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ABSTRACT: The reactivity of macrocyclic bis-enones in
Diels−Alder reactions was examined using quantum chemical
calculations. Stepwise pathways for these transannular cyclo-
addition reactions were shown to predominate. Steric interac-
tions and torsional strain appeared to play a major role in
controlling the overall barrier for polycycle formation.

■ INTRODUCTION

Inspired by Evans and co-workers’ elegant use of a transannular,
base-triggered, polycycle-forming oxy-diene + enone Diels−
Alder reaction (which can also be formulated as a Michael/
Michael cascade reaction) for the total synthesis of salvinorin
A,1 Yang and co-workers explored the feasibility of several
transannular Diels−Alder reactions of 14-membered macro-
cyclic bis-enones to form natural product skeletons containing
6/6/6/6 tetracyclic ring systems (Scheme 1).2,3 These bis-
enones each possess two CC π-bonds, allowing for four
possible configurations: EE, EZ, ZZ, and ZE. Substrates with
each of these configurations were synthesized and then treated
with TBAF in THF−DMF (−78−0 °C, 2−3 h).2,3 E,Z- and
E,E-macrocycles (indicating the configuration of the π-bond
nearest to the lactone carbonyl first) cyclized to form
diastereomeric products in approximately 90% yield, but Z,E-
and Z,Z-macrocycles were either recovered at room temper-
ature or decomposed without cyclization at elevated temper-
ature (Scheme 1). Herein, we describe the results of quantum
chemical calculations (using density functional theory) to
rationalize the reactivity differences for these bis-enones.

■ METHODS
Initial optimization and frequency calculations for minima and transition-
state structures (TSSs) for macrocyclic bis-enones were carried out using
the B3LYP/6-31G(d),4 mPW1PW91/6-31+G(d,p),5 and M06-2X/
6-31+G(d,p)6 methods as implemented in Gaussian09.7 On the basis
of these results, we chose to use M06-2X/6-31+G(d,p) for all subsequent
calculations.8 Intrinsic reaction coordinate (IRC) calculations were
performed for TSSs to confirm the minima to which they are connected
(see the Supporting Information for IRC plots).9 All calculations were
carried out in THF with the SMD solvation model.10

Conformational searches were carried out with Spartan10 using
MM/MMFF with an energy window of 50 kcal/mol.11 Refinement
of the lowest energy structures from each conformer library was done

with HF/3-21G followed by M06-2X/6-31+G(d,p) for the lowest
energy structures.

1H and 13C chemical shifts in chloroform were predicted using
SMD-mPW1PW91/6-311G+(2d,p)//M06-2X/6-31G+(d,p) calcula-
tions with scaling factors (slope = −1.0938 for 1H and −1.0446 for
13C; intercept = 31.8723 for 1H and 186.7246 for 13C) applied to
convert computed isotropic values into chemical shifts (vs TMS).12

Boltzmann averaging was used to account for contributions from all
conformers that are within 3 kcal/mol (ΔG) of the lowest energy
conformer for each system.12,13

■ RESULTS AND DISCUSSION
For all systems, we searched for the TSSs using both enolate-
based dienes (oxy-dienes) and enol-based dienes. All enol−diene
substrates were predicted to undergo concerted asynchronous
[π4S + π2S] Diels−Alder cycloadditions, whereas all enolate−diene
substrates were predicted to undergo stepwise cycloadditions (i.e.,
Michael/Michael reactions; Scheme 2).14 The carbonyl group
adjacent to the dienophile CC π-bond in each system allows for
delocalization of negative charge in the intermediate formed from
enolate attack; i.e., a delocalized anion (reactant) is transformed
into a different delocalized anion (intermediate). For the enol
systems, charge-separated species would be formed from the enol
attack (and are found along reaction coordinates; left, center,
Scheme 2), but the barriers for these to collapse to products are
nonexistent; thus, such intermediates were not located. Overall
barriers for concerted cycloadditions of enol-based reactants were
predicted to be at least 7 kcal/mol greater than barriers for
stepwise cycloadditions of enolate-based reactants. Consequently,
enol-based mechanisms were not considered further.

