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between dienylfurans/dienylisobenzofurans and the activated R F th'fi,bsc;nd R [ ‘tzijcz?‘r:,d
alkyne, DMAD (dimethyl acetylenedicarboxylate), have been - 7 % 7 _ - 7 U
investigated by DFT calculations. The former [8 + 2] reaction is — 0o N T P s+l
stepwise, starting from attack of the diene substituent on furan, not RN __“E RN _TE

the furyl moiety in dienylfurans, to DMAD to give a diradical s o this bond
intermediate, which then undergoes ring closure to form the second  E_co,Me first  E_co,Me

second bond between DMAD and the furan moiety, generating the
final [8 + 2] cycloadducts. In contrast, the latter [8 + 2] reaction
starts from [4 + 2] cycloaddition of the diene in the furan ring of
dienylisobenzofurans toward DMAD, followed by the rate-determining stepwise [1,5]-vinyl shift, forming the [8 + 2] products. The
different mechanisms of [8 + 2] reactions are attributed to the facts that for dienylfurans, the reactive diene part is the diene
substituent on furan, but in the case of dienylisobenzofurans, it is the diene in the furan ring (its reaction with DMAD to generate an
aromatic benzene ring is the driving force for this regiochemistry). Consequently, the [8 + 2] reactions begin with the reaction of the
most reactive part of tetraene (either the diene substituent on furan for dienylfurans or the diene in the furan ring for
dienylisobenzofurans) with DMAD. FMO analysis and kinetic study have been carried out to gain more information of the reaction
mechanisms. Two [8 + 2] reactions of dienylisobenzofurans with different substituents toward DMAD have also been further
analyzed by DFT calculations in this paper.

[8+2] Reactions in Different Pathways

B INTRODUCTION

Since the seminal report of the [8 + 2] cycloaddition of e R

Scheme 1. [8 + 2] Reactions Using Furan Systems

heptafulvene and dimethyl acetylenedicarboxylate (DMAD) in
1960," significant advances have been achieved by both
synthetic and theoretical organic chemists in their search for
other [8 + 2] cycloadditions.” However, most previously
reported [8 + 2] cycloadditions are restricted to geometrically
rigid tetraenes where carbons or heteroatoms at terminal
positions one and eight of the tetraene are rigidly held in close
proximity.” Successful [8 + 2] cycloadditions using geometri-
cally flexible tetraenes would be a very significant advance for
the synthesis of medicinally important 10-membered ring
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compounds.” Until recently reported discoveries involving
dienylfuran systems and electron-deficient alkynes (see ';"\-AREPHl;aT';vsL E=CO,Me, COMe 56.84%
e, 3

examples in Scheme 1), few examples of [8 + 2] cycloadditions
employing conformationally flexible systems had been
reported.”®

Initial reports of [8 + 2] reactions of in situ-generated
dienylisobenzofuran intermediates and DMAD (Scheme 1, eq
1) provided a novel method for the synthesis of furanophanes
(in some cases, [4 + 2] side products were generated). In
subsequent studies, the previously used dienylisobenzofuran
intermediates were replaced by stable dienylfurans. Analogous
[8 + 2] reactions were observed, resulting in oxygen-bridged
10-membered rings and hydronaphthalene ring systems
(Scheme 1, eq 2). The reaction using a Z/E mixture of
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dienylfurans with DMAD afforded both the [8 + 2] product
and the diene [4 + 2] product. It was suggested that the
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reaction of Z-dienylfuran and DMAD led to the formation of
the [8 + 2] product, while the reaction of E-dienylfuran and
DMAD led to the formation of the isomerized [4 + 2] product
(Scheme 2).°

Scheme 2. [8 + 2] and [4 + 2] Reactions Using a Z/E
Mixture of Dienylfuran
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The [8 + 2] reactions could all take place in a concerted
superficial—superficial fashion based on the Woodward—
Hoffmann rule’ by counting the number of participating 7-
electrons in the cycloaddition. This is the proposed pathway A
in Scheme 3 for [8 + 2] reactions with the suprafacial
orientation. In addition to this pathway, there are several
alternative pathways. A stepwise pathway (pathway B) is also
possible. This pathway involves initial formation of one C—C

Scheme 3. Proposed Pathways A—E of the [8 + 2] Reactions
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bond at the furan terminus of the tetraenes and generation of
zwitterionic or diradical intermediates, which then give the
cycloadducts after ring closure. Reaction pathway D is similar
to reaction pathway B except that the initiall C—C bond
formation occurs at the other end (C8 atom in Scheme 3) of
the diene substituent on furans.

