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Abstract: In Diels–Alder reactions, 2H-pyran-2-ones as dienes can yield a large variety of cycloadducts
with up to four contiguous carbon stereogenic centers. Some of the potentially most useful,
however difficult to prepare due to their low thermal stability, are the primary CO2-containing
oxabicyclo[2.2.2]octenes, which could be formed as eight distinctive isomers (two sets of regioisomers,
each of these composed of four different stereoisomers). A high-pressure synthesis of such products
was recently described in a few cases where vinyl-moiety-containing dienophiles were used as
synthetic equivalents of acetylene. However, structures of the primary products have been so far
only rarely investigated in detail. Herein, we present seven novel single-crystal X-ray diffraction
structures of such cycloadducts of both stereoisomeric forms, i.e., endo and exo. Additionally, we
present a single-crystal structure of a rare case of a cyclohexadiene system stable at room temperature,
obtained as a secondary product upon the retro-hetero-Diels–Alder elimination of CO2 under thermal
conditions (microwave irradiation), during this elimination the symmetry is increased and out of
eight initially possible isomers of the reactant, this number in the product is decreased to four.
In oxabicyclo[2.2.2]octene compounds, centrosymmetric hydrogen bonding was found to be the
predominant motif and diverse supramolecular patterns were observed due to rich variety of C–H· · ·O
and C–H· · ·π interactions.

Keywords: Diels–Alder reaction; X-ray diffraction; organic synthesis; high-pressure conditions;
microwave-assisted reactions; heterocycles; hydrogen bonds; aggregation; crystal architecture

1. Introduction

The Diels–Alder reaction, mechanistically classified as a [4+2] cycloaddition belonging to the
larger group of pericyclic reactions, is one of the crucial synthetic tools for the construction of novel
C–C bonds [1,2], gaining importance in all its varieties, including (organo)catalytic and enantioselective
versions [3,4]. Cycloadditions are highly versatile reactions as a broad range of starting dienes and
dienophiles (alkenes or alkynes) can be used. Additionally, they are also often highly stereoselective,
providing up to four contiguous carbon stereogenic centers and opening access to other stereogenic
centers as well, such as chiral phosphorus [5], thus being of paramount importance when a decrease in
symmetry (i.e., increase in asymmetry) is desired or necessary as often is the case for the construction
of scaffolds of many natural and related compounds. Consequently, cycloadditions provide a viable
alternative to the other widespread options of preparing enantiomerically pure compounds, i.e., optical
resolution [6] or application of asymmetric (auto)catalysis [7], both of these offering the possibility
of enantiomeric excess amplification. There are many empirical rules, partially stemming from the
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solid theoretical background set by Woodward and Hoffmann [8–10], which govern regio-, enantio-
and diastereoselectivity of cycloadditions. Generally accepted Alder endo rule predicts the formation
of the endo product as the predominant one. As a consequence of all this, the Diels–Alder reaction
is currently in the spotlight of various investigations where amplification of chirality is achieved by
dynamic crystallization, an example demonstrated with maleimides and 2-methylfuran (Scheme 1) [11].
Another recent application of cycloaddition reactions, albeit under photochemical conditions, is for the
preparation of photochromic organic crystals [12], offering promising properties.
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Furthermore, 2H-pyran-2-ones are rewarding diene systems capable of many [4+2] cycloaddition
reactions [13–15] with a variety of suitable dienophiles, including maleic anhydride, N-substituted
maleimides, vinyl ethers and their derivatives. The latter type of dienophiles has attracted our
attention, as vinyl-group containing compounds can act as reactive partners in [4+2] cycloadditions [16].
Additionally, due to their highly asymmetrical electron density (especially in vinyl ethers and their
nitrogen analogs) they can furthermore act as highly regio- and stereoselective partners. For example,
in the case of cycloaddition between a substituted 3-acylamino-2H-pyran-2-one and ethyl vinyl
ether [17] (or any other suitable alkene dienophile), in the first step a carbon-dioxide bridge system
(i.e., 7-oxabicyclo[2.2.2]octene) is formed, such systems (including those formed via other reaction
pathways) are known from the literature, but their solid-state structures were described just in a few
cases, for some recent examples see ref. [18–28]. However, 7-oxabicyclo[2.2.2]octenes produced as
described above can be formed as two possible regioisomers and each of these can exist as a mixture of
two diastereoisomers (endo or exo), in turn each of the four distinctive possibilities is actually composed
of a pair of enantiomers. Therefore, in a single synthetic step, eight isomeric products (i.e., two
regioisomeric compounds each of them as four different stereoisomers) can be formed. However, the
reaction can proceed further, via a retro-hetero-Diels–Alder reaction a molecule of carbon dioxide can be
eliminated thus producing a cyclohexadiene system, the number of possible isomers is thus reduced to
two regioisomers (each of them as a pair of enantiomers). These intermediates can react further via two
different pathways. The first option is that an elimination (dehydrogenation in general or elimination
of an alcohol in the case of vinyl ethers as dienophiles) takes place yielding the final benzene derivative
(only two different regioisomers are possible, stereoisomery obviously not being possible anymore).
The second option is that the cyclohexadiene system acts as a new diene and another cycloaddition
step takes place (if the dienophile is still available), thus yielding bicyclo[2.2.2]octene systems [29].
Each of their regioisomers can possibly consist of the following stereoisomers: a pair of enantiomers
(termed exo,endo and endo,exo) or one of two different meso compounds (exo,exo and endo,endo). So far
all of these possibilities have been achieved [30,31] and various reaction conditions were developed,
enabling the preferential formation of the desired products or even of the exact isomers.
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Accordingly, many recent investigations have demonstrated that bicyclo[2.2.2]octene adducts
are obtained under kinetically controlled reaction conditions, i.e., after shorter reaction times at lower
temperatures, in general [32,33]. On the other hand, aromatization of the cyclohexadiene systems can
be achieved under thermodynamic conditions and/or with the application of suitable dehydrogenation
catalysts (such as active charcoal Darco) or bases (such as DABCO [1,4-diazabicyclo[2.2.2]octane]) when
an elimination of a small stable molecule is the objective [34]. To stop the reactions at the first stage,
i.e., before the elimination of CO2, various strategies have been devised, however all of them having
in common mild reaction conditions, preferably taking place at room temperature and at increased
pressure (up to 18 kbar) [35]. High pressure namely accelerates the cycloaddition step (due to the
highly negative activation volume of this step), concomitantly suppressing the elimination of the CO2

(retro-hetero-Diels–Alder reaction) [36]. Additionally, application of high pressure in organic synthesis
has proven to be important, as recently demonstrated by the total synthesis of (–)-aritasone [37], not
least because it can lead to changes in regio- and stereoselectivity [38,39].

