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Metal-free (5+2) cycloadditions of homopyrrole and homofuran with dienophiles of N-phenylmaleimide,
dimethyl acetylenedicarboxylate (DMAD), and maleic anhydride have been investigated by DFT calcu-
lations at the (U)B3LYP/6-31+G(d) level. Homopyrrole and homofuran act as 4-electron 1,5-dipoles in
these (5+2) reactions. These 1,5-dipoles can exist only in the transition states and undergo competitive
concerted or stepwise (5+2) cycloadditions. The (5+2) cycloadditions of homopyrrole with dienophiles
are stepwise involving generation of diradical intermediates, and its concerted pathways are disfavored
marginally. In contrast, the (5+2) cycloaddition of homofuran with maleic anhydride occurs in a con-
certed fashion, which is preferred over the stepwise diradical pathway slightly. The distortion energies
from homopyrrole and homofuran to their respective 1,5-dipoles in the transition states are not high and
this is the main reason why homopyrrole and homofuran can undergo metal-free (5+2) cycloadditions

with dienophiles.

© 2013 Published by Elsevier Ltd.

1. Introduction

The (m+n) cycloadditions (m and n are referred to the atom
numbers that are finally embedded in the formed cyclic rings)
provide very efficient methods to construct various-sized cyclic
compounds through formation of two (or more) new bonds and
multiple stereogenic centers in a single synthetic operation.! ™ One
prominent and widely applied cycloaddition reaction is the Diel-
s—Alder (D—A) reaction for the synthesis of six-membered rings.?
Seven-membered cyclic rings are also widely found in natural
products. Inspired by the power of D—A reaction, synthetic chem-
ists have been developing homo-D—A cycloadditions to achieve
efficient synthesis of seven-membered cyclic compounds. For in-
stance, if the dienophile of the original D—A reaction is replaced by
an allyl cation, a (4+3) cycloaddition can be realized between
adiene and the in situ generated allyl cation.? The second variant of
the D—A reaction is to replace the diene of the original D—A re-
action by a pentadienyl cation,*® providing a (5+2) cycloaddition
process to construct seven-membered rings. The (5+2) homolog
D—A reaction could also occur between vinylcyclopropanes (VCPs)
and dienophiles. Sarel and Breuer reported such a reaction. Un-
fortunately this reaction cannot be reproduced by other groups.®
Later it was found that only very special VCPs can take part in the
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(5+2) cycloadditions with dienophiles. For example, in 1971,
Fowler reported the (5+2) cycloadditions of N-methoxycarbonyl-
2,3-homopyrrole with dimethyl acetylenedicarboxylate (DMAD), as
well as with N-phenylmaleimide (Scheme 1a and b).” A similar
reaction was also reported by Herges and Ugi, who demonstrated
that reaction of homofuran with maleic anhydride generated endo-
and exo-(5+2) cycloadducts with a ratio of 1:1 (Scheme 1c).8

The general protocol for (5+2) cycloaddition between VCPs and
21 components, such as alkenes, alkynes, and allenes, intra- and/or
intermolecularly, can be realized by using Rh(I) catalysts, as pio-
neered by Wender and co-workers.? Later, Trost and co-workers
demonstrated that an intramolecular (5+2) reaction between VCPs
and alkynes can also be catalyzed by a Ru-complex. Ni and Fe
catalysts can also be used as the catalysts for the (5+2) reaction
between VCPs and alkyne. Recently, Yu, Tang, and Zhang further
developed other different (5-+2) reactions.°

The metal-catalyzed (5+2) cycloadditions between VCPs and
alkenes/alkynes/allenes occur through a series of elementary re-
actions of oxidative addition (CP opening), alkene/alkyne/allene
insertion, and reductive elimination, as supported by the compu-
tational studies by Houk, Wender, and Yu.!" However, no mecha-
nistic study of metal-free (5+2) reactions listed in Scheme 1 has
been reported. We are very curious to know the following ques-
tions. Are these (5+2) reactions concerted (pathway a) or stepwise
(involving zwitterionic or diradical intermediates IN1, IN2, path-
way b) (Scheme 2)? In pathway a, the homopyrrole and homofuran
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Scheme 1. Selected metal-free (5+2) cycloadditions.

pathway ¢
—
5
4 6
s 5 7 8
‘Z—VG 4 = 6 R——R pathway a 3 1
3
X 1 — gl J-
2 X 1 8 7
2 R R
Homopyrrole X = NR Masked 1,5-dipoles Concerted (5+2) transition states (5+2) products