Furans (especially isobenzofurans) undergo [4 + 2]
reactions with a variety of different dienophiles.® Therefore,
we also considered pathway C for the [8 + 2] reaction. This
reaction pathway begins with the [4 + 2] reaction of the furan
moiety of tetraenes with DMAD followed by the [1,5]-vinyl
shift to give the final [8 + 2] cycloadducts. In pathway E, the [8
+ 2] reactions begin with an alternative [4 + 2] reactions
between the diene part of tetraenes and DMAD followed also
by the [1,5]-vinyl shift to give the final cycloadducts.

We previously have studied pathways A—C for the [8 + 2]
reaction of dienylisobenzofurans and DMAD.’ Focus on these
pathways was due to the exceptionally high reactivity of the
isobenzofuran ring in the substrates. Pathway A can be ruled
out because C1 and C8 are far away from each other, and this
geometric arrangement makes the concerted [8 + 2]
impossible. When there was no electron-donating group
present in the diene moieties of dienylisobenzofurans, the [8
+ 2] reactions occurred through pathway C. Our previous
experimental evidence also supported pathway C. We found
that the isolated [4 + 2] cycloadduct undergoes the [1,5]-vinyl
shift to give the final [8 + 2] product and the kinetics and
activation parameters for this process were determined through
NMR measurement of this rearrangement step. When R* in
dienylisobenzofurans was an electron-donating methoxy group,
reaction pathway B to give [8 + 2] products and reaction
pathway C to give [4 + 2] products had similar activation
energies, leading to formation of both [8 + 2] and [4 + 2]
products, respectively. In this case, the [4 + 2] products cannot
be converted to [8 + 2] products because the [1,5]-vinyl shift
processes were relatively difficult in this case (see later
discussion and also the Supporting Information for more
details).

Pathways B and C initiate from the isobenzofuran and furan
moieties of the tetraenes. Can similar pathways D and E be
initiated from the diene part (CS—C6—C7—C8 in Scheme 3)
of substrates? We did not consider pathways D and E for the
[8 + 2] reaction of dienylisobenzofurans and DMAD since the
furan ring of dienylisobenzofurans is far more reactive than its
butadiene moiety. But for dienylfurans, these pathways could
become more competitive. The furan and linear diene
fragments of dienylfurans are both potential reaction sites for
Diels—Alder reactions. The evidence for this proposal came
from the experimental observation that a diene [4 + 2] product
was obtained from the reaction of a Z/E-dienylfuran mixture
with DMAD, in the same reaction pot that also yielded an [8 +
2] product.’

The present paper will mainly focus on discussing the
reaction mechanisms for the [8 + 2] reaction of simple
dienylfurans and DMAD. We discovered that this [8 + 2]
reaction prefers pathway D (see the detailed discussion in the
Results and Discussion part). We also expanded our study to
the [8 + 2] reaction of dienylisobenzofurans with DMAD, to
determine whether pathways D and E are possible for these
tetraenes. We will also rationalize the diverging reaction
pathways for the two systems, which afford structurally similar
final [8 + 2] reaction products. Furthermore, we synthesized
the pure Z-dienylfuran and measured the kinetics of its [8 + 2]

https://dx.doi.org/10.1021/acs.joc.0c01960
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Figure 1. Gibbs energy profiles of pathways B—D of the [8 + 2] reaction between dienylfuran 1 and DMAD computed at the SMD/(U)B3LYP-
D3/6-311+G(d,p)//(U)B3LYP/6-31+G(d) level and computed structures of transition states.

cycloaddition with DMAD, aiming to compare the exper-
imental and computational data and to validate the utility of
our theoretical methods for this study of the mechanisms of
the [8 + 2] reactions.

B COMPUTATIONAL METHOD

All of the calculations were performed with the Gaussian 09
program.'’ The hybrid B3LYP functional'' in conjunction
with a 6-31+G(d)"” basis set was applied for the optimization
of all stationary points in the gas phase. Diradical intermediates
and transition states were located with UB3LYP/6-31+G(d)

