found in
cyclohex-2-enones described in the previous work [26]. For analogous products obtained
in the reaction of chalcone with acetone or 2-butanone, a similar signal appeared at 6.52 or
6.54 ppm, respectively [32].
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Figure 2. Identification of product III by 1H NMR analysis.

An in-depth analysis of the 1H NMR spectrum (Figure 2) in terms of multiplets and
coupling constants in the alicyclic region confirmed our predictions. From the one side, the
received doublet from the proton marked as HE has the coupling constant JDE = 12.5 Hz
(compared to the 13.4 Hz described for the trans product obtained from chalcone [32]).
Such a high value might be observed only for vicinal protons in axial positions. On the
other hand, the doublet observed from the proton marked as HA would not occur in the
previously considered compound IV. Results of the performed KS-DFT calculations were in
agreement with these findings. The large difference in the value of the free energy between
compounds I and II (13.2 kcal/mol) suggests that the formation of compound II (and in
consequence compound IV) is unlikely. There is also a relatively large difference in value
between compounds III and IV (2.3 kcal/mol). Moreover, in the experiment that ended
prior to conducting dehydration, we isolated a hydroxy compound (V) with multiplet
pattern in 1H NMR corresponding to the aldol structure (see Figure S2). The transition state
proposed for Michael addition seems to justify well our final result (see Figure 3b).
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Figure 3. Postulated stereochemical model of the transition state responsible for the stereocontrolled
course of the reaction: (a) for amino acid salts applied as catalysts (according to lit. [26]), (b) for a
catalyst with a thiourea fragment (this work).

The obtained product III has two phenyl groups at adjacent carbon atoms in the result-
ing cyclohex-2-enone on opposite sides of the formed ring (trans isomer: (R, R) or (S, S)). We
did not observe the formation of a cis stereoisomer with two spatially large phenyl groups
located in close proximity. Moreover, the molecular calculations support our conclusion.
According to calculations in KS-DFT, both trans isomers have the same free energies of
optimized molecular geometries, which is lower than the free energies of cis isomers ((R, S)
or (S, R), see Table S1). There are probably steric barriers preventing the formation of cis
isomers. Additionally, there are interactions between functional groups and catalysts that
may prevent the formulation of cis isomers and support the formulation of trans isomers.
Compared to the reaction catalyzed by amino acid salts, the product obtained was the
opposite enantiomer when thiourea catalyst B was used (Figures S7 and S10). The absolute
configuration of the main isomer was not determined because the product neither formed
crystals suitable for X-ray analysis nor was obtained in a sufficiently enantiomerically
enriched form. Using Wang’s experience, we can only speculate that the major enantiomer
has the absolute configuration (4S, 5S), since in the case of the described reaction with
acetone, the newly formed stereogenic center has the R configuration (see Figure 3a) [26].
The attack of the nucleophile on carbon β in the Michael reaction takes place from different
sides: re in the transition state postulated by Wang, and si in the case of the thiourea catalyst
we used. The lack of activity in the reaction of quinine-containing catalysts with thiourea
or square-amide motifs (A and C respectively) can be explained by the presence in their
structure of the tertiary nitrogen atom, which is the alkaline center, but cannot take part in
enamine activation. Surprisingly, the catalyst D with a mefloquine fragment, i.e., having
a secondary (analogous to proline) nitrogen atom in its structure, was also inactive in
this reaction.

We have also conducted experiments with butanone as a carbonyl substrate in the
presence of racemic Phe-K salt or compounds B or D applied as organocatalysts. The
reaction progress was not observed using amino acid salt, and only traces of the expected
product might have been found in the mass spectrum after the reaction was catalyzed
by B or D. Moreover, the measured 1H NMR spectra were complex, and we identified
mainly butanone and/or applied organocatalysts in the post-reaction mixture, instead of
the desired product.

The obtained results show that the catalyst effective in the formal reaction [3 + 3]
annulation should have a primary amino group apart from the hydrogen bond-forming
moiety. Similar requirements for catalysts have been observed in analogous transformations
of chalcones [34,35]. The preliminary research results are promising due to the regio- and
diastereoselective course of the reaction, leading to a compound with a complex structure,
having two stereogenic centers.

5. Conclusions

The obtained results confirm the possibility of using BMK for the [3 + 3] annulation
reaction of (E)-2-(3-phenylacryloyl)pyridine N-oxide, although the obtained yields were
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not high. It was possible to achieve the formation of a trisubstituted cyclohexenone with
two stereogenic centers in a regio- and diastereoselective manner. Salts of amino acids
(L-Phe-K, L-tert-Leu-K) and a thiourea derivative of chiral diaminocyclohexane were used
as organocatalysts. Depending on the type of catalyst applied, opposite enantiomers of
the trans-diphenylsubstituted product were obtained ((R, R) or (S, S)) up to 60% ee. A
thorough analysis of 1H NMR spectra, supported by the results of the performed KS-DFT
calculations, allowed us to identify the structure of the product being formed and propose
a transition state responsible for the stereoselectivity of the process. Although an enamine
activation mechanism is postulated in the reaction, catalysts containing a secondary amine
fragment did not work. To date, no such comparative experiments have been presented
regarding the use of the presented types of organocatalysts in the annulation reaction. The
results obtained may in the future help in selecting the appropriate catalyst to obtain the
desired product stereochemistry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/sym16010104/s1, Figure S1: 1H and 13C NMR spectra of 2-(5-oxo-3,4-
diphenyl-hexanoyl)pyridine 1-oxide—I; Figure S2: 1H and 13C NMR spectra of 2-(1-hydroxy-3-oxo-4,5-
diphenyl-cyclohexyl)pyridine 1-oxide—V; Figure S3: 1H and 13C NMR spectra of 2-(3-oxo-4,5-diphenyl-
cyclohex-1-en-yl)pyridine 1-oxide—III; Figure S4: HPLC chromatogram of the product obtained with
catalyst D/L-Phe-K (racemate); Figure S5: HPLC chromatogram of the product obtained with
catalyst L-Phe-K (18% ee); Figure S6: HPLC chromatogram of the product obtained with catalyst
L-Pro-K (8% ee); Figure S7: HPLC chromatogram of the product obtained with catalyst L-tert-Leu-
K (40% ee); Figure S8: HPLC chromatogram of the product obtained with catalyst L-Phe-K (in
1,2-dichloroethane, 3% ee); Figure S9: HPLC chromatogram of the product obtained with catalyst
L-Phe-Na (3% ee); Figure S10: HPLC chromatogram of the product obtained with thiourea catalyst
B (60% ee), [α]D

20 = −12.4 (c 1.0, CHCl3); Figure S11: 3D structures of optimized geometries of
diastereomers of compound III; Table S1: Values of relative free energies between main compounds.
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