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ABSTRACT: The cinchona-alkaloid-catalyzed cycloaddition reactions of
2-cyclohexenone with tropone and various heptafulvenes give [8+2] or
[4+2] cycloadducts, depending on the substituents present on the
heptafulvene. We report the results of new experiments with
heptafulvenes, containing diester and barbiturate substituents, which in
combination with computational studies were performed to elucidate the
factors controlling [8+2] vs [4+2] cycloaddition pathways, including
chemo-, regio-, and stereoselectivities of these higher-order cycloadditions.
The protonated cinchona alkaloid primary amine catalyst reacts with 2-
cyclohexenone to form a linear dienamine intermediate that subsequently
undergoes a stepwise [8+2] or [4+2] cycloaddition. Both tropone and the
different heptafulvenes initially form [8+2] cycloadducts. The final
product is ultimately decided by the reversibility of the [8+2]

What decides periselectivity?

[4+2]

cycloaddition and the relative thermal stability of the [4+2] products. The stereoisomeric transition states are distinguished by
the steric interactions between the protonated catalyst and tropone/heptafulvenes. The [8+2] cycloaddition of barbiturate-
heptafulvene afforded products with an unprecedented trans-fusion of the five- and six-membered rings, while the [8+2]
cycloadducts obtained from cyanoester-heptafulvene and diester-heptafulvene were formed with a cis-relationship. The mechanism,
thermodynamics, and origins of stereoselectivity were explained through DFT calculations using the ®B97X-D density functional.

Bl INTRODUCTION

Cycloadditions are among the most useful reactions in organic
chemistry. Characterized by high functional group tolerance
and excellent stereocontrol, the prototypical Diels—Alder
[4+2] cycloaddition has found numerous synthetic applica-
tions in the construction of six-membered ring systems.
Building upon the theoretical considerations introduced by
Woodward and Hoffmann,” countless experimental and
computational studies have focused on elucidating the
mechanisms and selectivities of various [4+2] cycloadditions.3

Cycloadditions involving more than six z-electrons are less
well-studied and much more challenging to control. Useful
applications of such higher-order cycloadditions in natural
product syntheses have been hampered by inadequate control
of regioselectivity, endo/exo-diastereoselectivity, and facial
stereoselectivity. Periselectivity (or chemoselectivity when the
reactions are stepwise) poses an additional challenge, as
extended polyene systems—such as tropone—are known to
participate in competing cycloadditions involving a varying
number of its 7-electrons, often leading to complex product
mixtures.” Previously, metal templates have been utilized to
restrict the conformational flexibility of the polyene and
suppress undesired reaction paths.’
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More recently, asymmetric organocatalysis has allowed for
the development of novel higher-order cycloadditions with
excellent periselectivity and enantiocontrol.’ Cinchona alka-
loids are privileged scaffolds in catalysis,” and their functional
diversity and adjustability have paved the way for realizing the
potential of such stereoselective higher-order cycloadditions.”

Hence, in 2017, the first organocatalytic enantioselective
higher-order cycloadditions were developed, facilitated by
cinchona alkaloid primary amine catalysts.** It was demon-
strated that cross- and linear-dienamine-activated 2-cyclo-
alkenones react with tropone and various heptafulvenes to
provide the corresponding [6+4], [4+2], or [8+2] cyclo-
adducts (Scheme 1). In addition to the stereocontrol offered
by the catalyst used (1la, 1b), it was shown that the
periselectivity could be tuned by varying the ring size of the
cyclic enones and by changing the substitution pattern on the
polyene. Complete periselectivity was achieved in most cases,
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Scheme 1. Organocatalytic Dienamine Activation of Cycloalkenones and Selected Examples of Their Cycloadditions with

Tropone and Heptafulvenes
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Figure 1. Relative stabilities of cross and linear dienamines with (a) N-methylamine and (b) cinchona alkaloid primary amine catalyst lc. (c)
Optimized structures of 3d and 3d’. All energies are in kcal/mol, and distances are in A

and the cycloadducts were furnished with exceptional
diastereo- and enantiocontrol.

Previously, we have carried out extensive computational and
experimental investigations into the [6+4] cycloaddition
between 2-cyclopentenone 2a and tropone 4a (Scheme la),’
and we have now focused our attention toward explaining what
governs the remarkable change in [8+2] vs [4+2] periselec-
tivity observed in the reactions of 2-cyclohexenone 2b with
tropone and heptafulvenes.