1421

using keyword: guess = (mix, always). Spin contamination for
all singlet diradical stationary points was calculated by the YJH
spin contamination correction."” Frequency calculations were
performed to confirm that each stationary point is either a
minimum or a transition structure. Solvent effects in 1,4-
dioxane were computed by the SMD model'* using the gas-
phase optimized structures. The computed activation free
energies in solution, referred to as AG,,, were calculated by
adding single point energy in solvation (1,4-dioxane) at
(U)BSLYP/6 311+G(d,p) with the D3 version of Grimme’s
dispersion'® to the thermal correction to Gibbs free energy at

https://dx.doi.org/10.1021/acs.joc.0c01960
J. Org. Chem. 2021, 86, 1419—1429


https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c01960?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

co,Me
x.CO;Me

5

kcal/mol ) O
ABsor =y / TS14a
L, \
CO,Me 31.6
0\7:)#/( ’
MeO
TS13a
TS11a 224
— e,
0
1a-c+DMAD
1a-t+DMAD
0

Meozé z
CO,Me

TS18a

/
J .
J
/
/
I
J
/ <
/
I

MeOZC éon e

pathway D

TS13a"

TS14a

TS16a TS18a

Figure 2. Gibbs energy profiles of pathway E of the [8 + 2] reaction of dienylfuran la with DMAD computed at the SMD/(U)B3LYP-D3/6-
311+G(d,p)//(U)B3LYP/6-31+G(d) level and the computed structures of transition states involved in pathway E.

the (U)B3LYP/6-31+G(d) level. Computed structures are
illustrated using CYLview.'¢ Standard states for solutes in
solution are the hypothetical states at 1 M. All discussed
energies in the text are Gibbs free energies in solution at 298 K.
The molecular orbital energies were computed at the HF/
STO-3G level based on the B3LYP/6-31+G(d) geometries in
the gas phase. (U)B3LYP has been found to be appropriate to
study organic reactions involving diradical intermediates.'”"®
Our kinetic study (see the Results and Discussion part) also
show that the computed activation free energy from this
functional is close to the experimentally measured value.

B RESULTS AND DISCUSSION

Five Possible Pathways of the [8 + 2] Reaction of
Dienylfuran and DMAD. We first computed the possible
electron transfer from dienylfuran 1a and DMAD and found
that this is energetically impossible (the energy increase is up
to 90 kcal/mol), and therefore, this can be excluded for further
consideration. Figure 1 shows the DFT-computed energy
surfaces of pathways B—D between unsubstituted Z-dienylfur-
an la and DMAD. The DFT-optimized transition states
involved in all these pathways are given in Figure 1.

Pathway A. The parent tetraene of dienylfuran la has a
stable s-trans conformer (la-t). In pathway A, to access the
concerted [8 + 2] transition state, 1a has to convert to its s-cis
conformer, la-c, so that terminal carbons C1 and C8 are closer
to each other (their distances are 4.27 and 5.65 A for la-c and
la-t, respectively). Unfortunately, we failed to locate a
concerted [8 + 2] transition state. This failure is well expected,
considering the long distance between C1 and C8, which
prevents efficient simultaneous orbital overlap of C1 and C8 of
dienylfuran with C9 and C10 of DMAD. Therefore, pathway A
is not possible and can be excluded from further consideration.

1422

This is similar to the [8 + 2] reaction of dienylisobenzofurans
and DMAD, which does not have a concerted [8 + 2]
transition state either.”

Pathway B. The first step of pathway B is the formation of a
single C—C bond between C1 of the dienylfuran and C9 of
DMAD via a zwitterionic C—C bond forming transition state
TS2a. In TS2a, the C10 atom must point away from the furan
ring with the dihedral angle of C10—C9—C1—-C4 of 175.4%
otherwise, only concerted [4 + 2] transition structure TS6a
can be located (see below for the discussion of TS6a in
pathway C). This C—C bond formation step requires an
activation Gibbs free energy of 29.2 kcal/mol. The first step in
this pathway leads to the formation of a diradical intermediate
3a-t with a computed (S?) of 0.47. The nucleophilic addition
of 1 to DMAD to give 3a-t is endergonic by 23.9 kcal/mol,
which can be well understood, considering that this step
converts the aromatic furan moiety in the tetraene to a
nonaromatic moiety in the intermediate. However, TS2a is a
closed-shell transition state and its wavefunction is stable, as
tested by B3LYP calculations. After that, 3a-t will transform to
its isomer 3a-c via TS3a-rot. This is the rate-determining step
of the pathway B with the Gibbs energy barrier of 33.0 kcal/
mol related to starting materials 1a and DMAD. Finally, the
product can be formed by a ring-closure transition state via
zwitterionic TS4a. This step has an activation Gibbs free
energy of 0.3 kcal/mol, leading to the formation of cycloadduct
5a. Therefore, the rate-determining step in pathway B is TS3a-
rot and the computed Gibbs free activation energy is 33.0
keal/mol. The [8 + 2] reaction is exergonic by 12.5 kecal/mol.

