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ABSTRACT: Novel asymmetric aminocatalytic cycloadditions are described between formyl cycloheptatrienes and 6,6-
dimethylfulvene that lead to [4 + 2], [6 + 2], and [4 + 6] cycloadducts. The unprecedented reaction course is dependent on
the position of the formyl functionality in the cycloheptatriene core, and each formyl cycloheptatriene isomer displays a distinct
reactivity pattern. The formyl cycloheptatriene isomers are activated by a chiral primary diamine catalyst, and the activation mode is
dependent on the position of the formyl functionality relative to the cycloheptatriene core. The [4 + 2] and [6 + 2] cycloadducts are
formed via rare iminocatalytic inverse electron-demand cycloadditions, while the [4 + 6] cycloadduct is formed by a normal electron-
demand cycloaddition. The reactivity displayed by the different formyl cycloheptatrienes was investigated by DFT calculations.
These computational studies account for the different reaction paths for the three isomeric formyl cycloheptatrienes. The
aminocatalytic [4 + 2], [6 + 2], and [4 + 6] cycloadditions proceed by stepwise processes, and the interplay between conjugation,
substrate distortion, and dispersive interactions between the fulvene and aminocatalyst mainly defines the outcome of each
cycloaddition.

Bl INTRODUCTION

Polyenes play an important role in asymmetric synthesis as they

preclude the use of elevated temperatures, which can hinder the
use of more labile substrates.'*"*

The cycloheptatriene core can be activated by the
introduction of various functionalities. Thus, the introduction
of these functionalities will make the cycloheptatriene core more
accessible for cycloadditions; but on the other hand, these can

can be applied to generate complex molecular scaffolds,
especially if challenges related to peri-, chemo-, diastereo-, and
enantioselectivity can be resolved."” Cycloheptatriene and its

derivatives have received widespread attention due to the
pericyclic reactions they can undergo.”* Furthermore, the
structural core element is also part of bioactive compounds.®~”

Cycloheptatriene reacts with, for example, cyclopentadiene at
elevated temperatures with formation of different cycloadducts,
including cycloadducts from cyclopentadiene self-reactions, and
cycloheptatriene dimerization.””'® Recent studies of the
dimerization of cycloheptatriene have elucidated a complex
reaction profile. At 200 °C a concerted [6 + 4] cycloaddition
proceeds via an ambimodal [6 + 4]/[4 + 6] transition state. By
increasing the reaction temperature to 300 °C, a competing
stepwise diradical [6 + 2] cycloaddition takes place (Scheme
la)."" The reactions of cycloheptatrienes can also be promoted
by using metal catalysis. However, this too does not always
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additionally increase the number of competing reaction paths.
To exemplify this, cycloheptatrienes can undergo substituent-
dependent photochemical rearrangements or electrocycliza-
tions, resulting in their isomers or bicyclo[3.2.0]hepta-2,6-
dienes, respectively (Scheme 1b).'* Furthermore, in the ground
state, an equilibrium exists between the cycloheptatriene and its
norcaradiene isomer (Scheme 1c). The equilibrium is generally
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Scheme 1. (a) Thermal Dimerization of Cycloheptatriene;
(b) Excited State Reactivity of Substituted
Cycloheptatrienes; (c) Competing Thermal [4 + 2]
Cycloadditions of Substituted Cycloheptatrienes
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shifted toward the former, but it can be altered by variation of
substituents on the cycloheptatriene.'>™"” This valence isomer-
ism has intrigued chemists for over 50 years."®" As cyclo-
additions can proceed through either isomer, cycloadditions
have been one of the primary means to explore this
equilibrium.”® Generally, the norcaradiene is more reactive
than the cycloheptatriene isomer, and this can be further
amplified, for example, with the addition of electron-with-
drawing substituents on the sp*-carbon atom of the cyclo-
heptatriene isomer.*'

Substituents can also be used as handles to activate the
cycloheptatriene core through catalysis in normal and higher-
order cycloadditions.”” > While heptafulvenes and tropones
have been shown to undergo different enantioselective cyclo-
additions, these molecules are seldom used for reaction
control, >3 which is generally achieved through the other
cycloaddend.> ~*° To this end, formyl-substituted cyclohepta-
trienes could serve as promising model substrates, as the formyl
group can both activate the system and potentially enable
reaction control using, for example, asymmetric amino-

catalysis.*"** Despite this, formyl-substituted cycloheptatrienes
have found limited use, which may be in part due to the difficulty
in controlling their reactivity.**~*

To advance the application of formyl-substituted cyclo-
heptatrienes in organic synthesis, we investigated their reactivity
in cycloaddition reactions with 6,6-dimethylfulvene applying
aminocatalytic conditions. The reaction concept for amino-
catalytic activation of isomeric formyl cycloheptatrienes is based
on the LUMO-lowering strategy (Scheme 2a), as a HOMO-
raising strategy of, for example, cyclohepta-1,3,5-triene-1-
carbaldehyde 1 will generate an anti-aromatic intermediate
(Scheme 2b). The LUMO-lowering strategy requires the
generation of an iminium ion or imine intermediate, which
can be achieved with a secondary or primary amine catalyst,
respectively. Iminium catalysis has been one of the cornerstones
of asymmetric organocatalysis since the ground-breaking
disclosure by MacMillan et al. in 2000.*° Over the years,
iminium catalysis has been successfully used to carry out arange
of cycloaddition and cyclization reactions.*”~* Contrary to
these varied examples, iminium catalysis has not gained as much
success regarding asymmetric higher-order cycloadditions, for
which only a few examples have been disclosed.””*°

