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Abstract

The molecular mechanism of the reaction betwdenethyl-3-chloroindole and methyl
coumalate yielding carbazole has been studied U3k methods at the MPWB1K/6-
311G(d,p) level in toluene. This reaction is a domprocess that comprises three
consecutive reactiond) a polar Diels-Alder (P-DA) reaction between irgl@nd
methyl coumalateyielding two stereoisomeric [2+4] cycloadducts (FA8) an
elimination of HCI from these CAs affording two meisomeric intermediates; ani)

an extrusion of C®in these intermediates, finally yielding the cadia. This P-DA
reaction presents a complete regioselective agttbliexoselective fashion. In spite of
the high polar character of this P-DA reactiomriégsents a high activation enthalpy of
21.8 kcal/mol due to the loss of the aromatic otiaraof the indole along the-© bond
formation. Thermodynamic calculations suggest that P-DA reaction is the rate-
determining step of this domino reaction; in adudifithe initial HCI elimination in the
formal [2+4] CAs is kinetically favoured over theteision of CQ. Although the P-DA
reaction is kinetically and thermodynamically vemgfavourable, the easier HCl and
CO; elimination from the [2+4] CAs together with thieasig exergonic character of the
CO, extrusion makes the P-DA reaction irreversible FEbpological analysis of the
bonding changes along the P-DA reaction suppotigoastage one-stemechanism.
Analysis of the global DFT reactivity indices atetlyround state of the reagents
confirms the high polar character of this P-DA teat Finally, the complete

regioselectivity of the studied reactions can bgl@red using the Parr functions.
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Introduction

The Diels-Alder (DA) reaction is arguably one oétmost powerful reactions in
the arsenal of the synthetic organic cherhitpermits the rapid construction of six-
membered carbocycles from a 1,3-butadiene, theedemd an ethylene derivative, the
dienophile, with a high stereo- and regioselegtivithe diversity of substitution which
may be present in the diene and the dienophile stilee DA reaction one of the most
important synthetic organic reactions.

The simplest DA reaction between butadieheand ethylene2 is generally
presented in all textbooks as the prototype of ¢hidoaddition type, but this reaction
cannot easily be carried out experimentally duggainfavourable activation energy,
27.5 kcal/mol (see Scheme?).

Scheme 1. DA reaction between butadiedeand ethylene.

An exhaustive study of DA reactions establishe@®y good correlation between
the experimental reaction rates and the globaltrelecdensity transfer (GEDT)
computed at the transition state structures (TEf)ereactions. This finding allowed
us to propose the polar Diels-Alder (P-DA) reactinachanisrhwhich is characterised
by the favourable nucleophilic/electrophilic intetians at the corresponding TSs. There
are only very few DA reactions, namely non-polaelBiAlder reactions (N-DA), which
do not follow the polar mechanism. However, N-DAcatons, which are characterised
by a very low GEDT at the TSs, have a low synthietierest due to the drastic reaction
conditions required for the reaction to take place.

Thus, while N-DA reactions have little synthetidarest as they demand harsh
reaction conditions, the feasibility of a P-DA rBan increases with the polar character
of the reactioni.e. the electrophilic/nucleophilic character of thagents is the driving

force in P-DA reactions. These behaviours can ydsl anticipated by analysing the
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electrophilicity w indeX* and the nucleophilicityN index? defined within the

conceptual density functional theory (DFPI3t the ground state of the reagents.

DA reactions involving aromatic heterocyclic compda (AHCs) constitute a
cornerstone for the construction of polycyclic metgclic compounds.Five-membered
aromatic heterocyclic compounds (FAHCs), such aanfs; pyrroles, and others are
important reagents that participate in P-DA reaxgieither as the diene or dienophile.
While single FAHCs, due to their nucleophilic n&ucan participate as the diene in P-
DA reactions toward electrophilically activated rmiphiles, they do not readily
participate as a dienophile, demanding a stronghata activation for such a reaction.
Presence of strong electron-withdrawing groups (BY&uch as the nitro (NDone,
electrophilically activates FAHCs participatingfaDA reactions as the dienophfl@n
the other hand, substituted indoles, benzofurams,b&nzothiophenes bearing a strong

EWG such as nitro, have been used as the dienapH#dA reactions.

