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reactions

Diels—Alder reactions between the substituted furans 1a-1c
and Danishefsky's diene (2), yielding 5-hydroxybenzofurans,
were studied by density functional theory [B3LYP/6-31G(d)
level] in benzene as solvent (SP/CPCM). The mechanistic de-
tails of these reactions, especially with respect to regio-, site-,

and stereochemistry were analyzed in detail. Moreover, the
extrusion of nitrous acid from the Diels—Alder cycloadducts
and the formation of the aromatic products were also ex-
plained in order to give a total description of the complete
domino processes.

Introduction

Diels—Alder (DA) cycloadditions with furans substituted
with electron-withdrawing groups as dienophiles and Dani-
shefsky’s diene have been proposed as reliable procedures
for the synthesis of benzofuran derivatives.!! In the three
reactions studied, the cycloaddition products showed ex-
trusion of the nitro group, hydrolysis of the silyl enol ether,
and elimination of methanol to give the corresponding 5-
hydroxybenzofurans (Scheme 1). In principle, eight primary
DA adducts — two site-, regio-, and stereoisomers — are pos-
sible. The main purpose of this work is to provide a detailed
description of these various reaction paths by density func-
tional theory (DFT).

In the last years, new DFT-based concepts and indexes,
based on the pioneering work of Parr and Pearson,”! have
been developed to allow modeling of chemical reactivity.-#
These conceptual DFT-based descriptors have been suc-
cessfully applied to interpret reactivity or site-selectivity in
different cycloaddition reactions.®! For the reactions shown
in Scheme 1, for instance, we demonstrated that the local
electrophilicity (wy) and nucleophilicity (Ny) can be used to
explain the observed regioselectivity.[!

More recently we studied the regio- and stereoselectivity
of the same series of DA reactions using some global reac-
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Scheme 1. DA reactions between furan derivatives acting as dieno-
philes and Danishefsky’s diene (diene/dienophile ratio 2:1, benzene,
120 °C, 72 h).l1

tivity indexes of the corresponding cycloadducts (i.e., hard-
ness, electrophilicity, and polarizability) and it was con-
firmed that both the electrophilicities of the adducts and
the hardness could be utilized as indicators of regioselectiv-
ity and stereoselectivity.[”]

Although the results obtained by use of the local and
global indexes were demonstrated to be good for modeling
of the reactions studied here, we decided to perform calcu-
lations on all eight possible reaction channels (Scheme 2) in
order to provide a more detailed description of the transi-
tion states and products for study of the site-, regio-, and
stereochemistry of these cycloaddition reactions. Therefore,
as a complement to the studies previously carried out in
our groups and as a contribution to the general knowledge
in the field, a complete description of the mechanism of the
reactions shown in Scheme 2 was produced.

Results and Discussion

Our main objective was to explain the formation of 5-
hydroxybenzofurans from the reaction between the nitro-
furans la—c and Danishefsky’s diene (2, Scheme 1).

Firstly, the mechanistic details for the DA reactions be-
tween la—c and 2 were studied, with special emphasis on
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Scheme 2. Possible reaction channels for the cycloadditions be-
tween the furan derivatives and Danishefsky’s diene.

site-, regio-, and stercoselectivity. Then, the elimination of
nitrous acid from the primary cycloadducts was considered.
Finally, the tautomeric equilibria between the keto and the
aromatic phenol forms of the final products were charac-
terized.

Mechanistic Considerations for the DA Reactions

In the cases considered here, eight channels are feasible
for each reaction: two regioisomeric and two stereoisomeric
modes of addition for each one of the two endocyclic C=C
double bonds of the dienophile, leading both to the endo
and to the exo stereoisomers of the site- and regioisomers
3a—c, 3'a—c, 4a—c, and 4’a—c (Scheme 2). For site isomers
resulting from attack of the diene at the nitro-substituted
furan double bonds (channels 1-4), endo/exo stereochemis-
try is defined by the orientation of the diene subunit with
respect to the nitro group. Analogously, for site isomers re-
sulting from reaction of the dienophiles’ C4-C5 double

bonds (channels 1'—4"), the same endolexo notation was
maintained. Furthermore, for easier comparison identical
atom numbering is used for all three furan derivatives la—c¢
(see Scheme 2).

