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The synthesis and reactivity in an [4+2] inverse electron demand
hetero Diels-Alder reaction (ihDA) of an original class of electron-
poor heterodienes, the N-substituted-1H-benzo[c][1,2]thiazin-4-
one-2,2-dioxides, are described. These are highly reactive electro-
philes that allow easy access to unprecedented benzo-thiazine

glyco-fused derivatives in a remarkably selective way, even when
using acetylated glycals, previously unexplored within this version
of ihDA. DFT calculations support the experimental data, and
moreover show that acetylated dienophiles can easily react
making cycloadditions feasible.

Introduction

Glycomimetics have proven to be useful tools in tackling
fundamental questions in glycobiology and provide cutting-
edge therapeutic strategies that address current unmet needs
in diverse disease settings.[1] The advantages of glycomimetics
rely on their ability to mimic the structural and functional
information of native carbohydrates, allowing for the fine
tuning of sugar-encoded information. Improved drug-like
properties, enzymatic stability and pre-organized bioactive
conformations afford glycomimetics vast therapeutic potential
and thus allow them to overcome many of the inherent limits
of their natural counterparts that make them poor choice as
therapeutics.[2] Presently, they comprise a major share within
the drug development market and Oseltamivir,[3] Zanamivir,[4]

Voglibose,[5] Miglitol,[6] Miglustat,[7] Topiramate,[8] Gliflozins[9] and
a few other C-glycosides[10] are just some of currently approved
glycomimetic drugs. With the aim of speeding up the discovery
of drugs able to modulate glycan-based recognition events,
much effort has been devoted toward the identification of

straightforward methodologies to produce glycomimetic archi-
tectures with a broad structural diversity.[11]

In this framework, the contribution of some of us came
from a synthetic approach that allowed for the preparation of
an array of glycomimetics in a highly selective way. This process
relies on an original version of an [4+2] inverse electron
demand hetero Diels-Alder reaction (ihDA) that involves
structurally different oxothiones and o-thioquinones as elec-
tron-poor heterodienes and protected glycals as electron-rich
dienophiles.[12] This approach afforded bi- and tricyclic architec-
tures bearing a glycofused 1,4-oxathiin ring (i. e. compounds 1–
4, Figure 1).[13] The molecular mimicry properties of these
molecules allowed for the investigation of the biological effect
that these glycomimetics had in specific contexts where the
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Figure 1. Structures of mimetics of fucose 1,[12a] KDO 2,[12b] Tn-antigen 3,[12c]

and GM3-lactone 4[12d] prepared so far by ihDA. General structures of
benzo[c][1,2]thiazine-based analogs, structure of the N-substituted-1H-
benzo[c][1,2]thiazin-4-one-2,2-dioxides and of the galactose and fucose
derivatives 5–8 described in this work.
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recognition of carbohydrates plays a crucial role leading to the
identification of antibacterial agents[13a,14] (compound 1, Fig-
ure 1) inhibitors of glycosyltransferases[15] and glycosidases[13b]

(compounds 1–2, Figure 1), and tumor associated carbohydrate
antigens[16–19] (compounds 3–4, Figure 1).

Therefore, we demonstrated the versatility of this strategy
in tackling the challenge of providing structural diversity by
means of utilizing readily accessible protected glycals and
modular heterodienes.

In this framework, we report here the synthesis of a new
class of electron-poor heterodienes the N-substituted-1H-
benzo[c][1,2]thiazin-4-one-2,2-dioxides (Figure 1). Then, we
have investigated the reactivity of the heterodienes in the
context of an ihDA reaction using L-fucal and D-galactal as
model glycals. This approach allows easily accessing to
unprecedented four new tetracyclic galactose and fucose
derivatives (compounds 5–8, Figure 1) bearing different N-
substituted 1,2-benzothiazine rings. Then, the reaction mecha-
nisms, involving the N-methyl-1H-benzo[c][1,2]thiazin-4-one-
2,2-dioxide, were studied through DFT calculations.

Results and Discussion

Synthesis of the N-substituted-3-thioxo-benzo[c][1,2]thiazin-
4-one-2,2-dioxides and of the galactose and fucose
derivatives 5–8

A few previous works described that N-substituted-1H-
benzo[c][1,2]thiazin-4-one-2,2-dioxides (Figure 1) react with elec-
trophiles providing adducts with diverse substituents in position
C-3.[20,21] On this basis, we investigated the nucleophilicity of
position C-3 of the benzo[c][1,2]thiazine-based analogs 9 and
10,[22] bearing respectively a N-methyl and N-benzyl substituents,
in the reaction with the phthalimidesulfenyl chloride 11
(Scheme 1).[23]

Compound 11 is a well-known sulphenylating agent bearing
an electrophilic sulfur atom that proved to quickly react with a
wide group of electron rich arenes and enolizable carbonyl
derivatives and affording o-hydroxythiophthalimide and α-α’-
dioxothiophthalimide derivatives respectively.[23,12a] In turn, in this
work, the synthesis of the N-thiophthalimides 12 and 13
(Scheme 1) was accomplished by the addition of freshly prepared
11 to a solution of 9 and 10 respectively, in mild conditions (CHCl3,
rt, 1 h). Pure N-thiophthalimides 12 and 13 were obtained in high
yield (75% for 12, 79% for 13) and were stored for more than
2 years at 4°C proving to be stable compounds. Both N-
thiophthalimides 12 and 13 were in a keto:enol tautomeric
mixtures in a 1 :5.5 and 1:1.7 ratio respectively, as revealed by 1H-

NMR spectra (peak integration of the O� H signal (enol) at
10.1 ppm and of the H-3 signal (ketone) at 4.34 ppm for 12 and
4.24 ppm for 13, see Supporting Information). N-Thiophthalimides
12 and 13 are precursors of the corresponding N-substituted-3-
thioxo-benzo[c][1,2]thiazin-4-one-2,2-dioxides 14 and 15
(Scheme 2) which are readily prepared by deprotonation with a
weak base (i. e. pyridine) of the acidic proton in position C-3.