The cinchona alkaloid primary-amine-catalyzed cycloaddi-
tions of 2-cyclohexenone with tropone or different heptaful-
venes display fundamental differences in favored reaction
paths, depending on the substituents present on the polyene
reaction partner. Tropone 4a and dicyano—heptafulvene 4b
both react with 2-cyclohexenone 2b, catalyzed by 1a, to
produce exclusively the [4+2] cycloadducts 6a and 6b, in
moderate to good yields, high diastereoselectivities, and good

nor

enantioselectivities (Scheme 1b, top). In contrast, applying the
same reaction conditions to cyanoester-heptafulvene 4c¢ leads
exclusively to the formation of the corresponding [8+2]
cycloadduct 7c in good yield and high stereoselectivity
(Scheme 1b, bottom).

We describe new cooperative computational and exper-
imental studies that elucidate the factors that determine
chemo-, regio-, and stereoselectivity of these higher-order
cycloadditions.

B RESULTS AND DISCUSSION

To elucidate the observed changes in peri- and stereo-
selectivities, detailed mechanistic investigations of the possible
[4+2] and [8+2] cycloadditions of tropone/heptafulvenes and
linear dienamines 3¢ and 3d were performed with the range-
separated density functional from the Head-Gordon group,
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Figure 2. HF/6-31G(d) computation of the FMOs on DFT-optimized structures. Numbers in parentheses are sums of squares of the HOMO
(linear dienamine) or LUMO coefficients at the corresponding carbon atoms.

wB97X-D'°/6-311++G(d,p)," ' SMD(toluene) '*//wB97X-D/
6-31G(d),SMD(toluene), using Gaussian 09."* Detailed
computational methods and results are given in the Supporting
Information.

Formation of Cross and Linear Dienamines. Our
mechanistic investigation was initiated by comparing the
relative stabilities of the possible cross and linear dienamines
that can result from the condensation of the cinchona alkaloid
primary amine catalyst la with 2-cyclohexenone 2b. The
catalyst 1a was first simplified to N-methylamine (Figure 1a)
to save the cost of calculation for the mechanistic study.'* The
formation of the corresponding linear dienamine 3c is
endergonic by 4.5 kcal/mol. The cross dienamine 3c’, formed
from 2b and N-methylamine, is less stable than the linear
dienamine by 3.1 kcal/mol. When the N-methylamine catalyst
is replaced with a slightly truncated version (methyl replacing
the vinyl) of the cinchona alkaloid primary amine catalyst
under acidic conditions (acetic acid is important for obtaining
results that are consistent with experiment,® and the
quinuclindinium—acetate ion pair is maintained in the
calculations), this difference in stability becomes even more
pronounced, with a preference of 10.1 kcal/mol for the linear
dienamine intermediate 3d over the cross dienamine 3d’
(Figure 1b). This result is consistent with empirical studies in
which no [6+4] cycloaddition products arising from cross
dienamine 3d’ (Figure 1c) and heptafulvenes were observed.
Both the [8+2] and the [4+2] cycloadditions of 2-cyclo-
hexenone 2b with heptafulvenes catalyzed by 1c thus proceed
through the same linear dienamine intermediate 3d.

Mechanistic Study. Next, the mechanisms of the [8+2] vs
[4+2] cycloadditions of linear dienamine 3d (Scheme S1 in
Supporting Information) with tropone/heptafulvenes were
investigated.

noe

The computed frontier molecular orbitals (FMOs) of the
nucleophilic dienamine and the relatively electrophilic
heptafulvenes are displayed in Figure 2. The HOMO of the
linear dienamine 3d is strongly polarized toward C2 and C4.
The HOMO coeflicient is slightly larger at C2 than at C4;
however, interaction of an electrophile at the C2 position
suffers antibonding secondary interactions. Consequently, C4
of the diene becomes bonded to C2 of the heptafulvene, which
has the largest LUMO/LUMO+1 coefficient.