Geometries of the Transition Structures

More than forty TSs were characterized. As an example,
the TS corresponding to channel 1 in the reaction between
the nitrofuran 1b and the diene 2 is shown in Figure 1. The
forming bonds have substantially different lengths (1.96 and
2.81 A) and the normal mode corresponding to the imagi-
nary frequency (402i, 397i, and 387i cm ! for the DA reac-
tions involving 1a, 1b and 1l¢, respectively) indicates bond
formation at both ends of the diene in a highly asynchro-
nous motion. All of the cycloadditions therefore show fea-
tures of a concerted but asynchronous DA process. Perti-
nent structural parameters are summarized in Table 1 and
in Tables S1 and S2 in the Supporting Information. Wiberg
and synchronicity indexes of the forming single bonds for
the reactions proceeding through channel 1 are shown in
Table 2. These calculated bond indexes also show that
bonding between C3 of the dienophile and C4’ of the diene
in the TS is more advanced than the corresponding bond
between C2 and CI1'. The estimated synchronicity index is
0.71-0.74, indicating that the processes are slightly asyn-
chronous (25-29%), comparable to the cycloaddition reac-
tions between ketenes and carbonyl compounds.!® The syn-
chronicity index for formation of the corresponding re-

Figure 1. Geometry of the TS structure involved in the minimum-
energy reaction pathway for the DA reaction between 1c¢ and 2 for
channel 1.

Table 1. Lengths of the forming Cgicnophile—Caiene bonds for all the channels. All values are in Al

Dienophile Conformer Stereoisomer ~ Channels 1 and 2 Channels 3 and 4 Channels 1’ and 2’ Channels 3’ and 4’
C-C; GCi-Cy C-Cy GC-Cy Cs-C; CyCy C,C; CsCy
1a - endo 2.84 1.96 1.89 2.68 2.01 2.36 3.03 1.85
exo 2.75 1.91 1.92 2.64 1.93 2.38 3.23 1.89
1b s-trans endo 2.81 1.96 1.88 2.94 2.60 1.94 2.83 1.75
exo 2.64 1.92 1.87 3.06 2.52 1.91 3.15 1.82
s-cis endo 2.83 1.96 1.88 2.93 2.66 1.93 2.90 1.81
exo 2.70 1.91 1.87 3.03 2.54 1.90 3.12 1.84
1c s-trans endo 2.94 2.00 1.86 2.82 1.88 2.51 3.13 1.95
exo 2.92 1.91 1.93 2.69 1.78 2.56 3.28 2.01
s-cis endo 2.92 1.99 1.87 2.83 1.89 2.56 3.17 1.98
exo 2.87 1.91 1.94 2.66 1.77 2.57 3.33 2.02

[a] Both possible orientations of the ester carbonyl group with respect to the endocyclic C=C double bond, s-cis and s-trans, were taken

into consideration.

722

WWW.Eurjoc.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Org. Chem. 2011, 721-729



DFT Study of Diels—Alder Reactions Leading to 5-Hydroxybenzofurans

Eur

gioisomer endo-4¢ (channel 3) is slightly higher (Sy = 0.78).
For the analogous site isomer endo-4'c (channel 3"), for
which a two-step mechanism was obtained (see below), Sy
is only slightly lower (Sy = 0.69).

Table 2. Wiberg bond indexes for the newly forming bonds and
synchronicity indexes for channel 1.

Dienophile ~ Conformer Sy BC,-Cy BC;-Cy
TS Product TS Product
la - 0.7368  0.0831 0.9382  0.5342 0.9730
1b s-trans 0.7459  0.0868 0.9374  0.5377 0.9710
s-Cis 0.7405 0.0846 0.9378  0.5384 0.9707
1c s-trans 0.7114  0.0643 09379  0.5035 0.9725
s-cis 0.7172  0.0668 0.9383  0.5099 0.9729
1cll s-trans 0.7751  0.5887 0.9866  0.1546 0.9581

[a] Channel 3.