Pathway C. Pathway C involving the [4 + 2]/[1,5]-vinyl
shift is one of the possible pathways in the [8 + 2] reaction of
dienylisobenzofuran and DMAD.” However, this pathway in
the dienylfuran case is not favored at all. Pathway C starts from

https://dx.doi.org/10.1021/acs.joc.0c01960
J. Org. Chem. 2021, 86, 1419—1429
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Figure 3. Gibbs energy profiles of pathways B—D of the [8 + 2] reaction between dienylisobenzofuran 1b and DMAD computed at the SMD/
(U)B3LYP-D3/6-311+G(d,p)//(U)B3LYP/6-31+G(d) level and the computed structures of transition states involved in pathways C and D.

a [4 + 2] Diels—Alder cycloaddition between the furan moiety conformational change is usually very easy with less than 10
of 1a and DMAD via transition state TS6a with an activation kcal/mol activation energy.'” We found that the [1,5]-vinyl
Gibbs free energy of 23.5 kcal/mol. The Diels—Alder reaction shift is stepwise.”” The first step is forming the C8—C9 bond
is a concerted but asynchronous process. In the [4 + 2] to give a diradical intermediate 9a via TS8a. Transition state
transition state, one forming C—C bond is 1.81 A while the TS8a and product 9a have computed (S*) values of 0.49 and
other C—C bond is 3.01 A. The following [1,5]-vinyl shift step 1.03, respectively. This step requires an activation Gibbs free
requires a conformational change. The [4 + 2] cycloadduct 7a- energy of 27.0 kcal/mol and is endergonic by 13.4 kcal/mol.
t undergoes an s-trans to s-cis interconversion to 7a-c, which is The second step of the [1,5]-vinyl shift has the cleavage of the

the reacting conformer for the [1,5]-vinyl shift. This C4—C9 bond from 9a via TS10a. This step is very facile with

1423 https://dx.doi.org/10.1021/acs.joc.0c01960
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an activation Gibbs free energy of 3.9 kcal/mol and is
exergonic by 32.0 kcal/mol. Therefore, if the [8 + 2] reaction
occurs in pathway C, the rate-determining step will be the first
step of the [1,5]-vinyl shift process with the computed
activation Gibbs free energy of 33.1 kcal/mol (via the rate-
determining transition state TS8a).

Pathway D. The stepwise pathway D proceeds through a
similar process as pathway B does. The first step of pathway D
is the formation of the C8—C9 bond from la-c via a
zwitterionic transition state TS1la with an activation Gibbs
free energy of 29.4 kcal/mol. In TS11a, the newly formed C8—
C9 bond distance is 1.93 A and the C10 of DMAD is far away
from the diene moiety in order to reduce the possible steric
effects. Formation of the diradical intermediate 12a, which has
a computed (S*) of 0.93, is endergonic by 22.3 kcal/mol. Ring
closure is the second step, which transforms 12a to the [8 + 2]
product Sa easily via transition state TS13a. This second bond-
forming TS13a is also a singlet diradical transition state. TS11a
is higher than TS13a by 7.1 kcal/mol in terms of Gibbs free
energy. Therefore, the rate-determining step of pathway D
should be C8—C9 bond formation. The overall activation free
energy for pathway D is 29.4 kcal/mol.

Pathway E. Pathway E starts from [4 + 2] cycloaddition of
DMAD to the dienyl moiety of dienylfuran followed by the
[1,5]-vinyl shift (Figure 2). The concerted [4 + 2] step has an
activation free energy of 31.6 kcal/mol via TS14a, which is
higher than those of pathway D and can be easily ruled out for
further consideration. In addition, there is a stepwise [4 + 2]
cycloaddition to give 15a, considering that intermediate 12a
from pathway D can also lead to 15a by ring closure via
TS13a’. The computed transition states TS13a and TS13a’ for
ring closures to give [8 + 2] and [4 + 2] are close in terms of
activation free energy, suggesting that these pathways are
possible. However, no [4 + 2] product could be isolated
experimentally (see the Experimental Section part in this
study).® We attributed this discrepancy between experiments
and calculations to the inaccuracy of computing singlet
diradicals: in the Supporting Information, the relative stabilities
of TS13a and TS13a’ depend on the used density functionals
for calculations. Therefore, we proposed that pathway E takes
place via a stepwise [4 + 2] to give 15a, but this is not favored
compared to pathway D.

