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Density functional calculations

The polar Diels—Alder reactions of nitrosoalkenes with en-
amines have been studied using DFT methods at the B3LYP/
6-31G* level of theory. These Diels—Alder reactions are char-
acterized by a nucleophilic attack of the enamine at the con-
jugated position of the nitrosoalkene with concomitant ring-
closure. The reactions present a total regioselectivity and a
large endo selectivity. The analysis, based on the global elec-
trophilicity of the reagents in the ground state, the natural
bond orbital (NBO), and the topological analysis of the elec-

tron localization function (ELF) in the endo transition state
(TS) and “halfway"” along the IRC between the TS and cy-
cloadduct, correctly explain the polar nature of these cyclo-
addition reactions. The large electrophilic character of nitro-
soethylenes together with the large nucleophilic character of
enamines are responsible for the large acceleration found in
these polar Diels—Alder reactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Organocatalysis has received much attention in organic
chemistry because of the obvious advantages over metal-
mediated catalysis; it does not need expensive and often
toxic metals, and the organocatalysts are generally easier to
make and more easily recoverable than standard catalytic
reagents.['l The most utilized strategy in organocatalysis is
one that generates nucleophilic enamines from any number
of aldehydes or ketones followed by direct bond-forming
reactions with a wide variety of electrophiles.!” Further,
since these catalysts can also generate imines during their
reactions, electrophilic catalysts might facilitate diverse re-
actions with nucleophiles. Secondary amines such as pyr-
rolidine (1)P! and chiral L-prolinef have been used as or-
ganocatalytic molecules that accelerate a range of transfor-
mations such as aldol,l® Mannich,!® Michael,/”! and Diels—
Alder (DA)B-#1 reactions.

Oxazine derivatives have been widely used in organic syn-
thesis because they can be readily converted into a wide
variety of derivatives such as oxazinones, pyrrolidines, pyr-
roles, amino alcohols, amines, 1,3-dicarbonyl compounds,
and other interesting products.’l Oxazines 4 have been ob-
tained from the DA reaction between nitrosoethylenes 3,
which act as heterodienes, and olefinic substrates such as
enol ether, enamines, alkenes or allenes (see Scheme 1).
Oxazines have also been obtained from DA reactions be-
tween 1,3-dienes and nitroso compounds R—NO, which act
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as heterodienophiles.'”! The highly reactive nitrosoethyl-
enes can be generated through base-mediated dehydrohalo-
genation of available a-halooximes 2 and furnish the cy-
cloadducts 4 in a highly regioselective fashion.['!l The use
of Lewis acid catalysts to increase the reactivity of ni-
trosoalkenes 3 is not feasible because they increase the high
reactivity of these species leading to the formation of unde-
sired dimerization products and polymers.['l A mixture of
aldehydes and catalytic amounts of secondary amines can
reversibly generate strongly nucleophilic enamines that can
participate in polar DA reactions with electrophilic rea-
gents. Recently, Jorgensen and co-workers!!3l reported the
first catalyzed DA reaction of nitrosoalkenes generated in
situ from a-halooximes using pyrrolidine as the organocata-
lyst (see Scheme 2). These DA reactions involve enamine
intermediates (9) formed by condensation of the carbonyl
compounds 6 with pyrrolidine 1. Subsequent hydrolysis of
the amine acetals 10 releases the final hydroxyoxazines, 7
(Scheme 3). Nitrosoalkenes bearing electron-releasing (ER)
substituents such as 14 were less reactive than those bearing
electron-withdrawing (EW) groups. Thus, the 4-nitrophen-
yl- and the ethoxycarbonyl-nitrosoalkenes 12 and 11 were
highly reactive (see Scheme 4).['3]
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Scheme 1.
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Several theoretical reports have appeared describing the
use of nitroalkenes in DA reactions. Density functional
theory (DFT) studies on the molecular mechanism of the
DA reactions of nitroethylenes with electron-rich ethylenes
(methyl vinyl ether and dimethylvinylamine) have shown
that these reactions are highly asynchronous concerted pro-
cesses which can formally be viewed as being induced by
nucleophilic attack of the electron-rich ethylene at the con-
jugated position of nitroethylene which acts as the electro-
philic center.['¥ The feasibility of this reaction has been re-
lated to the polar character of the transition-state (TS)
structure;!'#? for instance, while for dimethylvinylamine, the
more nucleophilic species of the series, the cycloaddition
presents a very low activation energy, the reaction with
methyl vinyl ether requires the presence of a Lewis acid co-
ordinated to nitroalkene to make it feasible.['”!

The use of the global electrophilicity index w,!'®! defined
within DFT,l'”! has been reported to classify the dienes and
dienophiles currently used in DA reactions on a unique
scale of electrophilicity.l'® A good correlation between the
difference in electrophilicity of the diene and dienophile
pair, Aw, and the feasibility of the cycloaddition was found.
For instance, the nitroethylene/methyl vinyl ether and nitro-
ethylene/dimethylvinylamine cycloaddition reactions, which
have been classified as polar cycloadditions, present a Aw of
2.19 and 2.34 eV, respectively, while the butadiene/ethylene
cycloaddition reaction, which is the prototype of a pericy-
clic cycloaddition, presents a Aw of 0.41 eV. For the nitro-
ethylene series, the higher value of Aw for the stronger nu-
cleophilic character of the substituted ethylene is in agree-
ment with the lower activation energy.