By applying aminocatalysis for the LUMO-activation of
isomeric formyl cycloheptatrienes, the three formyl cyclo-
heptatrienes 1—3, along with their norcaradiene isomers N1—
N3 (Scheme 3a), can participate in a number of cycloadditions,
as several distinct 27-, 47-, or 61-addends can be envisioned. For
formyl cycloheptatriene 1, nine different 7-addends are possible
(Scheme 3b), and the same also applies for cyclohepta-1,4,6-
triene-1-carbaldehyde 2 and cyclohepta-1,3,6-triene-1-carbalde-
hyde 3 (vide infra). 6,6-Dimethylfulvene 4 can also act as a 27-
(for a nonsymmetric fulvene, the two olefins in the ring will be
different), 47-, or 67-addend (Scheme 3c); therefore, numerous
cycloadducts can form by the reaction of formyl cyclo-
heptatrienes 1—3 with fulvene 4.

We have found that each isomeric formyl cycloheptatriene 1—
3 reacts differently with fulvene 4 in the presence of chiral
diamine aminocatalyst I (Scheme 4). Formyl cycloheptatriene 1
reacts as a 47-addend in a [4 + 6] cycloaddition, and formyl
cycloheptatriene 2 acts primarily as a 47-addend in a [4 + 2]
cycloaddition, the major reaction pathway, and secondarily as a
6rm-addend in a [6 + 2] cycloaddition, the minor reaction
pathway. The 3-formyl cycloheptatriene 3 participates as a 47-
addend through its norcaradiene isomer N3 in a [4 + 2]
cycloaddition (Scheme 3).

Interestingly, as LUMO-activated formyl cycloheptatrienes 2
and 3 contribute more 7#-bonds than fulvene 4 to the

Scheme 2. Aminocatalytic Activation of Formyl Cycloheptatriene 1: (a) LUMO-Activation and (b) HOMO-Activation
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Scheme 3. Possible nz-Addends for Formyl Cycloheptatriene 1 and Fulvene 4

a) Evaluated three isomeric formyl cycloheptatrienes and their norcaradiene isomers
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Scheme 4. Observed Cycloadditions for Reactions of Isomeric Formyl Cycloheptarienes 1—3 with Fulvene 4 in the Presence of

Aminocatalyst (1R,2R)-1,2-Diphenylethane-1,2-diamine (I)
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cycloaddition, the reactions leading to cycloadducts S, 6, and 8
are inverse electron-demand cycloadditions. Activation of
conjugated systems, such as the one present in formyl
cycloheptatrienes, applying the enantioselective iminocatalytic
inverse electron-demand strategy is rare’' and has been mainly
described for Lewis acid activation.”®*”***3 More precisely,
iminium catalytic inverse electron-demand Diels—Alder reac-
tions are, to the best of our knowledge, unprecedented.

We describe how introducing a formyl substituent to the
cycloheptatriene system, combined with aminocatalysis, allows
for a novel approach to exert control of periselectivity and
reactivity in cycloadditions. The present work includes
experimental and computational investigations addressing
unprecedented reactivities governed by linear- versus cross-
conjugated intermediates as well as a cycloaddition involving the
cycloheptatriene—norcaradiene equilibrium. We anticipate that

this study will increase the understanding of the reactivity of
formyl cycloheptatrienes and stimulate the development of
novel classes of cycloadditions, including asymmetric higher-

order cycloadditions.”*

B RESULTS AND DISCUSSION

Initial Observations and Isomerization of Formyl
Cycloheptatrienes. During an investigation of the reaction
of formyl cycloheptatriene 1 with fulvene 4, under combined
amino- and photocatalytic conditions, we were surprised that
the [4 +2] and [6 + 2] inverse electron-demand cycloadducts, 5
and 6, respectively, were formed, with 5 as the major

cycloadduct (eq 1, see Supporting Information Table S2).
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This outcome implies that formyl cycloheptatriene 2, instead of
1, reacted with fulvene 4. The unexpected formation of § and 6
encouraged us initially to investigate the isomerization of formyl
cycloheptatrienes 1—3 (Table 1).

Table 1. Studies of the Isomerization of Formyl
Cycloheptatrienes 1—3 (See Supporting Information Table
S1)

o

/A
@/\o go

Starting
Entry compound Energy source  Time Product Yield” [%]
1 1 Heat 120 °C 4d - nr.
2 1 400 nm LED 1.5h 2 76
3 2 Heat 120 °C 3d - nr.
4 2 400 nm LED 6.5h - n.r.
5 3 Heat 120°C  3d - -t
6 3 400 nm LED 65h - n.r.

“Determined by "H NMR analysis of the reaction mixture and relative
to the 1nternal standard 1,3,5-tris(trifluoromethyl)benzene; n.r. = no
reaction. “Decomposition of starting material.