Generally, distances to C1’ of the diene are substantially
longer (2.4-3.3 A) than those to C4’ (1.7-2.0 A). As a con-
sequence, C4' of the diene and the corresponding carbon
atom of the dienophile (e.g., C3 in channels | and 2) are
significantly pyramidalized, as evidenced by the sums of the
angles around these atoms (Xa = 340-350°). In contrast, no
pyramidalization is indicated for the two other carbon
atoms: C1’ of the diene and, in the cases of channels 1 and
2, C2 of the dienophile (Xa = 360°). The more advanced
formation of bonding to C4’ of the diene is also reflected
in the changes of other relevant bond lengths in the diene
subunit: an increase in r(C3'-C4’') from 1.35 to 1.43-
1.46 A, a decrease in r(C2'~C3’) from 1.47 to 1.40-1.44 A,
and a much smaller elongation of r(C1’-C2’) than found
for r(C3'—-C4"), from 1.34 to 1.36-1.39 A. These geometric
changes are accompanied by corresponding changes in the
electronic structures, as revealed by NBO analysis. In the
TS for the reaction 1¢ + 2 according to channel 1, for in-
stance, a nearly doubly occupied bonding orbital between
C3 and C4' has already evolved (occupancy: 1.78) at the
expense of the C2-C3 and C3'-C4’ = bonds. The “partner”
p.-AOs of these broken m bonds are transformed into lone
pairs mainly localized at C2 (occupancy: 1.18) and C3’ (oc-
cupancy: 0.88), respectively. In contrast with C3'-C4’, the
C1’-C2’ n bond is still largely intact (occupancy: 1.78) with
some delocalization involving the lone pair at C3’. The lone
pair at C2 is stabilized by delocalization into the nitro
group. Relevant NBOs of the channel 1 TS for the reaction
1c + 2 are depicted in Figure S1 in the Supporting Infor-
mation.

The only exceptions to these quite general structural
changes on going to the transition states are the reactions
of 1a and 1c¢ according to channels 1’ and 2': formation of
the bond to C1’ of the diene here is significantly more ad-
vanced than that to C4’, with other concomitant structural
changes, such as greater pyramidalization at C1’ than at
C4' (e.g., Xa = 346 and 358°), respectively, for the reaction
with 1c¢ as dienophile, as well as more pronounced elong-
ation of r(C1’-C2’) than r(C3'-C4’) (Table S2 in the Sup-
porting Information). Only in these reactions does C1’ of
the diene interact with the unsubstituted carbon atom C5
of the furan.
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Possible explanations for the preferred formation of the
bond to C4’ of the diene are: 1) strong interaction between
the reactant active sites due to a greater overlap of the or-
bitals [i.e., the interaction between the most electrophilic
site of the dienophile (C3) and the most nucleophilic site
of the dienel® (C4’, see below, Table 3) leads to a stronger
bonding], and 2) increased steric interactions between the
oxygen substituent at C1’ of the diene and the dienophile’s
reaction center (C2 for channels 1 and 2). On the other
hand, the substituent at the 3-position of the diene lies too
far away from the reaction center and does not interfere
with the approaching furan sterically in a significant way in
any of the TSs. The steric effect exerted by substituents on
the reaction center has been analyzed in detailed by Boul-
anger et al. for a great variety of 1- and 2-substituted buta-
1,3-dienes participating in Diels—Alder reactions with ethyl-
ene.l’l Only small steric effects were found for 2-substituted
dienes, even for barriers related to endolexo stereoselectivity.
In contrast, steric effects were found to be important for 1-
substituted dienes.

Table 3. DFT-based descriptorsi® for the reactive sites of the reac-
tants.[

Dienophile Wy Diene Ny

1a 1b le
G, 0.07 (0.09) 0.16 (0.18)  0.09 (0.11) Cy 1.33 (1.28)
Cs 0.39 (0.42) 0.32(0.35) 0.43(0.46) C; 0.51 (0.50)
Cy 0.01 (0.01) 0.04 (0.04) 0.01 (0.01)
Cs 0.28 (0.31) 0.33(0.36) 0.28 (0.30)

[a] B3LYP/6-31G(d); B3LYP/6-311G(d,p) values in parentheses.

Channels 3’ and 4’ deserve special attention: in several
cases for these two channels — 1¢ + 2 and the exo addition
mode for 1a + 2 — two-step mechanisms involving true in-
termediates were obtained by the calculations (Figure 2). In
contrast, the 1b + 2 cycloaddition in these two channels
should also proceed through a concerted mechanism. Polar
cycloadditions between electron-rich and electron-poor w
systems are characterized by nucleophilic attack of the elec-
tron-rich reactant with concomitant ring closure.['”! Conse-
quently, one might consider these reactions as being initial-
ized by a two-center interaction involving the most electro-
philic and nucleophilic sites, respectively, of the two reac-
tants. From conceptual density functional theory, local elec-
trophilicity (w;) and nucleophilicity (N,) have been found
to be useful descriptors!' ! for the quantification of these
concepts (Table 3).1 These descriptors had shown some ba-
sis set dependence, so we have recalculated them using the
6-311G(d,p) basis set (values in parentheses in Table 3). No
significant changes at all were obtained.