Our interest in organocatalysis!!”) prompted us to carry
out a theoretical investigation of the DA reaction involved
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in the pyrrolidine-catalyzed reaction of nitrosoalkenes
studied recently by Jorgensen and co-workers.['3] Two DA
reactions have been studied. The first one is the DA reac-
tion between the simplest nitrosoethylene 13 and the en-
amine 15 (see Scheme 6). For this reaction, both the regio-
and stereoselectivities were considered. The second reaction
is the DA reaction between the a-phenyl-nitrosoethylene 8
and the enamine 9, a model reaction for those experimen-
tally studied by Jorgensen and co-workers (see Scheme 8).
The analysis of the global reactivity indexes in the ground
state (GS) of the reagents, together with the natural bond
orbital (NBO) and the topological analysis of the electron
localization function (ELF), will be used to explain the po-
lar nature and the large acceleration found in these DA re-
actions.

Results and Discussion

First, a DFT analysis based on the global reactivity in-
dexes of the reactants involved in these DA reactions will be
performed. Then the energetic aspects and the geometrical
parameters of the TSs and their electronic structures in
terms of bond orders, natural charges, and ELF analysis of
these polar DA reactions will be analyzed. The energetic
results including solvent effects, modeled as a continuum
model, will be also discussed.

DFT Analysis Based on the Reactivity Indexes

Recent studies devoted to DA reactions!'®2% have shown
that the global indexes defined in the context of DFT are a
powerful tool with which to understand the behavior of po-
lar cycloaddition reactions. The static global properties,
electronic chemical potential u, chemical hardness #, and
global electrophilicity w, of a series of nitrosoethylenes 8,
11-14 and enamines 9 and 15 are presented in Table 1.

Table 1. Electronic chemical potential (x), chemical hardness (),
and global electrophilicity (w) of nitrosoethylenes 8, 11-14 and en-
amines 9 and 15 (see Scheme 4).

# [au] 7 [au] o [eV]
11 -0.1872 0.1151 4.14
12 -0.1843 0.1181 3.91
13 -0.1675 0.1158 3.30
8 -0.1654 0.1191 3.12
14 -0.1584 0.1140 3.00
Nitroethylene —0.1958 0.2002 2.60
Methyl vinyl ether ~ —0.0895 0.2564 0.42
15 -0.0590 0.2315 0.20
9 -0.0554 0.2284 0.18

The electronic chemical potential of the enamines 9 and
15, 1 = -0.0554 and —0.0590 au, respectively, are lower than
those of the nitrosoethylenes 8, 11-14, ux ranges from
—0.1872 to —0.1584 au, thereby indicating that alongside a
polar cycloaddition reaction, net charge transfer (CT) will
take place from the enamines towards the nitrosoethylenes,
in clear agreement with the CT analysis performed on the
corresponding TS (see later).
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The electrophilicity of the simplest nitrosoethylene 13 is
3.30 eV, a value that falls in the range of strong electrophiles
within the w scale.['8 This value is larger than that of nitro-
ethylene (w = 2.60 eV).['81 Although the nitrogen atom of
nitroethylene supports a partial positive charge, see the
Lewis structures A and B in Scheme 5, delocalization of the
formal negative charge of the oxygen atoms onto the NO,
framework can be responsible for the smaller electrophilic
character of nitroethylene compared with nitrosoethylene.

Q
O%%/O 8\%%0 Néo
-
A B C

Scheme 5.

The presence of a phenyl substituent at the a position of
nitrosoethylene reduces the electrophilicity of 8 to 3.12 eV.
The large electrophilic character of the nitrosoethylene
framework causes the phenyl group present in 8 to behave
as an ER group. The electrophilicity of a-phenylnitroso-
ethylenes is modified by substitution of the phenyl substitu-
ent. Thus, inclusion of an ER CH;O group at the para posi-
tion of the phenyl group lowers the electrophilicity of 14 to
3.00 eV, while the inclusion of a strong EW NO, group in
12 raises it to 3.91 eV. Substitution of the o position of
nitrosoethylene by a strong EW carboxy group increases the
electrophilicity of the nitrosoethylene 11 to 4.14 eV.

On the other hand, the vinylamines 9 and 15 have very
low electrophilicity values, 0.18 and 0.20 eV, respectively.
These vinylamines are classified as marginal electrophiles
(good nucleophiles).?°4 The presence of an ER methyl sub-
stituent on the enamine 9 lowers the electrophilicity com-
pared with 15. These low electrophilicity values, which are
lower than that of methyl vinyl ether (o = 0.42 eV),['® indi-
cate that these enamines will participate as strong nucleo-
philes in polar cycloaddition reactions.!'42l

A good correlation has been found between the differ-
ence in the electrophilicity of the reagent pair, Aw, and the
CT in the corresponding TS.''8 Consequently, Aw has been
used as a measure of the polar character of cycloaddition
reactions. The value of Aw for the reaction between nitroso-
ethylene 13 and vinylamine 15 is high, 3.10 eV, indicating
that the corresponding cycloaddition reaction will have a
large polar character. Note that this value, which is higher
2572
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than that for the nitroethylene/dimethylvinylamine cycload-
dition, 2.34 eV, is a consequence of the strong electrophilic
character of the nitrosoethylene and the strong nucleophilic
character of the enamine.[?%]

Exploration of the Potential Energy Surface for the Polar
DA Reactions between Nitrosoethylenes and Enamines

Two computational models have been chosen to study
these cycloaddition reactions. The first one, Model I, corre-
sponds to the DA reaction between the simplest nitrosoe-
thylene (13) and 1-vinylpyrrolidine (15) (see Scheme 6). The
regioselectivity, the formation of ortho and meta cycload-
ducts, and the stereoselectivity, the endo and exo approach
modes of 1-vinylpyrrolidine to nitrosoethylene, of this reac-
tion were studied. In Model II, the reaction between (1-
nitrosovinyl)benzene (8) and 1-[(E)-prop-1-enyl]pyrrolidine
(9) studied experimentally by Jorgensen and co-workers!?!
is considered (see Scheme 8).