Our previous investigations [16,17] have shown that starting from substituted 2H-pyran-2-ones
1 and vinyl-moiety-containing dienophiles 2 the cycloadditions can be selectively directed towards
each of the possible products: CO2-containing 7-oxabicyclo[2.2.2]octenes 3, cyclohexadienes 4 or final
benzene rings 5 (Scheme 2). Furthermore, 7-oxabicyclo[2.2.2]octenes 3 could be prepared only at room
temperature under high pressure (13–15 kbar) conditions in dichloromethane (or neat), without the
addition of a base. On the other hand, cyclohexadienes 4 were prepared with thermal activation
(microwave irradiation in acetonitrile at 120 ◦C, without a base), whereas the final elimination step to
the end products 5 was successfully promoted by the addition of a suitable base, DABCO giving the
best results (under microwave irradiation at 120 ◦C). When the whole reaction sequence (i.e., 1→5)
is considered, vinyl ether has acted as a masked acetylene (as its synthetic equivalent, analogously
as was previously shown for vinyl acetate (Scheme 3) [40] and vinyl borane (Scheme 4) [41] in other
types of reactions), opening further synthetic possibilities as the gaseous acetylene without any
electron-perturbing groups generally reacts in Diels–Alder reactions only sluggishly, at best.
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The products thus obtained present some interesting structural characteristics, where the number
of isomers possible in each step is decreasing towards the final product 5, this being consequence of the
increase in symmetry as one proceeds from the primary intermediates (i.e., 7-oxabicyclo[2.2.2]octenes
3) via the cyclohexadiene intermediates 4 towards the final benzene products 5. Previously, we
have revealed just a few X-ray structures of such cases therefore we would now like to report the
results of additional single-crystal X-ray characterizations of the products 3 and 4 to determine their
structural features including supramolecular aggregation in the solid state form that might influence
their properties.

Examination of the number of possible isomers for each of the products obtained when a vinyl
ether 2 acts as a dienophile in a Diels–Alder reaction with a substituted 2H-pyran-2-one (Figure 1)
shows that 7-oxabicyclo[2.2.2]octenes 3, possessing three stereogenic centers, could theoretically exist
as eight different stereoisomers. Due to the steric constraints of the bridged system, both bridgehead
stereocenters (i.e., C-1 and C-4) are correlated leading to only four different stereoisomers, distinguished
on the base of the configuration of alkoxy groups at the C-8 we get an enantiomeric pair labelled exo
and another one termed endo (meaning that endo-3 and exo-3 each exist as a pair of enantiomers).
Analogous is the situation with the regioisomeric product 3’, where alkoxy group is at the position C-7
and can also provide two pairs of enantiomers. Therefore, for all primary adducts 3 and 3’ together,
there could be eight different isomers. Upon the elimination of the CO2, two stereogenic centers
(previously C-1 and C-4) are lost, therefore just a pair of enantiomers for each regioisomeric product
(i.e., 4 and 4’) is possible, whereas the final aromatic product 5 can exist only as a single isomer.
The situation is analogous when instead of the vinyl ethers 2, their nitrogen derivatives, such as
1-vinyl-2-pyrrolidone (6a) or N-vinylcaprolactam (6b), are applied and these cases will therefore not be
elaborated separately.

Our interest in the above described transformations was initially based on the application of ethyl
vinyl ether (and its analogs) as a synthetic equivalent of acetylene for the production of substituted
benzene derivatives 5. This being an interesting application, as it is well-known that acetylene is not a
very suitable dienophile in Diels–Alder reactions. Therefore, when we disclosed the results of these
syntheses in our previous publications [16,17], the structures of primary cycloadducts (i.e., 3) and those
formed after the elimination of carbon dioxide (i.e., 4) in the solid state were not of primary importance.
Nevertheless, we have investigated [17] the crystal structures of a pair of exo- and endo-isomers of
N-[6-acetyl-1-methyl-3-oxo-8-(2-oxoazepan-1-yl)-2-oxabicyclo[2.2.2]oct-5-en-4-yl]benzamide obtained
by the cycloaddition between the appropriate 2H-pyran-2-one 1a (R1 = Ph, R2 = Me) and
N-vinylcaprolactam (6b) as the dienophile. X-ray diffraction analysis confirmed that the cycloaddition
yielded a mixture of both stereoisomers that we were able to separate and based on the NMR data
for these two compounds, the structures of other cycloadducts were established as well. However,
we were intrigued by the possibility of further investigating the structures of some of the other
cycloadducts of the type 3 and 4 in the solid state, as nowadays novel studies regularly underpin the
importance of various intermolecular interactions [42–45], not just hydrogen bonds. Therefore, we
prepared suitable crystals of six primary cycloadducts of the type 3 and one cyclohexadiene product
4 and embarked on thorough X-ray crystallographic investigation, including their crystal packing
and supramolecular architectures. It turned out that the predominant motif in studied cycloadducts
is the intermolecular hydrogen bonding between amide NH group and CO2 bridge of the adjacent
molecule with the domination of centrosymmetric hydrogen-bonded dimers. Furthermore, diverse
supramolecular patterns were observed due to rich variety of C–H· · ·O and C–H· · ·π interactions. These
supramolecular interactions represent interesting examples of how chiral organic molecules can pack
when crystallized as a racemate accommodating a high number of centrosymmetric hydrogen bonds,
thus observing symmetry in the crystalline form, albeit the crystals are formed by the aggregation of
asymmetric molecules.
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2. Materials and Methods

2.1. Synthesis

Compounds 3a–e and 4a were prepared according the published procedure [17]. Briefly, adducts 3
were obtained by a high-pressure method conducted in Teflon ampules immersed in a piston-cylinder
type of pressure apparatus (U101, Unipress Equipment, Warszawa, Poland) filled with white spirit (also
known as mineral spirits) and pressurized at approximately 14 kbar (at room temperature). Reaction
mixtures of the appropriate 2H-pyran-2-ones 1 (1 equiv.) and dienophiles: ethyl vinyl ether (2a)
(20 equiv.), cyclohexyl vinyl ether (2b) (20 equiv.) or 1-vinyl-2-pyrrolidone (6a) (27 equiv.), were diluted
with dichloromethane (to completely fill the 3.8 mL ampule) and pressurized for 336–408 h, thereafter
the apparatus was disassembled, volatile components were removed in vacuo, crude products 3
precipitated with the addition of isopropyl ether and consequently recrystallized from suitable solvents:
methanol for endo-3a, ethanol for endo-3b–d, dichloromethane for exo-3e, isopropyl ether for exo-3f.
Isomer endo-3e was obtained from the mother liquor after exo-3e has precipitated. The crystals
obtained in all cases were appropriate for X-ray diffraction analyses.