In turn, thiones 14 and 15 are highly reactive species, and
they were trapped in situ with electron-rich 4,6-O-di-tert-
butylsilylidene D-galactal 16[24] and the 3,4-O-di-tert-butylsilyli-
dene L-fucal 17[13a] (Scheme 2) in a totally selective ihDA route
affording the corresponding cycloadducts 18–21 bearing the
1,4-oxathiin ring. Cycloaddition reactions were monitored by
1H-NMR spectroscopy (Figure S1–S2, Table S1) over time (t=0–
48 h) by following the disappearance over time of the signals of
the olefin protons at 6.30 ppm (H-1 signal) and 4.71 ppm (H-2
signal) for D-galactal 16 (Figure S1A), and at 6.38 ppm (H-1
signal) and 4.74 ppm (H-2 signal) for L-fucal 17 (Figure S2A)
respectively. The formation of the galactose (Gal) derivatives 18
and 19 and of the fucose (Fuc) derivatives 20 and 21 was
monitored by following the appearance of the signals at 5.89/
5.81 ppm (H-1 signal) and 3.61 ppm (H-2 signal) of 18 and 19
(Gal series, Figure S1B–S1C), and at 5.90/5.82 ppm (H-1 signal)
and 3.69 ppm (H-2 signal) of 20 and 21 (Fuc series, Figure S2B–
S2C) respectively.

Cycloaddition reactions with silylated glycals (both Gal/Fuc)
proceeded smoothly using an excess of the N-thiophthalimides
12 or 13 (up to two equivalents were added overtime as
separate batches, see experimental). After 48 h all reactions
were almost complete (Figure S1–S2). Only the ihDA between
17 (Fuc series) and the N-thiophthalimide 12 proceed slowly
(17, 6.38 ppm, H-1 signal, <23% residual peak, Figure S2)
whereas a residual peak <3% at 6.30 ppm (16, H-1 signal,

Scheme 1. Synthesis of the N-thiophthalimides 12 and 13.
Scheme 2. Synthesis of the cycloadducts 18–21 and 24–27. Reaction
conditions: a) K2CO3, MeOH, 1 h, r.t.
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Figure S1) for the Gal series was observed. Then, cycloadducts
18–21 were isolated, by flash chromatography on silica gel
column, in high yields (73% for 18, 74% for 19, 95% for 20,
74% for 21). 1H NMR analysis allowed the determination of the
structures of the cycloadducts 18–21. As expected,[12a,13a,24] ihDA
reactions with both silylated glycals 16 and 17 were totally
regio- and stereoselective. The chemical shift of the H-1 and H-
2 signals of cycloadducts 18–19 (Gal series, Figure S1B–S1C)
and 20–21 (Fuc series, Figure S2B–S2C) confirmed that the
sulfur of the diene reacts with the C-2 of the glycals. In
particular, as previously described,[13a,c,24] the H-2 signals of 18–
21 are in a range of chemical shift (3.6–3.7 ppm) that is
compatible with the presence of a sulfur atom linked to the C-2.
The axial-axial coupling constants of the doublet of doublet of
the H-2 signals (J2-3=10.6 Hz for 18–19 and J2-3=10.9 Hz for
20–21) confirmed that the cycloadducts obtained by the
selective attack to the less hindered face of the corresponding
glycals (i. e. bottom face of D-galactal 16 and top face of L-fucal
17) were obtained.[13a,c]

Then, in this work, we decided to investigate, for the first
time, the reactivity in ihDA reactions of both D-galactal and L-
fucal protected with acetyl groups. Glycals are often prepared
starting from the corresponding peracetylated
monosaccharides.[25,26] Therefore, the possibility to use acety-
lated glycals in ihDA reactions would allow for the creation of
glycomimetics in a straightforward way by avoiding the
manipulation of the acetylated glycals with time-consuming
protection-deprotection steps. Indeed, the selection of the
proper protective group is not trivial[12b] as the compatibility
with the double bond in the glycals and the sulphur atom of
the oxathiin ring in the products significantly limit our options.
In addition, in some cases, further acetylation of the cyclo-
adduct is an additional step required for the exhaustive
purification of the cycloadduct after the removal of the
temporary protective group.[13a] Therefore, N-thiophthalimides
12 and 13 were reacted with 2,3,6-triacetyl-galactal 22 and 2,3-
diacetyl-fucal 23 (Scheme 2). Cycloaddition reactions were
monitored by 1H-NMR spectroscopy (Figure S3–S4, Table S1) by
following the disappearance over time of the signals of the
olefin protons at 6.42 ppm (H-1 signal) and 5.50 ppm (H-2
signal) for D-galactal 22 (Figure S3A), and at 6.46 ppm (H-1
signal) and 5.55 ppm (H-2 signal) for L-fucal 23 (Figure S4A)
respectively. As expected, ihDA reactions with acetylated D-
galactal 22 proceeded slower (Figure S3–S4, see Supporting
Information). Neither the addition of an excess of the N-
thiophthalimides 12 and 13 (up to 3.6 equivalents) or longer
reaction times (up to 192 h) allowed for a complete conversion
of 22 into the corresponding cycloadducts 24–25 (Figure S3,
see Supporting Information). In addition, after 144 h the
reaction mixture became reddish, a potential indicator of
decomposition, and cycloadducts 24–25 were only isolated in
moderate yields (37% for 24, 38% for 25). Conversely,
acetylated fucal 23 showed a remarkably higher reactivity in the
same experimental conditions. After 72 h ihDA reactions were
completed (Figure S4, see Supporting Information) and cyclo-
adducts 26–27 were isolated in high and good yields (78% for
26, 62% for 27). Finally, cycloadducts 24–27 were deprotected

(Scheme 2) using mild basic conditions (K2CO3, MeOH) thus
affording the corresponding compounds 5–8 in high yields (80–
95%).

Molecular modeling

Relying on these data we sought to further investigate by
comparing the observed reactivity of both couples of differently
protected dienophiles silylated 16–17 and acetylated 22–23
glycals with this original class of heterodienes using the
B3LYP[7] density functional approach.[27] The regioselectivity of
this type of ihDA has been previously investigated by some of
us, limiting the study to simplified model dienes/dienophiles.[28]

In this work, both silylated and acetylated glycals were
considered as experimental reactants, to provide insights, from
a stereoelectronic perspective, on the observed reactivity of
acetylated glycals in the ihDA route. Then, compound 14 was
directly selected as a diene and optimized. According to the
electronic effects of the ihDA mechanism, the dominant
electronic interaction between the HOMOdienophile and the
LUMOdiene,

[29] was further confirmed by the energy values of the
LUMO/HOMO orbitals of compounds 14,16–17,22–23 (Table 1).

