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The molecular mechanism of the Povarov reaction in acetonitrile has been studied at the MPWB1K/6-
311G** level of theory. This reaction follows a domino process that comprises two sequential reactions:
(i) a Lewis acid catalysed aza-Diels—Alder (A-DA) reaction between a N-aryl imine and a nucleophilic
ethylene yielding a formal [4 + 2] cycloadduct; (ii) a stepwise 1,3-hydrogen shift at this intermediate
affording the final tetrahydroquinoline. At this computational level, the Lewis acid catalysed A-DA
reaction presents a two-step mechanism as a consequence of the large stabilisation of the

corresponding zwitterionic intermediate. Our study allows establishing that the N-aryl substituent has no
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Accepted 28th May 2014 remarkable incidence in the activation energy, but the presence of a second C-aryl substituent has a

) relevant role in the reaction rate. Analysis of the DFT-based reactivity indices of the reagents provides
DOI: 10.1039/c4ra02916) further explanation of the behaviours of the mechanism of the A-DA reaction involved in the Povarov

www.rsc.org/advances reaction.

Over the past decade, various advances in the study of PR
have been reported,* including the broadening of its scope (with

Introduction

In its original form, the Povarov reaction' (PR) involved a Lewis
acid (LA) catalysed aza-Diels-Alder (A-DA) reaction between a N-
aryl imine 1 (a formal 2-azadiene) and a vinyl ether 2 (an elec-
tron-rich (ER) ethylene), followed by a 1,3-hydrogen shift in the
formal [4 + 2] cycloadduct 3 to yield a 1,2,3,4-tetrahydroquino-
line 4 (Scheme 1).

Despite its impressive synthetic potential (two new C-C
bonds, one new ring and up to three new stereogenic centers are
formed), the PR received only sporadic attention from the time
of its discovery (1960s) until the 1990s, when an one-pot, three-
component version involving in situ generation of the N-aryl
imine 1 by a condensation of a carbonyl compound with
aniline, was developed (see Scheme 2).2 Either considered as a
two-step sequence or as a multicomponent reaction, there are
three points of diversity, which render the PR well-suited to
diversity-oriented synthesis.?
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respect to its components and the nature of the catalyst), pro-
gressing toward both the understanding of its reaction mech-
anism and its application in total synthesis.® Due to the
versatility in the functionalisation of the carbonyl derivative and
the aniline, even the use of poor nucleophilic alkenes such as
isoprene, together with the possibility of performing the PR in
an intramolecular manner,® have allowed this reaction to
become a powerful tool for the construction of the quinoline
structure.

1- and 2-azabutadienes display poor reactivity in polar Diels—
Alder (P-DA) reactions. They must be electrophilically activated
by the coordination with a LA to participate in the P-DA reaction
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Scheme 1 The Povarov reaction.
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Scheme 2 One-pot three-component Povarov reaction.
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toward nucleophilic alkenes.” In addition, N-aryl imines such as
1 have a poor reactive aromatic ring participating along the
cycloaddition, a behaviour that could reverse the addition
reaction. These two behaviours demand a strong electrophilic
activation of the N-aryl imine and the use of nucleophilic
ethylenes in order to perform the reaction under mild condi-
tions. For the electrophilic activation, quantitative amounts of
strong LAs, and even Bregnsted acids® able to protonate the
imine nitrogen, are used.

PR has a very complex mechanism and several approaches
can be investigated. In a first approach, the PR can be consid-
ered as a domino reaction that is initialised by a LA catalysed A-
DA reaction between the N-aryl imine 5 and a nucleophilic
ethylene 6 to yield the formal [4 + 2] cycloadduct 7, which
undergoes a 1,3-hydrogen shift to yield the final tetrahy-
droquinoline 8 (see Scheme 3).

However, the actual mechanism can be more complex and it
can depend on the structural features of the N-aryl imine, the
ethylene system or even the LA catalyst. Firstly, the use of strong
electrophilically activated azadienes and strong nucleophilically
activated ethylenes can turn an one-step A-DA reaction into a
two-step one, with the participation of zwitterionic intermedi-
ates.” Secondly, several theoretical studies have emphasised
that tautomerisation via a 1,3-hydrogen shift is energetically
very unfavourable due to the strain associated with the forma-
tion of a four-membered transition state (TS).'® Consequently,
tautomerisation must be also stepwise with the participation of
an acid/base species.

In this line, several experimental works have been devoted to
establish the stepwise nature of the reaction mechanism,
through the characterisation of feasible intermediates.'"*> For
instance, Whiting proposed that formation of the product 11
from the reaction of N-aryl-C-ethoxycarbonyl imine 9 with the
ER butadiene 10 could proceed from the hydrolysis of the
zwitterionic intermediate 12 which would come from the
nucleophilic attack of the non-substituted carbon of the ER
butadiene 10 on the corresponding LA:imine complex of 9.
Note that this nucleophilic addition corresponds to the first
step of a stepwise P-DA reaction (see Scheme 4).

Very few theoretical studies devoted to the PR have been
reported in the literature. In 2010, Cossio et al. studied the BF;
catalysed A-DA reactions of N-(3-pyridyl) imines such as 13b and
13c with ethylene, 14a, and substituted ethylenes such as
styrene 14b as the first reaction of the domino Povarov sequence
(see Scheme 5)."* At the B3LYP/6-31G* level, these A-DA

A-DA 1,3-hydrogen shift
R
N) BF3 N HN
¥ ‘L — U - ERG
© ERG ERG
5 6 7 8

ERG=Electron-Releasing Group

Scheme 3 The simplified proposed mechanism for the Povarov
reaction.