Compound 4a was prepared by microwave-assisted process in a focused monomode apparatus
(Discover by CEM Corporation, Matthews, NC) by irradiation of a mixture of the appropriate
2H-pyran-2-one 1f (1 equiv.) and ethyl vinyl ether (2a) (20 equiv.) in acetonitrile (2 mL per mmol of
1) at 120 ◦C (180 W) for 2 h, as described previously [17]. After the reaction, product 4a precipitated
upon cooling the mixture in an ice-water bath, filtration and washing with a cold (approximately
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0 ◦C) mixture of ethanol and water (1:1) provided crude cyclohexadiene 4a, which was carefully
recrystallized from ethanol (temperature during the crystallization should not exceed approximately
50–60 ◦C, as otherwise elimination of ethanol takes place causing partial aromatization of the product)
to provide crystals suitable for X-ray diffraction analysis.

2.2. X-ray Single Crystal Analysis

Single-crystal X-ray diffraction data were collected at room temperature on a Nonius Kappa
CCD diffractometer with the graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). DENZO
program was used to process the data [46]. Structures were solved by direct methods implemented in
SHELXS-97 and SHELXL-97 was used for the refinement using a full-matrix least-squares procedure
based on F2 [47]. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms
were readily located in difference Fourier maps and were subsequently treated as riding atoms in
geometrically idealized positions with Uiso(H) = kUeq(C,N), where k = 1.5 for NH and methyl groups,
which were permitted to rotate but not to tilt, and 1.2 for all the other H atoms. In endo-3b atoms
C9–C10 and C24 in each ethoxy group were disordered over two positions with the refined ratios
0.805(19):0.195(19) and 0.444(11):0.556(11), respectively. Atoms C9A, C9B, C10A and C10B were refined
with restrained Uij components. Resolution in endo-3b is lower than expected; however, the data
were of sufficient quality to determine the connectivity. All compounds crystallize as racemates.
The crystallographic data are listed in Table 1. The crystallographic data have been deposited at
Cambridge Crystallographic Data Centre (CCDC 2034987–2034994) and can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif. Appropriate cif-files with single-crystal XRD structures are
provided as Supplementary Materials also.

www.ccdc.cam.ac.uk/data_request/cif
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Table 1. Experimental data for the X-ray diffraction studies.

endo-3a endo-3b endo-3c endo-3d exo-3e endo-3e·6a exo-3f 4a

CCDC number 2034987 2034988 2034989 2034990 2034991 2034992 2034993 2034994
Formula C19H21NO5 C14H19NO5 C17H19NO6 C28H29NO5 C24H28N2O8 C30H37N3O9 C26H24N2O5 C18H21NO4
Mr (g mol−1) 343.37 281.3 333.33 459.52 472.48 583.63 444.47 315.36
Crystal size (mm) 0.50 × 0.38 × 0.25 0.25 × 0.25 × 0.25 0.70 × 0.50 × 0.50 0.45 × 0.25 × 0.20 0.35 × 0.10 × 0.10 0.50 × 0.13 × 0.13 0.60 × 0.30 × 0.18 0.50 × 0.20 × 0.20
Crystal color colorless colorless colorless colorless colorless colorless colorless colorless
Crystal system orthorhombic triclinic orthorhombic monoclinic monoclinic triclinic triclinic orthorhombic
Space group Pcab P–1 Pcab C2/c P21/n P–1 P–1 Pcab
a (Å) 13.6258(2) 11.1004(9) 13.2171(2) 25.6982(6) 10.1996(4) 11.2314(3) 9.2483(3) 12.1827(3)
b (Å) 15.0585(3) 11.3611(8) 14.2221(3) 13.3577(2) 19.6440(11) 11.6094(3) 11.4819(3) 14.8081(4)
c (Å) 17.0887(3) 13.2166(9) 17.1809(4) 18.3592(4) 12.5325(6) 12.1689(3) 12.1508(3) 18.6214(4)
α (◦) 90 65.350(3) 90 90 90 85.027(2) 112.763(2) 90
β (◦) 90 89.871(4) 90 127.2900(10) 113.734(3) 73.439(2) 93.341(2) 90
γ (◦) 90 81.713(3) 90 90 90 78.714(2) 106.199(2) 90
V (Å3) 3506.33(11) 1495.97(19) 3229.58(11) 5013.85(18) 2298.65(19) 1490.66(7) 1122.23(5) 3359.35(14)
Z 8 4 8 8 4 2 2 8
T (K) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
Dc (g cm−3) 1.301 1.249 1.371 1.218 1.365 1.300 1.315 1. 247
F(000) 1456 600 1408 1952 1000 620 468 1344
Reflections collected 7555 6695 6922 10443 8146 12041 8995 7151
Rint 0.0132 0.0459 0.0143 0.0192 0.0551 0.0232 0.0271 0.0285
Data/restraints/parameters 3990/0/230 3976/38/402 3663/0/221 5708/0/309 4170/0/313 6796/0/385 5103/0/300 3783/0/212
R1, wR2 [I > 2σ(I)] a 0.0442, 0.1092 0.0576, 0.1418 0.0471, 0.1293 0.0551, 0.1413 0.0573, 0.1252 0.0482, 0.1219 0.0535, 0.1356 0.0586, 0.1431
R1, wR2 (all data) b 0.0595, 0.1206 0.0926, 0.1650 0.0618, 0.1429 0.0874, 0.1683 0.1184, 0.1572 0.0715, 0.1385 0.0768, 0.1547 0.0940, 0.1709
GOF, S c 1.050 1.040 1.044 1.023 1.038 1.017 1.025 1.046

a R =
∑

||Fo| − |Fc||/
∑

|Fo|. b wR2 = {
∑

[w(Fo
2
− Fc

2)2]/
∑

[w(Fo
2)2]}1/2. c S = {

∑
[(Fo

2
− Fc

2)2]/(n/p}1/2 where n is the number of reflections and p is the total number of parameters refined.
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3. Results

3.1. Chemistry

As presented in Table 2, crystals suitable for X-ray diffraction were prepared for the following
oxabicyclo[2.2.2]octene products [17]: (i) set of three endo adducts 3a–c obtained with the cycloaddition
of ethyl vinyl ether (2a) on the appropriate 2H-pyran-2-ones 1a–c; (ii) for endo-3d obtained by the
cycloaddition of cyclohexyl vinyl ether (2b) on 2H-pyran-2-one 1d; (iii) for the pair of endo and exo
adducts 3e produced by the cycloaddition of 1-vinyl-2-pyrrolidone (6a) on the 2H-pyran-2-one 1e; (iv)
for the exo-3f obtained by the cycloaddition between 6a and 2H-pyran-2-one 1d. Additionally, a single
crystal of cyclohexadiene product 4a was also prepared; however, in contrast to the high-pressure
conditions appropriate for the preparation of 3, here thermal activation with microwaves was necessary.
Microwave irradiation as a way to facilitate organic reactions has during the last decades found
some surprisingly widespread applications, as recently vividly described by Kappe [48], including
acceleration of Diels–Alder reactions [2,49], Kabachnik–Fields reaction [50] and many others.