[4+2] Cycloaddition of 2-Cyclohexenone and Tro-
pone/Dicyano—heptafulvene. The free energy profiles of
the [4+2] and [8+2] cycloadditions of 2-cyclohexenone 2b
with tropone 4a and dicyanoheptafulvene 4b are depicted in
Figure 3a. The linear dienamine 3d and tropone form a
reactant complex 8a with an increased free energy of 4.5 kcal/
mol due to the unfavorable entropy of association. To
maximize the overlap of the dienamine and tropone, no
hydrogen bond is formed between the tropone oxygen and the
protonated quinuclidine nitrogen of the catalyst. The first C—
C bond formation, affording 9a, proceeds through transition
state (TS) TSI a with a free energy of 26.2 kcal/mol. The
bifunctional mode of TSI _a, with a hydrogen-bonding
interaction between the tropone oxygen and the protonated
quinuclidine, was also calculated and gave a 9.8 kcal/mol
higher energy than the ion-pair mode (Figure S15). Different
cycloadducts can form from intermediate 9a. The [8+2]
cycloadduct 10a, produced via TSII a, has the lowest energy
barrier of 23.6 kcal/mol and thus forms readily. However, 10a
can revert to 9a and then through TSIII_a form intermediate
11a. This allows for equilibration to ultimately furnish the
more stable [4+2] product 6a, with a reverse barrier of 21.1
keal/mol (10a—TSIII a). The possibility of [6+4] cyclo-
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Figure 3. Free energy profiles of the [4+2] (green) and [8+2] (black and blue) cycloadditions of 2-cyclohexenone with (a) tropone 4a and (b)
dicyano—heptafulvene 4b. All energies are in kcal/mol, with Grimme correction for entropy and Head-Gordon correction for enthalpy (frequency

cutoff is 100.0 cm™).

adducts was also explored; however, the corresponding TSs
were found to be significantly higher in energy.

The energy profile for the cycloaddition of 2-cyclohexenone
2b and dicyano—heptafulvene 4b (Figure 3b) is similar to that
of tropone (Figure 3a). The linear dienamine 3d and
heptafulvene 4b form reactant complex 8b, with a free energy
of 0.8 kcal/mol. The first C—C bond forms intermediate 9b
through TSI b, with a free energy barrier of 16.1 kcal/mol.

no

The bifunctional mode is 12.2 kcal/mol less stable than the
ion-pair mode TSI b (Figure S16). The lowest energy barrier
for the ring closure of TSIL_b leads to [8+2] cycloadduct 10b.
However, also in this case a relatively low reverse barrier of
24.2 kcal/mol (10b—>TSIIIL b) is found to ultimately obtain
the more stable and experimentally observed [4+2] product.
Next, the stereodetermining formation of the first C—C
bond was analyzed. The N-methylamine model, model-exo-
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TSI a, is calculated to be 3.0 kcal/mol more stable than primary amine catalyst, for which the exo-TSI_a is favored by
model-endo-TSV_a due to ideal electrostatic and secondary 3.7 kcal/mol (Figure 4a, middle). This is consistent with
orbital arrangement (Figure 4a, left). This energy difference empirical data, since only the exo-[4+2] product is observed.

becomes slightly larger in the presence of the cinchona alkaloid Figure SS displays a distortion/interaction analysis of TSI. The

nso
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enantioselectivity is determined by the steric interaction between the two stereoisomeric transition states (Figure 4b,
between tropone and the quinoline moiety of the catalyst. top, right). These calculations support the empirical
The TS with the two groups on opposite sides of the observation that the [4+2] cycloadduct from dicyano-
dienamine is favored by 1.8 kcal/mol and leads to the heptafulvene is furnished with higher enantioselectivity than
formation of the experimentally observed enantiomer of the that of tropone (71% ee vs 87% ee).
product (Figure 4a, top right). [8+2] Cycloaddition of 2-Cyclohexenone and Cya-
For heptafulvenes which possess larger groups on C8, the noester-heptafulvene/Diester-heptafulvene. The free
energy penalty of occupying the same side as the quinoline energy profiles of the [4+2] and [8+2] cycloadditions of 2-
moiety leads to a conformational change in the catalyst, which cyclohexenone 2b with cyanoester-heptafulvene 4c¢ are

results in an even larger energy difference of 5.3 kcal/mol depicted in Figure S. Similar to the first two reactions, linear

non L N T L I PNIPPVA
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dienamine 3d and heptafulvene form reactant complex 8c, with
a free energy of 1.3 kcal/mol. Intermediate 9c is then formed
through TSI_c, with a free energy barrier of 17.6 kcal/mol.
The [8+2] adduct 10c again has the lowest barrier of
formation through TSII ¢, with a free energy of 10.8 kcal/
mol. However, as opposed to the cycloadditions of tropone
and dicyano—heptafulvene, the reverse reaction from 10c is
higher in energy, with a barrier of 28.4 kcal/mol (10c—~
TSIIIc). Consequently, a kinetic control process governs the
reaction, and only the initially formed [8+2] cycloadduct 7c is
obtained.