In addition, we can further exclude pathway E by
considering the thermodynamic of its [4 + 2] step. We
found that the [4 + 2] step leads to the formation of an
intermediate 15a, which is much more stable than the [8 + 2]
cycloadduct Sa. Kinetically, this transformation is not possible.
The possible [1,5]-vinyl shift via structurally twisted diradical
species TS16a, 17a, and TS18a to give the [8 + 2] cycloadduct
is stepwise, with the activation Gibbs energy of more than 80
kcal/mol. The high energy here is due to disrupting the
aromaticity of furan and the distorted bond in TS16a.
Therefore, this pathway can be excluded directly.

Comparison of Pathways A—E. By comparing the
computed energy surfaces of pathways B—E, which need
activation Gibbs free energies of 33.0, 33.1, 29.4, and 84.2
kcal/mol, respectively, we can conclude that pathway D is the
most favored one. The computational results indicate that if an
[8 + 2] cycloadduct is obtained, the reaction would take place
through pathway D. No reaction intermediate could be
isolated since the intermediate in this pathway is higher in
energy than the reactants by 22.3 kcal/mol in terms of Gibbs
free energy. The preference of pathway D for Z-dienylfuran
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over pathway C is completely different from dienylisobenzo-
furans, which prefer to react with DMAD via pathway C
instead of pathway D. These calculation results can explain
why no [4 + 2] product 7a-t was observed in the reactions of
pure Z-dienylfurans with DMAD (see Figure 1).

[8 + 2] Reaction of Dienylisobenzofurans with
DMAD. As mentioned above, we only considered pathways
A—C in a previous study on the mechanism of [8 + 2]
reactions of dienylisobenzofurans with DMAD.” Pathways D
and E were not considered; however, pathway E can be easily
ruled out based on the above study. Here, we reconsider the
possibility of the pathway D and the comparison of these
competing pathways (Figure 3). Similarly, the electron-transfer
mechanisms for dienylisobenzofurans and DMAD are
disfavored in the present case (endogenic by about 80 kcal/
mol).

Pathway B is a stepwise [8 + 2] reaction via TS2b, 3b-t,
TS3b-rot, 3b-c, and TS4b. The first step is the rate-
determining step to give the zwitterionic intermediate 3b-t.
After transforming to 3b-c via TS3b-rot, the reaction easily
undergoes the ring closure to give the [8 + 2] cycloadduct
instead of transforming back to the reactants. Therefore, the
activation free energy for this pathway is 21.7 kcal/mol. For
pathway C, the first step is an irreversible [4 + 2] cycloaddition
with a computed activation free energy of 16.6 kcal/mol. The
following [1,5]-vinyl shift from 7b-t to the [8 + 2] product is
also stepwise via TS8b, 9b, and TS10b. Previously, we missed
the first step of the stepwise [1,5]-vinyl shift. Therefore, our
previous calculations underestimated the barrier of the [1,5]-
vinyl shift by a few kcal/mol because the first step is more
difficult than the second step in the [1,5]-vinyl shift.
Fortunately, this does not affect our previous conclusions of
the mechanism of the [8 + 2] reaction of dienylisobenzofurans
with DMAD because the [4 + 2] step in this pathway is
irreversible. For pathway D, we found that the first step is the
formation of the C8—C9 bond via a zwitterionic transition
structure TS11b with an activation free energy of 29.3 kcal/
mol, which is a difficult process compared to processes B and
C (via TS2b and TS6b, respectively), so pathway D is
disfavored and should be ruled out.

From the comparison of the Gibbs energy profile of
pathways B—D, we found that the most favorable pathway is
pathway C, which is in agreement of our previous work. From
pathway C, we can find that the [4 + 2] step is irreversible and
the rate-determining step is the [1,5]-vinyl shift. The overall
activation free energy for this [8 + 2] reaction is 24.5 kcal/mol
(from 7b-t to TS8b).

We have also studied other [8 + 2] reactions of
dienylisobenzofurans with DMAD for all pathways and found
that our previous mechanisms still hold and pathway D is not
competitive except for those substrates having an electron-
donating alkoxyl group at the C6 position (see later on DFT
Study of Two More [8 + 2] Reactions of Dienylisobenzofurans
with DMAD in Real Model of the present study and the
Supporting Information).