It has been reported that formyl cycloheptatriene 2 can be
synthesized from formyl cycloheptatriene 1 via a photo-
1somerlzat10n process utilizing a high-pressure Hg lamp with a
Pyrex filter.”* We found that this isomerization also proceeds
using irradiation by fluorescent light bulbs or LEDs (Supporting
Information Table S1). The best results were obtained by 400
nm LED irradiation as 1 was converted to 2, along with some
degree of polymerization of 1, within 1.5 h (Table 1, entry 2).
Next, formyl cycloheptatrienes 2 and 3 were irradiated with 400
nm LEDs. However, neither 2 nor 3 isomerized under these
conditions (Table 1, entries 4 and 6). The three formyl
cycloheptatrienes 1—3 could also be envisioned to interconvert
between one another via a 1,5-hydrogen shift, or sequential 1,5-
hydrogen shifts.”® The possibility of thermal isomerization was
also explored. However, even at 120 °C with a prolonged
reaction time of 3 d, 1, 2, or 3 did not interconvert (Table 1,
entries 1, 3, and S). These results show that out of the three
isomers, only 1 can be selectively converted to 2, and only under
photochemical conditions.

To obtain information about the isomerization between the
three isomers of formyl cycloheptatrienes 1—3, computational
investigations were performed. The calculated results (see
Supporting Information Figure S4) indicate that the proposed
isomerization pathways, such as 1,5- or 1,7-hydrogen shifts, or
tautomerization first and then alkyl migration, are not feasible
under ordinary thermal conditions, consistent with the
experimental observations. Photofacilitated polyene isomer-
ization has been theoretically investigated previously.’®*” This
pathway is invoked for the isomerization of 1 to 2 based on the

experimental observations and improbability of a thermal
isomerization.

Aminocatalytic Cycloaddition of Formyl Cyclohepta-
triene 2 with Fulvene 4. Based on the results in Table 1, in
which formyl cycloheptatriene 1 was converted to formyl
cycloheptatriene 2 by a photoisomerization process, we started
investigating the aminocatalytic reaction of 2 with fulvene 4 in
the absence of light irradiation.

Table 2 presents the screening of different aminocatalysts for
the reaction of 2 with 4, where CH,Cl, in the presence of

Table 2. Screening of Aminocatalysts for the [4 + 2]
Cycloaddition of Formyl Cycloheptatriene 2 with Fulvene 4

Cat(20 mol%) Q@
TFA (38 mol%)

CHCly (OSM) \
5
Ph Ph Ph Ph
Ph N Ph\l)\NH2 P \/kNH Ph\‘)~,,N,Me
NH, NH, e NH
1 mes-| Il mn
HN,_Me
h N-Me  Ph B HNTTON,
CO R
v v vi vl

%%
Ph
N

N
MeO. H OTMS

lyle
Ox-N
"y
WN
Bn H

vii IX X

NMR distribution [%]“

Entry Catalyst Time 2 S ee [%]°
1 I 20h 3 65 (68) 89
2 mes-I 7d 38 47 -
3¢ II 7d 52 23 17
4 I 20d 77 1 —
5¢ v 7d 62 12 —12
6 v 7d 11 69 (70) -73
7 VI 3d 7 66 (52) —65
8 VII 7d 81 1 -
94 VIII 7d 89 4 -

10°¢ IX 7d 72 — —
11° X 7d 96 2 -

“Determined by "H NMR analysis of the reaction mixture and relative

to the internal standard 1,3,5-tris(trifluoromethyl)benzene. Isolated

yleld in parentheses. bee measured by UPC% “With 19 mol % TFA.
“With 40 mol % of TFA.

trifluoroacetic acid (TFA) was chosen as the solvent as it gave
satisfactory conversion and selectivity compared to toluene and
MeCN (see Supporting Information Table S3). The screening
revealed a significant preference for the [4 + 2] cycloadduct S.
The results in Table 2 will focus on the [4 + 2] cycloaddition,
and we will return to the [6 + 2] cycloaddition later.

Among the evaluated aminocatalysts, primary amines
displayed higher conversions compared to secondary amines.
(1R,2R)-1,2-Diphenylethane-1,2-diamine I gave the most
promising result, providing S in 68% yield and 89% ee (Table
2, entry 1). No significant improvement in enantioselectivity was

https://doi.org/10.1021/jacs.3c09551
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found using the naphthyl analogue of I (see Supporting
Information Table S4), while the meso-isomer of I was a less
effective catalyst (Table 2, entry 2). The corresponding amino
alcohol IT was even less effective, affording $ in only a 23% yield
and 17% ee (Table 2, entry 3). Catalyst III (the dimethyl-
substituted analogue of I) was ineffective, while (R)-1-
(naphthalen-1-yl)ethan-1-amine IV afforded § in low yield
and enantioselectivity (Table 2, entries 4 and $). (S)-N1-
Methyl-3-phenylpropane-1,2-diamine V delivered § in 70%
yield and 73% ee (Table 2, entry 6). Similar results were
obtained for catalyst VI (Table 2, entry 7). Other aminocatalysts
and among them several typically used ones, such as VII-X (see
Supporting Information Table S$4), were ineffective (entries 8—
11).

The formation of cycloadduct § was observed only with
primary diamines I, V, and VI, while established chiral secondary
amines were inactive. Related diamine systems have previously
been used by Ishihara and Maruoka to address the issue of
inactivity caused by A-1,3 strain, of secondary amines in Diels—
Alder reactions of a-substituted enals.”® " It was postulated
that primary aminocatalysts with an additional amino
functionality could form the imine intermediate more readily
and utilize intramolecular hydrogen bonding to enhance
catalytic activity. Thus, acid additives were screened to
investigate how acid influences the role of potential hydrogen
bonding.