E,Z-Macrocycles. Conformational searches using enolate
and enol forms of the E,Z-reactant (Scheme 1) yielded 33 and
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80 possible conformations, respectively. After reoptimization
with M06-2X/6-31+G(d,p), complete reaction pathways
toward the polycyclic product were determined for the five
lowest energy conformers; energies for the three lowest energy
unique pathways starting from the enolate forms of the
reactants are shown in Table 1. Although EZ-2-R was nearly
5 kcal/mol higher in energy than the lowest energy conformer
found, EZ-1-R, its stepwise conversion to polycyclic product
involved the lowest energy rate-determining TSS (Figure 1 and
Table 1). The predicted overall barrier for this route (18 kcal/mol
relative to enolate reactant EZ-1-R) is consistent with a
successful reaction under the conditions used experimentally.
In addition, we computed chemical shifts for the keto forms

of reactant conformers EZ-1, EZ-2, and EZ-3. EZ-1-keto-R
remained the lowest energy structure among all the conformers
examined (Table 1; enol forms were higher in energy).
However, when chemical shifts of EZ-1-keto-R were included
in the averaging to predict the experimental chemical shifts, the
match between theory and experiment was not as good as when
taking into account only EZ-2-keto-R and structures less than 1
kcal/mol from it. Boltzmann averaging of EZ-1-keto-R, EZ-2-
keto-R, and EZ-3-keto-R yielded mean absolute deviations
(MADs) between experimental and theoretical chemical shifts
of 0.2 for 1H and 2.5 for 13C, whereas Boltzmann averaging of
only EZ-2-keto-R and EZ-3-keto-R yielded MADs of 0.2 for
1H and 2.1 for 13C. This suggests that EZ-1 may not be among
the experimentally observed reactant conformers. This would
be possible if the macrocycle-forming synthetic step produces
EZ-2 selectively and EZ-1 and EZ-2 do not interconvert. A

conformer resembling EZ-2 was found in the solid state,3 but the
relevance of this observation to solution phase behavior is not
clear-cut. Although our computational evidence is circumstantial
at best, if this scenario does occur, the barrier for polycycle
formation will be lowered considerably.

E,E-Macrocycles. Conformational searches using enolate
and enol forms of the E,E-reactant yielded 55 and 27 possible
conformations, respectively. After reoptimization with M06-
2X/6-31+G(d,p), complete reaction pathways toward the
polycyclic product were determined for the three lowest energy
enolate conformers and six lowest energy enol conformers
(all other conformers found were approximately 10 or more
kcal/mol higher than the lowest energy conformer for each
protonation state), but none of these pathways were energeti-
cally viable.
Consequently, we performed an additional conformational

search using the TSS for the first C−C bond formation step

Scheme 1. Previous Experimental Work by the Evans and
Yang Groups. Bonds Formed in Cycloaddition Steps Are
Highlighted in Red

Scheme 2. Possible Reaction Mechanisms (Illustrated for the
E,Z Macrocyclic Bis-enones from Scheme 1)

Table 1. Relative ΔG’s (kcal/mol) for Relevant Conformers
of E,Z-Macrocycle and Their Respective TSSs and Minimaa

keto-R R (enolate) TS1 Int TS2 P

EZ-1 0.0 0.0 15.0 0.8 27.2 23.7
EZ-2 2.5 4.7 18.3 4.4 13.4 −4.1
EZ-3 3.3 1.6 17.4 3.6 19.5 2

aKeto energies are relative to the lowest energy keto conformer; all
other energies are relative to the lowest energy enolate conformer.
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from the enolate pathways that looked most promising,
obtaining 45 conformations that were then optimized to TSSs
with B3LYP/6-31G(d) and, subsequently, M06-2X/6-31+G(d,p).
Complete pathways leading to the polycyclic product using
the five lowest energy TSSs were then mapped out; energies
for the three lowest energy unique pathways are shown in
Table 2. EE-1-R (Figure 2) was the lowest energy enolate

reactant and also was connected to the lowest energy TSS
for initial C−C bond formation (Table 2). However, its second
TSS was too high in energy for this pathway to be productive
(Table 2). EE-2-R was predicted to follow the most energetically
feasible route, with an overall predicted barrier of 22 kcal/mol,
relative to the energy of EE-1-R (Figure 2 and Table 2).

