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Abstract

Conceptual density functional theory (chemical hass 7, electronic chemical potentigl,

global and local electrophilicity index and c, Fukui functionf’,) is used to predict reactivity,

stereo- and regioselectivity of the Diels-Alder (DAeaction between 2-nitropyrrole and its 1-

tosylated derivative with Danishefsky’s diene telgi5-hydroxyindoles. A detailed mechanistic

study of various possible reaction channels is doneDFT [B3LYP/6-31G(d)] calculations.

Solvent effects (benzene) are taken into accouttid¥"PCM bulk solvation model. In principle,

the nitropyrrole can either act as diene involvthg nitro group (hetero Diels-Alder reaction,

HAD) or alternatively as alkene in a “normal” DieAdder reaction. The experimentally observed

product 5-hydroxy-1-tosylindole can be formed aitd@ectly by Diels-Alder reaction of the

nitropyrrole acting as alkene or by rearrangemérihe dihydrooxazinéN-oxides. The primary

cycloadduct with the nitropyrrole acting as alkeadound to be unstable reacting further by

extrusion of nitrous acid to 5-hydroxyindole. Figalthe results are compared with those

obtained for the analogous furans, thiophenessatehophenes.
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Introduction

Due to their electron-rich character five-membeheterocycles like furans or pyrroles usually
take part in Diels-Alder type reactions as dierfagbstitution by electron-withdrawing groups
sufficiently increases the electrophilic charadtemmake possible their reaction as dienophiles
with electron-rich dienes, e.g. Danishefsky’s diéffer instance, 3-acylfurans and 1-tosylated 3-
acylpyrroles have been shown to undergo cycloawditeactions even with isoprene in high
yields? In continuation of our previous computational s#sdconcerning Diels-Alder reactions
of nitro-substituted furans and thiophenes heremaat to present the results of the analogous
reaction of 2-nitro-1-tosylpyrrol@c with Danischefsky’'s dien&.>° Experimentally, the sole

product found in this reaction is 5-hydroxy-1-tasgble (Scheme 1).
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First, we will present DFT based reactivity indidesobtain information about the most likely
site of attack by the diene. This will be used agu&eline for more detailed mechanistic
investigations by quantum chemical calculations.atidition, comparison of these reactivity

indices, especially the global electrophiliciky as a indicator of the overall reactivity of the



molecule under consideration, with related five-rbened heterocycles (Scheme 2) will be made

to put the results into scale.
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Scheme 2Structures of the investigated compounds

Computational procedures

Geometries of all stationary states (reactantssitian structures, intermediates, products) were
completely optimized using the B3LYP hybrid dendiipctionaf* * with the 6-31G(d) basis set
(for selenium the Binning-Curtiss VTZmasis set was used) and verified as true minima or
transition structures by frequency calculationsniBition structures were further characterized by
intrinsic reaction coordinate calculations alonghbonodes corresponding to the imaginary
frequency. Thermal corrections to Gibbs free emsrgiere computed by the standard rigid-rotor
harmonic oscillator approximation &t= 298, 393, and 438 K. To all structures the gedoa
counterpoise and dispersion corrections (gCP-D3Gamme et af™*? were added. Solvent
effects (benzene) were treated by the CPCM solvatiodel® using the 6-31G(d,p) basis set.

For reactions in solution the appropriate standaate conversion (atm to M. of RTInV:/V,
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was applied to Gibbs free energies. Conceptualityeiumctional theory**® was used to derive
descriptors for reactivity and selectivity (glokaid local electrophilicityw and wx). Programs
used were: Gaussian 89gCP-D3 for the BSSE and dispersion correctithQpen Babél for

file format conversions, and Jmol for visualizatfén

Results and Discussion

DFT based reactivity indice3he global electrophilicitg, defined as

w = %2n 1)

where the chemical hardnegsand the electronic chemical potential p are evatb&om the

frontier orbital energiesomo and € umo) as
N = &Lumo - EHoMO (2)

M = Eromo * ELumo)/2 (3)

is a useful descriptor of the reactivity of a diphile towards electron-rich dienes (e.g.

Danishefsky's dieneb, Scheme 1). Local electrophilicitiesy, derived from the global

electrophilicity and the respective condensed Fékuction f,”" of center k,

@, = af, (4)

indicate the preferred site of attack of the didnlgpby the most nucleophilic atom of the diene

(C4 of Danishefsky’s diene).