To further elucidate the effect of the heptafulvene
substituents on the periselectivity, the free energy profiles of
the [4+2] and [8+2] cycloadditions of 2-cyclohexenone 2b
and diester-heptafulvene 4d were calculated (Figure 6).
Dienamine 3d and heptafulvene 4d form a less stable reactant
complex 8d, with a free energy of 4 kcal/mol. The first C—C
bond formation through TSI _d affords intermediate 9d, with a
free energy barrier of 22.5 kcal/mol. The [8+2] cycloadduct
10d is then readily formed, through TSII_d with a free energy
of 16.4 kcal/mol. As in the case for cyanoester-heptafulvene 4c,
the barriers from 10d to TSIII_d and TSIV_d are too high
(35.9 and 33.0 kcal/mol) for the reverse reaction to occur.
Additionally, the [8+2] product is even the thermodynamically
favored product compared to the [4+2] cycloadduct.

Despite previous efforts, the reaction of the diester-
heptafulvene 4d had not been observed experimentally.
However, encouraged by the calculations predicting that
diester-heptafulvene 4d should follow a reaction path similar
to that of cyanoester-heptafulvene 4c, the reaction was
revisited. Since the diester-heptafulvene 4d was calculated to
react significantly slower than the cyanoester-heptafulvene
(22.5 kcal/mol vs 17.6 kcal/mol), a stoichiometric amount of
cinchona alkaloid primary amine la was employed. We were
pleased to find that the [8+2] cycloadduct 7d was obtained in
78% vyield and 89% ee as a single diastereoisomer after a
prolonged reaction time of 4 days (Scheme 2). However, we

Scheme 2. [8+2] Cycloaddition of 2-Cyclohexenone with
Diester-heptafulvene 4d

OMe

EtOZC5 CO,Et

do note the disparities between the relatively low activation
barrier of 22.5 kcal/mol and the rather harsh reaction
conditions. Product formation is observed under catalytic
conditions (20 mol% of 1a), however, due to inherent
instability of the [8+2] cycloadduct 7d, the stochiometric
amount of la was required to obtain sufficient product for
analytical purposes. Generally, the above experimental results
are consistent with computational prediction. Product
formation is also observed under catalytic conditions (20
mol% of 1a); however, due to the inherent instability of the
[8+2] cycloadduct 7d, a stoichiometric amount of the catalyst
was applied in order to obtain sufficient product for analytical
purposes.

[8+2]-trans Cycloaddition of 2-Cyclohexenone and
Barbiturate-heptafulvene/Thiobarbiturate-heptaful-

1a

7d: 78% yield
_ 7 oomors) oy

89% ee, >20:1 dr

EtCO,H (40 mol%)
toluene, 60 °C, 4 d

nan

vene. This result prompted us to investigate not only diester-
heptafulvene 4d but also barbiturate- and thiobarbiturate-
heptafulvenes 4e and 4f in their cycloadditions with 2-
cyclohexenone 2b catalyzed by cinchona alkaloid primary
amine la. The results of these reactions are shown in Scheme
3. The [8+2] cycloadduct 7e from barbiturate-heptafulvene 4e

Scheme 3. [8+2] Cycloadditions of Barbiturate- and
Thiobarbiturate-heptafulvenes 4e and 4f with 2-
Cyclohexenone 2b Catalyzed by Cinchona Alkaloid Primary
Amine la

Rj\R EJ /R

ElCOgH (40 mol%)
toluene, 60 °C, 18 h

trans-7e X = O, R = Me: 68% yield
95% ee, >20:1 dr

trans-7f X = S, R = Et: 37% yield
78% ee, 87:13 dr

2b de:
f

X
4f: X

o
s

was obtained in 68% yield, >20:1 dr, and 95% ee, while the
thio-derivative 4f afforded the cycloadduct 7f in lower yield
and stereoselectivity but with perfect periselectivity.

Interestingly, single-crystal X-ray diffraction data obtained
from cycloadduct trans-7e revealed that the major diaster-
eoisomer of the product contains a trans-junction of the §,6-
fused bicycle. This contrasts with the cis-stereochemical
relationship previously established for the major diaster-
eoisomer of cyanoester cycloadduct 7c.

Additional DFT calculations were performed to study the
reason for the formation of the [8+2] cycloadducts with a
trans-junction of the 5,6-fused bicycle. In the case of the
barbiturate-heptafulvene 4e (Figure 7), the free energy barrier
of the first C—C bond formation is 16.2 kcal/mol through
TSI e. From intermediate 9e, [8+2] cycloadduct 10e can form
readlly with a free energy of 10.7 kcal/mol through TSII e.
However, reversal to intermediate 9e will result in the
formation of the experimentally observed, thermodynamically
more stable diastereoisomer trans-7e, with both newly formed
C—C bonds now in equatorial conformations on the
cyclohexenone ring.