Table 3, entry 1 presents the results in the presence of TFA
where the [4 + 2] cycloadduct S was obtained in 68% yield and

Table 3. Screening of Acids for the [4 + 2] Cycloaddition of
Formyl Cycloheptatriene 2 with Fulvene 4 in the Presence of
Aminocatalyst 1

1 (20 mol%) ?
©/\ _Acid (38 moi%)
CHZCIQ ©0s5M  \

5
NMR dlstrlbutlon
[9%]°
Entry  Acid (pK,in MeCN)®  Time 2 S ee [%]°
1 TFA (12.7) 20 h 3 65 (68) 89
2 AcOH (23.5) 7d 62 2 -
3 (-)-CSA 7d 8 83 88
4 (+)-CSA 7d 36 46 71
5 TCA (10.8) 20h 2 85 (78) 93
6 TsOH (8.0) 7d 70 20 -
7 TfOH (2.6) 20h 40 - -

“Experimental pK, values reported; methanesulfonic acid has a pK,
value of 10.0, and we assume that CSA is in the same range. &

“Determined by "H NMR analysis of the reaction mixture and relative
to the internal standard 1,3,5-tris(trifluoromethyl)benzene. Isolated
yield in parentheses. ‘ee measured by UPC™.

89% ee. In contrast, only trace reactivity was observed after 1
week when changing to a weaker acid, such as acetic acid (Table
3, entry 2). Interestingly, a match/mismatch effect was observed
using camphorsulfonic acid (CSA); (—)-CSA led to both higher
conversion and enantioselectivity compared to the (+)-CSA
(entries 3 and 4). Utilizing the slightly more acidic trichloro-
acetic acid (TCA) instead of TFA improved both the yield and
enantioselectivity of § to 78% and 93% ee, respectively (Table 3,
entry 5). The reaction became sluggish with stronger acids, for

example, p-toluenesulfonic acid and TfOH (Table 3, entries 6
and 7). The data in Table 3 show that acids with pK, values in
the 10—13 range measured in MeCN are optimal for the [4 + 2]
cycloaddition of formyl cycloheptatriene 2 with fulvene 4 in the
presence of aminocatalyst I.

The absolute configuration of the [4 + 2] cycloadduct §,
obtained using (1R,2R)-1,2-diphenylethane-1,2-diamine I as the
aminocatalyst, was determined by single-crystal X-ray diffraction
data for the hydrazone derivative of 5 (see Supporting
Information Figure S3).

Throughout the screening experiments, particular attention
was also paid to results that would lead to an increase in the
conversion to [6 + 2] cycloadduct 6 (eq 2).

1 or XI (20 mol%)
TFA (38 mol%)
—»
)
rt, CH,Cl,

or MeCN (0.5 M)

w0
Ph\)\NH NH;
H 2 NH;

v Q0

| XI

6
I'in MeCN:
2% conversion, 72% ee

Xl'in CH,Cly:
5% conversion, 44% ee

Unfortunately, we could not ascertain conditions that afforded
[6 + 2] cycloadduct 6 in any meaningful quantities. In the
presence of (1R,2R)-1,2-diphenylethane-1,2-diamine I, a
conversion of 2% into cycloadduct 6 was observed only in
MeCN. A slight improvement in conversion (5%) was obtained
with [1,1’-binaphthalene]-2,2-diamine XI as the catalyst (see
Supporting Information Table SS). Cycloadduct 6 was formed
with 72% ee and 44% ee, applying diamine catalysts I and XI
showing that 6 is formed through an alternative minor
aminocatalytic pathway and not through background reactivity.

Aminocatalytic Cycloaddition of Formyl Cyclohepta-
triene 1 with Fulvene 4. After elucidating the aminocatalytic
cycloaddition of formyl cycloheptatriene 2 with fulvene 4, we
next focused on the aminocatalytic cycloaddition of formyl
cycloheptatriene 1 with 4. To our surprise, a [4 + 6] normal
electron-demand cycloaddition followed by a 1,5-hydride shift
in the cyclopentane core proceeds. Representative screening
results are listed in Table 4.

Table 4. Screening of Aminocatalysts for the [4 + 6]
Cycloaddition of Formyl Cycloheptatriene 1 with Fulvene 4

@5 NQ)s

7

Cat (20 mol%)
TFA (38 mol%)

CHZCIZ (0.5 M)

NMR distribution [%]“

Entry Catalyst Time 1 7 ee [%]°
1 I 7d 57 12 -
2° I 7d 42 14 —
3 1 144 50 17 (11) 68
44 X 7d 96 - -
54 X 22d 87 - -

“Determined by 'H NMR analysis of the reaction mixture and relative
to the internal standard 1,3,5- trls(trlﬂuoromethyl)benzene Isolated
yield in parentheses. “ee measured by UPC2. “At 40 °C. “With 19 mol
% of TFA.
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In contrast to the reaction between formyl cycloheptatriene 2
and fulvene 4, the cycloaddition of formyl cycloheptatriene 1
was very sluggish, even at elevated temperatures. In the presence
of (1R,2R)-1,2-diphenylethane-1,2-diamine I as the catalyst, the
reaction proceeds as a [4 + 6] cycloaddition with the formation
of the cycloadduct 7 in only 12% and 14% at room temperature
and 40 °C, respectively, after a reaction time of 7 d (Table 4,
entries 1 and 2). By increasing the reaction time to 14 days, only
11% of 7 was isolated with 68% ee (Table 4, entry 3). Changing
the aminocatalyst to the naphthyl analogue of I did not
significantly improve the yield and enantioselectivity (see
Supporting Information Table $6). In line with the absence of
reactivity of 2, applying the common secondary aminocatalysts
IX and X, the same lack of reactivity was observed for 1.