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

Me
Me
“ LA
\ /-i
~ TMS ED, S o
CoEt 9 10 1"

Me!
O\©\ _Yb(OTH),
EDZDJ\/MSTMS
12

Scheme 4

reactions presented in gas phase one-step mechanisms through
asynchronous TSs.™

For the A-DA reactions of N-aryl imines 13a-c with ethylene
14a very high activation energies were found, between 27.0 and
32.9 keal mol . The authors suggested that these disfavoured
reactions may be a consequence of the significant decrease in
the aromatic stabilisation energy in the TS." However, the low
global electrophilicity @ index** of N-aryl imine 13a and N-(3-
pyridyl) imine 13b, » = 1.24 and 1.63 €V, respectively, and the
low global nucleophilicity N index" of ethylene 14a, N =1.86 eV,
are responsible for the high activation energies involved in
these non-polar Diels-Alder (N-DA) reactions' (see below). The
coordination of BF; to N-aryl imines such as 13a and N-(3-pyr-
idyl) imines such as 13b decreased the activation energies of the
A-DA reactions to 18.8-30.9 kcal mol ' as a consequence of the
high electrophilic character of the corresponding BF;:imine
complexes (13b:BF; w = 2.56 eV), but after all, they remained
very high due to the low nucleophilic character of ethylene 14a.
Note that the PR requires the use of ER ethylenes such as ethyl
vinyl ether 2 (see Scheme 1).

The BF; catalysed A-DA reactions of N-aryl and N-(3-pyridyl)
imines 13a-c with substituted ethylenes such as styrene 14b
presented lower activation energies as a consequence of the
larger nucleophilic character of these substituted ethylenes
when compared with ethylene 14a. Note that while ethylene 14a
is classified as a poor nucleophile within the nucleophilicity
scale,” styrene 14b (N = 3.09 eV) is classified as strong nucle-
ophile. Coordination of two BF; molecules to N-(3-pyridyl)
imines 13b-c¢ decreased the activation energies as a
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Scheme 5 A-DA reactions of N-aryl imines 13a—c with ethylene 14a
and styrene 14b.
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consequence of the strong increase of the electrophilic char-
acter of the corresponding LA complex (w = 3.30 eV). All these
B3LYP/6-31G* LA catalysed A-DA reactions also presented one-
step mechanisms in gas phase through highly asynchronous
TSs.'

In the present work, we perform a complete characterisation
of the reaction mechanism of the PR, as well as the main factors
controlling the activation energy associated with the LA cata-
lysed A-DA reaction involved in these domino reactions. For this
purpose, a complete characterisation of the molecular mecha-
nism of the PR between the simplest N-aryl imine 13a and 2-
methylene-1,3-dioxolane 16, a strong nucleophilic ethylene, to
yield tetrahydroquinoline 17 was performed (see Scheme 6). The
LA catalysed A-DA reactions of N-aryl-C-aryl imine 1 and N-
phenyl-C-ethoxycarbonyl imine 26 with methyl vinyl ether
(MVE) 23, were also studied as models for experimental reac-
tions, and the results were compared to those of the reaction
model given in Scheme 6. Finally, an electron localisation
function' (ELF) topological analysis of some selected points
along the intrinsic reaction coordinate'® (IRC) curve of the 13a +
16 reaction was carried out in order to characterise the bonding
changes along this LA catalysed A-DA reaction.

Computational methods

Several works have shown that the B3LYP functional is relatively
accurate for kinetic data, although the reaction exothermicities
are underestimated.”® Recently, the Truhlar's group has
proposed some functionals, such as the MPWB1K,** which
improve thermodynamic calculations. Due to that PRs are
domino processes involving the formation of a cycloadduct
intermediate, accurate thermodynamic calculations are
required in order to understand the overall energy profile.
Consequently, DFT computations were carried out using the
MPWBI1K* exchange-correlation functional, together with the
standard 6-311G** basis set.”> The optimisations were carried
out using the Berny analytical gradient optimisation method.*
The stationary points were characterised by frequency compu-
tations in order to verify that TSs have one and only one
imaginary frequency. The IRC paths' were traced in order to
check the energy profiles connecting each TS to the two asso-
ciated minima of the proposed mechanism using the second
order Gonzalez-Schlegel integration method.>* Solvent effects of
acetonitrile in the optimisations were taken into account using
the polarisable continuum model (PCM) as developed by
Tomasi's group™ in the framework of the self-consistent reac-
tion field (SCRF).>* Values of enthalpies, entropies and free
energies in acetonitrile were calculated with the standard
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Scheme 6 Reaction model for the Povarov reaction.
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statistical thermodynamics at 25.0 °C and 1 atm.*® Thermody-
namic calculations were scaled by a factor 0.96.>” The electronic
structures of stationary points were analysed by the natural
bond orbital (NBO) method® and by the ELF topological anal-
ysis, n(r).** The ELF study was performed with the TopMod
program® using the corresponding monodeterminantal wave-
functions of the selected structures of the IRC. All computations
were carried out with the Gaussian 09 suite of programs.*’

The global electrophilicity index," w, is given by the
following expression, w = (,uZ/Zn), in terms of the electronic
chemical potential x4 and the chemical hardness 7. Both quan-
tities may be approached in terms of the one-electron energies
of the frontier molecular orbital HOMO and LUMO, ¢y and ¢y,
asu = (eg +&)/2 and n = (eg, — ep), respectively.®* Recently, we
introduced an empirical (relative) nucleophilicity index," N,
based on the HOMO energies obtained within the Kohn-Sham
scheme,** and defined as N = Eyomo(NU)—Enomo(TCE). The
nucleophilicity is referred to tetracyanoethylene (TCE), because
it presents the lowest HOMO energy in a large series of mole-
cules already investigated in the context of polar cycloadditions.
This choice allows us to handle conveniently a nucleophilicity
scale of positive values. The Py, electrophilic and Pj, nucleophilic
Parr functions,*® which allow for the characterisation of the
electrophilic and nucleophilic centers of a molecule, were
obtained through the analysis of the Mulliken atomic spin
density of the radical anion and the radical cation of the studied
molecules, respectively.