The Polar DA Reaction between Nitrosoethylene (13) and
1-Vinylpyrrolidine (15)

Owing to the asymmetry of both the heterodiene and the
ethylene derivative, four reactive channels are feasible for
this cycloaddition. These are related to the formation of the
ortho and meta regioisomeric cycloadducts and the endo
and exo approach modes of 1-vinylpyrrolidine to nitrosoe-
thylene. For Model I, all four reactive channels were
studied. An exhaustive exploration of the potential energy
surface (PES) associated with these cycloaddition reactions
led to the discovery of only one TS corresponding to a
highly asynchronous bond formation process. We also
found a molecular complex (MC1) associated with a very
early stage of the reaction and situated on a very flat region
of the PES which controls the access to the different reac-
tive channels. MC1 is more stable than the isolated reac-
tants 13 + 15 and the distance between the two fragments
of the complex is around 2.5-2.9 A. Note that these MCs
subsist only on the gas-phase PES. However, their presence
allows us to explain why some of the TSs are lower in en-
ergy than the reagents (see later). Therefore, one molecular
complex (MC1) and four TSs (TS1on, TS1ox, TS1mn, and
TS1mx; those associated with the ortho and meta channels
are named as o and m and those with the endo and exo
channels are named as n and X, respectively) were located
and characterized (see Scheme 6). The endo and exo chan-
nels yield a pair of enantiomeric cycloadducts. Therefore,
only two cycloadducts 16 and 17, associated with the ortho
and meta regioisomeric channels, respectively, were consid-
ered. The total and relative energies are summarized in
Table 2. The geometries of the TSs are shown in Figure 1.

The relative electronic energies of the TSs associated with
the four cycloaddition modes are -1.8 (TSlon), 0.3
(TSlox), 10.0 (TS1mn), and 12.5 kcal/mol (TS1mn). The
energy of TSlon is less than that of the reagents. However,
if we consider the formation of the molecular complex
MC1, the potential energy barrier becomes slightly positive;
there is an inverted energy profile and the corresponding
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Table 2. Total (E) and relativel®! (AE) energies (E, and AE,, are
the energies in dichloromethane) of the stationary points of the
Diels—-Alder reactions between the nitrosoethylenes 8 and 13 and
the vinylamines 9 and 15 calculated at the B3LYP/6-31G* level of
theory.

E [au] AE [kcal/mol] Eg [au]  AEg, [kecal/mol]
MC1 -497.862799 -32 -497.865502 0.5
TSlon -497.860471 -1.8 -497.867231 -0.6
TSlox -497.857187 0.3 -497.864425 1.2
TSImn -497.841686 10.0 -497.849082 10.8
TSImx -497.837795 12.5 -497.846554 12.4
16 -497.929884 453 -497.935637 -43.5
17 -497.922313 -40.6 -497.928057 -38.8
MC2  -768.238487 -2.5 -768.241733 1.5
TS2n  -768.238386 24 -768.244541 -0.3
TS2x  —768.232850 1.1 -768.240179 2.5
TS3 ~768.225395 5.7 -768.239504 2.9
W -768.231976 1.6 ~768.255260 -7.0
10a -768.310756 -47.8 ~768.316228 -45.3
10b ~768.303543 -43.3 ~768.309019 -40.7

[a] Relative to 13 and 15 or 8 and 9.

value of the potential energy barrier is 1.4 kcal/mol. Note
that this barrier is less than that computed for the DA reac-
tion between nitroethylene and dimethylvinylamine at the
same level of theory (8.3 kcal/mol)['*2] as a consequence of
the stronger electrophilic character of the nitrosoethylene
13 compared with nitroethylene. This reaction presents
complete ortho regioselectivity as TSmn is 11.8 kcal/mol
higher in energy than TSlon, in clear agreement with the
results of experiments; only amine acetals such as 7 are ob-
served.!'3] The stereoselectivity, measured as the energy dif-
ference between the endo and the exo ortho TSs, is 2.1 kcal/
mol. The formation of the oxazines 16 and 17 is strongly
exothermic, between —45.3 and —40.6 kcal/mol. Therefore,
these cycloaddition reactions can be considered as irrevers-
ible. The strong electrophilic character of the nitrosoethyl-
ene 13 and the large nucleophilic character of 1-vinylpyr-
rolidine 15 are responsible for the low electronic activation
barriers.