Aminocatalytic Cycloaddition of Formyl Cyclohepta-
triene 3 with Fulvene 4. The aminocatalytic cycloaddition of
formyl cycloheptatriene 3 with fulvene 4 also demonstrated a
unique reactivity pattern. Here, a [4 + 2] inverse electron-
demand cycloaddition proceeded via norcaradiene intermediate
N3, affording cycloadduct 8. For representative screening
results, see Table S.

Table S. Screening of Aminocatalysts for the [4 + 2]
Cycloaddition of Formyl Cycloheptatriene 3 with Fulvene 4
Cat (20 mol%)

@ TFA (38 mol% M <©A
CHZCIZ (0.5 M)

NMR distribution [%]“

Entry Catalyst Time 3 8 ee [%]°
1 I 7d 17 48 (40) 68
2 1 7d 21 35 (34) 84
34 I 7d 94 - -
4¢ IX 7d 100 - -
5¢ X 7d 94 <1 -

“Determined by "H NMR analysis of the reaction mixture and relative

to the internal standard 1,3,5-tris(trifluoromethyl)benzene. Isolated

yleld in parentheses. bee measured by UPC?. “With 38 mol % of TCA.
dWithout 4. “With 19 mol % TFA.

Compared to formyl cycloheptatrienes 1 and 2, formyl
cycloheptatriene 3 demonstrated intermediate reactivity with
fulvene 4 in the presence of (1R,2R)-1,2-diphenylethane-1,2-
diamine I in CH,Cl, with TFA as an additive. After a reaction
time of 7 days, a significant proportion of 3 had been consumed
along with the formation of 48% of the [4 + 2] cycloadduct 8,
which was isolated in 40% yield and 68% ee (Table S, entry 1).
The enantiomeric excess of 8 was improved to 84% ee by
applying TCA as the additive; however, the reaction became
more sluggish as exemplified by the lower conversion of 35%
(Table S, entry 2). It is likely that 3 and the norcaradiene
intermediate N3 are in a fast equilibrium.*® "H NMR analysis of
the reaction system without 4 did not reveal the formation of N3
(Table S, entry 3). We assume that N3 is immediately trapped,
in a [4 + 2] cycloaddition with 4. For the organocatalytic
cycloaddition of 3, secondary aminocatalysts were incapable of
bringing about any significant turnover at all (Table S, entries 4
and 5), which also demonstrates the superiority of the diamine I
to activate these polyenes through the formyl group.

Computational Investigations. As disclosed in Scheme 4
and the experimental results above, the reactivity of the formyl

cycloheptatrienes is very dependent on the position of the
formyl group. The experimental results show that formyl
cycloheptatriene 1, which is a linear conjugated system, reacts
much more sluggishly compared to the formyl cycloheptatrienes
2 and 3, which are cross-conjugated systems.

To explain the origins of the regioselectivity and the very
unusual reaction patterns observed, coupled with the role of
(1R,2R)-1,2-diphenylethane-1,2-diamine catalyst I in achieving
the different cycloadditions, computational investigations were
performed. The calculations were undertaken with DFT
methods at the M06-2X/def2-TZVPP-CPCM(CH,Cl,)//
M06-2X/def2-SVP-CPCM(CH,Cl,) level of theory.**

First, the calculations showed that 1, with a linearly
conjugated polyene system, is slightly more stable than 2 and
3 (Figure 1a). A similar situation also applies to the iminium
ions, in which 1-Imin is lower in energy than 2-Imin and 3-Imin
by 1.6 and 0.8 kcal/mol, respectively (Figure 1b). The
computed frontier molecular orbitals (FMOs) show that the
aldehydes have relatively low-lying LUMOs, mainly localized on
atoms C1,C2,C3,and C4in 1; C7,C1,C2,and C3in 2; and Cl,
C2, C3, and C4 in 3 (Figure la and Supporting Information
Tables $8—510). The fulvene has a relatively high-lying HOMO
localized on Ca, Cb, Cc, and Cd (Figure lc and Supporting
Information Table S11). The calculations also showed that the
formation of the imines from the aldehydes and the diamine
catalyst is thermodynamically favored (Supporting Information
Figure S5). The formation of an intramolecular hydrogen bond
(Figure 1b, red dashed line) between the imine and the
ammonium group of the catalyst contributes the most toward
stabilizing the system (see Supporting Information Figure S6),
but it has a limited effect on regioselectivity and reactivity; when
the catalyst backbone is rotated to eliminate the intramolecular
H-bonding, both the LUMO energy and the atomic orbital
coefficients for the LUMO at the reacting carbons are almost
unchanged (see Supporting Information Tables S8—S10). The
iminium-ion species has a lower energy LUMO orbital than the
aldehyde and thus should have enhanced reactivity (see
Supporting Information Tables S8—S10). Upon iminium-ion
formation, the LUMO distributions do not change significantly
for 1-Imin and 3-Imin, compared to the cases of free aldehydes
1 and 3. Importantly, the LUMO coefficients on atoms C2 and
C3 of 2-Imin are significantly lowered compared to 2, and in the
iminium-ion system, LUMO distributions will be significantly
polarized toward the C7 position (Figure 1a,b and Supporting
Information Tables S8—S10). A similar situation occurs for the
norcaradiene isomers, but instead for the pair N3 and N3-Imin,
where the LUMO distributions will also be significantly
polarized toward the C7 position (see Supporting Information
Tables S12—S14).