The greatest nucleophilicity of the diene is at C4', so
preferential bond formation to this atom would be antici-
pated. Except for a longer C4-C1’ distance than found for
concerted additions (Table 1), no significant differences ex-
ist between the TSs for the concerted and stepwise reaction
paths. Likewise, the electronic structures are entirely similar,
as revealed by NBO analysis. In the TS for the reaction 1¢
+ 2 according to channel 4', for instance, a nearly doubly
occupied bonding orbital between C5 and C4’ has already
723
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Figure 2. Geometries of the TS structures (TSI: left at top; TS2:
left at bottom), the intermediate (right at top), and the product
(right at bottom) involved in the DA reaction between 1¢ and 2 for
channel 3'.

formed (occupancy: 1.71) at the expense of the C4-C5 and
C3'-C4’ 7 bonds. The “partner” p.-AOs of these broken 1
bonds are transformed into lone pairs mainly localized at
C4 (occupancy: 1.17) and C3’ (occupancy: 0.89), respec-
tively. In contrast with C3'-C4’, the C1'-C2’ = bond is still
largely intact (occupancy: 1.81), with some delocalization
involving the lone pair at C3’. The lone pair at C4 is stabi-
lized by delocalization into the ester carbonyl group. The
newly formed C5-C4’ bond is somewhat weakened by occu-
pation of the corresponding antibonding orbital (occu-
pancy: 0.34). A similar weakening is also seen for the analo-
gous C3-C4' bond formed in the reaction along channel 1
(occupancy: 0.30). Relevant NBOs of the first TS in channel
4' for the reaction lc¢ + 2 are depicted in Figure S1 in the
Supporting Information. Independently of the substitution
patterns of the dienophiles 1a—c, the highest values of local
electrophilicity are at C3 and, to a lesser extent, C5. Conse-
quently, on the basis of conceptual density functional
theory, channels 1 and 2 would be predicted to be the pre-
ferred reaction paths,!® although attack at C5 cannot be
completely ruled out. Moreover, w; values are particularly
low at C4 of the dienophile, especially for 1a and 1c¢. Inter-
action of these centers with the diene would be very weak,
possibly resulting in two-step reactions for channels 3’ and
4'. From the above discussion it is evident that quite subtle
structural changes can be decisive for whether these cyclo-
additions proceed in concerted or stepwise fashion with lit-
tle difference in the geometric and electronic structures of
the corresponding transition states.

724
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Energetics of the DA Reactions

Calculated activation and reaction energies (AE,. and
AE,...,) including ZPE corrections in benzene as solvent for
all site-, regio-, and stereoisomeric reaction paths are sum-
marized in Table 4. The corresponding gas-phase data are
provided in Table S3 in the Supporting Information. Gen-
erally, the effect of the solvent benzene as determined by
CPCM single-point calculations leads to preferential stabili-
zation of the reactants with concomitant increases and de-
creases in AE,., and AE,,,.,, respectively.

With regard to stereochemistry, the endo stereoisomers
are usually formed preferentially, except in the cases of cy-
cloadducts resulting from reactions of 1a and 1¢ according
to channels 3" and 4’. The activation energies are slightly
lower than for exo addition and the resulting products are
more stable. The highest barriers are calculated for cycload-
ditions involving bond formation between C5-C1' and C4—
C4’ (channels 1" and 2’), so reactions along these two paths
can safely be ruled out. Similarly, except for 1b, in which
quite small differences are found (Table 4), the AE,,., values
for channels 3 and 4 are significantly higher than for chan-
nels 1 and 2. Channels 3’ and 4’ require special attention: as
pointed out above, these two channels are prone to stepwise
rather than concerted reaction mechanisms. Similar step-
wise mechanisms with polar characters and low activation
energies have already been found for DA reactions involving
electron-rich dienes (nucleophiles) and electron-deficient
dienophiles (electrophiles), such as nitronaphthalenes.['3]
Many cycloadditions proceeding through stepwise mecha-
nisms have lower activation energies than concerted
ones.*1014 In fact, some researchers have demonstrated
that the more asynchronous the TS, the lower the barri-
ers.l'3] Here we find rather low activation energies for chan-
nels 3" and especially 4’ (exo addition) except in the case of
the reaction of 1b, which follows a concerted mechanism.
However, the resulting products are generally considerably
less stable than those formed in channels 1 or 2. From the
B3LYP/6-31G(d)-calculated activation energies, formation
of endo-3b, exo-4'a, and exo-4'c would be expected.