Several theoretical studies on related DA reactions have
indicated that the activation energies calculated at the MP3/
6-31G*211 and B3LYP/6-31G*??] levels of theory are in
quite reasonable agreement with activation energy values
determined experimentally. In view of the very low acti-
vation energy found for the DA reaction between 13 and
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15, single-point energy calculations at the MP3[23 and
CCSD(T)P¥ computational levels were performed on the
B3LYP/6-31G*-calculated geometries in order to validate
the DFT results. The total and relative energies obtained at
these computational levels are given in Table 3. Both com-
putational methods calculate MC1 to have an energy of
around 4 kcal/mol less than that of the reagents, in agree-
ment with the DFT results. However, while the activation
barrier for the cycloaddition reaction, relative to MC1, is
8.9 kcal/mol by the MP3 calculations, this decreases to
5.2 kcal/mol by the CCSD(T) ones. Although these values
are 7.5 and 3.8 kcal/mol higher than those obtained at the
B3LYP level, they indicate a large acceleration of this polar
DA reaction. Finally, according to both these computa-
tional methods the process is around 10 kcal/mol more exo-
thermic than the DFT results suggest; in all cases the pro-
cess can be considered irreversible.

Table 3. Total (E) and relative® (AE) energies of the stationary
points of the Diels—Alder reaction between nitrosoethylene 13 and
1-vinylpyrrolidine 15 calculated at the MP3/6-31G* and CCSD(T)/
6-31G* level of theory.

MP3/6-31G* CCSD(T)/6-31G*
E [au] AE [kcal/mol] E [au] AE [kcal/mol]
MC1  -496.2920771 —4.0 —496.380401 —4.2
TSlon -496.2779861 4.9 —496.372057 1.0
16 —496.3720878 -54.2 —496.454745 -50.9

[a] Relative to 13 and 15.

The geometries of the TSs are shown in Figure 1. Along
the ortho reactive channels the length of the C4-C5 form-
ing-bond in the TSs is 2.278 A for TSlon and 2.263 A for
TS1ox, while the distance between the O1 and the C6 atoms
is 2.913 A for TS1on and 2.778 A for TSlox. Theses large
distances indicate that these atoms are not being bonded.
Along the meta reactive channels the length of the forming
C4-C6 bond in the TSs is 1.814 A for TSImn and 1.880 A
for TS1mx, while the distance between the Ol and the C5
atoms is 2.624 A for TS1mn and 2.558 A for TSImx. The
extent of the asynchronicity can be measured from the dif-
ference between the distances of the bonds that are being
formed in the reaction, that is, Ar,,.;, = d(O1-C6) — d(C4—
C5) and Ar,,erp, = d(O1-C5) — d(C4-C6). For the TSs, the
Ar values are 0.63 (TSlon), 0.51 (TSlox), 0.67 (TS1mn),
and 0.47 (TS1mx). Thus, the endo TSs are more asynchro-
nous than the exo ones. The C3—C4-C5-C6 dihedral angles
of the ortho TSs are 43.9° (TSlon) and 65.9° (TSlox).
These values indicate that these TSs correspond to the
gauche approach of the C3-C4 and C5-C6 double bonds
along the C4-C5 bond formation. The larger deviation of
the dihedral angle in TS1on is a consequence of the favor-
able coulombic interactions at this endo zwitterionic TS (see
later), which close the dihedral angle.

Analysis of the atomic motions at the unique imaginary
frequency of the more favorable ortho TSs, 239.2i cm™
(TS1on) and 258.8i cm™!' (TSlox), indicates that they are
mainly associated with the movement of the C4 and C5
atoms along the C4-C5 bond-forming path, movement of
the O1 and C6 atoms being negligible. This analysis rein-
2573
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Figure 1. Geometries of the transition-state structures involved in
the Diels-Alder reaction between nitrosoethylene 13 and 1-vinyl-
pyrrolidine 15. The distances are given in A.

forces the two-center interaction of these polar cycload-
dition reactions. Analysis of the atomic motions at the
unique imaginary frequency of the meta TSs, 457.5i cm™!
(TS1mn) and 448.8i cm™! (TS1mx), indicates that the O1—
C5 and C4-C6 bond formations are coupled. The most fa-
vorable TS1on has the lowest imaginary frequency.

The intrinsic reaction coordinate (IRC) calculations on
the more favorable ortho TSs show that these reaction chan-
nels directly connect the TSs with the cycloadduct 16 with-
out the participation of any zwitterionic intermediate.
Analysis of the points along the IRCs shows that these cy-
cloaddition reactions are concerted two-stage processes.*”]
In the first stage, the C4-C5 bond is completely formed in
the nucleophilic attack of the C5 position of 1-vinylpyrroli-
dine on the C4 carbon atom of nitrosoethylene. The O1-C6
bond is formed in the second stage of the reaction. From
the analysis of the IRC from TSlon to cycloadduct 16 we
have selected the “halfway” point, HFPon,>®! which shares
the reaction coordinates in the two stages. Note that HFPon
is not a stationary point. The geometry of HFPon is shown
in Figure 2. At this point in the reaction the length of the
C4-C5 bond is 1.598 A, while the distance between the O1
and C6 atoms remains 2.575 A. The asynchronicity of the
bond formation in HFPon, Ar,,,,, = 0.98, is larger than that
of the corresponding TS1on, 0.63.

The extent of bond formation along a reaction pathway
is provided by the concept of bond order (BO).>” The value
of BO for the C4-C5 forming-bond in the ortho TSs is 0.33
for TS1lon and 0.32 for TS1ox, while the value of BO be-
tween the O1 and the C6 atoms is 0.08 for TS1on and 0.06
for TS1ox. For the meta TSs, the BO value for the O1-C5
forming-bond is 0.52 for TS1mn and 0.48 for TS1mx, while
the BO value between the C4 and C6 atoms is 0.29 for
TS1mn and 0.24 for TS1mx. The ortho TSs form earlier in
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Figure 2. Geometry of the “halfway” point HFPon on the IRC be-
tween TSon and the [4+2] cycloadduct 16. The bond lengths be-
tween the atoms directly involved in the reaction are given in A.

the reaction path and are more asynchronous than the meta
ones. While the ortho TSs correspond to highly asynchro-
nous bond formation processes, only the C4-C5 bond is
being formed in the TS, the more energetic meta TSs corre-
spond to asynchronous bond formation processes in which
the O1-C5 bond formation is more advanced than the C4—
C6 one. The BO value for C4-C5 in HFPon, 0.92, indicates
that this bond has already formed, while the BO value be-
tween the Ol and C6 atoms is 0.22.