Table 1 Global electrophilicity indices for compoundq - 4 (eV).

Gas phase Benzene

H n W K n W
la -2.79 6.64 0.58 (0.59) -2.84 6.64 0.61
1b -4.93 4.83 251 -4.90 4.69 2.57
2a -2.05 6.87 0.31(0.3%) -2.14 6.90 0.33
2b -4.50 4.60 2.20 -4.50 4.49 2.26
2c -4.61 4.59 2.32 -4.69 4.51 2.44
3a -3.27 6.13 0.87 -3.32 6.13 0.90
3b -5.02 4.73 2.66 -4.99 4.62 2.70
4a -3.33 5.95 0.93 -3.38 5.95 0.96
4b -4.97 4.61 2.68 -4.93 4.49 2.71

qref 2

Compared with the reference electrophile nitroethevith w = 2.61%° unsubstituted five-
membered heterocycleka — 4a are only moderately36, 4a) or even marginally (@, 2a)
electrophilic; introduction of a nitro substitueespecially at position 2, substantially increases

the global electrophilicity and, hence, reactivityvards electron-rich dienes. According to the
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classification scheme of Domingo et lthe nitro-substituted derivativd® —4b and2c can be
considered as strong electrophiles. Concerning eifiect of the heteroatom, the reactivity
increases in the series O < S < Se; pyrrole dévestare less reactive than furans. 1-Tosylation
slightly increases the electrophilicity. The effeaft taking into account solvation by a bulk

solvent model (CPCM) has only little effect an

Table 2 Local electrophilicity indicesy for compounddb and2c (eV).

la 2c
Gas phase Benzene Gas phase Benzene
Cc2 0.01 0.07 0.06 0.05
C3 0.38 0.39 0.32 0.36
C4 0.01 0.01 0.01 0.01
C5 0.28 0.28 0.25 0.29

According to the local electrophilicitsoc the preferred site of attack by electron-rich dgeire
polar Diels-Alder reactions is C3 of 2-nitro-subsied five-membered heterocycles. Detailed
calculations for all possible cycloaddition mode#e- and regioisomers) are completely in line
with this predictiort. Therefore, in the reaction of 2-nitro-1-tosyl-mte with Danishefsky’s

diene we will concentrate on the following four nhals (Scheme 3).



Mechanistic details of the Cycloaddition Reacti®he individual reactions considered here are
depicted in Scheme 3. Calculated relative Gibbe faergies with respect to the separated

reactants, 2-nitro-1-tosylpyrroRe and Danischefsky’s dierteare collected in Table 3.
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Scheme 3nvestigated reaction paths of the reaction 2rlittosylpyrrole2c with Danishefsky’s

dieneb.



Table 3Relative Gibbs free energfe&Gr for transition structures, intermediates and povslof
the four reaction channels depicted in Scheme gasiphase and benzene solutioi at 298,

393, and 438 K.

gas phase benzene

AGygs AG3g3 AGy3s AGys AG3g3 AGy3s
TSla 26.9 31.8 34.2 25.7 29.8 31.8
Intl 15.7 20.8 23.1 15.2 19.4 214
TS1b 25.9 31.5 34.1 24.4 29.2 314
P1 0.9 6.9 9.8 0.7 5.8 8.3
TS2 28.0 33.0 35.4 25.4 29.7 31.7
P2 1.7 6.7 9.1 1.0 5.2 7.2
TS3a 34.8 39.8 42.2 31.9 36.2 38.2
Int3 18.0 22.9 25.2 16.1 20.1 22.0
TS4 33.8 38.8 41.2 29.0 33.3 35.2
P4 -0.9 4.5 7.1 -1.7 2.9 5.0
TS5 17.8 23.2 25.8 16.0 20.6 22.7
P5 -22.8 -21.7 -21.1 -24.1 -23.0 -22.4

%cal mol: given relative to the separated reactdtus+ 5 Gibbs free energies for benzene
solution (CPCM-B3LYP/6-31G(d,p)//B3LYP/6-31G(d) gle point calculations) contain the
standard state conversion atm to M Corrections for dispersion interactions and t!®SE are
taken into account by the gCP-D3 metfdd



Calculated [B3LYP/6-31G(d)] structures of trangitistates TS1A, TS1B), intermediatentl,

and producP1 for channel 1 are depicted in Fig. 1.