The participation of FAHCs in DA reactions widelyas been studied using
theoretical method$Recently, the P-DA reactions of bicyclic enahwith Cp4, furan
5 andN-methyl pyrrole6 have been theoretically studied (see Schent&N). reaction
takes place in the absence of Lewis acid (LA) gatalas a consequence of the high
activation energy associated with these reactid®s]l @), 26.2 §), and 29.9 §)
kcal/mol. N-methyl pyrrole6 displays a larger nucleophilic charactbr= 3.70 e\?
than Cp4, N = 3.36 eV. Nevertheless, the P-DA reaction Nefnethyl pyrrole 6
presented a higher activation energy. Electrophilitvation of enon&, w = 1.47 eV*
by formation of a complex with BHLA (7-BF3), w = 2.89 eV, and inclusion of solvent
effects clearly favour the reactions, the activatmergies being 9.2 11.0 §), and
6.4 6) kcal/mol. However, a different reactivity was plsyed by Cpt vs FAHCs5 and
6. Thus, while the reaction of compléxBF3; with Cp 4 generates the expecteao
[2+4] cycloadduct (CA)8 via a two-stage one-stemechanisnt! the reactions with
FAHCs5 and6 produce the Michael addugtvia a stepwise mechanism with formation
of zwitterionic intermediates. These reactions wetsracterised by the initial
nucleophilic/electrophilic two-center interactioettveen the most nucleophilic centers
of these dienes and the most electrophilic cerfteomplex7-BF3. The aforementioned
studies imply a different reactivity between €pand the FAHC$ and6, related to the
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aromatic character of the FAHCs, which is lost gldhe nucleophilic attack. This

behaviour has two important consequences: i) theadion energies associated with P-
DA reactions involving FAHCs are higher than thaseolving conjugated dienes; and
i) a competitive aromatic electrophilic substituti(AES) reaction can take place if the

reaction involves strong nucleophilic FAHCs.

X H
° G o Ly
B . ‘ .
H  Ch, Ho | CH,

4X=CH, 7 8 9
5X=0 7-BF3
6 X = NCHj3

Scheme 2

Very recently, Kraus has experimentally studied tkaction of N-methyl-3-
chloroindolesl0Oa-g with methyl coumalatdl yielding carbazoled2a-g (see Scheme
3).}2 Formation of carbazole¥2a-g is a domino reaction that begins with the P-DA
reaction between 3-chloroindolefla-g and methyl coumalatell to yield the
corresponding formal [2+4] CAs, which undergo aida@@O, and HCI elimination
yielding carbazoled42a-g. In spite of the polar character of these DA reast, they
require drastic reaction conditions, 200 °C and®46, indicating that the reactions are
not favoured.

R
Cl
CO,CH toluene
200°C
e
R

CO,CHj

16-24h

90-42% R,

_ a Rlee, R2=H _
10a-g 11 b Ri=BN, Ry=H 12a-g
c R;=Bz, R,=Me
d RlzBN, RZ:OMe
e R;=Me, R,=Br
f R]_:Bn, R2=Br
g R]_:Me, R2=C02Me

Scheme 3. Some of Kraus domino reactions dd-methyl-3-chloroindolelOa-g with

methyl coumalatél.
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Herein, a DFT study of the domino reaction of 3aecbindole10a with methyl
coumalatell yielding carbazold2a, experimentally reported by Kratfsis studied at
the MPWB1K/6-311G(d,p) level in toluene in order tharacterise the reaction
mechanism of these domino processes as well apattigipation of nucleophilic 3-
chloroindoles 10a-g in P-DA reactions. An electron localisation funciid (ELF)
topological analysis of the most relevant pointsglthe intrinsic reaction coordinate
(IRC) curve of the P-DA reaction betwed®a and 11 is performed in order to
characterise the bonding changes along the cydiit@udeaction, and thus to establish

the molecular mechanism of this P-DA reaction.

Computational Methods

DFT computations were carried out using the MPWHE1Kxchange-correlation
functional, together with the standard 6-311G(dhp)is set’ Optimisations were
performed using Bernie's analytical gradient opgition method® The stationary
points were characterised by frequency computatiormder to verify that TSs have
one and only one imaginary frequency. The IRC péathsre traced in order to check
the energy profiles connecting each TS to the tespeiated minima of the proposed
mechanism using the second order Gonzéalez-Schietggjration method® Solvent
effects of tolueneg(= 2.37) in the optimisations were taken into acdtouwsing the
polarisable continuum model (PCM) as developed mymasi's group’ in the
framework of the self-consistent reaction field €2 It is worth to note that only the
reaction with10a was performed in acetonitrile, while the other dwonreactions
betweenN-methyl-3-chloroindoled0b-g and methyl coumalat&l were carried out in
toluene (see Scheme 3). Consequently, in the presguy, we also chosen toluene as
solvent. Values of enthalpies, entropies, and Giftbe energies in toluene were
calculated with standard statistical thermodynamits200 °C and 1 atii. The
electronic structures of stationary points werelym®m by the natural bond orbital
(NBO) method? and ELF topological analysig(r).? The ELF study was performed
with the TopMod prografiusing the corresponding monodeterminantal wavefomst
of the selected structures of the IRC. All compote were carried out with the

Gaussian 09 suite of prograffs.
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The global electrophilicity indeX,®, is given by the following expression,
w= (u2/2r]), based on the electronic chemical poterMand the chemical hardness
N. Both quantities may be approached in terms of dhe-electron energies of the
frontier molecular orbitals HOMO and LUMGy andg, as H=(€q *€.)/2 and
N=(eL ~€H), respectively’® The global nucleophilicity indeX, N, based on the

HOMO energies obtained within the Kohn-Sham sch&mis, defined asN =

Enomo(NU) -  Biomo(TCE). This relative nucleophilicity index referso t
tetracyanoethylene (TCE). ElectrophiR" and nucleophilicR. Parr function® were

obtained through the analysis of the Mulliken atospin density (ASD) of the radical
anion of methyl coumalatkl and the radical cation of 3-chloroinddi@a, respectively.