This barrier is higher than one would expect for a facile
reaction under the conditions used (Scheme 1), so we
wondered if the preferred reaction might start from EE-1-R
and proceed through EE-1-TS1 to EE-1-Int, which might
interconvert with EE-2-Int so as to allow access to the lower
energy EE-2-TS2. Unfortunately, the TSS associated with the
interconversion of EE-1-Int and EE-2-Int was predicted to be
21.5 kcal/mol above the energy of EE-1-R.
We then ran three additional conformational searches

starting with the lowest energy conformations found for EE-
TS1, EE-TS2, and EE-Int, obtaining 37, 61, and 30 conformers
for each, respectively. Unfortunately, none of the pathways
associated with any of these structures had lower overall barriers
than the pathway corresponding to reactant EE-2-R.
These results led us to consider the possibility that

conformer EE-2-R is formed during the synthesis of EE-2
and does not convert to EE-1-R. If this were the case, the
overall barrier from EE-2-R to the cycloaddition product would
be only 14.5 kcal/mol. We predicted the chemical shifts for the
E,E-macrocycle in its keto-form, and the predicted chemical
shifts for the lowest energy conformer found, EE-3-keto-R
(Table 2), were a slightly better match to the experimental
shifts (MADs of 0.13 for 1H and 1.97 for 13C) than those
for EE-1-keto-R (MADs of 0.12 for 1H and 2.08 for 13C) or
EE-2-keto-R (MADs of 0.14 for 1H and 3.10 for 13C). While
these results are inconclusive, we note that not converting

Figure 1. Reaction pathway for EZ-2 starting from the enolate form of the reactant. Relative ΔG’s are shown in kcal/mol, and selected distances are
shown in Å.

Table 2. Relative ΔG’s (kcal/mol) for Relevant Conformers
of E,E-Macrocycle and Their Respective TSSs and Minimaa

keto-R R (enolate) TS1 Int1/Int2 TS2 P

EE-1 4.2 0.0 18.2 10.5/23 32.9 10.5
EE-2 8.8 7.9 22.4 8.6 19.4 −7.8
EE-3 0.5 3.1 23.5 33.2

aNote that two intermediates (different conformers) are found for the
pathway from EE-1. Keto energies are relative to the lowest energy
keto conformer; all other energies are relative to the lowest energy
enolate conformer.
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between the lowest energy conformer, EE-3-keto-R, and EE-1-
keto-R (precursor to the lowest energy enolate conformer)
would lead to lowering of the energy barrier by approximately
3 kcal/mol.
Z,E-Macrocycles. A conformational search on the keto-

form of the cyclohexane-fused Z,E-macrocycle used in the
experimental study (Scheme 1) resulted in 59 conformers, and
complete reaction pathways were determined for two s-trans
dienolate conformers and one s-cis dienolate conformers, all
derived from the lowest energy keto conformers by deprotona-
tion and reoptimization. A separate conformational search was
carried out using the latter TSS, which yielded 20 conformers.
The pathway starting from the enolate conformer ZE-2-R has
the lowest overall barrier among all the pathways that were
examined (Figure 3 and Table 3). However, this predicted
barrier, 25.6 kcal/mol from ZE-2-R and 28.5 kcal/mol from the
preferred ZE-1-R (Figure 3), is higher than those for the
E,E and E,Z macrocycles, high enough that we would predict
that this reaction would not occur under the experimental
conditions used (a free energy of activation of approximately
20 kcal/mol or less is expected for a successful reaction), which
was indeed experimentally observed. As shown in Figure 3,
significant steric clashes are present in the high energy TSS
(hydrogens 1.8 or 2.1 Å apart), interactions that are intensified