TS1B P1

Figure 1 Calculated [B3LYP/6-31G(d)] structures of trarmiti states {S1A, TS1B),

intermediatdntl, and producP1 for channel 1.



While in our previous studies on the reactions ibrsubstituted furans and thiophenes with a
variety of dienes;®> only concerted albeit quite asynchronous reacti@chanisms (aka two-
stage one-step mechanigficould be found, in the present case of the readietween 2-nitro-
1-tosylpyrrole2c with Danishefsky’s dien& both one-step (channels 2 and 4, Scheme 3) as well
as two-step processes (channels 1 and 3, Scheooel8)be found. The latter ones correspond to
a hetero Diels-Alder reaction involving the enddycdouble and one N=O bond of the nitro
group of 2c as diene and the C3=C4 double bond50és dienophile, followed by a [3,3]
sigmatropic rearrangement to the “normal” Diels-&ldcycloadduct (Scheme 4). Such
participation of the nitro group in hetero Dielsd&l reactions leading to nitronates has been
observed experimentally in reactions of nitroallene4,6-dinitrobenzofuroxanés®® Moreover,

the tandem hetero Diels-Alder/[3,3] sigmatropicftsmechanism has also been considered in

calculations on the reaction of 3-nitro-1-tosylmjerwith various diene¥.

OCH,
- H
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Scheme 4Reaction oRc with 5 to the hetero Diels-Alder cycloadduatl and rearrangement to

the “normal” Diels-Alder cycloaddudl.
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Formation of the hetero Diels-Alder cycloaddud3 involves a significantly higher barrier (~ 6
kcal mol*) than formation ointl. Therefore, this reaction path will not be congigiein more
detail. Both barriers for formation as well as raagement ofntl are nearly equal and, hence,
the [3,3] sigmatropic shift td®1 easily should occur. The barrier for the one-spepcess
according to channel 2 is essentially equal to Ilbatitiers of the two-stepndo/synmechanism
(channel 1). However, irrespective of the mechanijsomcerted or two-step) formation of the
Diels-Alder adducts is endergonic. The driving ®for the reaction is the strongly exothermic

elimination of nitrous acid to yield intermedid®®& (Scheme 5).

= OSi(CH3)5 J OSi(CH3)3 OH
N : N - N
Ts/ 4

Ts" ON : : Te
#" OCH,4 OCH,

P1 P5 Pf

w L

Scheme SExtrusion of nitrous acid to produeb, followed by elimination/tautomerization to 5-

hydroxy-1-tosylindolePf.

The barrier for elimination is significantly lowér10 kcal mot) than the barrier for formation of

the Diels-Alder cycloadducts and hence formationP&f should occur easily. Similarly, the

irreversible extrusion of nitrous acid has beemtbto be responsible for the feasibility of the
reaction of 1-nitronaphthalene wif”® Ultimately, according to the experimental findings
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reacts in analogy to nitrofurans and —thiophenesewxtrusion of the trimethylsilyl group and

methanol to yield the final product 5-hydroxy-13fsdole Pf.!

Conclusion

Density functional calculations [B3LYP/6-31G(d)] tviinclusion of solvent effects (benzene,
CPCM model), dispersion and basis set superposgtiar corrections (QCP-D3) have been used
to address the feasibility and mechanistic det#Hilhe Diels-Alder reaction between 2-nitro-1-
tosylpyrrole2c and Danischefsky’s dierte Both asynchronous concerted, i.e. two-stage tepe-s
as well as stepwise mechanisms have been foundst€perise mechanism consists in an initial
hetero Diels-Alder reaction with the endocyclic dieubond and one of the N=O bonds acting as
heterodiene and the C3=C4 bond%ohs dienophile. This primary hetero Diels-Alder acid
easily undergoes a [3,3] sigmatropic rearrangertettie “normal” Diels-Alder adduct. Like in
the analogous reaction of nitronaphthalenes, -gjyramd -thiophenes, the large electrophilic
character oc as indicated by DFT based reactivity indices eisponsible for the participation
of 2c in Diels-Alder reactions with electron-rich dienéowever, further transformations of the
initial Diels-Alder adduct, namely extrusion ofnoitis acid followed by elimination of methanol

and the trimethylsilyl group, are the driving fosder this reaction to occur.
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