Results and discussion

The present study is divided into three partsirst,fthe reaction paths involved in
the domino reaction of 3-chloroindal®a with methyl coumalatél yielding carbazole
12a is studied; ii) in the second part, an ELF topatabanalysis along the P-DA
between 3-chloroindolel0a and methyl coumalatdl is carried out in order to
characterise the molecular mechanism; and iii)llifinan analysis of the DFT reactivity

indices of the reagents involved in this dominctiea is performed.

i) Study of the reaction paths involved in the dwmieaction of 3-chloroindoldOa
with methyl coumalat#1.

The reaction of 3-chloroindol#a with methyl coumalatdl yielding carbazole
12ais a domino process that comprises three consectgactions (see Scheme ¥)a
P-DA reaction between 3-chloroindoli®a and methyl coumalatdl to yield the
corresponding formal [2+4] CA43 and 14; ii) an extrusion of C®in these CAs
affording the corresponding intermediates; and lffnaiii) an elimination of
hydrochloric acid to give carbazolRa. Alternatively, CAs13 and14 can undergo a
competitive hydrochloric acid elimination yieldingpe corresponding intermediates
which in turn experience a further extrusion of LC@iving carbazolel?a. The
MPWB1K/6-311G(d,p) relative enthalpies, entropeasd Gibbs free energies in toluene
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for the stationary points involved in this domireaction are given in Table 1, while
enthalpies, entropies, and Gibbs free energiesluene are given in the Supporting
Information.

Due to the asymmetry of both reagents, four cortipetchannels are feasible for
the P-DA reaction between 3-chloroinddléa and methyl coumalatél. They are
related to the two stereoisomeric approach modeth@fmethyl carboxylate oil
relative to the aromatic ring of indol&0a, namedendo and exqg and the two
regioisomeric approach modes of the C3 carbonafl@roindolel0a toward the C4 or
C7 carbons of methyl coumalatd; depending on the position of the chlorine atom
relative to the methyl carboxylate, the two regioreric possibilities are nhamedeta
andpara. P-DA reactions are completely regioselective. sSTran analysis of the Parr
function€® allows ruling out the stereoisomeric paths assediavith the nucleophilic
attack of the C3 carbon of 3-chloroinddl@a on the C7 carbon of methyl coumalate

(see below). Consequently, only timetaregioisomeric channels were studied.

a) P-DA reaction between 3-chloroindole 10a and methyl coumalate 11.

CO,CH3

endo N

)
c
meta Hs 13

TS1-xm a COLHs
.
3,Cl 4 conc exo
N 2CH3 N
Q.. oy N
N Z6
L o
|
| = 5
endo CO,CH3
N
para vy, 15

Cl

CO,CH;z

¢
Sy

\

CHs 16

b) competitive paths associated with the elimination of CO, and HCI.
CO,CH;z

Cl
. TS21 TS2-2
0} / ZHSH }\
17

cl 4 CO,CH3 -CO,

By & Og®

N
L oh N

CHy
TS3-1

14 (i cochHSas_z
N
|

CHs
18

Scheme 4. Reaction paths involved in the domino reactiotwieen 3-chloroindoléOa
and methyl coumalatil.
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Table 1. MPWB1K/6-311G(d,p) relativeenthalpies £H, in kcal/mol), entropiesAS,

in cal/molK), and Gibbs free energiesQ, in kcal/mol), computed at 200 °C and 1 atm
in toluene, for species involved in the domino teecbetween 3-chloroindol#la and
methyl coumalatél.

AH AS AG

TS1-nm 23.0 -495 46.4
TS1-xm 218 -474 44.3
13 -11.5 -498 12.1
14 -10.8 -50.1 13.0
TS2-1 277 -46.6 49.8
17 -11.9 -6.2 -8.9
T32-2 11 -13 1.7
TS3-1 204 -479 43.0
18 -3.9 -10.8 1.2
TS3-2 95 -10.9 14.7
12a -53.3 304 -67.7

: ralative to 10a+11.

An analysis of the stationary points involved ire ttwo stereoisomeric paths
indicates that this P-DA reaction takes place tghoua one-step mechanism.
Consequently, two TS3,S1-nm andT S1-xm, and the corresponding formal [2+4] CAs
13 and 14 were located and characterised. Along theta channels, the activation
enthalpies in toluene associated with the nucldaphitack of the C3 carbon of 3-
chloroindolelOa on the C4 carbon of methyl coumalateare 23.0 TS1-nm) and 21.8
(TS1-xm) kcal/mol; the reaction being slightlgxo selective. Formation of the
corresponding formal [2+4] CAs is exothermid;1.5 (3) and- 10.8 (14) kcal/mol.