Results and discussion

The present theoretical study has been divided into five parts: (i)
firstly, a complete characterisation of the molecular mechanism
of the PR between the simplest N-aryl imine 13a and 2-methy-
lene-1,3-dioxolane 16 is performed; (ii) secondly, the LA cata-
lysed A-DA reaction of N-aryl-C-aryl imine 1 with MVE 23, is
studied as the prototype of the experimental PR; (iii) in the third
part, the role of the substituent present in the imine C1 carbon
is analysed; (iv) in the fourth part, an ELF topological analysis of
selected points along the A-DA reaction of the simplest N-aryl
imine 13a with the nucleophilically activated ethylene 16 is
carried out in order to characterise the bonding changes along
these LA catalysed A-DA reactions; and (v) finally, an analysis of
the DFT-based reactivity indices of the reagents involved in PRs
is performed in order to explain both the reactivity in these A-DA
reactions and the complete regioselectivity experimentally
observed.

(i) Study of the mechanism of the PR between the simplest
N-aryl imine 13a and 2-methylene-1,3-dioxolane 16

In order to perform a complete characterisation of the molec-
ular mechanism of the LA catalysed PR, the BF; catalysed
domino reaction between the simplest N-aryl imine 13a and 2-
methylene-1,3-dioxolane 16 was firstly studied. Note that 2-
methylene-1,3-dithiolanes have been used experimentally as ER
ethylenes in BF; catalysed A-DA reactions.** The BF; promoted
domino reaction between N-aryl imine 13a and the ER ethylene

This journal is © The Royal Society of Chemistry 2014
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16 takes place via a two-step A-DA reaction followed by a step-
wise 1,3-hydrogen shift (see Scheme 7). The relative energies
of the stationary points involved in this PR are depicted in
Scheme 7. The total energies are given in Table S1 of the ESLf
A schematic representation of the energy profile of the PR
between N-aryl imine 13a and 2-methylene-1,3-dioxolane 16 is
given in Fig. 1.

The A-DA reaction is initialised by the nucleophilic attack of
the ER ethylene 16 on the BFz:iimine complex 18. For this
nucleophilic attack, two regioisomeric channels are feasible.
However, an analysis of the Parr functions® allows ruling out
the reaction path associated with the nucleophilic attack of the
C6 carbon of ER ethylene 16 on the C4 carbon of 18 (see below).
The TS associated with the nucleophilic attack of the C6 carbon
of ethylene 16 on the C1 carbon of 18, TS1-18, is located 3.3
kcal mol ™' below the separated reagents. However, if we
consider the formation of a molecular complex, MC-18, in an
earlier step of the reaction, the activation energy becomes
positive, 2.8 kcal mol™". Interestingly, formation of the zwit-
terionic intermediate IN1-18 is strongly exothermic, —19.0
kcal mol™'. The second step of the A-DA reaction is the
formation of the second C4-C5 single bond by a ring-closure
process. The activation energy associated with this process via
TS2-18 is 9.7 kcal mol . This barrier is higher than that asso-
ciated with two-step P-DA reactions, as a consequence of the
loss of the aromatic character of the phenyl ring. However, in
spite of this fact, formation of compound 19 is strongly
exothermic, —23.0 kcal mol ™.

Inclusion of thermal corrections and entropies to electronic
energies rise the relative free energies between 13-18
keal mol ', due to the unfavourable entropy associated with the
bimolecular reaction (see Table S5 in ESIt). Thus, formation of
MC-18 is endergonic by 7.3 kecal mol '. Consequently, MC-18
does not have any significant impact on the free energy profile.
The free activation energy associated with TS1-18 is
12.8 kcal mol™', and formation of IN1-18 is exergonic by
0.8 kecal mol . Finally, formation of compound 19 is exergonic
by 5.7 keal mol ™.

The second reaction of this domino process is a formal 1,3-
hydrogen shift, allowing the conversion of compound 20 into
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stepwise A-DA reaction
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Scheme 7 Povarov reaction between N-aryl imine 13a and 2-meth-
ylene-1,3-dioxolane 16. The MPWB1K/6-311G** relative energies (in
kcal mol™) in acetonitrile are in italics.
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Fig. 1 Energy profile (AE in kcal mol™) of the Povarov reaction
between N-aryl imine 13a and 2-methylene-1,3-dioxolane 16: (a)
stepwise A-DA reaction; (b) one-step and stepwise 1,3-hydrogen
shifts.

the thermodynamically more stable tautomer 17, in which the
aromatic ring is regenerated. Several theoretical studies have
shown that the direct one-step 1,3-hydrogen shift for tauto-
merisations is very unfavourable due to the formation of a very
strained four membered TS.** Accordingly, the TS associated
with the intramolecular tautomerisation of compound 20 into
the final product 17 via TS3, presents a very high energy,
75.1 kcal mol !, ruling out the direct 1,3-hydrogen shift.
Formation of the final tetrahydroquinoline 17 from 20 is
strongly exothermic, —30.6 kcal mol™"; tautomerisation being
thermodynamically very favourable.

Due to the acidic character of the hydrogen involved in the
tautomerisation, this process can be acid/base catalysed by any
basic species present in the reaction.' Recently, the effects of
polar protic solvents such as water and methanol in the tauto-
merisation of pyridazin-3(2H)-one have been studied.*® The
activation energy associated with the four membered TS in
water decreased from 44.4 keal mol " to 15.0 keal mol " in the
presence of an implicit water molecule. A more basic molecule
such as tetrahydroquinoline 20 could decrease this activation
energy, but now the tauromerization becomes stepwise. To
model the intermolecular process, we selected tetrahydropyr-
idine 21, which would model the basic character of tetrahy-
droquinoline 20. Now, the TS associated with the proton
abstraction from 20 through the basic enamine 21, via TS4, was
found 16.3 kcal mol " above the hydrogen-bonded complex 20 +
21, the formation of the zwitterionic intermediate IN2 being
endothermic by 8.2 kcal mol™". The subsequent step of this
stepwise process is the cession of the proton present in the
ammonium cation of 21 to the N2 nitrogen atom of 20. This
acid/base process did not present any appreciable barrier.
Therefore, when the two ionic species are approached, the
proton transfer process to yield 17 + 21 would take place easily
and quickly. Inclusion of thermal corrections and entropies to
electronic energies rise the relative free energy of TS4 to 15.2
kcal mol ', the tautomerization being exergonic by
31.9 keal mol™* (see Table S5 in ESIf). These data indicate that
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this tautomerisation is kinetically and thermodynamically very
favourable.