MO06-2X/cc-pVTZ calculations for the reaction of s-trans
lc + 2, combined with SM8-M06-2X/6-31+G(d,p) sol-
vation energies (benzene solution), generally result in lower
activation energies, especially for concerted reactions, and
greater exothermicities (Table 4). However, the overall pic-
ture does not change. Similarly, on consideration of Gibbs
free energies of activation and reaction, AG,., and AG ...
(see Table S4 in the Supporting Information) do not change
the conclusions based on ZPE-corrected energies in a quali-
tative sense. However, quantitatively significant differences
result. Most importantly, besides increases in the reaction
barriers, all cycloadditions resulting from channels 1'-4’
(i.e., addition to the C4-C5 double bonds in la-1¢), are
endergonic with the single exception of the endo addition
to la. Gibbs free energies of activation for formation of
cycloadducts according to channels 3’ and 4’ are still lower
than those proceeding along channel 1. However, formation
of the corresponding products is endergonic. Consequently,

Eur. J. Org. Chem. 2011, 721-729



DFT Study of Diels—Alder Reactions Leading to 5-Hydroxybenzofurans

Eur

European Journal
of Organic Chemistry

Table 4. Relative energies (kcalmol ™) of the stationary points involved in the DA reactions with Danishefsky’s diene for all eight channels

in benzene as solvent.[®

Dienophile Conformer  Stereoisomer Channels 1 and 2 Channels 3 and 4 Channels 1" and 2’ Channels 3" and 4’
AEact AEreacl AEact AEreacl AEact AEreact AEacl AEreacl
la - endo 19.6 -15.0 25.6 -15.7 30.6 -12.7 18.5 -12.9
exo 21.2 -12.9 26.8 -15.5 30.5 9.1 17.101 -12.7
1576l
15.8
1b s-trans endo 18.9 -15.1 19.1 -16.0 259 -8.2 21.5 -8.8
exo 20.7 -11.1 19.4 -16.0 27.6 -5.7 19.3 -8.5
s-cis endo 18.9 -15.0 19.4 -15.9 254 -8.0 21.7 -6.6
exo 20.7 -13.1 19.9 -15.8 26.6 -6.0 19.2 -8.5
1le s-trans endo 16.1 -18.5 223 -19.0 27.9 -7.6 123 (10.9® 6.2
(14.6) (-29.3) (19.8) (294 (25.0) (-17.8) 9.4 (7.6) (~17.7)
10.0 (7.5)
exo 16.5 -16.4 233 -17.5 279 4.6 10.0 9.7 74
(14.6) (-28.1) (20.0)  (-28.8) (23.8) (-15.6) 5.6 (5.6) (~18.1)
8.5 (7.1l
s-cis endo 16.4 -18.2 23.1 -16.4 274 -8.3 12.8M! -7.0
9.2
17.2
exo 17.5 -16.2 24.0 -16.8 28.0 3.1 9.8b] 7.1
5.1kl
7 71d1

[a] Activation energies (AE,,,) and reaction energies (AE,.,.,), obtained from CPCM (solvent: benzene) single-point calculations on gas-
phase geometries, are given relative to the separated reactants. ZPE corrections are included. Values for the reaction of s-trans 1c in
parentheses are from M06-2X/cc-pVTZ//B3LYP/6-31G(d) single-point calculations with SM8-M06-2X/6-31+G(d,p) solvation energies.

[b] TS1. [c] Intermediate. [d] TS2.

reactions leading to cycloadducts 4’a—c¢ will either hardly
occur or will lead at best to metastable products (see be-
low).

Experimentally, in all three reactions between Danishef-
sky’s diene (2) and the nitrofurans la—c, the 5-hydroxyben-
zofurans 7 (Scheme 1) were obtained.!'! Formation of these
products can only be explained by initial formation of cy-
cloadducts according to reaction channel 1. However, it
must be stressed that none of these primary cycloadducts
could ever be observed. Instead, they underwent subse-
quent extrusion of nitrous acid (Scheme 3), followed by hy-
drolysis of the silyl enol ether and elimination of methanol
(Scheme 4, below and Scheme 5, below). Consequently, we
now turn to a description of the elimination of nitrous acid
from the cycloadducts endo-3a—c, formed in the cycload-
dition path 1 (Scheme 2). No such extrusion of HNO, from
site isomers obtained in reaction paths 1'—4’ is possible.