Diene 14 is completely planar (τ(O=C� C=S)=0) with the
carbonyl and thiocarbonyl moieties properly oriented for the
ihDA (Figure S5). It can be ascribed as among the most reactive
dienes (strong electrophile) described so far (ELUMO= � 4.38),[28]

as confirmed by the electrophilicity index (Ω) (6.45 eV, Table 1).
In accordance with experimental data, the difference (ΔE)
between LUMOdiene and HOMOdienophile follows the order 17<16,
23<22 (Table 1).

Silylated dienophiles 16 and 17 are conformationally
blocked whereas acetylated dienophiles 22 and 23 show a
certain degree of conformational freedom, due to the presence
of the acetyl groups. So, in order to study the cycloaddition
reaction of acetylated glycals, all the degrees of conformational
freedom of 22 and 23 were preliminarily considered, focusing
on the orientation of the acetyl groups (Figure 2). They are
described by the torsional angles τ1 [C(2)� C(3)� O� C(3’)], τ2
[C(5)� C(4)� O� C(4’)], τ3 [O� C(5)� C(5’)� C(O)], and τ4
[C(5)� C(5’)� C(O)� C] in 22, and τ1 [C(1)� C(6)� C(7)� C(8)] and τ2
[C(7)� C(8)� C(9)� C(10)] in 23 (Figure 2, Table 2).

Once the preferred geometries of the reactants were
determined, we located the transition states leading to cyclo-
adducts 18, 20, 24 and 26, considering the alternative endo/exo
arrangements of dienophiles 16, 17, 22, 23 with respect to the

Table 1. Computed data of the minimum energy conformation of diene
14 and dienophiles 16–17, 22–23. Ω[30]=electrophilicity index, N=

nucleophilicity index.[31,32]

Compounds EHOMO

[eV]
ELUMO

[eV]
Ω N ΔE

(LUMOdiene – HOMOdienophile)

14 � 6.81 � 4.38 6.45 4.35 –
16 � 6.46 � 0.39 0.97 4.70 2.07
17 � 6.36 � 0.25 0.89 4.80 1.97
22 � 6.70 � 0.38 0.99 4.46 2.32
23 � 6.51 � 0.29 0.93 4.65 2.13
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diene 14 and the two possible approaches of 14 to the double
bond of the dienophiles (over or under) (Figure 3). The
orientations of the acetyl groups in the preferred conformations
22A and 23A (Table 2), respectively, were selected for the
optimizations of the transition states.

In Figure 3 the 3-D plots of the most stable transition states
located for the different reactions are highlighted (i. e. TS18ux,
TS24ux, TS20ox, TS26on), with the bond forming distances
reported (Å). In all the TSs both the C� S and C� O bonds are in
formation, but the processes are not synchronous as shown by
values of ΔdTS/P (Table S2), ranged, for the favorite reaction
channels, from 0.18 to 0.32.

IRC analysis confirmed that the reaction is concerted, albeit
asynchronous, reaching the reaction products in the forward
direction and the cycloaddends in reverse, without evidence of
any intermediate structure along the reaction paths. The two
addends pass through a bimolecular complex (Figure 3) with a
nonbonding interaction between the sulfur atom of diene and
the double bond of dienophiles. These complexes in the cases

of dienophiles 17, 22, 23 are minima located in the energy
profiles, but not in the free energy ones (Figure 4, Figures S6–
S8).

As representative example, Figure 4 shows the energy (A)
and free-energy (B) profiles determined for the favorite channel
of reaction of 14 with 23, showing the high feasibility of the
cycloaddition involving the acetylated L-fucal 23. Notably, the
presence of either the silyl or the acetyl protective groups of
glycals did not matter, as the energy and free energy activation
barriers were low in all the considered ihDA, as highlighted by
ΔE� and ΔG� values reported in Table S2, thus revealing that
all the reactions are allowed. These results confirm the
possibility to produce these fucose derivatives using more
affordable acetylated dienophiles.

Conclusion

In summary, we reported the synthesis of an unique class of
highly reactive N-substituted-3-thioxo-benzo[c][1,2]thiazin-4-
one-2,2-dioxides. These heterodienes allow for the assembly of
four novel galactose and fucose derivatives bearing an
unprecedented benzo-thiazine fused moiety. They were pre-
pared in a straightforward way that implies the use of
acetylated glycals as dienophiles. Computational mechanistic
studies confirm the low energy barriers necessary for cyclo-
addition reactions involving this class of compounds. Additional
studies are currently underway to further investigate ihDA for
the incorporation of other acetylated glycals and structurally
different heterodienes allowing the manufacture of glyco-fused
architectures bearing the 1,4-oxathiin ring, while avoiding
protection-deprotection steps. Of note, owing to the growing
range of biological implications of glycomimetics and the
emerging role of benzo-thiazine in the panorama of drug
discovery,[33] this study could make available a new generation
of glycomimetic drugs.

Experimental Section

Materials and methods

All reagents and solvents were purchased from Sigma-Aldrich and
they have been used without any further purification, if not
specified otherwise. Flash chromatography was performed on Merk
silica gel 60 (0.040–0.063 mm). Thin layer chromatography was
performed on Supelco TLC Silica gel 60 F254 (aluminium sheets or
glass plates). FT-IR spectra were recorded on IRAffinity-1S spectrom-
eter, and the data were collected and elaborated with Lab Solution
IR v. 2.16 software. NMR spectra were recorded on Varian Inova
400, Mercury plus 400 and Gemini 200 instruments. Chemical shifts
were reported in parts per million (ppm) relative to the residual
solvent peak rounded to the nearest 0.01 for proton and 0.1 for
carbon (reference: CHCl3 [1H: 7.26 ppm, 13 C: 77.0 ppm]. Coupling
constants J were reported in Hz to the nearest 0.01 Hz. Peak
multiplicity was indicated as follows s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), br (broad signal) ad (apparent
doublet) and aq (apparent quartet).[34] High resolution mass
analyses were acquired with a resolution of 70000 FWHM at m/z=

200 in an alternate electrospray mode with data-dependent

Figure 2. Degrees of conformational freedom of acetylated dienophiles 22
and 23 and 3D plots of the located conformations of acetylated D-galactal
22 (A–E) and acetylated L-fucal 23A.

Table 2. Relative energies, equilibrium percentages and main geometrical
data of the conformations of compounds 22 and 23.