The geometries of the TSs associated with the BF; catalysed
PR between N-aryl imine 13a and the ER ethylene 16 are given in
Fig. 2. At TS1-18 the distance between the C1 and C6 carbons is
2.240 A, while the distance between the C4 and C5 carbons is
3.224 A. At intermediate IN1-18, the length of the C1-C6 single
bond is 1.560 A, while the distance between the C4 and C5
carbon remains at 3.117 A. Interestingly, the C1-C6 length in
intermediate IN1-18, which is shorter than that in most of the
zwitterionic intermediates involved in two-step P-DA reactions
(mainly between 1.60-1.65 A),*” is in complete agreement with
the high stabilisation of this intermediate. At TS2-18, associated
with the ring-closure, the distance between the C4 and C5
carbons is 2.129 A.

At TS3, associated with the intramolecular 1,3-hydrogen
shift, the lengths of the C4-H7 breaking and N2-H7 forming
bonds are 1.300 and 1.528 A, respectively. At TS4, associated
with the first step of the intermolecular 1,3-hydrogen shift, the
length of the C4-H7 breaking bond is 1.413 A, while the length
of the H7-N8 forming bond is 1.304 A (see Scheme 7 for atom
numbering).

The polar nature of the BF; catalysed A-DA reaction was
analysed by computing the global charger transfer (GCT) along
the cycloaddition. The natural atomic charges at TS1-18, IN1-18
and TS2-18, obtained through a natural population analysis
(NPA),*® were shared between the ER ethylene and the LA:imine
complex frameworks. The GCT that fluxes from the ER ethylene
framework to LA:imine complex framework along this A-DA
reaction is 0.29e at TS1-18, 0.86e at IN1-18 and 0.56e at TS2-18.
These values confirm the high polar character of this A-DA

TS1-18 TS2-18

D
'

TS3

Fig.2 MPWB1K/6-311G** geometries, in acetonitrile of the transition
structures involved in the Povarov reaction between the simplest N-
arylimine 13a and 2-methylene-1,3-dioxolane 16. Lengths are given in
Angstroms.
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reaction. NPA analysis at IN1-18 indicates the high zwitterionic
character of this intermediate. At TS2-18, there is a decrease of
the GCT as consequence of a retro-donation along the ring-
closure process.

Finally, the A-DA reaction between the simplest N-aryl imine
13a and the ER ethylene 16 was studied in order to establish the
role of the LA catalyst in the PR (see Scheme 8). Energetic and
geometrical details of the mechanistic study are given in the
ESL+

Interestingly, this uncatalysed reaction also presents a two-
step mechanism. The activation energy associated with the
nucleophilic attack of the ER ethylene 16 on N-aryl imine 13a,
is 12.0 kcal mol ", while the formation of the corresponding
zwitterionic intermediate is found endothermic by 9.4
kcal mol ', Consequently, the presence of the LA in the PR,
does not only accelerate the reaction, but also permits the A-
DA reaction to take place via a strong stabilised zwitterionic
intermediate. Note that the formation of the intermediate IN1-
18 is strongly exothermic, -19.0 kcal mol~". This behaviour
allows explaining that under adequate experimental condi-
tions the corresponding intermediate could be isolated (see
below).*

(i) Study of the mechanism of the BF; catalysed A-DA
reactions of N-aryl-C-aryl imine 1 with methyl vinyl ether 23

Given that the formal 1,3-hydrogen shift is expected to be
similar across PRs, only the BF; catalysed A-DA reaction
between the experimental N-aryl-C-aryl imine 1 and MVE 23 was
studied as a reaction model of the experimental PR shown in
Scheme 1. Due to the asymmetry of both reactants, this A-DA
reaction can take place along four competitive channels: two
stereoisomeric channels (the endo and exo ones) and two
regioisomeric channels. Just as the A-DA reaction between the
simplest N-aryl imine 13a and the ER ethylene 16, the study of
the regioisomeric channels associated with the nucleophilic
attack of the C6 carbon of MVE 23 on the C4 carbon of N-aryl-C-
aryl imine 1 were ruled out as these channels were considered
very unfavourable.® Consequently, only the endo and exo
stereoisomeric channels associated with the initial formation of
the C1-C6 single bond were considered. Analysis of the
stationary points associated with the formation of the formal
[4 + 2] cycloadducts 24 and 25 indicates that this A-DA reaction
also takes place along a two-step mechanism. Therefore, two
TSs, a zwitterionic intermediate and the formal [4 + 2] cyclo-
adduct were located and characterised along each one of the
two stereoisomeric channels (see Scheme 9). The relative ener-
gies of the stationary points involved in the BF; catalysed A-DA
reaction between N-aryl-C-aryl imine 1 and MVE 23 are collected

N/1

Scheme 8 A-DA reaction between N-aryl imine 13a and ER ethylene
16.

This journal is © The Royal Society of Chemistry 2014
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in Scheme 9. The total energies are given in Table S2 of the ESL. T
A schematic representation of the energy profile of the BF;
catalysed A-DA reactions of N-aryl-C-aryl imine 1 with MVE 23 is
given in Fig. 3.

