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Various factors that influence the rate of the intramolecular Diels—Alder reaction of amidofurans were investigated with density functional
theory calculations using the Becke3LYP/6-31G* model. Conformational effects imposed by the placement of a carbonyl group within the
tether, combined with a rotational bias about the C(2)-N bond, account for the observed rate differences in the thermal chemistry of these
amidofurans.

The intramolecular DielsAlder reaction of 2-amidofurans  heating at 165°C for several hours in order to produce
has proven to be a powerful tool for the rapid construction dihydroindole3 (Scheme 1}2 The oxabicycle2 that was
of polycyclic nitrogen containing scaffoldsand successful  first formed reorganized under the reaction conditions via a
strategies for the syntheses of several natural products havesequential ring-opening/aromatization pathway. In sharp
incorporated this disconnectiérin the course of investigat-  contrast, the conversion of thiomethylfurdinto enamido-
ing the general nature of this reaction, significant rate ketone 6 proceeded at room temperatdredgain, the
differences were noticed when comparing seemingly similar suspected intermediate oxabicy@eould not be isolated.
systems. A computational investigation was therefore initi- ~ The primary structural differences between the two starting
ated to help define the nature of structural features thoughtfurans are the location of the amide carbonyl and the presence
to accelerate the progress of the amidofuran intramolecularof a thiomethyl group in4. Because thio substituents are
Diels—Alder cycloaddition. known to have little effect on the facility of DietsAlder
In an early example of the amidofuran Diel&lder reactions the increase in the reactivity dfvis-a-vis1 was
reaction, we noted that the thermal cyclizatiorilaEquired presumed to originate in the placement of the carbonyl center
within the dienophilic tether. A second rate effect was noted
TNIH postdoctoral Fellow; Grant GM20666. when a cyclic constraint was added to the furanyl system.

(1) (a) Padwa, A.; Brodney, M. A.; Dimitroff, MJ. Org. Chem1998, For example, the cyclization—rearrangement cascade for
63, 5304—5305. (b) Padwa, A.; Dimitroff, M.; Waterson, A. G.; WuJT.

Org. Chem1998 63, 3986-3997. (c) Padwa, A.; Dimitroff, M.; Waterson,

A. G.; Wu, T.J. Org. Chem1998,63, 3986—3997. (3) Ginn, J. D.; Bur, S. K.; Eidell, C. K.; Lynch, S. M.; Padwa, A.
(2) (a) Padwa, A.; Brodney, M. A,; Liu, B.; Satake, K.; Wu, J..Org. Manuscript in preparation.

Chem.1999,64, 3595—3607. (b) Padwa, A.; Dimitroff, M.; Liu, BDrg. (4) (a) Kotsuki, H.; Mori, Y.; Ohtsuka, N. H.; Ochi, M.; Matsuoka, K.

Lett.2000,2, 3233—3235. (¢) Padwa, A.; Brodney, M. A,; Lynch, S. M. Heterocyclesl987, 26, 2347—2350. (b) Kappe, C. O.; Murphree, S. S.;

Org. Chem.2000,66, 1716—1724. Padwa, A.Tetrahedron1997,53, 14179—14233.

10.1021/0l016804g CCC: $22.00  © 2002 American Chemical Society
Published on Web 01/23/2002



Scheme 1. Intramolecular Diels—Alder Reactions
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furan 7 required heating at 110C to produced? In stark
contrast, amidofurariO could not be isolated under the
conditions of its formation, as it rapidly furnished amido-
ketonel2 at or below room temperatufeNeither8 nor 11

rotation that enforces a more reactive conformer in the lowest
energy ground state.

Because there was no clear precedent regarding whether
the origin of the rate differences resided in either ground-
state conformational effects or in relative strain within the
transition states, we explored the conformational space of
furansi, 4, 7, and10. Low-energy conformers obtained using
Monte Carlo conformational searching (MCMM) as impli-
mented by MacroModel7%0with either MM2* or MMFF
parameters contained high-energy steric interactions due to
inadequate parametrization for these syst&iar example,
MM2* parameters predicted a CEBL(2)—N—C(1") dehe-
dral angle of 6.6 in 4 (Scheme 1). As a result, the C(3)
proton is only 2.40 A from the proximal C(1") protdhA
similar dihedral angle places the C(4) proton 2.46 A from
the nearest thiomethyl proton. Because the low-energy
conformations generated by the MCMM protocol were
unsuitable for our purposes, optimization of the ground-state
conformations was then performed using density functional
methods. Using the Becke3LYP functiotfaind the 3-21G*
basis set with Gaussian 98ground-state conformations
were explored by optimizing structures with, for example,
variousgaucheandanti conformations about rotatable bonds.
The low-energy conformations were then reoptimized using
the 6-31G* basis set. Transition states for each of the Biels
Alder reactions were also located using the 6-31G* basis
set (Figure 1}# Each transition state was modeled with an
excoriented tether on the basis of the known stereochemical
preference for these reactiotigb:35

The calculated relative energies of activation are qualita-
tively consistent with experimental trends for compoufhds
4, 7, and 10, though the difference in activation energies

was observed. That none of the intermediate OxabicyC|eSCa|Cu|ated forl and7 (03 kca|/m0|) appears somewhat small

could be observed in the course of these reactions suggests

that the cycloaddition step is rate determining.