Table 2. Prepared products [17].

Run
Starting 2H-pyran-2-ones 1

Dienophile R3 Reaction
Time

Product
Yield
(%) a

Solvent for
CrystallizationR1 R2

1 Ph Me 1a 2a Et 336 h b endo-3a 73 MeOH
2 Me Me 1b 2a Et 408 h b endo-3b 66 EtOH
3 2-furyl Me 1c 2a Et 384 h b endo-3c 70 EtOH
4 Ph Ph 1d 2b cyclohexyl 408 h b endo-3d 65 EtOH
5 3,4,5-(OMe)3-C6H2- Me 1e 6a 2-oxopyrrolidin-1-yl 408 h b exo-3e 68 CH2Cl2
6 3,4,5-(OMe)3-C6H2- Me 1e 6a 2-oxopyrrolidin-1-yl 384 h b endo-3e 0.5 CH2Cl2
7 Ph Ph 1d 6a 2-oxopyrrolidin-1-yl 384 h b exo-3f 68 i-Pr2O
8 Ph OMe 1f 2a Et 2 h c 4a 35 EtOH

a Yield of isolated products. b In CH2Cl2 at high pressure (approximately 14 kbar) at room temperature. c Under
microwave irradiation at 120 ◦C (180 W).

It is worth noting that product endo-3e was isolated by precipitation upon slow evaporation of the
volatile components from the mother liquor (which remained after the precipitation of exo-3e and its
removal by vacuum filtration) containing an appreciable amount of the starting dienophile 6a (which
was initially applied in a large excess, also as a co-solvent, in molar ratio 1e:6a = 1:27). Consequently,
endo isomer was found to crystallize as a solvate endo-3e·6a.

3.2. X-Ray Single Crystal Determination

Compounds endo-3a and endo-3c crystallize in the orthorhombic space group Pcab, compound
endo-3d in the monoclinic space group C2/c and compound exo-3e in the monoclinic space group P21/n
while compounds endo-3b, endo-3e and exo-3f crystallize in the triclinic space group P–1. Compound
4a crystallizes in the orthorhombic space group Pcab. In all crystal structures asymmetric units are
composed of one molecule except in endo-3b where two crystallographically independent molecules
are present in the asymmetric unit and in endo-3e·6a where the asymmetric unit is composed of a
molecule endo-3e and a molecule of 1-vinyl-2-pyrrolidone (6a) as a solvate. Crystal structures are
presented in Figure 2.

Compounds 3 possess rigid 7-oxabicyclo[2.2.2]octene skeleton and thus structures variate
primarily due to different substituents at the position 6 (acetyl, benzoyl), 8 (cyclohexyloxy,
ethoxy, 2-oxopyrrolidin-1-yl) and 4 (benzoylamino, acetylamino, trimethoxybenzoylamino,
furan-2-carboxylamino) while position 1 is always occupied by a methyl group. Different substituents
present at positions 4, 6 and 8 enable diverse interactions in the crystal structure. All compounds possess
one classical hydrogen bond donor, namely amide NH group. On the other hand, there are several
potential hydrogen bond acceptors, such as oxygen atoms of side arms at the positions 4, 6 and 8 as well
as both oxygen atoms in the CO2 bridge.
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interaction between the amide NH group acting as a hydrogen bond donor and the carbonyl oxygen 

atom of the CO2 bridge of the symmetry related molecule as a hydrogen bond acceptor with the graph-

set motif R22(10) [51] (Figure 3a, Table 3). This interaction is further supported by centrosymmetric C4–

H4b···π interaction between the bicyclo[2.2.2]octene scaffold and the phenyl ring of the benzoylamino 
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centroid. Dimeric structure is further connected into a layer along the ab plane via C9–H9c···π 

interaction between acetyl moiety and phenyl ring of the benzoylamino substituent of the adjacent 

hydrogen-bonded dimer (Figure 3b–d). There are no significant π···π interactions. 

Figure 2. Crystal structures of 7-oxabicyclo[2.2.2]octenes 3a–f and cyclohexadiene 4a. In endo-3b two
crystallographic molecules are present in the asymmetric unit, disorder is omitted for clarity. In endo-3e,
solvate molecule 6a is omitted for clarity.

In compound endo-3a, hydrogen-bonded centrosymmetric dimer is formed via N1–H1· · ·O2i

interaction between the amide NH group acting as a hydrogen bond donor and the carbonyl oxygen
atom of the CO2 bridge of the symmetry related molecule as a hydrogen bond acceptor with
the graph-set motif R2

2(10) [51] (Figure 3a, Table 3). This interaction is further supported by
centrosymmetric C4–H4b· · ·π interaction between the bicyclo[2.2.2]octene scaffold and the phenyl ring
of the benzoylamino substituent with d(H4b· · ·Cg4) = 2.83 Å and <(C4–H4b · · ·Cg4) = 155◦, where Cg4
is C14–C19 ring centroid. Dimeric structure is further connected into a layer along the ab plane via
C9–H9c· · ·π interaction between acetyl moiety and phenyl ring of the benzoylamino substituent of the
adjacent hydrogen-bonded dimer (Figure 3b–d). There are no significant π· · ·π interactions.
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Table 3. Hydrogen bonds for 3a–f and 4a [Å  and °]. 