The natural population analysis (NPA) allows the CT in
these polar cycloaddition reactions to be evaluated. The
B3LYP/6-31G*-calculated natural atomic charges in the
TSs have been partitioned between the enamine and the
nitrosoethylene frameworks. The negative charge transfer-
red from the donor enamine to the acceptor nitrosoethylene
1s 0.32¢ for TS1on, 0.29¢ for TSlox, 0.43¢ for TS2mn, and
0.39 e for TS2mx, thereby confirming the zwitterionic na-
ture of these TSs. In these polar cycloaddition reactions
there is large CT as a consequence of the strong electrophi-
licity of nitrosoethylene and the strong nucleophilic charac-
ter of the enamine. The CT in the endo TSs is greater than
that in the exo ones, whilst the CT in the meta TSs is greater
than that in the ortho ones because the latter form earlier
along the reaction path. However, CT increases to a maxi-
mum 0.61e for the HFPon formed along the ortho reactive
channels.

Finally, the topologies of the ELF of nitrosoethylene 13,
enamine 15, TS1on, the structure HFPon, and the cycload-
duct 16 were analyzed in order to obtain additional infor-
mation about the electron density evolution in these polar
DA reactions. The population N of the valence basins of
these structures are listed in Table 4. Nitrosoethylene 13
presents seven valence basins, namely V(O1), V(N2), two
V(O1,N2), V(N2,C3), and two V(C3,C4). Whereas the two
monosynaptic basins correspond to lone pairs on the Ol
and N2 atoms, the disynaptic basins V(O1,N2) and
V(C3,C4) correspond to the two double bonds represented
in the Lewis structure of 13 in Scheme 7. The populations
of the two monosynaptic basins are around 2.7e. On the
other hand, the more significant valence basins of the en-
amine 15 are two monosynaptic basins on the N7 nitrogen,
V(N7), with a total population of 2.41e, and three disynap-
tic basins, two V(C5,C6) with a population of 1.78¢ and
1.95¢ and one V(C6,N7) with a population of 1.95 e.
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Table 4. The valence basin population N calculated for the ELF of
the reagents, the TS, “halfway” on the IRC, and the cycloadduct
involved in the more favorable ortholendo pathway of the Diels—
Alder reaction between nitrosoethylene 13 and 1-vinylpyrrolidine
15.

Basin Basin population N [e]

13 and 15 TSlon HFPon 16
V(Ol1) 2.64 2.87 2.88 2.57
V(Ol) 3.07 2.47
V(O1,N2) 2.70 2.80 2.80
V(O1,N2) 1.80 1.49 1.20 0.98
V(N2) 2.68 2.76 2.85
V(N2,C3) 2.01 2.26 3.26 3.23
V(C3,C4) 1.77 3.33 2.05 2.02
V(C3,C4) 1.71
V(01,C6) 1.27
V(C4,C5) 1.66 1.86
V(C5,C6) 1.78 3.29 2.17 1.99
V(C5,C6) 1.95
V(C6,N7) 1.95 2.21 3.00 1.84
V(N7) 1.48 1.06 1.02 2.09
V(N7) 0.93 0.83 0.30

- D g D
0N2//01 Fa o\#° |/ )
3 & 5 k
4
13 15 TS1lon
2 D L adD

HFPon 16

Scheme 7.

The more relevant changes found for the ELF of TS1on
relative to those of the reagents are the fusion of the two
disynaptic basins V(C3,C4) of 13 to a unique disynaptic
basin V(C3,C4) with a population of 3.33e¢ and the fusion
of the two disynaptic basins V(C5,C6) of 15 to a unique
disynaptic basin V(C5,C6) with a population of 3.39e. A
flow of the electron population from the enamine fragment
to the end of the nitrosoethylene fragment is observed in
the TS. Thus, the total population of the monosynaptic ba-
sins on the N7 nitrogen decreases from 2.41e for the en-
amine 15 to 1.89¢ for TSlon, while the population of the
disynaptic basin V(C6,N7) increases from 1.95¢ to 2.21e.
On the other hand, a slight increase in the electron popula-
tion of the nitrosoethylene fragment is observed; the sum
of the population of the corresponding valence basins rises
from 15.31e to 15.51e.

TSlon has no monosynaptic basins on the C4 and C5
carbon atoms. These will be created in a subsequent step of
the IRC between the two atoms at a short distance and
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before the formation of the disynaptic basin V(C4,C5) asso-
ciated with the formation of the C4-C5 bond.! 24l

The most interesting changes in the electron population
along the IRC are observed for the HFPon structure for
which the creation of the disynaptic basin V(C4,C5) with a
population of 1.66¢ indicates C4-C5 bond formation. While
the N7 nitrogen presents a unique monosynaptic basin with
a population of 1.02¢, the disynaptic basin V(C6,N7) in-
creases to 3.00e. In addition, while the C5 carbon atom is
sp>-hybridized, the C6 remains sp>. A new monosynaptic
basin is created on the O1 atom which adds to the previous
one to give a total population of 5.95¢. Furthermore, the
population of the disynaptic basin V(C3,C4) decreases to
2.05¢, while the population of V(N2,C3) increases to 3.26e.
These changes indicate a large polarization of the HFPon
structure associated with the formation of the C4-CS5 bond.
Note that for HFPon there is no monosynaptic basin associ-
ated with the C6 carbon atom which is required before O1-
C6 bond formation.