The BF; catalysed A-DA reaction, between N-aryl-C-aryl imine
1 and MVE 23 to yield the formal [4 + 2] cycloadducts 24 and 25
begins with the nucleophilic attack of the C6 carbon of MVE 23
on the C1 carbon of BFz:iimine complex 22. The activation
energies associated with the two stereoisomeric nucleophilic
attacks are 9.6 (TS1n-1) and 15.9 (TS1x-1) kcal mol . Formation
of the corresponding zwitterionic intermediates is endothermic
by 3.4 (INn-1) and 3.3 (INx-1) kcal mol . In this two-step A-DA
reaction, formation of the second C-C single bond along
the ring-closure process from the corresponding intermediate
has a very low activation energy: 1.3 (TS2n-1) and 0.8 (TS2x-1)
kcal mol ', Formation of the formal [4 + 2] cycloadducts is
exothermic by —19.6 (24) and —15.4 (25) kcal mol '. Some
appealing conclusions can be drawn from these energy results:
(i) the activation energies associated with the formation of the
first C1-C6 single bond are 12.9 (TS1n-1) and 19.2 (TS1x-1)
keal mol™" higher than that for the A-DA reaction of the
simplest N-aryl imine 13a with the ER ethylene 16, via TS1-18;
(ii) this A-DA reaction is completely endo selective, TS1x-1 being
6.3 kcal mol™" higher in energy than TS1n-1; (iii) while forma-
tion of the zwitterionic intermediate IN-18 is exothermic by
—19.0 kecal mol™", formation of INn-1 and INx-1 is slightly
endothermic.

Such as the A-DA reaction of BF;:imine complex 18 with ER
ethylene 16, inclusion of thermal corrections and entropies to
electronic energies rise the relative free energies of the A-DA
reaction of BF;:imine complex 22 with ER ethylene 23 between
16-21 kcal mol *, due to the unfavourable entropy associated
with the bimolecular reaction (see Table S5 in ESIt). Thus, the
free activation energy associated with TS1n-1 and TS1x-1 rises
to 28.3 and 31.8 kcal mol ™', respectively. In spite of the
reduction of the relative free energies between the two
stereoisomeric TSs, the A-DA reaction remains endo selective.
Formation of the formal endo [4 + 2] cycloadduct 24 is ender-
gonic by 1.1 kcal mol™". Anyway, the strong exothermic char-
acter of the tautomerisations makes the Povarov reaction
irreversible.

Ph

TS1n-1 FBNo

D
9.6 OMe 47
5 34

FBN
BN, s |k
@ OMe Ph
22 00 o3 TS1x-1 ﬁBNéWI@ TS2x-1 3
15.0 OMe =, "OMe
33 -15.4
INx-1 25

Scheme 9 BF; catalysed A-DA reaction between N-aryl-C-aryl imine
1 and MVE 23. The MPWB1K/6-311G** relative energies (in kcal mol™)
in acetonitrile are in italics.
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Fig. 3 Energy profile (AE in kcal mol™) of the BFs catalysed A-DA
reactions of N-aryl-C-aryl imine 1 with MVE 23.

The geometries of the TSs associated with the BF; catalysed
A-DA reaction between N-aryl-C-aryl imine 1 and MVE 23 are
given in Fig. 4. At TS1n-1 and TS1x-1, the distance between the
C1 and C6 carbons is 2.002 and 1.963 A, while the distance
between the C4 and C5 carbons is 3.093 and 3.166 A, respec-
tively. At intermediates IN1n-1 and IN1x-1, the length of the C1-
C6 single bond is 1.597 and 1.561 A while the distance between
the C4 and the C5 carbon remains to 2.803 and 2.744 A. At TS2n-
1 and TS2x-1, associated with the ring-closure process, the
distance between the C4 and C5 carbons is 2.290 and 2.262 A,
respectively.

The GCT that fluxes from the ER ethylene framework to
BF;:imine complex one along the BF; catalysed A-DA reaction of
N-aryl-C-aryl imine 1 is 0.46e at both TS1n-1 and TS1x-1, 0.77¢ at
IN1n-1, 0.81e at IN1x-1, 0.61e at TS2n-1 and 0.63e at TS2x-1.
These values, which are similar to those found in the BF; cat-
alysed A-DA reaction of N-aryl imine 13a with the ER ethylene
16, confirm the high polar character of these BF; catalysed A-DA
reactions.

TS1x-1

TS2x-1

Fig. 4 MPWB1K/6-311G** geometries of the transition structures
involved in the BFz catalysed A-DA reaction between N-aryl-C-aryl
imine 1 and MVE 23. Lengths are given in Angstroms.
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(iif) Study of the role of the C-substituent present in the
imine, H, Ph, or CO,R, in the PR

Interestingly, the relative energy differences between TS1-18
and TS1n-1 with respect to the separated reagents, 12.9 kcal
mol !, is closer to that found between the TSs of the LA cata-
lysed A-DA reactions between N-(3-pyridyl) imines 13b and 13c
with styrene 14b, ca. 10 kcal mol ™" (see Scheme 5).** Analysis of
the structural behaviours of reagents participating in these A-
DA reactions allows concluding that the main factor responsible
for these energy differences could be related to the presence of
the phenyl substituent in the C1 carbon of imines 1 and 13c,
which is absent in the N-aryl imine 13a and 13b. Consequently,
the loss of conjugation between the aryl substituent present
in the C1 carbon of 1 and in 13¢ and the imine C=N group along
the C1-Cé6 single bond formation, and not the decrease in the
aromatic stabilisation energy in the TS such as proposed Cossio,*?
is suggested to be responsible for these energy differences.

In order to establish the role of the substituent in the C1
carbon of imine 1, H, Ph or CO,R, two complementary studies
were performed. First, the loss of conjugation was analysed
using the isodesmic reactions® given in Scheme 10 at the
MPWBI1K/6-311G** level.

The energy difference associated with the isodesmic reaction
involving the simplest N-aryl imine 13a, AEj,, = —0.9 kcal
mol ', indicates that the conjugation of the aromatic N-aryl
group with the imine C=N double bond is thermodynamically
slightly more unfavourable. However, an interesting result was
found for N-aryl-C-aryl imine 1 (R = Ph) in which the energy
difference associated with the corresponding isodesmic reac-
tion, AE;s, = 8.1 keal mol™?, indicates that there is a substantial
conjugation between the aromatic C-aryl substituent and the
imine C=N double bond. Note that for the N-aryl-C-aryl imine
1, the value of AE;, is close to the difference of activation
energies between TS1-18 and TS1n-1, 12.9 kcal mol . Finally,
the energy difference associated with the isodesmic reaction
involving N-phenyl-C-ethoxycarbonyl imine 26 (R = CO,Me),
AE;s, = —0.6 kcal mol *, is similar to that found for N-aryl imine
13a, indicating that the methoxycarbonyl substituent present at
the C1 carbon atom of the imine C=N group does not present
any appreciable conjugation.