D–H···A d(D–H) d(H···A) d(D···A) <(DHA) 

endo-3a     

N1–H1···O2i 0.86 2.31 3.0684(15) 147.2 

endo-3b     

N1–H29···O10 0.86 2.32 2.937(3) 128.7 
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N1–H1···O2i 0.86 2.33 3.1063(17) 151 

C16–H16···O5ii 0.93 2.51 3.369(2) 154 

Figure 3. Supramolecular aggregation of endo-3a. (a) Hydrogen-bonded centrosymmetric dimer formed
through N–H· · ·O and C–H· · ·π interactions; (b) hydrogen-bonded dimers are further connected with
adjacent dimers through C–H· · ·π interactions forming (c) layer; (d) packing of layers (arbitrary colors).
Hydrogen atoms not involved in the motifs shown have been omitted for clarity.

Table 3. Hydrogen bonds for 3a–f and 4a [Å and ◦].

D–H· · ·A d(D–H) d(H· · ·A) d(D· · ·A) (DHA)

endo-3a
N1–H1· · ·O2i 0.86 2.31 3.0684(15) 147.2

endo-3b
N1–H29· · ·O10 0.86 2.32 2.937(3) 128.7
N2–H30· · ·O2i 0.86 2.06 2.909(3) 170.1
C1–H1· · ·O7 0.98 2.33 3.223(4) 152

C12–H12A· · ·O9ii 0.96 2.60 3.528(6) 163
C16–H16B· · ·O7iii 0.97 2.57 3.482(5) 157
C28–H28A· · ·O2 0.96 2.59 3.461(5) 151

endo-3c
N1–H1· · ·O2i 0.86 2.33 3.1063(17) 151

C16–H16· · ·O5ii 0.93 2.51 3.369(2) 154
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Table 3. Cont.

D–H· · ·A d(D–H) d(H· · ·A) d(D· · ·A) (DHA)

endo-3d
N1–H1· · ·O2i 0.86 2.36 3.121(2) 148.3

C11–H11· · ·O4ii 0.93 2.49 3.363(5) 157
C18–H18A· · ·O4iii 0.97 2.56 3.471(3) 157
C27–H27· · ·O1iv 0.93 2.48 3.350(3) 156

endo-3e·6a
N1–H1· · ·O4i 0.86 2.08 2.8979(16) 158.6
C3–H3· · ·O8ii 0.93 2.56 3.490(2) 174

C9–H9C· · ·O8ii 0.96 2.60 3.536(2) 166
C27–H27A· · ·O1 0.97 2.51 3.216(3) 130

C27–H27B· · ·O5iii 0.97 2.60 3.287(3) 128

exo-3e
N2–H2· · ·O3 0.86 2.10 2.891(3) 152.9

C10–H10C· · ·O7i 0.96 2.36 3.242(5) 152
C22–H22A· · ·O3i 0.96 2.49 3.323(4) 145
C23–H23C· · ·O6ii 0.96 2.47 3.424(5) 171

exo-3f
N1–H1· · ·O1i 0.86 2.32 3.0620(18) 145.2

C12–H12· · ·O5ii 0.93 2.32 3.198(6) 157
C19–H19B· · ·O4iii 0.96 2.58 3.439(3) 149

4a
N1–H1· · ·O2i 0.86 2.28 2.923(3) 131.6
C6–H6· · ·O2i 0.98 2.57 3.313(3) 133

C18–H18· · ·O4ii 0.93 2.52 3.375(3) 152

Symmetry codes for endo-3a: (i) –x + 1, –y + 2, –z + 2; for endo-3b: (i) –x, –y + 1, –z + 1; (ii) x – 1, y + 1, z; (iii) –x + 1,
–y + 1, –z + 1; for endo-3c: (i) –x + 1, –y, –z; (ii) x + 1

2 , –y, –z – 1
2 ; for endo-3d: (i) –x, –y + 1, –z, (ii) –x – 1

2 , y – 1
2 , –z – 1

2 ,
(iii) x + 1

2 , –y + 1
2 , z + 1

2 , (iv) x, –y + 1, z + 1
2 ; for endo-3e·6a: (i) –x, –y + 1, –z + 2; (ii) –x + 1, –y + 1, –z + 2, (iii) –x + 1,

–y + 1, –z + 1; for exo-3e: (i) –x, –y + 2, –z + 1, (ii) –x, –y + 2, –z + 2; for exo-3f: (i) –x + 1, –y + 1, –z + 2, (ii) x + 1, y + 1,
z + 1, (iii) –x + 1, –y + 1, –z + 1; for 4a: (i) x, y – 1

2 , –z + 3/2, (ii) –x + 1, –y + 2, –z + 2.

In compound endo-3b, hydrogen-bonded centrosymmetric tetramer is present, formed via a
combination of N1–H29· · ·O10 and N2–H30· · ·O2i interactions with the graph-set motif R4

4(18). In
this tetramer, molecule A forms a hydrogen bond through the amide NH group acting as a hydrogen
bond donor with the carbonyl oxygen atom of the amide group of molecule B acting as a hydrogen
bond acceptor. Furthermore, molecule B forms a hydrogen bond through amide NH group acting
as a hydrogen bond donor with the carbonyl oxygen atom of the CO2 bridge of symmetry related
molecule A acting as a hydrogen bond acceptor (Figure 4a, Table 3). Tetramer is further supported
by C1–H1· · ·O7 interaction between the bicyclo[2.2.2]octene scaffold of molecule A and the carbonyl
oxygen atom of the CO2 bridge of molecule B, as well as C28–H28A· · ·O2 interaction between methyl
group of acetylamino substituent of molecule B and the carbonyl oxygen atom of the CO2 bridge of
molecule A. Tetramers are further connected into layers along the ab plane via C12–H12A· · ·O9ii and
C16–H16B· · ·O7iii interactions (Figure 4b). There are no significant C–H· · ·π and π· · ·π interactions.

In compound endo-3c, hydrogen-bonded centrosymmetric dimer is formed via N1–H1· · ·O2i

interaction between the amide NH group acting as a hydrogen bond donor and the carbonyl oxygen
atom of the CO2 bridge of the adjacent molecule as a hydrogen bond acceptor with the graph-set
motif R2

2(10) (Figure 5a, Table 3). Dimers are further connected into 3D structure due to C–H· · ·O and
C=O· · ·π interactions. C16–H16· · ·O5ii interactions enable the formation of layers along the ac plane
between furyl ring and carbonyl oxygen atom of the furan-2-carboxylamino substituent of the adjacent
hydrogen-bonded dimer (Figure 5b), while C9=O3· · ·π interactions between the acetyl moiety and the
furyl ring of the adjacent hydrogen-bonded dimer enable the formation of layers along the ab plane
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with d(O3· · ·Cg1) = 3.5759(19) Å and <(C9=O3· · ·Cg1) = 74.16(11)◦, where Cg1 is O6/C14–C17 ring
centroid (Figure 5c). There are no significant π· · ·π interactions.
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Figure 4. Supramolecular aggregation of endo-3b. (a) Hydrogen-bonded centrosymmetric tetramer
formed through N–H· · ·O and C–H· · ·O interactions; (b) layer formation connecting tetramers through
C–H· · ·O interactions (color code: symmetry equivalents); (c) packing of layers (arbitrary colors).
Hydrogen atoms not involved in the motifs shown and disorder have been omitted for clarity.
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Figure 5. Supramolecular aggregation of endo-3c. (a) Hydrogen-bonded centrosymmetric dimer formed
through N–H· · ·O interaction; (b) layer formation along ac plane through the C–H· · ·O interactions;
(c) layer formation along ab plane through the C=O· · ·π interactions. Hydrogen atoms not involved in
the motifs shown have been omitted for clarity.