Since both CA43 and14 yield carbazold?2a after CQ and HCI extrusion, only
the reaction paths associated with the conversicheoformalexo [2+4] CA 14 into
carbazolel2a were analysed. Two competitive channels are feafip the conversion
of 14 into carbazolel2a (see Scheme 4). Along channgl éxtrusion of CQ from 14
via TS2-1 yields intermediatel7 which by a subsequent HCI eliminatiota TS2-2
affords carbazold2a. Along channeli{), HCI elimination from14 via TS3-1 yields
intermediatel8 which by extrusion of C@via TS3-2 yields carbazold2a. Along the

two competitive channels, both the extrusion of,G@d the elimination of HCI take
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placevia a one-step mechanism. Consequently, only one KSfovand for each one
of these reactions.

Along channelif the activation enthalpy associated with the esttnu of CQ via
TS2-1 is 38.5 kcal/mol; formation of intermedialg is slightly endothermic by 1.1
kcal/mol. The activation enthalpy associated whk subsequent HCI elimination is
13.0 kcal/mol; formation of carbazaol@a is exothermic by 41.4 kcal/mol. If the overall
domino reaction is considered, formation of carlbeaz8a along this domino process is
strongly exothermic; 53.3 kcal/mol.

Along channel i{), the activation enthalpy associated with theiahilimination
of HCl via TS3-1 is 31.2 kcal/mol; formation of intermediai8 is endothermic by 6.9
kcal/mol. From this intermediate, the activatiothatpy associated with the subsequent
extrusion of CQvia TS3-2 is 13.4 kcal/mol; formation of carbazdl@a is exothermic
by 49.4 kcal/mol.

When the relative enthalpies of the two competitiiannels for the formation of
carbazolel?2a are compared, it turns out that extrusion of,@@ TS2-1 from CA 14 is
7.3 kcal/mol more energetic than the elimination HEI via TS3-1. In addition,
extrusion of CQ@ from CA 14 is 25.1 kcal/mol more unfavourable than the extmisi
from intermediaté8. These energy results make it possible to cleaté/out formation
of carbazolel2a via channel i().

When including entropies with enthalpies, differezgults of activation Gibbs free
energies of the reactions involved in this domieaction are produced. While the
activation Gibbs free energies associated withPRH2A reaction significantly increase
due to the bimolecular nature of the reaction, eéhassociated with HCI and GO
extrusions slightly decrease due to their unimdbacoature.

The schematic representation of the relative Gifobe energy profile for the
domino reaction between 3-chloroinddl®a and methyl coumalatdl is given in
Figure 1. As can be seehS3-2 and TS3-3 are located below S1-xm; consequently
the first P-DA reaction of this domino process le trate-determining step of the
reaction.

Although the P-DA reaction between 3-chloroindtla and methyl coumalatél
is exothermic byca. 11 kcal/mol, the bimolecular nature of the reactiogether with

the high temperature at which the reaction is edrout, 200 °C, makes the reaction
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endergonic by 12-13 kcal/mol. Consequently, thiBAP+eaction is kinetically and

thermodynamically very unfavourable. However, the lactivation enthalpies found

for the HCI and CQelimination together with the strong exergonicreleter of the CQ

extrusion makes the overall domino process irréblkers
60.0 -

AG
40.0 {

k)
\ 7] ]
] AY
20.0 1 )

18 g
']
0.0
10a + 11

-20.0

-40.0 1

-60.0 1

-80.0 -

Figure 1. Relative Gibbdree energy profile, in kcal/mol, for the domin@ecéion

12a

between 3-chloroindol&0a and methyl coumalatil in toluene.

The optimised geometries of the TSs involved indbmino reaction between 3-
chloroindole10a and methyl coumalat&l are given in Figure 2. In gas phase, at the

TSs associated with the P-DA reaction between 8rohidole 10a and methyl
coumalatell, the lengths of G3C4 and C2C6 forming bonds are 1.750 and 2.704 A
at TS1-nm, and 1.863 and 2.779 A dtS1-xm, respectively. These lengths allow

establishing two appealing conclusions: i) the gdefference between these distances,
Ad > 0.9, allows establishing that this P-DA reactwall take place through &vo-stage

one-stepmechanist characterised by the nucleophilic attack of the c@Bbon of

chloroindole10a on the C4 carbon of methyl coumaldte and ii) the short distance

between the C3 and C4 carbons at both TSs,-dj@Baround 1.8 A, indicates that the

formation of the C3C4 single bond has begun at these TSs (see fater).

At the TSs associated with the extrusion of,Cthe lengths between the atoms

involved in the GC and G O breaking bonds are 1.819 and 2.089 AT§2-1 and
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1.716 and 2.560 A arS3-2, respectively. These lengths indicate that theDC
breaking bond is more advanced than th€€®ne. In addition, at the most favourable
TS3-2 while the G O breaking bond is more advanced tham$2-1, the G C breaking
bond is slightly more delayed; that is, the morgnakronousTS3-2, the more
favourable it is.