Alternatively, the endo reactive channel associated with the
nucleophilic attack of MVE 23 on the BF; complex of N-phenyl-C-
ethoxycarbonyl imine 26, BF;:imine complex 27, was also studied
in order to establish the role of the substituent present in the C1
atom of the imine (see Scheme 11). Energetic and geometrical
details of the mechanistic study are given in the ESL

J
HN
—_— + H,C=NH + AEj,

)=
N

+ H3;C—NH,
AEiso
13aR=H -0.9 kcal/mol
1 R=Ph 8.1 kcal/mol

26 R=CO,Me -0.6 kcal/mol

Scheme 10
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Such as in the A-DA reaction shown in Schemes 7 and 9, the
BF; catalysed A-DA reactions of N-phenyl-C-ethoxycarbonyl
imine 26 with MVE 23 presented also a two-step mechanism. In
addition, this study allowed to find an anti zwitterionic inter-
mediate, in agreement with the Whiting's proposal** for the
formation of the product 11 in Scheme 4 (see Scheme S2 in the
ESI?).

Some appealing conclusions can be drawn from the energy
results obtained from this study (see Table S4t): (i) when
the phenyl group present in C1 is substituted by a methyl
carboxylate group, the LA catalysed A-DA reaction presents a low
activation energy, 5.1 kcal mol™%; (ii) in addition, this change in
substitution makes the formation of the corresponding zwit-
terionic intermediates exothermic by more than —12 kcal
mol™"; (iii) for the reaction involving N-phenyl-C-ethoxy-
carbonyl imine 26, the most favourable channel is that associ-
ated with the anti attack of MVE 23 on the imine carbon atom of
26; formation of the corresponding anti intermediate being
kinetically and thermodynamically very favourable. These
energy results provide an explanation for the formation of
compound 11 observed by Whiting in the LA catalysed reaction
between ethyl carboxylate derivative imine 9 and the ER diene
10 (see Scheme 4); and finally (iv) as the first step of these
stepwise BF; catalysed A-DA reaction is the rate-determining
step of the cycloadditions, the presence of the N-aryl substituent
does not have any incidence in the reaction rate since along the
nucleophilic attacks of these ER ethylenes on the C1 carbon of
the N-aryl BF;:imine complexes, the N-aryl substituent does not
participate in the formation of the C1-C6 single bond. Conse-
quently, this comparative analysis allows concluding that the C-
substituent of the N-aryl imine has a more relevant role in the
reaction rate that the N-aryl substituent due to the non partic-
ipation of the N-aryl substituent in the rate determining step of
these two-step BF; catalysed A-DA reactions.

(iv) ELF topological analysis of bonding changes along the A-
DA reaction between BF;:imine complex 18 and ER ethylene
16. A topological characterisation of the C-C bond formation
in the PR

Several theoretical studies have shown that the ELF topolog-
ical analysis along a reaction path can be used as a valuable
tool to understand the bonding changes along the reaction
path.*® In order to understand the C-C bond formation in the
PR, an ELF topological analysis of the MPWB1K/6-31G* wave
functions of some relevant points of the IRCs of the two-step A-
DA reaction between BF;:imine complex 18 and ER ethylene 16

CO,Me COMe COMe

P
F3BN F3BN
® * L TS1n-26 FBNG TS2n-26 °

OMe — MC-26 @ — 'OMe
1.5 oMe -11.6
-6.6
0.0 -12.8 -29.5
27 23 INn-26 28

Scheme 11 A-DA reaction between BFs:imine complex 27 and MVE
23. The MPWBI1K/6-311G** relative energies (in kcal mol™) in aceto-
nitrile are in italics.
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was carried out. Details of the ELF topological analysis are
given in the ESIL.{

Some interesting conclusions can be drawn from the ELF
topological analysis: (i) the C1-C6 single bond is formed at the
distance of 1.884 A (see P-I in Table S61), by coupling of two
pseudoradical centers** appearing at the most nucleophilic and
at the most electrophilic positions of the reagents (see later); (ii)
formation of this pseudoradical centers are a consequence of the
large GCT that takes place along this A-DA reactions. Note that
at P-I the GCT is ca. 0.60e, (iii) at the zwitterionic intermediate
IN1-18, while the C1-C6 single bond has already reached a 95%
of the electron population present at the formal [4 + 2] cyclo-
adduct 19, the formation of the second C4-C5 single bond has
not started yet; (iv) formation of the second C4-C5 single bond
takes place at the second step of the A-DA reaction at a C-C
distance of 1.942 A by coupling of two pseudoradical centers
located at the C4 and C5 carbons; (v) this pattern for the
formation of the two C-C single bonds along this stepwise A-DA
reactions is similar to that observed in other P-DA reactions
taking place along two-stage one-step mechanism.*” This
behaviour permits establishing that both two-stage one-step
and two-step mechanisms are non-concerted bond-formation
processes.

This picture of the A-DA reaction given by the ELF topolog-
ical analysis of bonding changes is opposed to that proposed by
Cossio, who established that PRs with ER olefins take place in an
asynchronous concerted process.™ It is interesting to note that
most of the B3LYP/6-31G* TSs associated with the A-DA reaction
of N-aryl imines 13 presented an asynchronous C-C bond
formation in which the shorter C-C distance is below 1.90 A,
whereas the longer distance is greater than 2.40 A. Considering
that B3LYP/6-31G* ELF topological analyses of bonding
changes along polar and non-polar DA reactions have estab-
lished that the C-C single bond formation begins in the short
range of 1.9-2.0 A,”* these geometric parameters allow
asserting that at these advanced asynchronous TSs, the forma-
tion of the first C-C single bond has already started; whereas the
formation of the second C-C single bond has not started yet.

(v) Analysis of the global reactivity indices of the reagents
involved in A-DA reactions

Finally, these A-DA reactions were analysed using the reactivity
indices defined within the conceptual DFT.** The values of
global descriptors, namely, electronic chemical potential g,
chemical hardness 7, global electrophilicity w, and global
nucleophilicity N indices for the series of reagents involved in
these A-DA reactions are given in Table 1.