ΔE
[kcal/mol]

% τ1
[x] τ2

[y] τ3
[z] τ4

[m] ΔG
[kcal/mol]

%

22A 0.00 55 � 146 145 172 174 0.00 45
22B 0.20 39 � 147 140 174 129 0.64 16
22C 0.40 28 � 148 146 178 � 86 0.84 11
22D 0.70 17 � 146 145 70 � 172 0.44 22
22E 0.88 12 � 144 146 63 82 1.20 6
23A 0.00 100 146 � 144 / / 0.00 100

[x] τ1: [C(2)� C(3)� O� C(3’)]; [y] τ2: [C(5)� C(4)� O� C(4’)]; [z] τ3:
[O� C(5)� C(5’)� C(O)]; [m] τ4: [C(5)� C(5’)� C(O)� C] in 22, and τ1
[C(1)� C(6)� C(7)� C(8)] and τ2 [C(7)� C(8)� C(9)� C(10)] in 23.
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acquisition of HCD fragmentation spectra (resolution 17500 FWHM
at m/z=200) of the more abundant monocharged ions (Q-Exactive
hybrid quadrupole – orbitrap mass analyzer, Thermo Scientific).

Synthesis of 2-((1-methyl-4-hydroxy-2,2-dioxido-1H-
benzo[c][1,2]thiazin-3-yl)thio)isoindoline-1,3-dione 12. To an ice-
cooled solution of 1-methyl-1H-benzo[c][1,2]thiazin-4(3H)-one 2,2-
dioxide 9 (200 mg, 0.95 mmol) in chloroform (1,1 mL) phthalimide-
sulfenyl chloride 11 (200 mg, 0.78 mmol) was added under dark.
The reaction mixture was stirred for 1 h, then 10 mL of cold hexane
(5 mL) were added and the solid was recovered by filtration on
Hirsh funnel. The solid was further washed with cold hexane (6 mL)
to afford 276 (0.71 mmol) of 12 (75% yield) as a white solid, which

is a mixture of ketone:enol tautomers in 1 :5.5 ratio. 1H-NMR
(400 MHz, CDCl3) δ: 10.17 (s, 1 H, OH enol form), 8.11–8.05 (m, 1H,
Ar-thiazine), 7.98–7.92 (m, 2H, H-a’, H-a),7.84–7.79 (m, 2H, H-b’, H-b),
7.64–7.57 (m, 1H, Ar-Thiazine), 7.26–7.20 (m, 1H, Ar-thiazine), 7.18–
7.13 (m, 1H, Ar-thiazine), 4.34 (s, 1H, H-3, H-α ketone) 3.51 (s, 3H,
CH3-N).

13C-NMR (101 MHz, CDCl3) δ: 166.79, 141.51, 135.14, 134.95,
127.83, 124.56, 124.33, 123.58, 122.72, 117.01, 116.28, 105.83, 31.29.

Synthesis of 2-((1-benzyl-4-hydroxy-2,2-dioxido-1H-
benzo[c][1,2]thiazin-3-yl)thio)isoindoline-1,3-dione 13. To an ice
cooled solution of 1-benzyl-1H-benzo[c][1,2]thiazin-4(3H)-one 2,2-
dioxide 10 (156 mg, 0.81 mmol) in chloroform (2 mL) phthalimide-
sulfenyl chloride 11 (191 mg, 0.9 mmol) was added under dark. The

Figure 3. 3D-plots of the complexes, all the transition states (TSs) located for the ihDA of 14 with dienophiles 16–17 and 22–23 and of the cycloadducts 18,
20, 24 and 26. 3D-plots of the most stable transition states (TSs) for the reaction of 14 with 16–22 (Gal series) and 17–23 (Fuc series) are TS18ux, TS24ux,
TS20ox, TS26on (highlighted in the blue form). Displacement vectors for TS imaginary frequencies are shown as dotted lines and distances are reported in
angstroms. (o=over, u=under, x=exo, n=endo).
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reaction mixture was stirred for 1 h, then 20 mL of cold hexane
were added and the solid was recovered by filtration on Hirsh
funnel. The solid was further washed with cold hexane (10 mL) to
afford 206 mg (0.64 mmol) of 13 (79% yield) as a white solid, which
is a mixture of ketone:enol tautomers in 1 :1.7 ratio. 1H-NMR
(400 MHz, CDCl3) δ : 10.13 (s, 1H, OH enol form), 8.07–8.02 (m, 1H,
thiazine), 7.98–7.95 (m, 2H, H-a’, H-a), 7.84–7.79 (m, 2H, H-b’, H-b),
7.53–7.43 (m, 1H, Ar-thiazine), 7.36–7.12 (m, 8H, Ar-thiazine,
CH2� Ph), 5.18 (s, 2H, H-6, enol), 5.17 (s, 2H, H-6 ketone), 4.24 (s, 1H,
H-α ketone). 13C NMR (50 MHz, CDCl3) δ: 166.90, 140.98, 136.40,
135.57, 135.16, 134.95, 134.18, 131.81, 131.65, 129.42, 129.07,
128.70, 127.79, 127.12, 126.47, 124.58, 124.35, 123.42, 118.80, 61.78,
51.45.

Synthesis of compound 18. In a sealed NMR tube 16 (13.5 mg,
0.047 mmol) was dissolved in CDCl3, then pyridine (22 mg, 23 μL,
0.28 mmol) and 12 (11 mg, 0.028 mmol) were added and the
mixture was warmed at 45 °C. Reaction mixture was monitored by
1H-NMR and by TLC. Then, two additional batches of 12 (11 mg,
0.028 mmol and 18 mg, 0.038 mmol respectively) were added each
24 h. After 72 h the reaction was concentrated to dryness. The

crude was purified by flash chromatography on silica gel column
(DCM : Acetone 100 :1, Rf=0.3) to afford 18 mg of 18 (73% yield)
as glassy solid. [α]D

20= +73 (c=0.07, CHCl3).
1H-NMR (400 MHz,

CDCl3) δ: 7.72 (dd, J=7.9 Hz, J=1.3 Hz, 1H, Ar), 7.50–7.45 (m, 1H,
Ar), 7.23–7.16 (m, 2H, Ar), 5.89 (d, J1-2=2.9 Hz, 1H, H-1), 4.51 (ad, J=

2.8 Hz, 1H, H-4), 4.35-4.32 (m, 2H, H-6), 4.08–4.03 (m, 1H, H-5), 3.71
(dd, J2-3=10.6 Hz, J23-4=3.0 Hz, 1H, H-3), 3.61 (dd, J3-2=10.6 Hz,
J2-1=2.9 Hz, 1H, H-2), 3.47 (s, 3H, CH3� N), 1.084 (s, 9H, (tBu)2Si),
1.077 (s, 9H, (tBu)2Si).