FMO Analysis to Explain Why Two [8 + 2] Reactions
Have Different Pathways. To explain the preference for
pathway D with dienylfurans and the preference for pathway C
with dienylisobenzofurans, we performed an FMO analysis
(Figure 4).

In dienylisobenzofuran, the HOMO orbital coefficients of
C1 and C4 are close but both are larger than C8, suggesting
that C8 is less nucleophilic in cycloaddition compared to both

https://dx.doi.org/10.1021/acs.joc.0c01960
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Figure 4. Frontier molecular orbitals and energies of dienylisobenzo-
furan and dienylfuran computed by the HF/STO-3G method based
on the gas-phase B3LYP/6-31+G(d) geometries. The orbital
coefficients refer to the 2p part of each heavy atom.

C1 and C4. Therefore, dienylisobenzofuran prefers to react
with alkyne through the pathway C ([4 + 2]/[1,5]-vinyl shift)
than pathway D. Also, formation of a more aromatic benzene
ring in isobenzofuran systems can also promote the [4 + 2]/
[1,5]-vinyl shift pathway C. In the dienylfuran case, the
HOMO orbital coefficients of C1, C4, and C8 are very close to
each other. This means that Cl1 and C8 have the same
tendency to act as nucleophiles. Meanwhile, when considering
the aromaticity of the intermediate 7a-t in pathway C of Figure
1, obviously, the aromatic ring is destroyed for 7a-t (aromatic
benzene ring is forming for dienylisobenzofurans). Therefore,
pathways B and D could be more competitive. Considering
that the transformation from 3a-t to 3a-c is not easy, the
pathway D is more favorable in this case.

DFT Study of Two More [8 + 2] Reactions of
Dienylisobenzofurans with DMAD in Real Model. We
also studied the mechanisms of the [8 + 2] reactions of
substituted dienylisobenzofurans with DMAD, which had been
previously investigated both experimentally and computation-
ally by us.” In previous DFT studies, we did not include a Ph
group in the benzofuran part of these dienylisobenzofurans and
the previous conclusions of mechanisms could be revised when
the exact tetraenes were used in calculations (Figure 5).

In the case of 1c-t and DMAD, pathways B and D are not
favorable, with the activation Gibbs energies of 26.1 and 24.8
kcal/mol, respectively. Pathway C is favorable with a relatively
easy [4 + 2] cycloaddition via TS6¢ to give the intermediate
7c-t. Then, like the similar process discussed before, 7c-c goes
a stepwise [1,5]-vinyl shift (through TS8c, 9¢c, and TS10c¢) to
give the final [8 + 2] cycloadduct Sc. The activation Gibbs
energy of the [1,5]-vinyl shift from 7c-t is 24.8 kcal/mol. We
previously synthesized 7c-t and measured the kinetic data of
the reaction from 7c-t to Sc, finding that an activation Gibbs
energy of 24.2 kcal/mol is required for this transformation.”
This consistency between experimental and computational
values indicates that our calculation methods are reliable in
evaluating the present [8 + 2] reactions.

For the case of dienylisobenzofuran with an electron-
donating OMe group at the C6 position, a full model of the
reaction with 1d and DMAD was studied. Previously, we
proposed that both pathways B and C compete with each other
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to give [4 + 2] and [8 + 2] products, respectively. We found
previously that the [8 + 2] product 5d and [4 + 2] product 7d
can be isolated when heating the mixture of 1d and DMAD.
However, for the [1,5]-vinyl shift in pathway C, the compound
7d decomposed upon further heating. We did not consider
pathway D at that time. Here, we tried to rationalize this
reaction by considering pathway D, which could be favored
over pathway B because the diene part has an electron-
donating MeO group to promote its reaction with DMAD.

The activation Gibbs free energies of the first step in
pathways B—D via the transition states TS2d, TS6d, and
TS11d are 28.3, 22.3, and 24.4 kcal/mol, respectively. So, the
pathway B is disfavored here. Therefore, both [4 + 2] (from
pathway C) and [8 + 2] (via pathway D) products would be
formed, which is consistent with experimental results.