Finally, for the cycloadduct 16, as well as the presence of
a new disynaptic basin V(O1,C6), remarkably N7 again has
two monosynaptic basins with a total population of 2.39%.
As a consequence, the lone pair on the N7 nitrogen of the
enamine 15 has a large incidence in this polar cycloaddition
reaction, it being responsible for the strong nucleophilic
character of 15.

The amount of CT in this polar process has been evalu-
ated from the sum of the core and valence basins of the
enamine and nitrosoethylene fragments in TSlon and
HFPon. The CT from the enamine 15 to the nitrosoethylene
13 is 0.31e in TSlon and 0.67¢ in HFPon. This large CT
found in the C4-C5 bond formation, which is closer to that
obtained by NPA analysis, shows the polar nature of these
highly asynchronous concerted cycloaddition reactions, as
anticipated by the electrophilicity analysis of the reagents.

The solvent effects of dichloromethane were modeled
using the PCM method by means of single-point calcula-
tions on the gas-phase-optimized geometries. The relative
energies are reported in Table 2. Solvent effects stabilize all
stationary points by between 2 and 6 kcal/mol. Owing to
their zwitterionic character, the more stabilized species are
the nitrosoethylene 13 and the TSs associated with the nu-
cleophilic attacks. As a consequence, in dichloromethane,
the energy of MCI is located 0.5 kcal/mol above the rea-
gents, while TS1on is located 0.6 kcal/mol below. TS1on re-
mains 11.4 kcal/mol below TS1mn. The exo TSs are more
stabilized than the endo ones, however, TSlon remains
1.8 kcal/mol below TS1ox, the cycloaddition reaction being
endo selective.

The Polar DA Reaction between (1-Nitrosovinyl)benzene
(8) and 1-[ (E)-Prop-1-enyl]pyrrolidine (9)

Four reactive channels are also feasible for the cycload-
dition reaction between (1-nitrosovinyl)benzene (8) and 1-
[(E)-prop-1-enyl]pyrrolidine (9). However, owing to the
complete regioselectivity shown by the cycloaddition reac-
tion Model I, only the endo and exo approach modes along
the ortho regioisomeric channels were considered (see
2575
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Scheme 8). An exhaustive exploration of the PES along
each one of the two stereoisomeric reactive channels al-
lowed us to find again only one TS associated with a highly
asynchronous bond formation process. Therefore, one mo-
lecular complex MC2, two TSs (TS2n and TS2x associated
with the endo and exo channels and denoted as n and x,
respectively), and their corresponding cycloadducts 10a and
10b were located and characterized (see Scheme 8). The to-
tal and relative energies are summarized in Table 2. The ge-
ometries of the TSs are given in Figure 3.

Scheme 8.

TS2In

TS2x

Figure 3. Geometries of the endo and exo transition-state structures
involved in the Diels-Alder reaction between nitrosoethylene 8 and
vinylpyrrolidine 9. The distances are given in A.

These cycloaddition reactions are highly asynchronous
bond formation processes associated with a Michael-type
addition of the enamine 9 to the conjugated position of the
nitrosoethylene 8. The relative electronic energies of the TSs
associated with these nucleophilic attacks are —2.4 (TS2n)
and 1.1 kcal/mol (TS2x). The value of the relative energy
of the most favorable TS2n with respect to the separate rea-
gents is negative; however, if we consider the formation of
2576
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MC?2, the potential energy barrier becomes slightly positive,
0.1 kcal/mol. The strong electrophilic character of the nitro-
soethylene 8 and the strong nucleophilic character of the
enamine 9 are both responsible for the very low electronic
activation barriers associated with C—C bond formation in
this reaction. This cycloaddition reaction presents a large
endo stereoselectivity, TS2n is 3.5 kcal/mol lower in energy
than TS2x. The formation of the oxazines is strongly exo-
thermic, —47.8 (10a) and —43.3 kcal/mol (10b); oxazines 10a
and 10b are a pair of enantiomers but with different confor-
mations. Therefore, the cycloaddition step of these organ-
ocatalytic reactions can be considered as irreversible. After
the formation of the amino acetals, acidic hydrolysis affords
the corresponding hydro-oxazines (see Scheme 4).['3]

Owing to the fact that these cycloadditions are two-cen-
ter addition reactions, a stepwise mechanism associated
with the anti attack of the enamine 9 on the nitrosoethylene
8 can coexist.'¥l Therefore, the anti pathway was also
studied (see Scheme 9).?%! The energetic results are summa-
rized in Table 2 while the geometries of anti TS3 and the
corresponding zwitterionic intermediate ZW are shown in
Figure 4. The potential energy barrier for TS3 relative to
MC?2 is 8.2 kcal/mol; the formation of the zwitterionic in-
termediate ZW is endothermic by 1.6 kcal/mol. anti TS3 is
located 8.1 kcal/mol above endo TS2n; consequently, in the
gas phase the stepwise channel associated with the anti at-
tack of the enamine 9 on the nitrosoethylene 8 is not com-
petitive.l'4a] The subsequent ring-closure of the intermediate
ZW is nearly barrierless; both the C4-C5 bond rotation and
the O1-C6 bond formation have insignificant barriers.