as the TSS is reached. In addition, the bond angles involving
the carbon atoms of the (Z) CC bond both expand further
from the ideal trigonal planar angle as the TSS is formed.
Comparing experimental and computed chemical shifts for

this Z,E-macrocycle was more challenging because clear peak
assignments for all protons in the experimental spectrum were
not available. Nonetheless, most of the computed values fell
within the proposed experimental ranges. Once again, there was
no strong evidence to support that the particular conformer(s)
formed synthetically was unable to interconvert with other
conformers (see the Supporting Information for details).

Z,Z-Macrocycles. Next, we examined a Z,Z-macrocycle
with a structure the same as that examined experimentally,
except that the OPMP group was replaced by a methoxy group
in our calculations (Figure 4). A conformational search using
the keto-form of the reactant yielded 100 conformers. After
deprotonation and reoptimization, complete reaction pathways
were calculated for the three lowest energy conformers (all being
s-trans) along with the three lowest energy s-cis conformers. A
separate conformational search using the lowest-energy s-cis TS1
was also carried out, resulting in 18 conformers. Again, a high
barrier (28 kcal/mol) was found for the lowest energy pathway
(Figure 4 and Table 4). As illustrated in Figure 4, steric clashes
are again present in the highest energy TSS (hydrogens 1.8 Å

Figure 2. Reaction pathway for EE-2 starting from the enolate form of the reactant. Relative ΔG’s are shown in kcal/mol, and selected distances are
shown in Å.
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Figure 3. Reaction pathway for ZE-2 starting from the enolate form of the reactant. Relative ΔG’s are shown in kcal/mol, and selected distances are
shown in Å.

Figure 4. Reaction pathway for ZZ-2 starting from the enolate form of the reactant. Relative ΔG’s are shown in kcal/mol, and selected distances are
shown in Å.
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apart); angle strain associated with the (Z) CC bond again
increases as this TSS is reached as well. Once again, there was no
strong evidence to support that the particular conformer(s)
formed synthetically was unable to interconvert with other
conformers (see the Supporting Information for details).
Modifying the Z,Z-Macrocycle. For comparison, the Z,Z-

isomer of the methoxycyclohexane-fused bis-enones described
above was also examined computationally (this system was not
studied experimentally).15 The overall predicted barrier for this
system (25 kcal/mol) again indicated that such reaction is not
likely. Comparing the two Z,Z-macrocyclic systems indicated
that the fused ring affected the energy barriers. The flexibility
of the methoxycyclohexane compared with the cyclohexanone
seemed to allow the macrocycle to adjust its conformation to
reduce steric interactions during bond formation. Consequently,
we examined replacement of the methoxy group with an amine
to allow for hydrogen bonding between the amine and carbonyl,

an interaction that would predispose the macrocycle to adopt a
productive conformation and activate the dienophile. For this
new Z,Z-system, we performed a conformational search using
the first TSS as input geometry, resulting in 31 conformers (the
best are shown in Figure 5). We computed reaction pathways
for the four lowest energy TSS conformers. Indeed, our calcula-
tions indicated that the overall energy barrier for cyclization was
lowered to around 18 kcal/mol. Although an amine group may
not be the best choice synthetically for such a reaction, the effect
described here provides a model for rationally facilitating an
otherwise unfavorable cycloaddition.

■ CONCLUSIONS
The results of our calculations indicate that stepwise Diels−
Alder processes (Michael/Michael reactions) are favored for all
of the macrocyclic bis-enones examined. We predict overall
cycloaddition barriers of 18 and 22 kcal/mol for the two bis-
enones that react experimentally but barriers of 28−29 kcal/mol
for the two bis-enones that do not react experimentally. Steric
and strain effects hinder reaction of the latter two bis-enones.
A means for lowering these barriers is proposed.
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