Diastereo- and enantiodetermining TS structures for the
[8+2] cycloadditions of cyanoester, diester, and barbiturate-
heptafulvenes with 2-cyclohexenone are depicted in Figures
§2—S4. In all cases, the lowest energy TS leads to the
experimentally observed product.

A complete mechanistic overview (Scheme S1) and
CYLView graphics of all the transition states are summarized
in the Supporting Information, and all corresponding relative
free energies of the possible [4+2], [8+2], and [8+2]-trans
products in the cycloadditions of 2-cyclohexenone with
tropone and heptafulvenes are depicted in Figure S6. We
summarize in Figure 8 the relative free energies and kinetic
activation barriers for the reactions studied here.

B CONCLUSION

The mechanisms and origins of chemo- and stereoselectivities
of the organocatalytic [8+2] vs [4+2] cycloadditions between
2-cyclohexenone and tropone/heptafulvenes have been studied
with DFT computations and experimental investigations. Two
truncated versions of the catalyst, using a simple N-methyl-
amine MeNH, and a simplified (Me for vinyl) cinchona
alkaloid primary amine catalyst, have been investigated to
probe the influence of substituents on the reaction. In all cases,



Journal of the American Chemical Society pubs.acs.org/JACS

>

®

3

o

3 TSlll_e

e —_— [4+2] TS
19.8

TSIV e ;
13.5 /& 4 /&o’
——— [8+2]-trans TS TSIl_e 0] TSIV e

! 107\

\[8+2] TS
[/ TSlI_e’:

'

I v

TSlil_e 12e 0

Le_ [4+2]-exo0 product

-4.6

[8+2]-exo product
-8.2

N -13.0 [8+2]-exo product

trans-Te

trans-Te

Figure 7. Free energy profiles of the [4+2] (green) and [8+2] (black and blue) cycloadditions of 2-cyclohexenone and barbiturate-heptafulvene 4e.
All energies are in kcal/mol and with Grimme correction for entropy and Head-Gordon correction for enthalpy (frequency cutoff is 100.0 cm™).

(0]
Me\N)]\N/Me

o NC CN NC CO,Et EtO,C CO,Et o ”L\\o
5 & & 8

5.0 —4.5(32.7)
=—139(23.6)
0.0
S — -1.8(10.6)
€
=
S 50 — -4.: (52.8) 5.7(21.3) =1 4.6 (19.8)
& = 5.9 (30.2) 58 (18.6) -6.2(10.8)
% —=-84(21.3) —— 7:8(254) = -82(10.7)
.g -10.0
@
= m— -13.0 (13.5)
-15.0 — -14.4 (16.4)
= -17.8(22.5)
-20.0 4a 4b 4c 4d 4e

= [4+2] =[8+2] =[8+2] trans

Figure 8. Gibbs free energies of [4+2] cycloadducts 6, [8+2] cycloadducts 7, and [8+2]-trans cycloadducts trans-7 with respect to the respective
starting materials (activation Gibbs free energies in parentheses). The experimentally observed products are marked as solid lines.

DFT calculations revealed that the cycloadditions proceed preference to the cross dienamine intermediate. The [8+2]
through stepwise mechanisms. The cinchona alkaloid primary cycloaddition is much faster than the [4+2] cycloaddition due
amine catalyst generates an ion pair catalyst with the acid to the electron-rich tropone oxygen and heptafulvene C8

additive and leads to formation of the linear dienamine in atoms with different substituents. The reversibility of the [8+2]
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cycloadducts and the thermal stability of the [4+2] products
determine the final periselectivity. For tropone and dicyano-
heptafulvene, the most thermodynamically stable [4+2]
products are observed due to a relatively favorable retro-
cycloaddition barrier that allows for product equilibration. In
contrast, the [8+2] cycloadducts from cyanoester-heptafulvene
and diester-heptafulvene are formed under kinetic control due
to a larger retro-cycloaddition barrier. In the cycloaddition of
the barbiturate heptafulvene, the thermodynamically most
stable trans-[8+2] cycloadduct is obtained as a result of a low
retro-cycloaddition barrier and ultimately affords the product
with a trans-5/6 fusion. Analysis of the stereoselectivity-
determining first C—C bond formation revealed an energy
preference for the exo-products over potential endo-products
due to favorable electrostatic and secondary orbital arrange-
ments. Additionally, a steric interaction between tropone/
heptafulvenes and the quinoline of the catalyst was identified
to be responsible for the discrimination of stereoisomeric
transitions states leading to the experimentally observed major
enantiomer of the corresponding products. These computa-
tional results are consistent with the excellent but variable
selectivities observed experimentally with different heptaful-
vene derivatives.
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