The [4 + 2] product was predicted to undergo the [1,5]-
vinyl shift easily with a computed activation free energy of 19.2
kcal/mol. However, experimentally heating this cycloadduct
afforded decomposition products.” Here, we give an
explanation for this discrepancy between experiments and
DFT calculations. The present DFT-computed activation free
energy of the [1,5]-vinyl shift is close to the experimental result
for 7c-t (see above), suggesting that the computed activation
free energy of the [1,5]-vinyl shift for 7d here could be
reasonable too. However, the activation free energies for TS6d
and TS11d could be overestimated due to entropy over-
estimation for bimolecular reactions.”’ This means that these
two processes via pathways C and D could have activation free
energies lower than 19.2 kcal/mol, which is required for the
[1,5]-shift in this reaction. But in the reaction, both [4 + 2]
and [8 + 2] products can be obtained kinetically at lower
temperature. Consequently, the [1,5]-vinyl shift for 7d needs
higher barrier and higher temperature, compared to the [4 + 2]
reaction step in pathway C and the direct [8 + 2] reaction via
pathway D. Unfortunately, heating 7d at higher temperature
leads to decomposed products due to unknown but easier side
reactions, compared to the [1,5]-vinyl shift reaction.

Kinetic Study. In order to determine whether our
calculation methods used here are reliable or not for the
present system, we measured the kinetic data of the [8 + 2]
reaction of dienylfuran and DMAD. First, (Z)-2-(buta-1,3-
dien-1-yl)furan la was synthesized by the route shown in
Scheme 4. Using furfural as the starting material, the
intermediate allylsilane-alcohol was obtained as an erythro-
diastereomer via titanium(IV)-mediated nucleophilic addition
of an allyltrimethylsilane anion at —78 °C. Without further
purification, the silyl alcohol was transformed to the Z-
dienylfuran by treatment with potassium hydride at low
temperature. This Peterson olefination sequence led to the
formation of Z-dienylfuran with a Z/E ratio of greater than
20:1.

Then, we measured the kinetic data by monitoring in situ the
NMR spectrum of the [8 + 2] reaction of Z-dienylfuran 1a (1
equiv) with DMAD (10 equiv) at 70, 75, 80, and 85 °C (see
Figure 6 and the Supporting Information for details). The
kinetic data can provide the observed rate constant, k,, = 3.08
X 107 exp(—18.8/RT) (s™'), and the activation energy, E, =
18.0 kcal/mol. Based on the Eyring plot, the measured AH?,
AS*, and AG* values are 18.1 kcal/mol, —26.6 cal/(mol K),
and 26.0 kcal/mol, respectively. The DFT-computed AG*
value is 29.4 kcal/mol in 1,4-dioxane, which is 3.4 kcal/mol
higher than the experimental value. Considering the over-
estimation of entropy in bimolecular reactions,”" we can see
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that the results from DFT computations and experiments are
in accordance, suggesting that the present computational
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method is reliable for study of this pericyclic reaction.


https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01960?fig=fig5&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c01960?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

Scheme 4. Synthesis of (Z)-2-(Buta-1,3-dien-1-yl)furan la
and [8 + 2] Reaction of la with DMAD
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Figure 6. Monitoring of the changes of the "H NMR spectrum over
time for the [8 + 2] reaction of (Z)-2-(buta-1,3-dien-1-yl)furan la
and DMAD in toluene-dg at 70 °C.

B CONCLUSIONS

In conclusion, we have used DFT calculations to study the
mechanisms of [8 + 2] reactions of dienylfurans/dienyliso-
benzofurans and DMAD (Scheme 5). For dienylfurans, the [8
+ 2] reaction prefers a new course, pathway D, starting from

Scheme 5. Summary of the [8 + 2] Reactions in Different
Pathways
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attack of the acyclic diene moiety, not the furyl moiety in
dienylfurans, to DMAD to give a diradical intermediate, which
then undergoes ring closure to form the second bond between
DMAD and the furan moiety. For dienylisobenzofurans, the [8
+ 2] reaction favors pathway C, beginning from [4 + 2]
cycloaddition of the diene in the furan ring of dienylisobenzo-
furans toward DMAD followed by the rate-determining
stepwise [1,5]-vinyl shift. The different mechanisms of [8 +
2] reactions have been analyzed, finding that for dienylfurans,
their reactive diene part is the diene substituent, not the furan
moiety; but for dienylisobenzofurans, their reactive diene part
is the diene in the furan ring. Also, FMO theory has been used
to analyze the different reaction sites and pathways. The
substituent effects for the [8 + 2] reaction of dienylisobenzo-
furans with DMAD have also been reinvestigated by DFT
calculations, showing that pathways B and C compete (while
pathway D could also happen when the diene substituent on
furan has an electron-donating group and R' = phenyl).