R2 H OTMS R2 OTMS
3 — D e
1 1
R" 9No, OMe RO OMe
endo-3a (R)-5a
b b
c Cc

Scheme 3. Extrusion of nitrous acid from the endo/nitro DA cy-
cloadducts (channel 1).

Extrusion of Nitrous Acid

Extrusion of nitrous acid is feasible only from cycload-
ducts formed through reactions according to channels 1-4
(i.e., site isomers resulting from attack of the diene at the

Eur. J. Org. Chem. 2011, 721-729

nitro-substituted double bond of the furan, Scheme 2). Cal-
culated activation energies for these site isomers are lowest
for reactions according to channel 1. The following dis-
cussion is thus restricted to elimination of nitrous acid
from cycloadducts formed through channel 1: endo-3a—c
(Scheme 2). In all cases, concerted cis elimination of the ni-
tro group at C9 and the hydrogen atom at C8 was calcu-
lated. Relevant structural parameters for the corresponding
transition states, as well as activation and reaction energies
(AE,. and AE,.,.,) with respect to the primary cycloadducts
endo-3a—c, are summarized in Table 5. Obviously, in the
transition structures the C9-N bond is considerably more
elongated than the C8-H bond.

Table 5. Calculated activation and reaction energies (AE,., and
AE, i, kcalmol ™) for the elimination of nitrous acid from the cy-
cloadducts endo-3a—¢ and lengths of the forming and breaking
bonds (A). The values obtained in benzene are shown in parenthe-
ses.

Reactant Conformer Co-N Cg-H O-H AE,, AE, ot
endo-3a  — 235 125 141 271(259) -55(-8.0)
endo-3b  s-trans 229 126 140 26.0(256) -8.6(-11.1)
s-cis 26.1 (254) -84 (-11.2)
endo-3¢  s-trans 231 126 139 292(28.7) -4.7(-7.0)
S-cis 29.2 (28.7) -4.5(-6.9)

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

According to the NBO analysis of the TSs, the bond to
the nitro group (C9-N in Figure 3) is already broken while
the C8-H bond is still largely intact (occupancy of the o-
bond: 1.71, for the antibonding 6*-bond: 0.17). The broken
C9-N bond is transformed into a sp-type lone pair at nitro-
gen (occupancy: 1.79) and a n-bond between C9 and the
furan oxygen atom but mainly localized at C9 (occupancy:
725
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1.91, with 0.64 for the corresponding antibonding m*-or-
bital). The m-type lone pair at the oxygen atom of the NO,
group pointing towards the hydrogen atom shows some in-
teraction with the NBOs describing the C8-H bond. Rel-
evant NBOs are presented in Figure S2 in the Supporting
Information.

Figure 3. Geometry of the transition structure involved in the mini-
mum-energy reaction pathway for the elimination reaction starting
from the cycloadduct endo-3¢ (channel 1).

In contrast to the cycloaddition reactions, solvent effects
preferentially stabilize the TSs and products of the elimi-
nations. Activation energies in benzene are therefore low-
ered in relation to the gas phase and reaction exothermicit-
ies are increased (Table 5). The barriers for HNO, extrusion
from the cycloadducts are quite high. However, if the rather
large exothermicities of formation of endo-3a—¢ [AE, ..., =
—15 (endo-3a, endo-3b) and —18.5 kcalmol™! (endo-3c)] are
taken into account, the elimination TSs are still below those
for cycloaddition. The complete energetics for cycload-
dition according to channel 1 followed by extrusion of
HNO,, as well as for cycloaddition according to channel 4’,
are displayed in Figure 4.

20
15

10

reactants

-10 cycloadduct
exo-4'c
-15

220 2185

cycloadduct
endo-3¢

25 -255

product
-30 elimination

Figure 4. Comparison of the energetic profiles (kcalmol ') between
channel 4’ (left side of the chart) and channel 1 + elimination
(right) for 1c.