Finally, at the TSs associated with the HCI elintima, the lengths between the
atoms involved in the GQCl and G H breaking bonds are 2.666 and 1.123 A &p-2,
and 2.965 and 1.136 A &S3-1, respectively. These lengths indicate that whike &

Cl breaking bond is very advanced, theHCbreaking bond is much delayed.

f‘%

1.883 (2.843)

TS1-xm

£ 2.227
(g‘?g% v‘ (2.260)

2.088
(2.148)

TS3-1 TS3-2

Figure 2. Gas phase optimised transition state geometrieshvied in the domino
reaction between 3-chloroindol®a and methyl coumalat&l including some selected
bond lengths in A. Corresponding values in toluareegiven in parentheses.
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Inclusion of solvent does not produce remarkablanges when gas phase
stationary points are re-optimised in toluene.& TSs involved in the P-DA reaction,
the lengths of the -GC forming bonds are slightly longer, indicatingtttfeese TSs are
slightly more delayed in toluene. In spite of theshaviour, the G3C4 bond length at
the TSs is very short: 1.757 A &81-nm and1.881 A atTS1-xm, indicating that the
C- C bond formation has already beddnA similar trend is observed in the TSs
associated with the extrusion of g@here the TSs in toluene are slightly delayed. A
different behaviour is found at the TSs associated the HCI eliminations along the
two competitive channels: while a62-2 the C} C breaking bond is more advanced in
toluene, it is more delayed &61-3.

The polar nature of the P-DA reaction between &hihdole 10a and methyl
coumalatell was analysed by computing the GEDT along the egtddion. The
natural atomic charges @S1-nm and T S1-xm, obtained through a natural population
analysis (NPA), are shared between the indole aedcbumalate frameworks. The
GEDT that fluxes from the indole framework to trmumalate framework along these
DA reactions is 0.34e dtS1-nm, and0.35e afl S1-xm. These high values confirm the
high polar character of this P-DA reaction. ThisIdEis higher than that calculated at
theexo TS associated with the P-DA reaction between Hicymnone7 andN-methyl

pyrrole6, 0.30e (see Scheme®).

Why are P-DA reactions involving indole unfavouegbilhe polar character of DA
reactions is a favourable factor determining thesitaility of the reactiori. However,
this favourable factor may be influenced by otHecteonic factors such as the aromatic
character of the reagents involved in the cyclagmfult® Thus, for the P-DA reactions
of nucleophilic Cp4, and FAHCs fura® and pyrrole6 with bicyclic enone7 shown in
Scheme 2, the increase of activation enerdi®@g @), 26.2 6), and 29.9 §) kcal/mol,
follows the same trend as their GEDTSs, 0.14¢ @.21e §) and 0.30e€), an opposite
trend to that found in P-DA reactions involving rawomatic compounds. The
unfavourable activation energies found in the P-2Actions of5 and 6 have been

associated with the loss of the aromatic charamt¢éhese FAHCs along the reaction.



Organic & Biomolecular Chemistry Page 14 of 25

14

This behaviour was supported by studying the armnataracter of these FAHCs
through a series of isodesmic reactibhs.

In order to assert the role of the aromatic charaat 3-chloroindolelOa in the
high activation energy found in its P-DA reactiaward methyl coumalatél, the

isodesmic reactiofisshown in Scheme 4, were studied.

| |
19 CH,4 CHs
Cl Cl
O+ 00— 0F + () e
\ \
10a ch, CHs

Scheme 4. MPWB1K/6-311G(d,p) isodesmic reactions used tonege the aromatic
character oN-methyl-3-chloroindolelOa (N-methyl-indole19 was used as reference).
AE values are in kcal/mol.

The relative energies of the isodesmic reactiomsrgin Scheme 7 indicate that
the presence of the chlorine atom in 3-chloroindiile produces a slight decrease of
the aromatic stabilisation dfi-methyl indole. When these energies are compared to
those associated with the corresponding isodessaictions of Cpt, 3.0 kcal/mol, and
N-methyl pyrrole6, 29.9 kcal/mof? it can be observed that the FAHC framework of
indoles has a lower aromatic character than thapyrrole 6, but its electronic
stabilisation is higher than that observed in thejugated 1,3-diene system present in
Cp 4. If we consider the very advanced character ofltfe associated with the P-DA
reaction between 3-chloroindot®a and methyl coumalatél, at this point of the
reaction the aromatic character of indole has bestn requiring a great deal of energy.
This behaviours accounts for the unfavourable atitm energies found in these DA
reactions with a high polar character. In additiwhjle most P-DA reactions involving
1,3-butadienes are exothermic by more than 20 rkoaff this P-DA reaction is
exothermic by only 11 kcal/mol. After including thenfavourable entropy term

associated with these bimolecular processes, md@¥A Peactions remain exergonic,
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whereas those involving aromatic compounds becomgergonic, thus being
kinetically and thermodynamically unfavourabfe.
A similar behaviour was found in the P-DA reactiogtween 1-nitro-naphtalene

20 and the Danishefsky diei24, in which the formation of the formal [2+4] C& was
kinetically (AG” = 39.3 kcal/mol) and thermodynamicall§G, = 22.2 kcal/mol) very
unfavourable due to the aromatic character of red@he (see Scheme B)However,
the strong exergonic character of the subsequeanisean of nitrous acid®3 yielding
intermediate 24, - 17.1 kcal/mol, favours the irreversible formatio the final

phenanthrene derivatigb.