For each formyl cycloheptatriene, the possibility of isomer-
ization to its norcaradiene form was explored in the absence
(Figure 2a,b) and presence of the aminocatalyst (Figure 2c,d).
These calculations revealed that the valence isomerizations of
the formyl cycloheptatrienes into bicyclic dienes are facile
(TS1—TS6). The equilibrium of formyl cycloheptatriene with
norcaradiene is rapid, and cycloadditions with fulvene are
expected to proceed more slowly compared to the valence
isomerizations. For the catalytic case, in addition to TS4—TS6,
we also investigated the alternative transition states leading to
the diastereomers. The computations indicate that for every
instance, there is no preference toward either of the two
diastereomers, and the competing transition states have almost
the same energy (see Supporting Information Figure S7).
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Figure 1. (a) LUMO orbitals of aldehydes, (b) iminium ions, and (¢) HOMO orbital of 4. For the noncatalytic case, free energies are compared to that
of 1. While for the catalytic case, free energies are compared to those of 1-Imin. “R”: “~CH(Ph)CH(Ph)NH,” fragment in catalyst I.

(a) Isomerizations in the absence of catalyst (c) Isomerizations in the presence of catalyst
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(b) DFT-computed transition state structures for the noncatalytic case (d) DFT-computed transition state structures for the catalytic case
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Figure 2. [somerizations between formyl cycloheptatrienes 1—3 and norcaradienes under the noncatalytic (a and b) and catalytic (c and d) conditions.
For the noncatalytic case, free energies are compared to that of 1. For the catalytic case, free energies are compared to that of 1-Imin.

For the noncatalytic case, formyl cycloheptatrienes (1—3) are and this phenomenon is also observed in the catalytic case for
more stable than the corresponding norcaradienes (N1—N3), the reactions of 1-Imin and 3-Imin. In general, the cyclo-
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heptatriene tautomer is thermodynamically more stable than the
norcaradiene tautomer, which has a strained cyclopropane ring.
Thus, the equilibrium lies on the side of the cycloheptatriene
species, similar to several previous literature examples. However,
the equilibrium between 2-Imin and N2-Imin tends to favor the
latter by 1.3 kcal/mol. This observation is related to the result of
Ciganek'® and others®® where electron-withdrawing groups
interact with and stabilize the Walsh occupied orbitals of the
cyclopropane part of the norcardiene; ' 7,7-dicyanocyclohepta-
triene is a stable norcaradiene. The interaction of a Walsh
HOMO and an acceptor 7* orbital is shown schematically in
Scheme S. This is the well-established ability of cyclopropane

Scheme S. Schematic Illustration of the Donor
(Cyclopropane Walsh Orbital)—Acceptor (z*-Orbital)
Interaction

(donor) to enter into 7-type conjugation with neighboring 7-
electron systems (acceptor). Similarly, we propose that in N2-
Imin, the important stabilizing interaction is the mixing of an
acceptor m*-orbital of the substituted diene with an occupied
Walsh orbital of the fused cyclopropane.®®®® It should also be
noted that TS4 is 2.0 kcal/mol higher in energy than TS1, while

both TS5 and TS6 are lower than TS2 and TS3, with 0.8 and 1.3
kcal/mol, respectively. Thus, the aminocatalyst promotes the
electrocyclization reaction of formyl cycloheptatrienes 2 and 3
but inhibits it for formyl cycloheptatriene 1.

The reactions between fulvene 4 and the formyl cyclo-
heptatrienes or their norcaradiene forms were explored for the
[4 + 2], [4 + 6], or [6 + 2] pathways. In each instance, the
following discussion will focus only on the most favorable
pathway, although other approaches were also evaluated (see the
Supporting Information).

The Formyl Cycloheptatriene 1 and Fulvene 4 System.
The free energy changes of the most favorable pathway of the [4
+ 6] cycloaddition of formyl cycloheptatriene 1 and fulvene 4 are
shown in Figure 3 with aminocatalyst I. Iminium-ion formation
(1-Imin) is thermodynamically favored by 1.6 kcal/mol. A
subsequent cycloaddition occurs via a stepwise process in which
the first C—C bond formation takes place via TS7 with an energy
barrier of 25.6 kcal/mol (1-Imin to TS7). TS7 leads to
intermediate 10, which proceeds through TS8 to generate the
second C—C bond, leading to the formation of 11. Cycloadduct
11 then undergoes a 1,5-hydrogen shift in the cyclopentadiene
moiety, producing a stable intermediate 12. Subsequent
hydrolysis delivers the experimentally observed cycloadduct
(7) and regenerates the active catalyst (I-H").