Symmetry 2020, 12, 1714 13 of 23

In compound endo-3d, hydrogen-bonded centrosymmetric dimer is formed via N1–H1· · ·O2i

interaction between the amide NH group acting as a hydrogen bond donor and the carbonyl oxygen atom
of the CO2 bridge of the adjacent molecule as a hydrogen bond acceptor with the graph-set motif R2

2(10)
(Figure 6a, Table 3). This interaction is further supported by centrosymmetric C4–H4b· · ·π interaction
between the bicyclo[2.2.2]octene scaffold and the phenyl ring of the benzoylamino substituent with
d(H4b· · ·Cg6) = 2.92Å and <(C4–H4b · · ·Cg6) = 149◦, where Cg6 is C23–C28 ring centroid. Dimers
are further connected into layers along the (–101) plane through the combination of C11–H11· · ·O4ii

and C18–H18a· · ·O4iii interactions connecting phenyl ring of benzoylamino moiety and cyclohexyl
substituent, both as hydrogen bond donors, with the carbonyl oxygen atom of the amide group of two
different adjacent molecules (Figure 6b), thus carbonyl O4 atom acts as an acceptor of two hydrogen
bonds from two different adjacent molecules. Three-dimensional supramolecular structure is achieved
through the C27–H27· · ·O1iv interactions along c axis between the phenyl ring of benzoylamino moiety
and the ring oxygen atom of the CO2 bridge (Figure 6c). There are no significant π· · ·π interactions.
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through the combination of centrosymmetric C3–H3···O8ii and C9–H9c···O8ii interactions connecting 

acetyl moiety and bicyclo[2.2.2]octene scaffold, both as hydrogen bond donors, with the methoxy 

oxygen atom of the trimethoxybenzoylamino group of the adjacent molecule, thus methoxy O8 atom 

acts as an acceptor of two hydrogen bonds from one adjacent molecule (Figure 7a). Interactions between 

hydrogen-bonded chains of 3e and solvate molecules 6a enable the formation of layers through the 

C27–H27a···O1 and C27–H27b···O5iii interactions composed of centrosymmetric hydrogen-bonded 

tetramer with ABAB pattern with the graph-set motif R44(18) (Figure 7b). There are no significant C–

H···π and π···π interactions. 

Figure 6. Supramolecular aggregation of endo-3d. (a) Hydrogen-bonded centrosymmetric dimer
formed through N–H· · ·O and C–H· · ·π interactions; (b) hydrogen-bonded dimers connected into layer
through C–H· · ·O interactions (C–H· · ·π interactions within a dimer are presented only for the central
one); (c) C–H· · ·O interactions between dimers along c axis; (d) packing of layers (arbitrary colors).
Hydrogen atoms not involved in the motifs shown have been omitted for clarity.
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In compound endo-3e·6a, hydrogen-bonded centrosymmetric dimer is formed via N1–H1· · ·O4i

interaction between the amide NH group acting as a hydrogen bond donor and the carbonyl oxygen
atom of the 2-oxopyrrolidin-1-yl group of the adjacent molecule as a hydrogen bond acceptor with
the graph-set motif R2

2(14) (Figure 7a, Table 3). Dimers are further connected into chains along a axis
through the combination of centrosymmetric C3–H3· · ·O8ii and C9–H9c· · ·O8ii interactions connecting
acetyl moiety and bicyclo[2.2.2]octene scaffold, both as hydrogen bond donors, with the methoxy
oxygen atom of the trimethoxybenzoylamino group of the adjacent molecule, thus methoxy O8 atom
acts as an acceptor of two hydrogen bonds from one adjacent molecule (Figure 7a). Interactions between
hydrogen-bonded chains of 3e and solvate molecules 6a enable the formation of layers through the
C27–H27a· · ·O1 and C27–H27b· · ·O5iii interactions composed of centrosymmetric hydrogen-bonded
tetramer with ABAB pattern with the graph-set motif R4

4(18) (Figure 7b). There are no significant
C–H· · ·π and π· · ·π interactions.
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Figure 7. Supramolecular aggregation of endo-3e·6a. (a) Hydrogen-bonded centrosymmetric dimers
formed through N–H· · ·O interactions are further connected through centrosymmetric C–H· · ·O
interactions; (b) centrosymmetric hydrogen-bonded tetramer composed of two endo-3e molecules and
two solvate molecule connected through C–H· · ·O interactions; packing of chains of endo-3e (green)
and 1-vinyl-2-pyrrolidone (6a) solvate molecules (orange) (c) front and (d) side view. Hydrogen atoms
not involved in the motifs shown have been omitted for clarity.
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In compound exo-3e, amide NH group is not involved in intermolecular hydrogen bonding;
however, it forms intramolecular N2–H2· · ·O3 interaction with the carbonyl oxygen atom of the
2-oxopyrrolidin-1-yl substituent. However, centrosymmetric dimer is still formed, in this case via
C10–H10c· · ·O7i interaction between acetyl substituent and methoxy group of trimethoxybenzoylamino
substituent and via C22–H22a· · ·O3i interaction between methoxy group and the 2-oxopyrrolidin-1-yl
oxygen atom with the graph-set motifs R2

2(16) and R2
2(26) (Figure 8a, Table 3). Furthermore, dimers

connect into a chain along c axis via centrosymmetric C23–H23c· · ·O6ii interaction between methoxy
groups of two adjacent molecules (Figure 8a). There are no significant C–H· · ·π and π· · ·π interactions.Symmetry 2020, 12, x 17 of 25 
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Figure 8. Supramolecular aggregation of exo-3e. (a) Hydrogen-bonded centrosymmetric dimers formed
through C–H· · ·O interactions extended into chain through additional centrosymmetric C–H· · ·O
interactions; (b) packing of chains (color code: arbitrary colors). Hydrogen atoms not involved in the
motifs shown have been omitted for clarity.