NO, OMe
j\
+ _—
20 21

OSiMe3

MeO, OSiMe3 OH
24 25
Scheme 5

Again, the presence of an easily removable nitmugy NQ, in the aromatic
compound is the driving force of these domino reast initialised by an unfavourable

P-DA reaction.

i) ELF topological analysis of the P-DA reactioretiveen 3-chloroindoldOa and

methyl coumalatél.

A great deal of work has emphasised that the Elgeltmical analysis of the
bonding changes along a reaction path is a powéohll to establish the molecular
mechanism of a reactidn.After an analysis of the electron density, ELF vides
basins which are the domains in which the probgbdf finding an electron pair is
maximal. The basins are classified as core andnwealebasins. The latter are

characterised by the synaptic ordeg, the number of atomic valence shells in which
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they participaté” Thus, there are monosynaptic, disynaptic, trisginagsins and so
on. Monosynaptic basins, labelled V(A), correspdndlone pairs or non-bonding
regions, while disynaptic basins, labelled V(A,Bynnect the core of two nuclei A and
B and, thus, correspond to a bonding region betweand B. This description recovers
the Lewis bonding model, providing a very suggestwaphical representation of the
molecular system.

A great deal of work characterising the mechanisshssignificant organic
reactions involving the formation of new C single bonds has shown that it begins in
the short CC distance range of 1.9 - 2.0 A by merging two nsymaptic basins,
V(Cx) and V(Cy), into a new disynaptic basin V(Cy)@ssociated with the formation
of the new Cx Cy single bond® The Cx and Cy carbons characterised by the presenc
of the monosynaptic basins, V(Cx) and V(Cy), haweerb calledpseudoradical
centers’

In order to understand the molecular mechanisnh®f-DA reaction between 3-
chloroindole 10a and methyl coumalatdl, an ELF topological analysis of the
MPWB1K/6-311G(d,p) wavefunctions of some relevaaings along the IRC profile
associated withl S1-xm was performed. Details of the ELF topological arealyare

given in the Supporting Information.

Some appealing conclusions can be drawn from thistBpological analysis:

1) ELF topological analysis along the one-step P-2Action between 3-chloroindole
10a and methyl coumalatgl indicates that the bonding changes take placeast |
in 15 differentiated phases; each one of thesegshasrresponds to a bonding
change with respect to the previous Lewis struct@ensequently, the bonding
changes in this P-DA reaction are non-concerted,

i) as in the most of organic reactions, formatadrthe first C3 C4 single bond takes
place at a distance of 1.947 through the coupling of twpseudoradicalcenters
created at the most nucleophilic center of 3-chiatole 10a, the C3 carborgand the
most electrophilic center of methyl coumaldte the C4 carbof’ These relevant
centers are clearly characterised when the eldatropand nucleophilic Parr

functions® are analysed at the ground state of the separagents (see later);
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iii) at point P8, the maximum GEDT in this P-DA reaction, 0.45e,ré&ached.
Beyond this point, there is a GEDT decrease asnaaguence of a retrodonation
process associated with the formation of the se€dr@ single bond;

iv) formation of the second CZ7 single bond takes place at aldistance of 2.019
A at the last phase of the reaction. At this stége,C3 C4 single bond, represented
by the V(C3,C4) disynaptic basin with a populatioh 1.92e, is practically

completed, in clear agreement withna-stage one-stemechanisnt?

Interestingly, ELF topological analysis ®51-xm indicates that while formation
of the first C3 C4 single bond has already begun, with a C8 length of 1.863 A and
a population of 1.34e, formation of the second C2 single bond with a C2 and C7
length of 2.779 A is very delayed (See the presefidae V(C2,C3) attractor and the
absence of any V(C2) and V(C7) attractorsTi&l-xm in Figure 3). Valence basin
populationsN of TS1-xm are given is Table S1 of the Supporting Informatibiote
that in most of the TSs associated with P-DA reastishowing a €C distance larger
than 2.1 A3 the formation of the first OC single bond has not started. This behaviour
of TS1-xm, showing a very high asynchronicity in the forroatof the two €C single
bonds, clearly shows the non-concerted naturei®RfDA reaction. On the other hand,
the very advanced 3gharacter of the C3 carbon of inddie at TS1-xm suggests the
loss of the aromatic character of the five-membédreterocyclic ring of indole, and

accounts for the high activation energy associaféiathe formation of this TS.