13C-NMR (101 MHz, CDCl3) δ: 148.35, 138.39,
130.93, 123.31, 123.24, 118.93, 117.20, 104.28, 96.89, 72.28, 69.81,
66.74, 66.43, 40.15, 31.81, 27.54, 27.27, 23.35, 20.82. HRMS (ESI): m/z
calcd for C23H33NO7S2Si+H+ 528.1540 [M+H]+, found 528.1540.

Synthesis of compound 19. In a sealed NMR tube 16 (13.5 mg,
0.047 mmol) was dissolved in CDCl3, then pyridine (22 mg, 23 μL,
0.28 mmol) and 13 (13 mg, 0.028 mmol) were added and the
mixture warmed at 45 °C. Reaction mixture was monitored by 1H-
NMR and by TLC. Then, two additional batches of 13 (13 mg,
0.028 mmol and 18 mg, 0.038 mmol respectively) were added each
24 h. After 72 h the reaction was concentrated to dryness. The
crude was purified by flash chromatography on silica gel column
(DCM : Acetone 40 :1, Rf=0.5) to afford 17.3 mg of 19 (74% yield)
as glassy solid. [α]D

20= +47 (c=0.3, CHCl3).
1H-NMR (400 MHz,

CDCl3) δ: 7.65 (dd, J=8.0 Hz, J=1.4 Hz, Ar), 7.38–7.33 (m, 1H, Ar),
7.32–7.16 (m, 8H, Ar), 5.81 (d, J2-1=2.7 Hz, 1H, H1), 5.09 (A2 system,
2H, CH2-Ph), 4.46 (ad, J=4 Hz, 1H, H-4), 4.32–4.29 (m 2H, H-6), 4.01–
3.97 (m, 1H, H-5), 3.60 (dd, J2-3=10.6 Hz, J2-1=2.7 Hz, 1H, H-2), 3.52
(dd, J3-2=10.6 Hz, J3-4=2.9 Hz, 1H, H-3), 1.08 (s, 18H, (tBu)2Si).

13C-
NMR (101 MHz, CDCl3) δ: 148.01, 137.49, 135.32, 130.57, 128.62,
127.88, 127.57, 124.23, 123.35, 120.81, 120.35, 105.67, 96.68, 72.31,
69.75, 66.71, 66.47, 52.48, 40.37, 27.55, 27.27, 23.35, 20.83. HRMS
(ESI): m/z: calcd for C29H37NO7S2Si+H+ 604.1854 [M+H]+, found
604.1860.

Synthesis of compound 20. In a sealed NMR tube 17 (13 mg,
0.047 mmol) was dissolved in CDCl3 (600 μL), then pyridine (22 mg,
23 μL, 0.28 mmol) and 12 (11 mg, 0.028 mmol) were added and the
mixture was warmed at 45 °C. Reaction mixture was monitored by
1H-NMR and by TLC. Then, two additional batches of 12 (11 mg,
0.028 mmol and 18 mg, 0.038 mmol respectively) were added each
24 h. After 72 h the reaction was concentrated to dryness. The
crude was purified by flash chromatography on silica gel column
(DCM : Acetone 100 :1, Rf=0.2) to afford 18 mg of 20 (95% yield)
as glassy solid. [α]D

20= � 74 (c=0.57, CHCl3).
1H-NMR (400 MHz,

CDCl3) δ: 7.81–7.75 (m, 1H, Ar), 7.52–7.46 (m, 1H, Ar), 7.25–7.20 (m,
1H, Ar), 7.20–7.16 (m, 1H, Ar), 5.90 (d, J1-2=3.0 Hz, 1H, H-1), 4.31 (ad,
J=1.9 Hz, 1H, H-4), 4.21 (aq, J=6.3 Hz, 1H, H-5), 3.77 (dd, J3-2=

10.9 Hz, J3-4=2.5 Hz, 1H, H-3), 3.69 (dd, J2-3=10.9 Hz, J2-1=3.1 Hz,
1H, H-2), 3.46 (s, 3H, CH3-N), 1.44 (t, J=10.2 Hz, 3H, H-6), 1.068 (s, 9
H, tBu2Si), 1.059 (s, 9 H, tBu2Si).

13C-NMR (101 MHz, CDCl3) δ: 150.08,
138.45, 134.28, 131.21, 123.56, 123.54, 123.31, 118.68, 117.00,
101.88, 97.64, 73.34, 70.47, 66.35, 39.28, 31.48, 30.91, 27.87, 27.69,
21.38, 20.69, 17.19. HRMS (ESI) m/z: calcd for C23H33NO6S2Si+H+

512.1591 [M+H+], found 512.1591.

Synthesis of compound 21. In a sealed NMR tube 17 (13 mg,
0.047 mmol) was dissolved in CDCl3, then pyridine (22 mg, 23 μL,
0.28 mmol) and 13 (13 mg, 0.028 mmol) were added and the
mixture was warmed at 45 °C. Reaction mixture was monitored by
1H-NMR and by TLC. Then, two additional batch of 13 (13 mg,
0.028 mmol and 15 mg, 0.038 mmol respectively) were added each
24 h. After 72 h the reaction was concentrated to dryness. The
crude was purified by flash chromatography on silica gel column
(DCM : Acetone 100 :1, Rf=0.5) to afford 15.3 mg of 21 (74% yield)
as glassy solid. [α]D

20= � 53 (c=0.196, CHCl3).
1H-NMR (400 MHz,

CDCl3) δ: 7.74–7.70 (m, 1H, Ar), 7.40–7.35(m, 1H, Ar), 7.32–7.18 (m,
8H, Ar), 5.82 (d, J1-2=3.0 Hz, 1H, H-1), 5.15–5.10 (A part of an AB,
JAB=16.4 Hz, 1H, CH2-Ph), 5.09–5.05 (B part of an AB, JAB=16.4 Hz,

Figure 4. Energy (A) and free-energy (B) profiles determined for the favorite
channel of the ihDA of the diene 14 with the dienophile 23.