Homofuran X =0 existing only in transition states

pathway d T

Scheme 2. Proposed concerted and stepwise pathways of the (5+2) reactions (atom labeling is also given here).

can be regarded as masked 1,5-dipoles, which then undergo con-
certed (5+2) cycloadditions. The reactions between dienophiles
and the masked 1,5-dipoles could also take place stepwise via
pathway c, which starts from formation of the C1—C7 bond (in-
termediate IN3), followed by ring closure to give the final cyclo-
adducts. Dienophile can also directly attack C3 atom of the 1,5-
dipole via pathway d to give IN2 (not involving generation of IN1)
and then (5+2) cycloadduct. Which pathway is the favored for the
(5+2) cycloadditions?. We also wanted to answer why these (5+2)
reactions can take place without the aid of transition-metal
catalysts. In addition, how to rationalize the exo- and endo-
selectivity in reactions a and c (Scheme 1)? Understanding these
questions in these metal-free (5+2) cycloadditions is highly re-
quired for the future design of other metal-free (5+2) and high-
order (m+n) cycloadditions for the synthesis of medium-sized
ring compounds. Therefore, DFT calculations have been un-
dertaken to explore the energy surfaces of these metal-free (5+2)
cycloadditions listed in Scheme 1.

2. Computational method

All calculations were performed with the Gaussian 03 pro-
gram.!> Geometries were optimized by either the B3LYP/6-31+G(d)
(for closed-shell species) or UB3LYP/6-31+G(d) (for open-shell
singlet diradicals) method,"® which has been proved to be suit-
able for studying D—A reactions and other pericyclic reactions with
competitive concerted or stepwise pathways.! Frequency calcula-
tions at the same level were carried out to confirm each stationary
point to be either a minimum or a transition structure. For diradical
species, the YJH spin-projection scheme has been used to reduce
the spin contaminations.!® The reported energies are the zero-point
energy-corrected electronic energies (AEq_gas) and Gibbs free en-
ergies computed at 298 K (AGgas), both in the gas phase. The
computed energies in CCly solvent using PCM method'® were also
given (AEy_cc,)-"” Unless specified, all discussed energies are the
zero-point energy-corrected electronic energies in the gas phase.
We must point out that, even though M06 and M06-2X are better
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than B3LYP to consider dispersion energy, in the present system, we
found M06, M06-2X gave similar results for the (5+2) cycloaddi-
tion of homofuran and maleic anhydride (see the Supplementary
data, calculations were performed with the Gaussian 09 pro-
gram).!® It was found that MO6, M06-2X are not good for diradical
species.!® Consequently, the (U)B3LYP functional is a good choice to
study the present metal-free (5+2) cycloadditions.

3. Results and discussions

3.1. (5+2) Reaction of N-methoxycarbonyl-2,3-homopyrrole
with N-phenylmaleimide

The (5+2) cycloaddition between N-methoxycarbonyl-2,3-
homopyrrole and N-phenylmaleimide has been studied by
modeling the reaction of N-methoxycarbonyl-2,3-homopyrrole
(1) and N-hydrogen-maleimide (2). DFT calculations of all four
pathways a—d indicated that the stepwise pathway c involving
diradical intermediates is the most favored (Figs. 1-3 for the
computed energy surfaces and structures). For the endo route in
pathway c (c-endo pathway), the reaction starts from the for-
mation of the C1-C7 bond, generating diradical intermediate 4a.
In the C—C bond forming transition state TS3a, homopyrrole
becomes a planar structure and the C1—C5 bond has been
cleaved. Homopyrrole in the transition state can be regarded as
a 4-electron 1,5-dipole (or vinylazomethine ylide, and it can also
be envisioned as a 1,3-dipole). This 1,5-dipole can only ‘exist’ in
the transition state. Optimization of such 1,5-dipole structure
taken from TS3a always led directly to the homopyrrole structure
1. This 1,5-dipole, ‘existing only in the transition state’, can un-
dergo concerted (5+2) reaction with dienophile (Fig. 3), however,
this is not favored compared to the stepwise pathway c (Fig. 1).
Generation of the diradical intermediate in c-endo pathway

N
(U)B3LYP/6-31+G* MeO%O ' o
AEq gas ﬁf
[AEq.ccil o N~y
(A Ggas)
kcal/mol

6b
(exo product)
0
N
MeO o
_N
H o}

requires an activation energy of 18.7 kcal/mol, which is lower
than the concerted (5+2) pathway (via transition state TS7a) by
about 3.0 kcal/mol. Generation of the diradical intermediate is
endothermic by 5.4 kcal/mol. The ring-closure step to give the
final (5+2) cycloadduct is easy, with an activation energy of
1.9 kcal/mol only. The (5+2) reaction via c-endo pathway is
exothermic by 34.4 kcal/mol.