C4-C5
bond rotation

—_—

and
01-C6
bond formation

10b

Scheme 9.

The geometries of the TSs and the zwitterionic interme-
diate are shown in Figure 3 and Figure 4. The length of the
C4-C5 forming-bond in TS2n and TS2x is 2.349 and
2.317 A, respectively, while the distance between the O1 and
the C6 atoms is 3.022 and 2.784 A, respectively. The O1—
C6 distances indicate that these atoms are not being
bonded. For the concerted TSs, the extent of the asynchron-
icity, that is, Ar = d(O1-C6) — d(C4-C5), is 0.67 for TS2n
and 0.47 for TS2x. The more favorable endo TS is more
asynchronous than the exo one. For anti TS3 the length of
the C4-C5 forming-bond is 2.052 A, while it is 1.626 A in
the intermediate ZW, indicating that this bond has already
formed. The C3-C4-C5-C6 dihedral angles for the TSs are
46.7 (TS2n), 77.2 (TS2x) and 163.8° (TS3). While TS2n and
TS2x correspond to a gauche approach of the C3-C4 and
C5-C6 double bonds along the C4-C5 bond formation re-
action coordinate, TS3 corresponds to the anti approach.
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Figure 4. Geometries of the transition-state structure TS3 and the
zwitterionic intermediate ZW involved in the anti addition of the
vinylpyrrolidine 9 to the nitrosoethylene 8. The distances are given
in A.

The BO value for the C4-C5 forming-bond for the con-
certed TSs is 0.30 for TS2n and 0.20 for TS2x, while the
BO value between the O1 and C6 atoms is 0.07 for TS2n
and 0.04 for TS2xn. These BO values indicate the highly
asynchronous character of the TSs. The endo TS is more
advanced than the exo one. The BO value of the C4-C5
forming-bond in anti TS3 is 0.46, while for the intermediate
ZW it is 0.86. The more favorable concerted TSs are formed
earlier than the anti TS3.

In this polar cycloaddition reaction, the negative CT that
fluxes from the donor enamine to the acceptor nitrosoethy-
lene is 0.32¢ for TS2n, 0.31e for TS2x, and 0.38¢ for TS3
thereby confirming the zwitterionic nature of these TSs. In
the zwitterionic intermediate ZW the CT is 0.57¢. Note that
this value is closer to that calculated for HFPon. Therefore,
in these polar cycloaddition reactions the CT increases dur-
ing the nucleophilic attack until completion of C—C bond
formation. This large CT is a consequence of the strong
electrophilicity of nitrosoethylene and the strong nucleo-
philic character of the enamine.

Analysis of the atomic motions at the unique imaginary
frequency of concerted TSs, 187.4i (TS2n) and 227.6i cm™!
(TS2x), indicates that mainly movement of the C4 and C5
atoms occurs along the C4-C5 bond-forming path, move-
ment of the O1 and C6 atoms being negligible. This analysis
reinforces the two-center interaction of this polar DA reac-
tion. While in the proline-catalyzed aldol reaction, forma-
tion of a hydrogen bond catalyzed the aldol addition very
efficiently, also favoring the formation of the corresponding
zwitterionic aminol intermediate,['°? in the pyrrolidine-cat-
alyzed DA reaction, the coulombic attraction between the
ends of the zwitterionic TSs favor concomitant ring-closure
to give the corresponding amino acetal in a concerted pro-
cess.[144]
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Solvent effects stabilize all stationary points by between
2 and 15 kcal/mol. The more stabilized species are the nitro-
soethylene 8, the TSs, and the intermediate ZW as a result
of their zwitterionic character. Now, in dichloromethane,
MC2 is located 1.5 kcal/mol above the reagents, while TS2n
is located 0.3 kcal/mol below them. Also, the exo TS2x is
more stabilized than the endo TS2n, in clear agreement with
the large dipole moment of the former (4.26 D for TS2n
and 5.47 D for TS2x). However, TS2n remains 2.8 kcal/mol
below TS2x, the cycloaddition reaction being endo selective.
The TS and intermediate associated with the anti attack are
strongly stabilized, 8.9 (TS3) and 14.6 kcal/mol (ZW), as a
consequence of their large zwitterionic character. In spite
of this large stabilization, TS3 remains 3.2 kcal/mol above
TS2n, the concerted mechanism being more favorable than
the stepwise one. However, for DA reactions involving more
electrophilic nitrosoethylenes that can evolve a larger CT,
such as the 4-nitrophenyl- and the ethoxycarbonyl-ni-
trosoalkenes 12 and 11, the anti attack could be competi-
tive.