Research Article
doi.org/10.1002/ejoc.202200769

Eur. J. Org. Chem. 2022, e202200769 (6 of 9) © 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Wiley VCH Montag, 14.11.2022

2243 / 271906 [S. 146/149] 1

 10990690, 2022, 43, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202200769 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [16/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1H, CH2-Ph), 4.26 (ad, J=2.2 Hz, 1H, H-4), 4.15 (aq, J=6.4 Hz, 1H, H-
5), 3.68 (dd, J2-3=10.9 Hz, J2-1=3.1 Hz, 1H, H-2), 3.57 (dd, J3-2=

10.9 Hz, J3-4=2.5 Hz, 1H, H-3), 1.41 (d, J6-5=6.4 Hz, 3H, H-6), 1.07 (s,
9H, (tBu)2Si), 1.06 (s, 9H, (tBu)2Si).

13C-NMR (101 MHz, CDCl3) δ:
149.76, 137.56, 135.24, 134.35, 130.98, 128.65, 127.96, 127.43,
124.31, 123.62, 123.58, 120.48, 120.09, 102.98, 97.30, 73.16, 70.44,
66.36, 52.01, 39.32, 27.86, 27.71, 21.40, 20.71, 17.20. HRMS (ESI): m/z
calcd for C29H37NO6S2Si+H+ 588.1904 [M+H]+, found 588.1897.

Synthesis of compound 24. In a sealed NMR tube 22 (13 mg,
0.047 mmol) was dissolved in CDCl3, then pyridine (22 mg, 23 μL,
0.28 mmol) and 12 (11 mg, 0.028 mmol) were added and the
mixture was warmed at 45 °C. Reaction mixture was monitored by
1H-NMR and by TLC. Then, after 24, 48, 72 and 168 h four batch of
12 (11 mg 0.028 mmol, 15 mg 0.038 mmol, 11 mg 0.028 mmol and
18 mg 0.047 mmol respectively) were added. After 192 h the
reaction was concentrated to dryness. The crude was purified by
flash chromatography on silica gel column (petroleum ether:Ethyl
acetate 3 :1, Rf=0.4) to afford 18.2 mg of 24 (37% yield) as glassy
solid. [α]D

20= +103 (c=0.51, CHCl3).
1H-NMR (400 MHz, CDCl3) δ:

7.77 (ad, J=7.9 Hz, 1H, Ar), 7.49 (at, J=7.8 Hz, 1H, Ar), 7.32–7.18 (m,
2H, Ar), 5.93 (d, J1-2=2.7 Hz, 1H, H-1), 5.45 (ad, J=2.7 Hz, 1H, H-4),
5.07 (dd, J3-2=11.6 Hz, J3-4=3.0 Hz, 1H, H-3), 4.53–4.47 (m, 1H, H-6),
4.23–4.16 (m, 2H, H-5, H-6), 3.81 (dd, J2-3=11.6 Hz, J2-1=2.7 Hz, 1H,
H-2), 3.44 (s, 3H, Me� N), 2.18 (s, 3H, Ac), 2.07 (s, 3H, Ac), 2.04 (s, 3H,
Ac). 13C-NMR (101 MHz, CDCl3) δ: 170.30, 169.76, 169.54, 147.75,
138.54, 131.13, 123.68, 123.52, 119.05, 117.94, 104.29, 96.22, 69.06,
67.02, 65.82, 61.18, 36.94, 32.76, 20.67, 20.58, 20.52. HRMS (ESI): m/z
calcd for C21H23NO10S2+H+ 514,0836[M+H]+, found 514.0836.

Synthesis of compound 25. In a sealed NMR tube 22 (13 mg,
0.047 mmol) was dissolved in CDCl3, then pyridine (22 mg, 23 μL,
0.28 mmol) and 13 (13 mg, 0.028 mmol) were added and the
mixture was warmed at 45 °C. Reaction mixture was monitored by
1H-NMR and by TLC. Then, after 24, 48, 72 and 168 h four batch of
13 (13 mg 0.028 mmol, 18 mg 0.038 mmol, 13 mg 0.028 mmol and
22 mg 0.047 mmol respectively) were added. After 192 h the
reaction was concentrated to dryness. The crude was purified by
flash chromatography on silica gel column (petroleum ether : ethyl
acetate 3 :1, Rf=0.3) to afford 11.6 mg of 25 (38% yield) as glassy
solid. [α]D

20= +132 (c=0.13, CHCl3).
1H-NMR (400 MHz, CDCl3) δ:

7.73 (dd, J=8.0, 1.5 Hz, 1H, Ar), 7.41–7.20 (m, 7H, Ar), 7.15 (d, J=

7.7 Hz, 1H, Ar), 5.89 (d, J1-2=2.7 Hz, 1H, H-1), 5.47 (m, 1H, H-4), 5.18–
5.12 (A part of an AB system, JAB=16.5 Hz, 1H, CH2� Ph), 5.09 (dd,
J3-2=11.6 Hz, J3-4=3.0 Hz, 1H, H-3), 5.03–4.99 (B part of an AB
system, JAB=16.5 Hz, 1H, CH2� Ph), 4.50 (at, J=6.8 Hz, 1H, H-5), 4.24-
4.20 (A part of an ABX system JAB=11.6 Hz, JAX=6.4 Hz, 1H, H-6),
4.19-4.16 (B part of an ABX system, JBA=11.6 Hz, JBX=7.2 Hz, 1H, H-
6), 3.82 (dd, J2-3=11.6 Hz, J2-1=2.8 Hz, 1H, H-2), 2.19 (s. 3H, Ac) 2.07
(s, 3H, Ac), 2.06 (s, 3H, Ac). 13C-NMR (101 MHz, CDCl3) δ: 170.30,
169.76, 169.50, 147.66, 137.67, 135.63, 130.83, 128.77, 127.86,
127.21, 124.18, 123.52, 120.12, 119.82, 105.34, 96.15, 69.08, 67.05,
65.89, 61.18, 52.28, 37.11, 20.67, 20.59, 20.54. HRMS (ESI): m/z calcd
for C27H27NO10S2+H+ 590.1146 [M+H]+, found 590.1149.