Thus, even should some of the DA reactions between the
nitrofurans la—c and Danishefsky’s diene (2) preferentially
proceed through channels 3’ or 4’ in a kinetically controlled
manner (Table 4), under the experimental conditions!!! used
[i.e., heating in benzene (ampoule) at 120 °C for 3 days], the
subsequent elimination reactions should push the reactions
towards the formation of Sa—c. The endergonic natures of
the cycloadducts 4'a—c should additionally facilitate reac-
tions according to channels 1 and 2. Although the Gibbs
726
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free energies of activation for elimination are only slightly
larger than the corresponding AE,. values, AG,.,. are
much more negative than AE,,,., (Table S5 in the Support-
ing Information), resulting in additional stabilization of Sa—
¢ with respect to the primary cycloadducts 3a—c. The irre-
versibility of the elimination step is thus even more pro-
nounced. A Gibbs free energy profile comparison between
channel 4’ and channel 1 for 1¢, together with elimination,
is shown in Figure S3 in the Supporting Information.

Furthermore, compounds 5a—c are unstable and prone to
undergoing further elimination reactions. This susceptibility
of several DA cycloadducts, particularly those obtained
through reactions with Danishefsky’s diene, to various hy-
drolytic eliminations has been pointed out in many publica-
tions.['*18] The elimination of the methoxy group as meth-
anol concurrently with the hydrolytic conversion of the silyl
enol ether to the ketone has in fact been demonstrated for
such thermal DA reactions (Scheme 4).[']

TMSO TMSOY o}
T L= ®RL— T
X
>
OMe

OMe
Scheme 4. Hydrolysis of the silyl enol ether and elimination of
methanol.

In general, hydrolysis leading to a,B-unsaturated ketones
can be done under extremely mild conditions. Hydrolysis of
many DA adducts has been observed during purification by
classic column chromatography, for instance.l'”! In addition,
for other types of adducts obtained with 2-siloxy-substi-
tuted dienes, the hydrolysis of the silyl enol ethers can be
done under essentially neutral conditions through nucleo-
philic cleavage of the O-Si bond.[?%! In certain other DA
reactions, spontaneous aromatization can take place in the
cyclic ketones, involving the loss of the substituents origi-
nally in the I-positions in the dienes and occasionally the
extrusion of the substituent(s) in strategic positions of the
dienophiles_[léa,16b,l9a,21]

The conversion of the silyl enol ethers 5a—c into the a,f-
unsaturated ketones with the elimination of methanol and
final aromatization to 7a—c (Scheme 5) can therefore be ex-
pected and provides an additional driving force for reaction
along channel 1 (or 2).

= Cotms S OH
st IR s O 5 @
R" O 170 1”0
Come R R
(R)-5a 6a 7a
b b b
Cc Cc Cc

Scheme 5. Hydrolysis of TMS and elimination of MeOH in 5a, 5b,
and 5c to afford the aromatic products 7a, 7b, and 7c.

The calculated tautomerization constants for 7a—c in
benzene are in the 3.4 X 10° to 1.3 X 107 range. The experi-
mentally measured Kt values for the tautomeric equilib-
rium phenol & cyclohexa-2,4-dienone are 5.4 X 10'? in
aqueous solution?! and 1.4 X 10'? in the gas phase.” As
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expected for proton transfers involving four-membered
transition states, activation energies for conversion of the
keto to the phenol forms are quite high: AG,., =54
kcalmol™!, comparable to that obtained for phenol (AE,.,
= 53.3 kcalmol ") by high-level ab initio calculations
[CASPT2(8,8)/cc-pVTZ].24

Conclusions

The site-, regio-, and stereochemistry of DA reactions
between the nitrofurans la—¢ and Danishefsky’s diene (2)
has been investigated by density functional theory [B3LYP/
6-31G(d)], including solvent effects (benzene), by CPCM
single-point calculations. Generally, these cycloadditions
proceed by a concerted but asynchronous reaction mecha-
nism. Only for channel 3’ and, especially, channel 4’ [i.e.,
isomers resulting from interaction between C5(furan)---C4’-
(diene) and C4(furan)---Cl’(diene)] were stepwise mecha-
nisms found for reactions of the dienophiles 1a and 1c¢. The
electronic structures of the various transition states show
almost no differences, indicating quite subtle effects leading
to concerted or stepwise reactions. Previous conceptual
DFT analysis predicted that channels 1 and 2 should be
preferred on the basis of the local electrophilicity (w,) on
C3.I91 However, quite substantial or even equal (1b) electro-
philicities are obtained for C5 (Table 3). Other factors
might thus become important for the regio- or site selectiv-
ity of the cycloaddition steps. For instance, electrostatic re-
pulsion between the negative NO, group of the dienophile
and the methoxy moiety of the diene will likely increase the
activation energies for channels 1 and 2. The endo stereo-
chemistry is in most cases preferred. The lowest activation
energies for concerted reactions are obtained for channel 1.
Stepwise additions have significantly lower activation ener-
gies but lead to substantially less stable products. Moreover,
the primary cycloadducts could never be isolated but were
converted into 5-hydroxybenzofurans by subsequent ex-
trusion of nitrous acid, hydrolysis of the silyl enol ether,
and elimination of methanol. Elimination of nitrous acid is
calculated to have lower overall barriers than cycloaddition
reactions and is strongly exothermic, thus explaining the
preferred reaction according to channel 1. Barriers for re-
gioisomeric addition to the nitro-substituted double bond
of the dienophile (channels 3 and 4) and site isomers re-
sulting from addition to the C4=C5 double bond (chan-
nels 1" and 2') are generally higher than those for addition
according to channels 1 or 2. NBO analysis indicates sig-
nificant evolution of one of the two newly forming bonds
in all transition states, including those of stepwise additions,
and essentially no bonding between the second set of reac-
tion centers.