Dramatic effects originating from the placement of a
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Diels—Alder reactions have been attributed to relative

transition state stabilities.Jung and Gervay, however,
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I cxample, the C(2)-C(3) bond has a nearly synclinall

perpendicular relationship to the amide carbony-C{4")—

b i C C(3')—C(2')= —100.8°)! effectively placing the olefin in
Contlormaton’’ Reifes’  omosie Sl closer proximity with the furan; thus, the minimum energy
conformers are closer to the reactive conformers.

Although the energy differences associated with one
simple bond rotation cannot account for the large differences
in activation energies, another conformational feature places
4a closer to a reactive conformation thda. The C(3)—
C(2)—N—C(4") dihedral angle iia was calculated to be
172.5 while the same dihedral angledawas 131.7. Thus,
the rotation about the C(2N bond appears to be biased
toward a reactive conformer #a. The C(3)-C(2)—N—C(4)
dihedral angle in transition staté was calculated to be
123.4°while the same torsional angle was approximately
130°in the other transition states. Conform#y, which is
similar to the low-energy conformation @&, was calculated
to be less than 0.1 kcal/mol higher in energy tdarfFigure
2).

Lowest Ground State

10b

. . Figure 2. Second low-energy conformers 4b and 10b.
Figure 1. (a) Becke3LYP/6-31G* optimized ground-state confor-

mationsla, 4a, 7a, and10a. (b) Calculated relative energies of

activation for the cycloaddition in kcal/mol. (c) Corresponding . . .
transition state structures—D with transitional bond lengths in Preferred ring conformations dictate the Ct&)(2)—N—
angstroms. C(4') dihedral angle imaand10a. The six-membered ring

annealed to the furan iraadopts a half-chair conformation
in which the C(3)-(C2)—N—C(4') dihedral angle is 156.0

on the basis of expenmentallok_)servatlor! _(F|gure 1, vide The seven-membered ring annealed to the furd®aadopts
infra). Because none of the optimized transition states appear

to suffer from obvious strain that would account for the & Iqw-ener_gy cc_)nformgtlon that |mparts_a 1196‘_7“‘9'6' _bUt
. : L a simple ring flip provides a conformatiod@b) in which
differences in activation energy, the ground-state conforma-

: . . the angle increases to 132.{Figure 2). The rapid inter-
tions were examined for conformational features that could .

. . conversion ofL0aand10b (a calculated 2.2 kcal/mol energy
form the basis for the observed differences. Two such

o o difference) allowslOto adopt a reactive conformation more
features were easily identified. readily thanl or 7. The differences in reactivity among furans
The first feature involves the role that the carbonyl group y ' y 9

) .. 1,4,7, and10, therefore, appear to correlate with a bias in

plays on the ground-state conformations when placed within .

. the rotation about the C(2)—N bond.
the tether. In conformeta, the adjacent methylene carbons . : o .
C(3') and C(4") adopt aanti-conformation, and the olefin The small difference in calculated activation energies
. ) P ’ . between the conversion dfto 2 and 7 to 8 caused us to
Is thus projected away from the furan. Comparisodato reexamine the reaction conditions required to effect the
transition staté reveals that gauche-conformation about o . q )
these two atoms is required for the reaction to proceed.cydoadd'tlon ofl. It was discovered that the Diet&\lder
Placement of a carbonyl group W!thin the tether, however, (15) Eliel, E. L.; Wilen, S. H Stereochemistry of Organic Compounds
changes the preferred conformation. In conforriar for John Wiley & Sons: New York, 1994; p 617.
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reaction proceeded at 13TC to produce a mixture of
enamino ketoned2a,bas a mixture (3:2) of regioisomers
in 64% vyield (eq 1). Furthermoréd,2a,b could be isolated

Boc
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QN’ oc 130 °C Q:) )
;) ©

1 12a,b

(less than 10%) from the reaction mixture whewas heated

caused the molecules to adopt conformations that were much
closer to the reactive conformations than molecules that
lacked this tether-carbonyl. A bias in the rotation about the
C(2)—N bond was also found to correlate with the rates at
which these molecules undergo intramolecular Diéi&ler
cycloadditions. More detailed results of this study will be
published in due course.
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