The c-exo pathway is very similar to the c-endo pathway, but is
disfavored by 1.6 kcal/mol in the gas phase (this difference is in-
creased to 1.7 kcal/mol in solution). This suggests that endo product
is the favored one. This is consistent with the experiment.?® The
preference of endo product is due to the fact that TS3a is lower than
TS3b. In TS3a, the dienophile is pointing away from the 1,5-dipole
of homopyrrole, while in TS3b, the dienophile is experiencing the
repulsion from homopyrrole framework. The endo product 6a is
less stable than exo product 6b by 3.4 kcal/mol. This suggests that
the preference of c-endo pathway of the (5+2) reaction is kineti-
cally controlled and this preference is attributed to the steric reason
in the first C—C bond formation transition states. It is interesting
that, if the reaction takes place via pathway a, no endo/exo selec-
tivity would be observed because a-endo and a-exo have very close
activation energies (Fig. 3).

Pathways b and d are not favored compared with both pathways
a and ¢ by more than 9 kcal/mol (see the Supplementary data for
the computed energy surfaces). Calculations found that generations
of intermediate IN1 (via pathway b) and IN2 (via pathway d) are not
favored kinetically compared to the generation of IN3. This is be-
cause the generated radicals or cations at C4 in IN1 and at C1 in IN2
are isolated species, while in IN3, the diradical or cation can be
stabilized by conjugation via a larger conjugated system. Usually, it
is hard to have the dienophile to directly attack the C1 atom of
homopyrrole because this is an sp> carbon without 7 orbitals.
However, the easy generation of 1,5-dipole from homopyrrole

2 6a
(endo product)
0}
N,
MeO N-H
(e}

Fig. 1. The computed energy surface of (5+2) reaction between 1+2 (via the c-endo and c-exo pathways).
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Fig. 3. The DFT computed energy surfaces of the (5+2) reaction between 1 and 2 via a-endo and a-exo pathways.
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makes C1 in the transition state to become an sp? carbon, whose 7
orbital can be attacked by dienophile 2 to give (5+2) cycloadducts
via pathway c.

The (5+2) reaction of N-methoxycarbonyl-2,3-homopyrrole 1
with DMAD also prefers to take place through pathway c and this is
given in Fig. S3 of the Supplementary data.

A conclusion from the above study is that the (5+2) reactions of
N-methoxycarbonyl-2,3-homopyrrole 1 with dienophiles favor to
undergo the stepwise diradical pathway c, giving diradical in-
termediates. The concerted pathways between the existing-in-
transition-state 1,5-dipole and dienophiles are disfavored.?! These
conclusions obtained in the gas phase also hold in solution because
the solvent effects on the reaction pathways are not very signifi-
cantly different from those in the gas phase (see the computed
(AEy_c(j,) in solution in Figs. 1 and 3).

3.2. (5+2) Reaction of homofuran with maleic anhydride

DFT calculations showed that the (5+2) cycloaddition between
homofuran 8 and maleic anhydride 9 prefers to take place con-
certedly via pathway a to give both endo and exo (5+2) cyclo-
adducts, while the competing diradical pathway c is marginally
disfavored (by 1 kcal/mol) (Figs. 4 and 5). The computed activation
energies for endo and exo pathways are 19.8 and 19.9 kcal/mol,
respectively, suggesting that both cycloadducts are generated
in the same amount. This is consistent with the experimental
report.322-24 The (542) reaction is very exothermic by 37.3 and 40.5
kcal/mol, suggesting that this reaction is irreversible. In the con-
certed TS10a and TS10b, the breaking C1—C5 bonds are 2.42 and
2.43 A, respectively, indicating that the C1—C5 bonds are completely
broken (Wiberg bond index is 0.13). The concerted (5+2) reaction
here suggests that homofuran in the transition state is distorted to
give a distorted 1,5-dipole (vinyl oxonium ylide). Here homofuran
also acts as a 1,5-dipole, ‘existing’ only in the transition state.