On the basis of the calculated free energy changes of the whole
catalytic cycle, the on-cycle resting state is 1-Imin, and the rate-
determining step is the first C—C bond formation via TS7 with
an overall barrier of 25.6 kcal/mol. This energy barrier is feasible
based on the experimental conditions (Table 4). The alternative
transition state leading to the enantiomer of 7 (7-ent) is higher in

AGgg(kcal/mol), M0B-2X/def2-TZVPP-CPCM(CH,Cl,)//M06-2X/def2-SVP-CPCM(CH,Cl,)

Figure 3. DFT-computed free energy changes of [4 + 6] cycloaddition of 1 and 4 under the aminocatalytic conditions.
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Figure 4. Distortion/interaction-activation strain (DIAS) analysis of the cycloaddition transition states to reveal the origins of regioselectivity for the
cycloadditions of 1 and 4 under aminocatalytic conditions. Free energies were calculated at the M06-2X/ def2-TZVPP-CPCM(CH,Cl,)//M06-2X/

def2-SVP-CPCM(CH,CL,) level of theory. Fragment distortion and interaction energies were calculated at the M06-2X level of theory with the def2-
TZVPP basis set without the inclusion of solvation energy corrections (black, activation energies; blue, distortion energies of cycloheptatriene; green,
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distortion energies of fulvene; red, interaction energies). Energies are given in kcal/mol.
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Figure S. DFT-computed free energy changes of [4 + 2] cycloaddition of 1 and 4 with the involvement of N1-Imin, under the aminocatalytic

conditions.

energy than TS7 by 0.4 kcal/mol (see Supporting Information
Figure S8), which is in line with the experimental enantiomeric
excess (Table 4).

Reactions of formyl cycloheptatriene 1, leading to [4 + 2]
cycloadducts, were also investigated (see Supporting Informa-

(leading to P1) or C3—C6 (leading to P2). Under catalytic
conditions, the envisioned [4 + 2] cycloadducts P1 and P2
would be obtained through stepwise transition states TS10 and
TS89, respectively (Figure 4). Both TS9 and TS10 are higher in
energy than TS7 by 1.1 and 3.0 kcal/mol in terms of Gibbs free

energy (Figure 4).

tion Figure S9). It can be envisioned that 1 can participate in a [4
+ 2] cycloaddition as a 47 component through atoms C1—C4
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Figure 6. DFT-computed free energy changes of [4 + 2] or [6 + 2] cycloadditions of 2 and 4 under the aminocatalytic conditions.

. . . 69-74
Distortion-interaction analyses were conducted to

elucidate the origins of the regioselectivity for the cycloaddition
event. As shown in Figure 4, TS7 is 1.3 kcal/mol lower in energy
compared to TS9 in terms of electronic energy. The leading
cause for this energy difference is distortion of the cyclo-
heptatriene fragment, and it is greater in TS9. In TS7, there is a
secondary orbital interaction between C1 and Ca (Figure 4), as
indicated by the gray line (the C—C distance is 2.89 A).
However, this interaction is absent in TS9, and C1 is more
engaged in conjugation between the imine system and the
methylene moiety (C7) in the cycloheptatriene. Therefore, C7
of TS9 tends to form sp*-hybridization more than that of TS7
due to conjugation (in TS9, the angle of £C1C7C6 is 118.7°,
about 1° bigger compared to that of TS7 (117.8°)), resulting in
a large distortion of the cycloheptatriene fragment in the former
(Figure 4). Transition state TS10 is disfavored by 3.5 kcal/mol
compared to TS7 in terms of electronic energy. In TS10, the C—
C bond forms to C4, while it forms to C6 in TS7. The atomic
orbital coefficient of C4 is larger than that of C6 (see Supporting
Information Table S8), resulting in a larger orbital interaction in
TS10, but a later transition state. As a result, both cyclo-
heptatriene and fulvene show significant distortions in TS10.*°
For example, in TS10, C7 is almost sp> hybridized (£C1C7C6 =
120.5°). In short, TS7 is the most favored transition state,
leading to the observed cycloadduct.

Figure S shows the possible [4 + 2] cycloaddition arising from
the norcaradiene tautomer. The cycloaddition occurs through a
rate-determining concerted mechanism via TS11, and the
overall barrier is 39.3 kcal/mol (1-Imin to TS11), almost as high

as the noncatalytic process (see Supporting Information Figure
$10). The reasons for this high energy barrier are that under
catalytic conditions, (1) the valence isomerization from 1-Imin
to N1-Imin is thermodynamically disfavored by 6.1 kcal/mol,
and most importantly, (2) in N1-Imin, the iminium fragment is
no longer conjugated with the diene part of norcaradiene, so that
the diene behaves like an ordinary, relatively unreactive, diene
(see Supporting Information Tables S12—S14).