Organic & Biomolecular Chemistry Page 18 of 25

18

™
"J"J?:/*J/e .,
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v(C3,C
9*. (C3,C4)

Figure 3. ELF attractor positions il S1-xm. While the presence of the V(C3,C4)
attractor indicates that the formation of the- C3 single bond with a population of
1.34e has begun, the absence of the V(C2) and \QtDActors indicates that formation
of the C2 C7 single bond is very delayed, in clear agreemattt a two-stage one-step
mechanisnt?

The bonding changes associated with the formatidheofirst C3 C4 single bond
are similar to those associated with the formatb3- C4 single bond in the Friedel-
Crafts reaction betweerN-methyl indole 19 and an electrophilically activated
nitroolefin3* This similarity in the €C bond formation found in these two different
organic reactions, a DA reaction and an AES reactalows establishing that P-DA
reactions begin through a nucleophilic/electrophiivo-canter interaction as in most
polar organic reactions. Formation of the differprdducts occurs at the second part of
the reaction when the first-© single bond is practically formed. These readioan
take placevia a one-steptwo-stagemechanism as in most P-DA reactions,via a
stepwise mechanism with formation of a zwitterionictermediate as in the
aforementioned Friedel-Crafts reaction. Regardbié$e one-stepor stepwise nature of
the reaction mechanism, the bonding changes atfitbe stage of the one step
mechanism and those at the first step of the sepame are very similar. This quantum
chemical topological similarity of both mechanisswgpports Domings proposal that

DA reactions are not a special type of organictieaé®
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iii) Analysis of the global and local reactivity indgcof the reagents involved in the

P-DA reaction.

Finally, the P-DA reaction between 3-chloroinddléa and methyl coumalat&l
were analysed using the reactivity indices defimétiin conceptual DFF.The values
of global descriptors, namely, electronic chemipatential u, chemical hardness,
global electrophilicitym, and global nucleophilicitil indices for the reagents involved

in the studied P-DA reaction are given in Table 3.

Table 3. MPWB1K/6-311G(d,p) electronic chemical potentialchemical hardness,
global electrophilicityw, and global nucleophiliciti indices, in eV, of 3-chloroindole
10a and methyl coumalattl.

M n ) N
11 - 4.59 6.77 1.55 2.43
10a -3.14 6.73 0.73 3.89

The electronic chemical potentipl of 3-chloroindolel0a, - 3.14 eV, is higher
than that of methyl coumalaid, - 4.59 eV. Consequently, along this P-DA reaction the
GEDT will take place from 3-chloroindol@0a to methyl coumalatell, in clear
agreement with the GEDT computed at the TSs agdsdoreth this P-DA reaction.

The electrophilicityw index of methyl coumalat&l is 1.55 eV, being classified as
a moderate electrophile. On the other hand, théeaphilicity N index ofll is 2.43 eV,
being classified also as a moderate nucleophile @lectrophilicityw index of 3-
chloroindolel0a is 0.73 eV, being classified as a marginal elgdtile. Consequently,
indole 10a will not participate as an electrophile in polaactions. The nucleophilicity
N index of10a is 3.89 eV, being classified as a strong nucldepfihe nucleophilicity
N index of10a is similar to that oN-methyl pyrrole6, 3.70 eV. However, the higher
aromatic character of the latter makes it lesstis@cConsequently, the analysis of the
global reactivity indices indicates that along tRiDA reaction, methyl coumalatid
will participate as the electrophile, while 3-cldordole 10a will do so as the
nucleophile.
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Along a polar reaction involving the participatioh asymmetric reagents, the
most favourable reactive channel is that involvihg initial two-center interaction

between the most electrophilic center of the ebpttile and the most nucleophilic
center of the nucleophif8. Recently, we have proposed the electroptR: and

nucleophilic R Parr functions derived from the excess of spintedecdensity reached

via the GEDT process from the nucleophile to the edptile as powerful tools in the
study of the local reactivity in polar proces&sccordingly, the electrophili R’ Parr

functions for methyl coumalatdl and nucleophilic B Parr functions for 3-

chloroindolelOa are analysed (see Figure 4).

10a °+ 11°~

Figure 4. MPWB1K/6-311G(d,p) maps of the ASD of radical oatil0a® and
nucleophilicp Parr functions of 3-chloroindoltda, and ASD of radical aniohl”™ and

electrophilicR” Parr functions of methyl coumalaté.

Analysis of the electrophiliR" Parr functions in methyl coumalaté indicates
that the C4 carbon is the most electrophilic ceafahis molecule P, = 0.61. The C4

carbon, which corresponds to tReand thed conjugated positions with respect to the
carboxylate groups present at the C5 and the 3bnar is three times more activated

than the C6 B’ = 0.23, and the C R, = 0.20, carbons. On the other hand, analysis of

the nucleophilicF Parr functions in 3-chloroindotia indicates that the C3 carbon is
the most nucleophilic center of this molecL R, = 0.35, followed by the N1 nitrogen

atom, P"= 0.25. Note that the C2 carbon df does not present any nucleophilic

activation. In addition, it is worth mentioning ththe Nt C2- C3 framework of indole
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10a constitutes an aza-allyl system. Consequently,ntlest favourable two center
nucleophilic/electrophilic interaction along the cteophilic attack of 3-chloroindole
10a on methyl coumalat#&l will take place along the approach of the C2 carbiilOa
and the C4 carbon dfl. Interestingly, this pattern of local nucleophibctivation is
opposite that found iN-methyl pyrrole6, in which the C2 and C5 carbons are the most
nucleophilic centers of this FAHC molecife.