B EXPERIMENTAL SECTION

Preparation of (2)-2-(Buta-1,3-dien-1-yl)furan 1a (Scheme
4). In an oven-dried 200 mL round-bottom flask, allyltrimethylsilane
(5.6 g 49 mmol) was added, followed by the addition of THF (S0
mL) and tetramethylethylenediamine (TMEDA) (6.8 mL, 44 mmol)
under an argon atmosphere. To this solution was added ¢-butyllithium
(34.0 mL of a 1.3 M pentane solution, 44 mmol) slowly at —78 °C.
The reaction mixture was allowed to warm to —30 °C over a 1 h
period and stirred at —30 °C for another 1 h. The reaction mixture
was cooled to —78 °C, and then Ti(O'Pr), (14.0 mL, 49 mmol) was
added (the color became red). After 1 h, furfural (3.3 mL, 40 mmol)
was added dropwise at —78 °C and the reaction mixture was stirred at
—78 °C for 12 h. The reaction mixture was then quenched at —78 °C
by the addition of aqueous ammonium chloride solution followed by
warming to room temperature and adding saturated aqueous
potassium sodium tartrate tetrahydrate solution at room temperature.
The mixture was extracted with ether, and the ether layer was washed
with brine and dried over sodium sulfate. The organic solvent was
removed on a rotary evaporator, and the residue after evaporation was
a reddish oil. The crude product was used in the next step without
further purification.

In a 250 mL flask under argon, potassium hydride (10.25 g, 30% in
mineral oil, 77 mmol) was added and washed three times with
pentane (20 mL). After pumping out the residual pentane, the solvent
THF (70 mL) was added. The reaction mixture was cooled to —78
°C, and a solution of the crude product from the first step in THF (30
mL) was added very carefully. The mixture was allowed to warm to
—35 °C and stirred for 4 h. The reaction was monitored by TLC
analysis until the reactant was fully consumed. The reaction was
quenched by very careful addition of water. The mixture was extracted
with pentane (3 X 200 mL), and the combined organic layers were
washed with water (2 X 250 mL) and brine (250 mL). After drying
over sodium sulfate, the mixture was filtered and the solvent was
removed very carefully at 0 °C, 200 to 50 mbar on a rotary
evaporator. The product was purified by distillation (70—72 °C, 40
mbar). A colorless oil identified as Z-dienylfuran 1a (1.31 g, 27% yield
over two steps, Z/E > 20:1) was obtained after final purification. The
NMR spectra were consistent with the reported literature.”® TLC R; =
0.67 (PE). '"H NMR (CDCl,, 400 MHz): § 7.44 (d, ] = 1.8 Hz, 1H),
7.37 (ddd, J = 16.9, 10.3, 10.0 Hz, 1H), 6.41 (dd, J = 3.3, 1.8 Hz, 1H),
6.33 (d, ] = 3.3 Hz, 1H), 6.09 (dd, J = 11.8, 10.0 Hz, 1H), 6.08 (d, ] =
11.8 Hz, 1H), 5.36 (dd, ] = 16.9, 1.9 Hz, 1H), 5.27 (dd, ] = 10.3, 1.9
Hz, 1H). BC{H} NMR (CDCl,;, 101 MHz): § 153.6, 142.5, 134.4,
127.8, 119.9, 117.1, 111.4, 110.8. HRMS (EI) m/z: [M-]* calcd for
CgH;0, 120.0570; found, 120.0572.

Kinetic Study of [8 + 2] Reaction of (2)-2-(Buta-1,3-dien-1-
yl)furan 1a and DMAD. In a 10.00 mL volumetric flask, Z-
dienylfuran 1a (120.1 mg, 1.0 mmol), DMAD (1.43 g, 10 equiv), and
an internal standard (n-Cj,H,s 16.9 mg, 0.1 equiv) were added,
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followed by toluene-dg sufficient to achieve a total volume of 10.00
mL. Each of NMR tubes was added 500 yL of this solution using a
syringe. These NMR tubes were heated separately at 70, 75, 80, and
85 °C for different times (see the Supporting Information for details).
After the designated time, they were placed into an ice water bath and
examined by 500 MHz 'H NMR for 32 scans. The ratio of Z-
dienylfuran and internal standard was determined by the integrals at §
= 5.030—5.150 and 6 = 0.760—0.835, respectively.

Checking the Possible [4 + 2] Product of [8 + 2] Reaction of
(2)-2-(Buta-1,3-dien-1-yl)furan 1a and DMAD. We checked the
crude NMR of the reaction and did not see the presence of the [4 +
2] product. Therefore, we can rule out pathway E via TS13a’ in
Figure 2.
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