Synthesis of compound 26. In a sealed NMR tube 23 (10 mg,
0.047 mmol) was dissolved in CDCl3, then pyridine (22 mg, 23 μL,
0.28 mmol) and 12 (11 mg, 0.028 mmol) were added and the
mixture was warmed at 45 °C. Reaction mixture was monitored by
1H-NMR and by TLC. Then, two additional batch of 12 (11 mg,
0.028 mmol and 15 mg, 0.038 mmol respectively) were added each
24 h. After 72 h the reaction was concentrated to dryness. The
crude was purified by flash chromatography on silica gel column
(DCM : Acetone 100 :1, Rf=0.3) to afford 16.6 mg of 26 (78% yield)
as glassy solid. [α]D

20= � 168 (c=0.57, CHCl3).
1H NMR (400 MHz,

CDCl3) δ: 7.82–7.84 (m, 1H, Ar), 7.58–7.44 (m, 1H, Ar), 7.31–7.16 (m,
7H), 5.90 (d, J1-2=2.8 Hz, 1H, H-1), 5.29 (ad, J=2.2 Hz, 1H, H-4), 5.07
(dd, J3-2=11.6 Hz, J3-4=3.0 Hz, 1H, H-3), 4.43 (aq, J=6.5 Hz, 1H, H-5),

3.79 (dd, J2-3=11.6 Hz,J2-1=2.8 Hz, 1H, H-2), 3.44 (s, 3H, CH3� N), 2.20
(s, 3H, Ac), 2.04 (s, 3H, Ac), 1.25 (d, J=6.5 Hz, 3H, H-6). 13C-NMR
(101 MHz, CDCl3) δ: 170.16, 169.62, 147.93, 138.54, 131.02, 123.58,
119.19, 117.91, 104.18, 96.50, 70.22, 67.61, 66.32, 36.89, 32.75, 20.59,
16.12. HRMS (ESI): m/z calcd for C19H21NO8S2+H+ 456.0781 [M+

H]+, found 456.0779.

Synthesis of compound 27. In a sealed NMR tube 23 (10 mg,
0.047 mmol) was dissolved in CDCl3, then pyridine (22 mg, 23 μL,
0.28 mmol) and 13 (13 mg, 0.028 mmol) were added and the
mixture was warmed at 45 °C. Reaction mixture was monitored by
1H-NMR and by TLC. Then, after 24 h and 48 h two additional batch
of 13 (13 mg, 0.028 mmol and 18 mg, 0.038 mmol respectively)
were added. After 72 h the reaction was concentrated to dryness.
The crude was purified by flash chromatography on silica gel
column (DCM : Acetone 100 :1, Rf=0.5) to afford 15.3 mg of 27
(62% yield) as glassy solid. [α]D

20= � 110 (c=0.22, CHCl3).
1H-NMR

(400 MHz, CDCl3) δ: 7.76–7.72 (m, 1H, Ar), 7.39–7.24 (m, 5H, Bn),
7.22 (m, 1H, Ar), 7.14 (m, 1H, Ar), 5.85 (d, J=2.7 Hz, 1H, H-1), 5.34–
5.26 (m, 1H, H-4), 5.19–5.12 (A part of an AB system, J=16.5 Hz, 1H,
CH2-Ph), 5.09 (dd, J3-2=11.6 Hz, J3-4 3.0 Hz, 1H, H-3), 5.04–4.97 (B
part of an AB system, J=16.5 Hz, 1H, CH2� Ph), 4.43 (aq, J=6.5 Hz,
1H, H-5), 3.80 (dd, J2-3=11.6 Hz, J2-1=2.7 Hz, 1H, H-2), 2.21 (s, 3H,
Ac), 2.07 (s, 3H, Ac), 1.25 (d, J=6.5 Hz, 3H, H-6). 13C-NMR (101 MHz,
CDCl3) δ: 170.22, 169.65, 147.83, 137.62, 135.68, 130.75, 130.03,
128.77, 127.84, 127.20, 124.10, 123.59, 120.22, 119.75, 114.32,
105.18, 96.39, 70.22, 67.62, 66.41, 52.26, 37.02, 20.66, 20.64, 16.13.
HRMS (ESI): m/z calcd for C25H25NO8S2+H+ 532.1093 [M+H]+,
found 532.1094.

General procedure for deacetylation reaction. To a stirred solution
of 24–27 (0.05 M) in methanol, anhydrous potassium carbonate
(0.3 eq) was added and the mixture was stirred at room temper-
ature for 1 h. Then, the reaction mixture was dried under reduced
pressure and the crude was purified by filtration on silica gel (Ethyl
acetate). Compound 5: (80% yield), glassy solid. [α]D

20= +38 (c=

0.29, CHCl3).
1H NMR (400 MHz, CD3OD) δ: 7.85 (dd, J=8.0, J=1.4 Hz,

1H, Ar), 7.60–7.45 (m, 1H, Ar), 7.35 (ad, J=8.2 Hz, 1H, Ar), 7.27 (at,
J=7.7 Hz, 1H, Ar), 5.95 (d, J1-2=2.9 Hz, 1H, H-1), 4.15–4.08 (m, 1H, H-
5), 3.95 (d, J=2.1 Hz, 1H, H-4), 3.88–3.83 (A part of an ABX system,
JA-B=11.5 Hz, JA-X=6.9 Hz, 1H, H-6a), 3.79–3.75 (B part of an ABX
system, JB-A=11.5 Hz, JB-X=5.0 Hz, 1H), 3.68 (dd, J3-2=10.9 Hz, J3-4=

2.9 Hz, 1H, H-3), 3.63 (dd, J2-3=10.9 Hz, J2-1=2.8 Hz, 1H, H-2), 3.42 (s,
3H, Me� N). 13C NMR (101 MHz, CD3OD) δ: 149.11, 138.52, 130.75,
123.19, 123.05, 122.94, 119.71, 119.06, 117.37, 97.48, 73.98, 69.00,
65.67, 61.32, 39.49, 30.63. HRMS (ESI): m/z calcd for C15H17NO7S2+

H+ : 388.0519 [M+H]+; found: 388.0517. FT-IR ν� : 3744 (s, OH,
stretching), 3590 (bs, OH stretching), 3032 (s, CH stretching), 2930
(bs, CH), 1742, 1691, 1648 (s, C=C stretching), 1607, 1552, 1531,
1325 (s, SO, stretching) and 1092 cm� 1 (s, C� O-C stretching).
Compound 6: (95% yield), glassy solid. [α]D

20= +32 (c=0.35,
CHCl3).