It turns out that the substitution of the C2 carbon of 1,3-
butadiene 30 by a nitrogen atom does not modify substantially
the reactivity indices of 2-azabutadiene 29 respect to those in 30.
Thus, 2-azabutadiene 29 presents a low electrophilicity w index,
w = 1.15 eV, being classified as a moderate electrophile,*” and a
nucleophilicity N index of N = 2.70 eV, being also classified as a
moderate nucleophile.” N-aryl imine 13a is slightly more elec-
trophilic, w = 1.24 eV, and slightly more nucleophilic, N = 2.92
eV, than 2-azabutadiene 29. The inclusion of the second aryl
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group in the imine carbon provokes a larger effect; thus the
experimental N-aryl-C-aryl imine 1 presents a higher electro-
philicity index, w = 1.60 eV, and a higher nucleophilicity index,
N = 3.22 eV, being classified as a strong electrophile and a
strong nucleophile. Finally, N-phenyl-C-ethoxycarbonyl imine
26 presents the largest electrophilic activation of the imine
series, w = 2.05 eV.

Coordination of the BF; LA to the nitrogen atom of these
imines provokes the most drastic increase of the electrophilicity
w index of the corresponding BF;:imine complexes between
0.31 and 1.07 eV. Indeed, the electrophilicity w indices of these
BF; coordinated N-aryl imines are 2.31 eV (18), 2.36 eV (27) and
2.44 eV (22). This electrophilic activation accounts for the
effects of the LA catalysts to allow the corresponding A-DA
reaction to take place through a more polar process.’ It is
interesting to note that in spite of the higher electrophilic
character of N-aryl-C-aryl imine complex 22 than N-phenyl-C-
ethoxycarbonyl imine complex 27, the former is less reactive.

In P-DA reactions, the GCT that takes place along the reac-
tion is one of the main factors favouring the reaction, a
behaviour that can be anticipated by analysing global and local
reactivity indices of both reagents.'® However, other structural
factors such the loss of conjugation along the reaction can
disfavour a chemical process.*® Thus, in the case of N-aryl-C-aryl
imine 22, the loss of conjugation between C-aryl and the imine
frameworks along the reaction, which is not present in the other
imines, appears to be one of the unfavourable factors. It is
interesting to note that in spite of the fact that the BF; complex
of N-aryl-C-aryl imine 1 is more electrophilic than the BF;
complexes of N-phenyl-C-ethoxycarbonyl imine 26 and the
simplest N-aryl imine 13a, the former is less reactive as a
consequence of the presence of the C-aryl substituent. Note also
that the polar character of the reaction, measured through the
GCT at the TS associated with the nucleophilic attack of the ER
ethylenes to the BF;:imine complexes, follows the trend of the
electrophilicity index; 0.46e at TS1n-1, 0.33e at TS1n-26, and
0.29e at TS1-18.

Table 1 B3LYP/6-31G* electronic chemical potential u, chemical
hardness 7, global electrophilicity w, and global nucleophilicity N
indices, in eV, for the series of reagents involved in the studied A-DA
reactions

u n © N
22 —4.63 4.38 2.44 2.30
27 —4.83 4.94 2.36 1.82
18 —4.80 5.00 2.31 1.82
26 —4.26 4.44 2.05 2.64
1 —3.73 4.35 1.60 3.22
13a —3.59 5.21 1.24 2.92
29 —3.61 5.63 1.15 2.70
30 —3.45 5.67 1.05 2.83
31 —2.87 5.34 0.77 3.58
14a —3.37 7.77 0.73 1.86
23 —2.45 6.99 0.43 3.18
2 —2.40 6.98 0.41 3.23
16 —1.80 7.36 0.22 3.64
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P-DA reactions require the participation of good electro-
philes and good nucleophiles. Ethylene 14a is one of poorest
electrophile, w = 0.73 eV, and nucleophile, N = 1.86 eV, species
involved in DA reactions, being classified as marginal electro-
phile and marginal nucleophile. Consequently, it can not
participate in P-DA reactions.*® Substitution of one hydrogen of
ethylene by an electron-releasing methoxy group increases
notably the nucleophilicity N index of MVE 23, N = 3.18 eV, and
decreases slightly its electrophilicity « index, w = 0.43 eV.
Consequently, MVE 23 is classified as a strong nucleophile
participating in P-DA reactions.'® Note that MVE 23 has a
similar nucleophilicity N index than the experimentally used
ethyl vinyl ether 2, N = 3.23 eV. The inclusion of a second
methoxy group in the ethylene framework increases notably the
nucleophilicity N index of the ER ethylene 16, N = 3.64 eV,
becoming the most nucleophilic species given in Table 1.
Consequently, the A-DA reactions between the BF;:imine
complexes with the ER ethylenes 16 and 23 will have a large
polar character in complete agreement with the high GCT found
at the corresponding TS.

Along a polar reaction involving the participation of asym-
metric reagents, the most favourable reactive channel is that
involving the initial two-center interaction between the most
electrophilic center and the nucleophilic center of the two
reagents. Recently, we have proposed the electrophilic Py and
nucleophilic P Parr functions derived from the excess of spin
electron density reached via the GCT process from the nucleo-
phile to the electrophile as powerful tools in the study of the
local reactivity in polar processes.*®* Accordingly, the electro-
philic P Parr functions of BF;:imine complexes and nucleo-
philic Pi Parr functions of ER ethylenes 16 and 23 are analysed
(see Fig. 5).

At the BF;:imine complexes 18, 22 and 27, the C1 atom
presents the maximum value of the electrophilic Py Parr func-
tions, indicating that this site is the most electrophilic center of
these molecules. At these carbons, the value of the local elec-
trophilicity wy index is wg; = 1.52 eV (18), wc; = 1.03 eV (22)
and wg; = 1.49 eV (27). Interestingly, in spite of the fact that the
BF;:imine complex 22 is the most electrophilic species of this
series, the C1 carbon of 22 presents the lowest local electro-
philicity wy value. This behaviour together with the loss of

18~ 22°-
16+
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conjugation along the reaction can explain the lower reactivity
of BFj:iimine complex 22 in comparison with BFj;:imine
complexes 18 and 27.