If the (5+2) reaction takes place via pathways c-endo and c-exo,
the reaction would give endofexo selectivity (Fig. 5). This is in
contrast to the experiment. Therefore, this provides an evidence to
support that (5+2) cycloaddition between homofuran 8 and maleic
anhydride 9 prefers to take place concertedly.

Here we want to comment why (5+2) cycloaddition between
homofuran 8 and maleic anhydride 9 prefers to take place
concertedly (via pathways a-endo and a-exo) while the (5+2)
cycloaddition between N-methoxycarbonyl-2,3-homopyrrole 1
and N-hydrogen-maleimide 2 occur via stepwise diradical
pathways c-endo and c-exo. We think that the amide group in
N-methoxycarbonyl-2,3-homopyrrole is better than oxygen in
homofuran to stabilize diradical species (amide group is more
electron-withdrawing than oxygen atom, also amide has additional
resonance effect than oxygen to stabilize radical species).

3.3. Easy or difficult formation of ‘in-transition state’
1,5-dipoles

The easy metal-free (5+2) reactions discussed above can be
attributed to the easy generations of the 1,5-dipoles in the transi-
tion states. A distortion-interaction mode can be used to analyze
these (here we only discuss the concerted pathway due to the small
energy difference between the concerted and stepwise path-
ways).>> The distortion energy for homopyrrole 1 in TS7a is
28.5 kcal/mol (the distortion energy of 2 in the transition state is
3.8 kcal/mol, Scheme 3). For homofuran, the distortion energy to
generate the 1,5-dipole in the transition state in TS10a is 27.5 kcal/
mol (the distortion energy of 9 is 2.5 kcal/mol). However, if bicyclo
[3.1.0]hex-2-ene could undergo the (5+2) cycloadditions with
dienophiles, the distortion energy of this VCP with a cleaved cy-
clopropane (distance between C1—C5 is 2.42 A) is estimated to be
41.3 kcal/mol, suggesting that simple VCP is difficult to reach metal-
free (5+2) cycloaddition transition states.2®

B3LYP/6-31+G*
AE 0-gas
[AEg.ccul

(AGgas)
kcal/mol

Fig. 4. The computed energy surfaces for the (5+2) reaction homofuran 8 and maleic anhydride 9 via a-endo and a-exo pathways.
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Fig. 6. The HOMOs of 1,5-dipoles for homopyrrole and homofuran computed by the
HF/6-31G method (structures are taken from TS7a and TS10a, respectively. The orbital
coefficients are the 2p, parts of C atoms).

5. The computed energy surfaces for the (5+2) reaction homofuran 8 and maleic anhydride 9 via c-endo and c-exo pathways.

The highest occupied molecular orbitals (HOMOs) of these
homopyrrole and homofuran 1,5-dipoles, existing in the transition
states, are given in Fig. 6 to know the orbital shapes and their
components (the geometries of these dipoles are from the con-
certed (5+2) transition states shown in Figs. 3 and 4). HOMOs of
these dipoles show that C1 and C3 atoms (with close orbital co-
efficients) have similar nucleophilicities toward dienophiles and
the preference of pathway c over pathway d in the (5+2) cycload-
ditions is due to the resonance effects discussed above.

4. Conclusion

In summary, through DFT study of the mechanism of metal-free
(5+2) cycloadditions of homopyrrole and homofuran with dien-
ophiles, we can conclude that (5+2) cycloaddition can be realized
with special VCPs that are directly connected to heteroatoms, such
as N, 0.8 This is due to the easy generation of 4-electron 1,5-dipoles
from homopyrrole and homofuran, which can exist in the transition
states. The (5+2) cycloadditions of homopyrrole and homofuran
with dienophiles can take place via either a concerted fashion
(pathway a) or stepwise way involving diradical species (pathway
c). Pathway b involving direct addition of dienophiles to the double
bond of homopyrrole and homofuran is not favored compared to
both pathways a and c. Pathway d is not favored either. The dis-
favored pathways b and d can be understood due to the corre-
sponding transition states experience less resonance stabilizations
compared to those in pathways a and c. Usually, the endo/exo se-
lectivity will be observed if the (5+2) reaction takes place via
pathway c, but no such selectivity can be observed if pathway a is
favored. The present understanding will help the future de-
velopment of other metal-free (5+2) and (m+n) cycloadditions.
Further study of other metal-free (5+2) and (2+2) cycloadditions of
vinylcyclopropanes and dienophiles are ongoing, which is aimed to
know the reactivities of different dienophiles (PTAD, singlet
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dioxygen,
vinylcyclopropanes.

and tretracyanoethene) and the substituted
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