1H NMR (400 MHz, CD3OD) δ: 7.75 (dd, J=8.0 Hz, J=1.3 Hz,
1H, Ar), 7.44–7.38 (m, 1H, Ar), 7.34 (d, J=7.4 Hz, 1H, Ar), 7.30–7.21
(m, 6H, Ar), 5.81 (d, J1-2=3.0 Hz, 1H, H-1), 5.16–5.12 (A part of an AB
system, JA-B=16.2 Hz, 1H, CH2-Ph), 5.10–5.06 (B part of an AB
system, JB-A=16.2 Hz, 1H, CH2-Ph), 4.11–4.01 (m, 1H, H-5), 3.93 (ad,
J=2.6 Hz, 1H, H-4), 3.86–3.81 (A part of an ABX system, JA-B=

11.5 Hz, JB-X=6.9 Hz, 1H), 3.77–3.73 (B part of an ABX system, JB-A=

11.5 Hz, JB-X=5.0 Hz, 1H, H-6b), 3.67 (dd, J2-3=10.9 Hz, J2-1=3.0 Hz,
1H, H-2), 3.55 (dd, J3-2=10.9 Hz, J3-4=3.0 Hz, 1H, H-3). 13C NMR
(101 MHz, CD3OD) δ 148.61, 137.20, 135.42, 130.23, 128.10, 127.49,
127.42, 124.14, 123.03, 121.19, 120.52, 97.06, 73.91, 68.95, 65.92,
61.29, 51.43, 39.69. HRMS (ESI): m/z calcd for C21H21NO7S2+H+ :
464.0832 [M+H]+; found: 464.0836. FT-IR ν� : 3566, 3030 (s, CH
stretching) 3010 (s, CH stretching) 2928 (bs, CH stretching), 1603,
1335 (s, SO stretching) 1233 (s, C� O-C stretching), 1168 and
1092 cm� 1(s, C� O� C stretching). Compound 7: (80% yield), glassy
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solid. [α]D
20= � 115 (c=0.48, CHCl3)

1H NMR (400 MHz, CDCl3) δ 7.78
(dd, J=8.0 Hz, 1.3 Hz, Ar), 7.52–7.45 (m, 1H, Ar), 7.25–7.16 (m, 2H,
Ar), 5.88 (d, J1-2=3.1 Hz, 1H, H-1), 4.22 (aq, J=6.6 Hz, 1H, H-5), 3.87
(as, 1H, H-4), 3.75 (dd, J3-2=10.5 Hz, J3-4=2.8 Hz, 1H, H-3), 3.64 (dd,
J2-3=10.5 Hz, J2-1=3.1 Hz, 1H, H-2), 3.45 (s, 3H, CH3� N), 2.79 (s, 1H,
OH), 1.81 (s, 1H, OH), 1.43 (d, J6-5=6.55 Hz, 3H, H-6).13C NMR
(101 MHz, CDCl3) δ 149.88, 138.38, 131.20, 123.52, 123.36, 118.75,
117.04, 102.20, 97.35, 70.88, 69.03, 65.74, 39.12, 31.53, 16.39. HRMS
(ESI): m/z calcd for C15H17NO6S2+H+ : 372.0570 [M+H]+; found:
372.0575. FT-IR ν� : 3588 (bs, OH, stretching), 3572, 3036 (s, CH
stretching), 2912 (bs, CH stretching), 1738, 1605, 1321 (s, SO
stretching), 1237 (s, C� O� C stretching), 1167 and 1092 cm� 1 (s,
C� O� C stretching). Compound 8: (94% yield), glassy solid. [α]D

20=

� 78 (c=0.41, CHCl3).
1H NMR (200 MHz, CDCl3) δ 7.73 (dd, J=

8.2 Hz, 1.6 Hz, 1H, Ar), 7.48–7.33 (m, 1H, Ar), 7.30–7.17 (m, 7H, Ar),
5.79 (d, J1-2=2.6 Hz, 1H, H-1), 5.09 (A2 system, 2H, CH2Ph), 4.17 (aq,
J=6.6 Hz, 1H, H-5), 3.84 (as, 1H,), 3.69–3.50 (m, 2H, H-3 and H-2),
3.16 (s, 1H, OH), 2.60 (s, 1H, OH), 1.42 (d, J6-5=6.6 Hz, 3H, H-6). 13C
NMR (50 MHz, CDCl3) δ 149.50, 137.64, 135.27, 130.86, 128.60,
127.94, 127.50, 124.34, 123.55, 120.74, 120.26, 103.63, 96.97, 70.75,
68.95, 65.96, 52.26, 39.33, 16.32. HRMS (ESI): m/z calcd for
C21H21NO6S2+H+ : 448.0883 [M+H]+; found: 448.0879. FT-IR ν� :
3588 (bs, OH, stretching), 3020 (s, CH, stretching), 2918 (bs, CH,
stretching), 1335 (s, SO stretching), 1226 (s, C� O� C stretching),
1165 and 1092 cm� 1 (s, C� O� C stretching).

Computational Methods

All the calculations were carried out using the GAUSSIAN016
program package.[35] All the structures of reactants, transition states,
and products were optimized in the gas-phase at the B3LYP/6-311
+G(2df,p) level for the S atom and 6-311+G(d,p) level for the other
atoms, to correctly describe the geometries and the electronic
properties of compounds that contain a sulfur atom. The
orientations of the acetyl groups in the dienophiles 22–23 are
described through the torsion angles τ1 [C(2)� C(3)� O� C(3’)], τ2
[C(5)� C(4)� O� C(4’)], τ3 [O� C(5)� C(5’)� C(O)], and τ4 [C(5)� C(5’)� C-
C(O)� C], and τ1 [C(1)� C(6)� C(7)� C(8)] and τ2
[C(7)� C(8)� C(9)� C(10)].The reaction pathways were confirmed by
IRC analyses performed at the same level as above. Vibrational
frequencies were computed at the same level of theory to define
the optimized structures as minima or transition states, which
present an imaginary frequency corresponding to the forming
bonds. Thermodynamics at 298.15 K allowed the enthalpies and the
Gibbs free energies to be calculated. The polar nature of the
reactions has been evaluated through the analysis of the reactivity
indices. The electronic chemical potential (μ), chemical hardness
(η), global electrophilicity (ω), and global nucleophilicity (N), were
computed at the same level as above.
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