At the ER ethylenes 16 and 23, the C6 carbon presents the
maximum value of the nucleophilic P; Parr functions, being the
most nucleophilic centers of these ER ethylenes. At these
carbons, the value of the local nucleophilicity Ny index is Ngg =
2.70 eV (16) and N = 1.78 eV (23). Note that the local nucle-
ophilicity Nce¢ index in the ER ethylene 16 is twice than that in
MVE 23.

Consequently, the most favourable electrophile-nucleophile
interaction along these A-DA reactions will be that between the
most electrophilic center of these BF;:imine complexes, the C1
carbon, and the most nucleophilic center of these ER ethylenes,
the C6 carbon. In addition, the high values of the Parr functions
at these centers account for the high asynchronicity found at the
corresponding TSs.

It should be noted the values of the electrophilic Py Parr
functions at the imine and carboxyl carbons in the BF;:imine
complex 27. Very recently, we defined the most electrophilic
center of an organic molecule as the center with the highest
spin density achieved through the GCT process, and not, as
expected, at the center that presents the largest positive
charge.*” In this way, for BF;:imine complex 27, the electrophilic
Py, Parr function at the C1 carbon is 0.63, while at the carbonyl
carbon atom is —0.02. On the other hand, the Mulliken net
atomic charges are —0.09e at C1 and 0.56e at the carbonyl
carbon (see Chart 1). Consequently, these values reinforce that
the local electrophilicity is not charge-controlled.*’

P =002
C=0.56e

OQC/OMe

|
FyB\?CH

>

27

P=063
C=-0.09%

Chart1 Electrophilic Py Parr functions and charges (C, in electrons) at
the imine and carboxyl carbons of the BFs:imine complex 27.

27~

0y
23"

Fig.5 B3LYP/6-31G* Maps of the ASD (Atomic Spin Densities) of radical anions and electrophilic Py Parr functions at the C1 carbon of BFs:imine
complexes 18, 22 and 27, and maps of the ASD of the radical cations and nucleophilic P, Parr functions at the C6 carbon of ER ethylenes 16

and 23.
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Conclusions

The molecular mechanism of the PR in acetonitrile solvent has
been theoretically studied using the MPWB1K/6-311G**
method. The PR is a domino process that comprises two
sequential reactions: (i) a LA catalysed A-DA reaction between a
N-aryl imine and an ER ethylene yielding a formal [4 + 2]
cycloadduct; and (ii) a stepwise 1,3-hydrogen shift at this
intermediate affording the final tetrahydroquinoline.

The present study allows establishing a significant under-
standing about the PR mechanism. N-aryl imines do not
experiment the PR due to the low electrophilic character of the
C=N imine group. Coordination of a LA to the imine nitrogen
favours the PR towards ER ethylenes due to the increase of the
electrophilicity of the corresponding BF;:imine complex that
favours the A-DA reaction through a polar process. At the
MPWBI1K/6-311G** level, in acetonitrile, the LA catalysed A-DA
reaction present a two-step mechanism as a consequence of the
large stabilisation of the corresponding zwitterionic interme-
diate. The first step, which is associated with the nucleophilic
attack of the ER ethylene on the imine carbon, constitutes the
rate-determining step of these A-DA reactions. Interestingly, the
presence of the aromatic N-aryl substituent in the imine has no
remarkable incidence on the activation energy as it does not
participate in the formation of the first C-C single bond.
However, the present study establishes that the presence of a
second C-aryl substituent has a relevant role in the activation
energy as a consequence of the loss of conjugation along the
nucleophilic attack on the imine carbon atom.

Although the formation of the second C-C single bond
involves the aromatic ring of the N-aryl substituent, the subse-
quent formation of a very stable neutral species along the ring
closure makes the corresponding A-DA reaction thermody-
namically favourable. In addition, a further formal 1,3-
hydrogen shift in the corresponding formal [4 + 2] cycloadduct,
allowing the regeneration of the lost aromaticity in the A-DA
step of the Povarov domino reaction permits the formation of
the tetrahydroquinoline observed in the PR. Due to the high
strain associated with the intramolecular 1,3-hydrogen shift,
the tautomerisation must be acid/base catalysed.

An ELF topological analysis of bonding changes along the
stepwise A-DA reaction between the BF;:imine complex 18 and
the ER ethylene 16, indicates that the formation of the first C-C
single bond takes place by C-to-C coupling of the two pseudor-
adical centers formed at the most nucleophilic center of the ER
ethylene 16 and the most electrophilic center of complex 18, at a
C-C distance of 1.88 A. Formation of the second C-C single
bond takes place at a C-C distance of 1.94 A, after passing the
second TS. This ELF topological analysis, which is similar to
that found along the IRC of most P-DA reactions taking place
along a two-stage one-step mechanism, permits establishing that
P-DA reactions taking place along highly asynchronous TS are
non-concerted processes.

Analysis of global and local DFT-based reactivity indices,
performed at the ground state of the reagents, provides an
additional explanation of the behaviours of the A-DA reaction
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involved in PRs. Analysis of the electrophilicity w index of the N-
aryl imines establishes the necessity to form a LA complex to
increase the electrophilicity of the corresponding LA:imine
complex in order to participate in a P-DA reaction. On the other
hand, the use of nucleophilically activated ethylenes such as
vinyl ethers is demanded to favour the amount of GCT required
for these A-DA reactions.

Finally, analysis of the recently proposed electrophilic P and
nucleophilic P Parr functions allows explaining the total
regioselectivity found in PRs; while electrophilic Py functions
indicate that the imine carbon is the most electrophilic center
of the BF;:imine complexes, the nucleophilic P, Parr functions
show that the non-substituted carbon is the most nucleophilic
center of the ER ethylenes.
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