In compound exo-3f, hydrogen-bonded centrosymmetric dimer is formed via N1–H1· · ·O1i

interaction between the amide NH group acting as a hydrogen bond donor and the carbonyl oxygen
atom of the CO2 bridge of the adjacent molecule as a hydrogen bond acceptor with the graph-set motif
R2

2(10). Dimers are further connected into chain along c axis through centrosymmetric C19–H19b· · ·O4ii

interactions connecting methyl substituent at the bicyclo[2.2.2]octene skeleton with the carbonyl oxygen
atom of the 2-oxopyrrolidin-1-yl substituent of the adjacent molecule with the graph-set motif R2

2(16)
(Figure 9a, Table 3). Chains are further connected into a layer along the (–110) plane through
C12–H12· · ·O5iii interactions between the phenyl ring of benzoylamino group and the carbonyl oxygen
atom of the benzoyl unit (Figure 9b). There are no significant C–H· · ·π and π· · ·π interactions.
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Compound 4a represents a very rare case of a cyclohexadiene system stable at room temperature,
albeit containing groups that are prone to elimination (in this case of a molecule of ethanol), which
would furnish a benzene derivative, thus achieving aromatic stabilization. Another case from the
literature was described by Afarinkia et al. [52]. In compound 4a, hydrogen-bonded chain along b axis
is formed via N1–H1· · ·O2i interaction between the amide NH group acting as a hydrogen bond donor
and the carbonyl oxygen atom of the ester group of the adjacent molecule as a hydrogen bond acceptor
supported by C6–H6· · ·O2i interaction forming graph-set motif R1

2(6) (Figure 10a, Table 3). Chains
are further connected into a zig-zag layer along bc plain through centrosymmetric C18–H18· · ·O4ii

interactions between benzoylamino substituents of adjacent molecules with graph-set motif R2
2(10)

(Figure 10b). There are no significant C–H· · ·π and π· · ·π interactions.
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Figure 9. Supramolecular aggregation of exo-3f. (a) Hydrogen-bonded chain formed through
centrosymmetric N–H· · ·O and C–H· · ·O interactions; (b) chains connected into a layer through
C–H· · ·O interactions; (c) packing of layers (color code: arbitrary colors). Hydrogen atoms not involved
in the motifs shown have been omitted for clarity.
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Figure 10. Supramolecular aggregation of 4a. (a) Hydrogen-bonded chain formed through N–H· · ·O
and C–H· · ·O interactions; (b) chains connected into a layer through centrosymmetric C–H· · ·O
interactions; (c) packing of zig-zag layers (color code: arbitrary colors). Hydrogen atoms not involved
in the motifs shown have been omitted for clarity.

4. Discussion

We have demonstrated that the cycloadditions between 2H-pyran-2-one derivatives 1a–e and
various vinyl-moiety-containing dienophiles 2 and 6 in the first step yield oxabicyclo[2.2.2]octene
products of the type 3. However, the reaction can be successfully stopped at this step only if it is
taking place under mild conditions, temperatures above approximately 50–60 ◦C cause immediate and
irreversible elimination of carbon dioxide via retro-hetero-Diels–Alder reaction and thus cyclohexadiene
systems 4 are formed. However, the cycloadditions are sluggish, at best, at ambient conditions, therefore
we found that the only possibility to obtain products 3 was to avoid thermal activation of the reaction
and instead use activation with high pressure [35,36,39], which is known to accelerate processes having
negative activation volumes (among such processes are generally all reactions where two molecules give
just one; however, the solvation effects have to be considered as well). Empirically it was established



Symmetry 2020, 12, 1714 18 of 23

that the majority of Diels–Alder reactions indeed possess negative activation volumes [53,54] and are
therefore prone to be accelerated under high pressure conditions. As cycloadditions are equilibrium
processes, we applied large excess of the dienophile 2 to push the position of the equilibrium towards
the products 3; however, due to the practical reasons of solubility (and to decrease the viscosity), some
dichloromethane as a solvent was also necessary.

We have to stress that the crystal structures of the products 3 presented herein are the only
7-oxabicyclo[2.2.2]octenes possessing a substituted amino group at one of the bridgehead atoms
described so far, in addition to one publication (describing three structures) by Haufe et al., [22] and
our own previous report [17]. It is interesting to note that in all cases where oxygen-based dienophiles
2 (i.e., 2a,b) were used, the only stereoisomer of the products 3 obtained was of the endo type; however,
with the nitrogen-based dienophile (i.e., 6a) in one case (i.e., formation of 3f) only exo stereoisomer was
obtained, whereas in the other case (i.e., formation of 3e) a mixture of both endo and exo stereoisomers
was produced. Obviously, all of the products were obtained as racemic mixtures of both possible
enantiomers. As there is no clear correlation between the steric demands of the dienophiles (2 and 6 in
combination with 1) and the outcome of these cycloadditions, it is appropriate to propose that they
are governed not only by the steric hindrance between the groups of the reacting molecules, but also
by their electronic properties (i.e., change of stereoselectivity when oxygen dienophiles 2 are applied
instead of their nitrogen analogs 6). However, the regioselectivity of all these cycloadditions was
complete, in all cases furnishing only products 3, where the group formerly bound at position 3 in the
starting 2H-pyran-2-ones 1 is in the product adjacent to the group stemming from the dienophiles 2 or
6, meaning that exclusively products 3 and no 3’ are formed (see Figure 2).