Finally, the larger electrophilic activation of ti&4 carbon of methyl coumalate
11 than that in the C7 one accounts for the compkgeselectivity expected in the P-
DA reaction betweedOa and11. Note that carbazol#?a is the only isomeric product

obtained along this domino reaction.

Conclusions

The molecular mechanism of the domino reaction betwN-methyl-3-chloroindole
10a and methyl coumalatél yielding carbazolel2a has been studied using DFT
methods at the MPWB1K/6-311G(d,p) level in tolueRermation of carbazolé2a
takes place through a domino process that compiises consecutive reactionysa P-
DA reaction between 3-chloroindol®0a and methyl coumalatdl to yield the
stereoisomeric CA&3 and14; ii) an elimination of hydrochloric acid from these €A
affording intermediatel8 and its corresponding stereoisomer; and finailly an
extrusion of CQin these intermediates yielding carbazti?a.

The P-DA reaction betweelDa and11 is completely regioselective and slightly
exoselective, but botendoandexoCAs experience HCI and G@liminations yielding
the same carbazolia. In spite of the high polar character of this P-bBaction, the
GEDT in this polar reaction is 0.35e, it has a haglivation enthalpy of 21.8 kcal/mol
as a consequence of the aromatic character ofantlid, which is lost along the
formation of the first €C single bond. Thermodynamic calculations sugdest the
initial HCI elimination in the [2+4] CAs is kinetatly favoured over the extrusion of
CO,. The large energy difference between the TSslwedoin these initial elimination
reactions, 7.8 kcal/mol, makes it possible to nuéethe initial loss of C@proposed by
experimentalists?

Due to the aromatic character ®Fmethyl-3-chloroindole10a, the loss of

aromatic stabilisation along the P-DA reaction nsaké Kinetically and
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thermodynamically very unfavourable. However, tlosvdr activation enthalpies
associated with the HCI and G@@limination together with the strong exergonic
character of the CQO extrusion make the overall domino process irrabbs
Consequently, the adequate substitutiorN#methyl-3-chloroindolelOa and methyl
coumalatell favouring the irreversible loss of HCI and £énables the unfavourable
P-DA reaction.

ELF topological analysis of the bonding changes@liheexostereoisomeric path
of the P-DA reaction betweetDa and 11 enables the characterisation of at least 15
distinguishable phases. The -@34 and C2C7 single bonds are formed through the
coupling of twopseudoradicalcenters aP7, d(C3 C4) = 1.927 A and d(GZX7) =
2.800 A, andP15, d(C3 C4) = 1.566 A and d(GX7) = 2.019 A, with an initial
population of 1.19e and 1.20e, respectively. Topological analysis supports tbae-
steptwo-stagemechanism easily characterised by a geometricdysianaf the changes
in C- C lengths along cycloadditions. Interestingly, &€x® T S1-xo associated with this
P-DA reaction is found in the phase characterisgd® i.e. at TS1-xo the C3 C4
single bond formation has already started, whike distance between the C2 and C7
carbons is very high, 2.779 A. This behaviour T#1-xo clearly shows the non-
concerted nature of this P-DA reaction.

An analysis of the DFT reactivity indices in reagemdicates that the strong
nucleophilic character of 3-chloroinddl®a and the moderate electrophilic character of

methyl coumalatédl are responsible for the high polar character isfEfA reaction.
Finally, analysis of the nucleophil B. Parr functions in 3-chloroindol&a and

the electrophilicR’ Parr functions in methyl coumalaté offers an explanation of the
total regioselectivity found in this P-DA reactioWhile the C3 carbon of 3-
chloroindole 10a is the most nucleophilic center of this molecutee C4 carbon of

methyl coumalatdl is three times more electrophilically activatedrtithe C7 carbon.
Consequently, the most favourable nucleophilictebghilic two center interactions
along this P-DA reaction will take place betweep tB3 carbon ofil0a and the C4

carbon ofll, in complete agreement with the fact that carlea22h is formed as the
only product of this reaction.
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Supporting Information. ELF topological analysis of the P-DA reaction betw 3-

chloroindolel0a and methyl coumalatEl. MPWB1K/6-311G(d,p) gas phase total and
relative, enthalpies, entropies, and Gibbs freeges computed at 200 °C and 1 atm in
toluene, and cartesian coordinates of the optimssedttures in toluene, involved in the

P-DA reaction between 3-chloroinddl®a and methyl coumalatil.
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