Conclusions

The transition-state structures associated with the polar
Diels—Alder reaction of nitrosoalkenes with enamines have
been studied using DFT methods at the B3LYP/6-31G*
level of theory. Analysis of the two 6 bonds formed in these
polar cycloaddition reactions indicates that they are highly
asynchronous concerted processes involving nucleophilic at-
tack of the enamine at the conjugated position of the ni-
trosoalkene, a Michael-type addition. Concomitant ring-
closure with the formation of the C-O bond in the second
stage of these concerted processes affords the corresponding
oxazine. These reactions present a total ortho regioselectiv-
ity as a consequence of the more favorable two-center inter-
action in the conjugate addition to nitrosoethylene and a
large endo sclectivity as a consequence of favorable cou-
lombic interactions between the ends of the zwitterionic
endo TSs. The stepwise pathway associated with the anti
attack of the enamine on the nitrosoethylene has also been
characterized. In the model studied, the greater stabilization
of the TS associated with gauche endo attack relative to that
associated with the anti one makes the anti attack uncom-
petitive. However, for Diels—Alder reactions involving more
electrophilic nitrosoethylenes, the anti attack could be com-
petitive in the condensed phase as a consequence of the
greater solvation of the corresponding zwitterionic anti TS.
In these cases, the stronger electrophilic character of the
nitrosoethylene derivative, together with the polarity of the
solvent, can modify the reaction mechanism from a con-
certed to a stepwise one.

The analysis based on the global electrophilicity of the
reagents correctly explains the polar nature of these cyclo-
addition reactions. The strong electrophilic character of
nitrosoethylenes and the strong nucleophilic character of
the enamines are responsible for the large acceleration
found in these polar Diels—Alder reactions. The strong nu-
2577
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cleophile—electrophile interaction along the ortho reactive
channels is responsible for the large regioselectivity found
in these polar cycloaddition reactions.

Analysis of the ELF at selected points on the IRC shows
that the concerted cycloaddition reactions are two-stage
processes with C—C bond formation taking place in the first
stage with O—C bond formation occurring at the end of the
reaction. ELF analysis of the flow of the electron popula-
tion in the cycloaddition reaction reinforces the results of
our NBO analysis. In the cycloaddition reaction there is
large charge transfer from the nucleophilic enamine to the
strongly electrophilic nitrosoethylene leading to complete
formation of the C—C bond.

Computational Methods

In recent years, theoretical methods based on DFT have emerged
as an alternative to traditional ab initio methods in the study of
the structure and reactivity of chemical systems. Cycloaddition re-
actions have been the subject of several DFT studies and have
shown that functionals that include gradient corrections and hybrid
functionals that allow for exchange and correlation effects, such as
B3LYP,?! together with the standard 6-31G* basis set,l*’] lead to
potential energy barriers that are in good agreement with experi-
mental results.?% So, in this study, geometrical optimizations of
the stationary points were carried out using this methodology. The
optimizations were carried out using the Berny analytical gradient
optimization method.l*!l The stationary points were characterized
by frequency calculations in order to verify that the TSs have one
and only one imaginary frequency. The IRCI*? path was traced in
order to check the energy profiles connecting each TS to the two
associated minima of the proposed mechanism by using the second-
order Gonzalez—Schlegel integration method.[**] The electronic
structures of the stationary points were analyzed by the NBO
method.?# All calculations were carried out using the Gaussian 98
suite of programs.[33

The solvent effects of dichloromethane, modeled as a continuum
model, were determined by performing B3LYP/6-31G* single-point
calculations on the gas-phase-optimized geometries using a rela-
tively simple self-consistent reaction field (SCRF)P! based on the
polarizable continuum model (PCM) of Tomasi and co-workers.l>”)
The electronic energies in solution were obtained by adding the
total electrostatic energies obtained from the PCM calculations to
the electronic energies determined in vacuo. The PCM and solvent
(dichloromethane) options were employed in the SCRF calcula-
tions.

The global electrophilicity index @,'® which is a measure of the
stabilization energy when a system acquires additional electronic
charge AN from the environment, is given by w = (¢*/27),1'% where
1 1s the electronic chemical potential and # the chemical hardness.
Both quantities may be expressed in terms of the one electron ener-
gies of the HOMO and LUMO frontier molecular orbitals, ¢ and
e, that is, u = (e + ¢1)/2 and = (g — &), respectively.’!

The methods based on the topological analysis of the electron den-
sity or its Laplacian, such as the atoms-in-molecules (AIM) method
of Bader!*! or the ELF approach of Becke and Edgecombel*®! and
extensively developed by Savin and co-workers,*!1 are suitable for
the visualization of the electronic redistribution along a reaction
pathway. Several topological analyses have recently been under-
taken to gain a better understanding of bonding and chemical reac-
tivity.4?!
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The ELF has been defined as a measure of the local Pauli repulsion
and its topological analysis provides us with a useful and conve-
nient partitioning of molecular space into regions that are associ-
ated with chemically meaningful concepts such as atomic shells,
bonds, and lone pairs. Each region, called a basin, is related to a
local maximum (i.e., an attractor) of the ELF and it is interpreted
as a region in which localization of an electron or a pair of elec-
trons is more probable. The basins are either core basins labeled
C(A) or valence basins labeled V(A,...) belonging to the outermost
shell. Valence basins are characterized by their coordination
number (the synaptic order) to the core. Hence, lone pairs are rep-
resented by monosynaptic basins, while covalent bonding between
two atoms by disynaptic basins. A quantitative analysis is per-
formed through the integration of the electronic density p(r) in the
volume of the ELF basin Q The integrated basin population (V;)
of a given basin is calculated using Equation (1).

N, = Ip(r)dr (1)
Q

Following N; along a calculated reaction path is a useful technique
that allows the specific flow of electronic charge in a chemical reac-
tion to be identified as well as a rational characterization of chemi-
cal concepts such as bond-forming and -breaking processes, provid-
ing new insights on the reaction mechanism. ELF analysis was car-
ried out using a cubical grid with a step size of less than 0.1 bohr
employing the TopMod™3 package of programs.
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