Computational Details

The gas-phase equilibrium geometries of all species described here
were obtained by full optimization at the B3LYP/6-31G(d)?* level.
This level of theory was selected because it has been shown to be
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suitable for modeling of DA reactions involving medium-sized mo-
lecules®®! and also allows calculations such as those performed here
to be done in a reasonable time. In addition, for selected structures
single-point calculations were preformed with use of the M06-2X
functional®”! and the cc-pVTZ basis set.®] Programs used for these
calculations were GAUSSIAN 032%1 and NWChem.!

1-Methoxy-3-trimethylsiloxybuta-1,3-diene exists in two minimum-
energy conformations, the more stable being the s-frans arrange-
ment {6 = 180°, AE = -2.60 kcalmol™!' [B3LYP/6-31G(d)]}.[¢] Be-
cause the s-gauche conformer (6 = 33°) presents the most favorable
geometry for cycloaddition, the reaction occurs from this con-
former.3"l The diene was therefore considered in the s-gauche con-
formation.

All stationary points were characterized as true minima or transi-
tion states by frequency calculations. Transition states were further
characterized by intrinsic reaction coordinate (IRC) calculations!3?!
(15 points along both directions of the normal mode corresponding
to the imaginary frequency).

All B3LYP/6-31G(d) calculated energies were corrected for zero-
point vibrational effects (ZPE) and the free energy changes for the
tautomerization reactions were derived from the sums of the elec-
tronic and thermal Gibbs free energies. Zero-point energies and
thermal corrections are unscaled.

The synchronicity index of the cycloaddition leading to the ob-
served product (Sy) was estimated by use of the Wiberg bond in-

dexes by the following equation!®33!
Sy—1-_1_[sB-08,
(2n-2) 4| $B,

where 7 is the number of bonds directly involved in the cycload-
dition reaction

0B, is the average value of 0B;

OB; is the relative variation of the bond index at the transition state
for every bond involved in the reaction and is calculated by the
following equation

BiTS o BiR

B - BR

where the superscripts TS, R, and P correspond to the transition
state, reactant, and product, respectively.

0B; =

Solvent effects (benzene solution as used in the experiments(!) were
considered by single-point calculations on the optimized gas-phase
structures by use of a polarizable continuum method®# in its con-
ductor-like approximation (CPCM).133 Only the electrostatic com-
ponent of the solvation energy was taken into account. It is impor-
tant to stress that we found insignificant differences when compar-
ing the structures obtained by this approach with the available sol-
vent-optimized structures, thus providing credence for the single-
point calculations. Moreover, it was demonstrated that the in-
clusion of the solvent during the geometry optimizations did not
substantially modify the gas-phase geometries involved in some cy-
cloaddition reactions.’! For selected structures the SM8F7! sol-
vation model [SM8-M06-2X/6-31+G(d,p)] as implemented in
GAMESSPLUSP®I was used to estimate the influence of benzene
as a solvent. NBO analysis® was performed with the program
NBOM as implemented in GAUSSIAN 03. Structure manipula-
tion and visualization was done with MOLDEN® ! and Jmol.[*2

Supporting Information (see also the footnote on the first page of
this article): Tables for pertinent structural parameters, relative gas
phase energies, Gibbs free energies in solution, plots of representa-
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tive NBOs, and Gibbs free energy profile for channel 4’ and chan-
nel 1 + elimination for 1c.
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