The rigid 7-oxabicyclo[2.2.2]octene skeleton in compounds 3 leads to structural variations only
due to rotations of side arms or to exo/endo orientation of substituents at position 8 as can be seen from
the superposition of molecular structures (Figure 11a). At position 6, acetyl substituents incline in
respect to the 7-oxabicyclo[2.2.2]octene skeleton with torsion angle Φ1 (see Figure 11b) in the range
−179.14(15)◦ (for endo-3a) and –137.4(2)◦ (for endo-3e), while benzoyl substituents in endo-3d and
exo-3f incline by 138.6(3)◦ and 138.9(2)◦, respectively (Figure 11a). Inclination of amide group at
position 4 shows much smaller differences with torsion angleΦ2 being in the range 65.0(4)–67.3(4)◦ for
all structures except for exo-3f where torsion angle is much larger (172.01(17)◦).
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Figure 11. (a) Superposition of compounds 3. Hydrogen atoms and disorder in endo-3b have been
omitted for clarity. Color code: endo-3a (violet), endo-3b molecule A (yellow), endo-3b molecule B
(light grey), endo-3c (blue), endo-3d (light blue), endo-3e (light green), exo-3e (orange), exo-3f (red);
(b) torsion angles for substituents at the positions 6 and 4.
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In all compounds 3, amide NH is the only classical hydrogen bond donor and is involved in
intermolecular hydrogen bonding except in compound exo-3e, which forms intramolecular interaction
with the 2-oxopyrrolidin-1-yl substituent. When participating in intermolecular interactions diverse
patterns can be expected for the amide group. For example, chains could be formed between
amide units acting both as hydrogen bond donors and acceptors (see Figure 12a,b). However,
among the compounds investigated in this series predominates the hydrogen bond formation
between amide NH group and CO2 bridge of the adjacent 7-oxabicyclo[2.2.2]octene molecule as
observed in five out of seven cases (endo-3a, endo-3b, endo-3c, endo-3d and exo-3f). In most cases,
centrosymmetric hydrogen-bonded dimers are formed (Figure 12c), while in endo-3b a centrosymmetric
hydrogen-bonded tetramer is formed with a combination of the interaction between amide NH group
and CO2 bridge of the adjacent molecule and the interaction of the amide NH group with the amide
carbonyl group. Such interactions in endo-3b are most probably possible due to the presence of two
crystallographically independent molecules and/or due to the presence of sterically less demanding
acetylamino group (in comparison with benzoylamino) at position 4. On the other hand, two different
patterns were found in 3e (Figure 12d,e), in exo-3e, NH group is involved in intramolecular interaction
with the 2-oxopyrrolidin-1-yl substituent. Such intramolecular interaction could be expected in all
2-oxopyrrolidin-1-yl-containing compounds 3 (endo-3e·6a, exo-3e, exo-3f) since carbonyl group can be
positioned suitably for the interaction with the NH group due to the free rotation of the C–Npyrrolidone

bond. However, this is not the case in endo-3e·6a and also not in the case of exo-3f even though the
2-oxopyrrolidin-1-yl substituent is also in exo position as is in exo-3e. While in exo-3e, NH group
forms intramolecular interaction with the 2-oxopyrrolidin-1-yl substituent, the situation is different in
endo-3e·6a where NH group forms intermolecular interactions with the 2-oxopyrrolidin-1-yl substituent
of the adjacent molecule. These findings imply that the exo/endo orientation of the 2-oxopyrrolidin-1-yl
substituent is not the governing factor for the formation of hydrogen bonding with the NH group.
It is worth noting that the carbonyl oxygen atom of CO2 bridge is not involved as a hydrogen bond
acceptor only in exo-3e, whereas in all of the other structures it is involved either in NH· · ·O or CH· · ·O
interactions. Another interesting peculiarity of structures 3 is that ring oxygen atom of the CO2 bridge
is a hydrogen bond acceptor only in the structure of endo-3d.
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bonded dimers with NH and CO2 groups as hydrogen bond donor and acceptor, respectively; (d) 

Figure 12. Possible hydrogen-bonded motifs formed by amide NH group. (a,b) chain formation through
the amide groups as hydrogen bond donors and acceptors; (c) centrosymmetric hydrogen-bonded
dimers with NH and CO2 groups as hydrogen bond donor and acceptor, respectively; (d) possible
intramolecular hydrogen bonding with 2-oxopyrrolidin-1-yl in endo position; (e) possible intramolecular
hydrogen bonding with 2-oxopyrrolidin-1-yl in exo position.
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Complete regioselectivity of the first cycloaddition step is also reflected in the formation of 4a as
the only regioisomer, again of the type having the group stemming from the dienophile 2, and the group
being in the starting 2H-pyran-2-one 1f at the position 3, in 1,2-position. Therefore, cyclohexadiene
product obtained was only of the type 4 (and no 4’ was detected, see Figure 1). Understandably, 4a
was formed as a racemic mixture of both possible enantiomers. Amide NH in 4a is the only classical
hydrogen bond donor and enables, in combination with centrosymmetric C–H· · ·O interactions, the
formation of hydrogen bonded layers.

5. Conclusions

We have carried out a detailed structural elucidation of cycloadducts formed between
2H-pyran-2-one derivatives 1 and various vinyl-moiety-containing dienophiles (ethyl vinyl ether,
cyclohexyl vinyl ether and 1-vinyl-2-pyrrolidone) with oxabicyclo[2.2.2]octene skeleton (products of
the type 3) obtained only under high pressure. In all cases where oxygen-based dienophiles 2 were
used (ethyl vinyl ether and cyclohexyl vinyl ether), the only stereoisomer of the products 3 obtained
was of the endo type; however, with the nitrogen-based dienophile (1-vinyl-2-pyrrolidone) in one case
(i.e., formation of 3f) only exo stereoisomer was obtained, whereas in the other cases (i.e., formation of
3e) a mixture of both endo and exo stereoisomers was produced. All of the products 3 were obtained as
racemic mixtures of both possible enantiomers. However, the regioselectivity of all these cycloadditions
was complete, in all cases furnishing only products 3, where the group formerly bound at position 3 in
the starting 2H-pyran-2-ones 1 is in the product adjacent to the group stemming from the dienophiles
2 or 6, meaning that exclusively products 3 and no 3’ are formed.

In all 7-oxabicyclo[2.2.2]octene compounds 3, amide NH is the only classical hydrogen bond donor
and is involved in intermolecular hydrogen bonding except in compound exo-3e where intramolecular
interaction is formed. The predominant motif is the intermolecular hydrogen bonding between amide
NH group and CO2 bridge of the adjacent 7-oxabicyclo[2.2.2]octene molecule as observed in five out of
seven cases (endo-3a, endo-3b, endo-3c, endo-3d and exo-3f) with the domination of centrosymmetric
hydrogen-bonded dimers. Diverse supramolecular patterns were observed due to rich variety of
C–H· · ·O and C–H· · ·π interactions while no significant π· · ·π interactions were found.

Finally, complete regioselectivity of the first cycloaddition step is also reflected in the formation of
4a as the only regioisomer (albeit as a racemic mixture of both enantiomers). This compound represents
a very rare case of a cyclohexadiene system stable at room temperature, even though it contains groups
that are prone to elimination (here a molecule of ethanol could be eliminated), which would provide a
benzene derivative, thus reaching aromatic stabilization. Additionally, in this case, supramolecular
aggregation has been achieved through N–H· · ·O and C–H· · ·O interactions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/12/10/1714/s1,
cif-files with single-crystal XRD structures of 3a–f and 4a.
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