The Formyl Cycloheptatriene 2 and Fulvene 4 System.
With aminocatalysis, the free energy changes of the most
favorable pathway for the cycloaddition of 2 and 4, leading to the
experimentally observed cycloadducts, are shown in Figure 6.
Starting from free aldehyde 2, iminium formation (2-Imin) is
thermodynamically favored by 1.3 kcal/mol. Subsequent
cycloaddition occurs via a stepwise mechanism. The first C—C
bond formation occurs through TS12. In TS12, the C—C bond
forming distance is 2.11 A, and it forms to C7 of the iminium
component. This is consistent with the orbital distributions, in
which the LUMO of the iminium ion is highly polarized toward
C7, resulting in the most favored interaction at this position
(Figure 1). TS12 leads to a stepwise intermediate 17, which can
undergo either a [4 + 2] (via TS13) or a [6 + 2] (via TS14)
cycloaddition to generate the second C—C bond, producing 18
and 19, respectively (Figure 6). The final hydrolysis regenerates
the active catalyst as well as the free cycloadduct (5 or 6). Other
less favored pathways are included in the Supporting
Information.

Since cycloadducts 5 and 6 have the same energy, the kinetic
barrier determines the product distribution. The competition
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between TS13 (forming C3—Cc bond) and TS14 (forming
CS—Cc bond) determines the regioselectivity of the cyclo-
addition, as well as the product distributions. TS13 is 1.3 kcal/
mol lower in energy than TS14 (roughly in line with the
experimental observations). Cycloadduct § is the major adduct,

23884

and 6 is the minor one. Distortion-interaction analyses (Figure
7) indicate that the energy difference between TS13 and TS14 is
brought about by the greater degree of substrates (both iminium
and fulvene) distortions in TS14 compared to TS13. This is
facilitated by the fact that in order to form a C3—Cc bond, the
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substituents on the highlighted carbon atom (blue circle) in state TS14, the substituents around the forming C5—Cc bond
TS13 can easily assume a staggered conformation with respect almost eclipse each other (Figure 7), resulting in higher energy.
to the substituents of the carbon atom in the back of the Regarding the formation of major cycloadduct $, the origins of
Newman projection. In contrast, in the competing transition the enantioselectivity were also investigated. As shown in Figure
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8, TS12 is 0.8 kcal/mol lower in energy than TS12* in terms of
Gibbs free energy, leading to experimentally observed
enantiomer S. DIAS analyses indicate that it is the interaction
energy that controls the selectivity. Independent gradient model
(IGM) analyses show that there are stronger CH—7 interactions
(between fulvene C—H bonds and phenyl group from the
aminocatalyst) present in TS12, while they are weaker in
TS12%, eventually leading to the observed stereoselectivity. The
distance of the CH—7 interaction, 2.7—3.1 A, is in the range of
the dispersion effect. Since there is no discernible electrostatic
interaction (see Supporting Information Table S15), dispersion
is the main contributor to this observed noncovalent interaction.

Figure 9 shows the possible [4 + 2] cycloaddition arising from
the norcaradiene isomer for the cycloaddition of 2 and 4 under
catalytic conditions. The cycloaddition occurs through a
stepwise mechanism. The rate-limiting first C—C bond
formation occurs via TS1S, and it leads to stepwise intermediate
21, which proceeds through TS16 to generate the second C—C
bond formation product 22. The overall barrier for cyclo-
addition via TS15 is 24.2 kcal/mol (N2-Imin to TS15), and this
barrier could be overcome at room temperature. This situation is
very different from the case of N1-Imin, in which the
cycloaddition via TS11 (Figure S) has a very high energy
barrier. The main contributor for the enhanced reactivity of N2-
Imin with fulvene is the conjugation between iminium and diene
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fragments in the norcaradiene tautomer, lowering the LUMO
energy of N2-Imin and facilitating the orbital interactions (see
Supporting Information Table S13). As a result, N2-Imin acts as
an activated diene (see Supporting Information Figure S13).

The cycloaddition through TS1S5 is feasible in terms of Gibbs
free energy, but the cycloadduct 23 (or 22) is unstable, with an
energy 3.6 kcal/mol higher than that of the free aldehyde 2 and
6.2 kcal/mol higher than that of the resting state N2-Imin.
Compared to N2-Imin, both in 22 and 23, the conjugation
between iminium (or carbonyl) and olefin components no
longer exists, thus making them higher in energy. Since the
expected [4 + 2] cycloadduct 23 is thermodynamically
disfavored, the cycloaddition is reversible, and the reaction
actually occurs via the cycloheptatriene tautomer (Figure 6).

The Formyl Cycloheptatriene 3 and Fulvene 4 System.
Under the aminocatalytic conditions, the free energy changes of
the most favorable pathway for the cycloaddition of 3 and 4,
leading to the experimentally observed cycloadduct, are shown
in Figure 10. Similar to previous cases (Figures 3, S, 6, and 9),
iminium-ion formation (3-Imin) is thermodynamically favored
by 1.9 kcal/mol compared to the free aldehyde 3. The following
tautomerization generates N3-Imin, which then undergoes a
stepwise mechanism to react with 4 through transition state
TS17 to form the first C—C bond. After that, intermediate 25 is
formed, and this unstable intermediate further evolves into [4 +
2] cycloadduct 26 through TS18. The overall barrier for the
cycloaddition event is 21.1 kcal/mol (3-Imin to TS17, then plus
an additional 0.9 kcal/mol due to the catalyst regeneration).
Once intermediate 26 is formed, the final hydrolysis regenerates
the active catalyst (I-H") and delivers observed cycloadduct 8.

Just like the cycloaddition of N2-Imin with fulvene, the
reactivity of N3-Imin toward fulvene is higher due to the
enhanced orbital interactions resulting from conjugation (see
Supporting Information Table S14 and Figure S14). However, a
notable difference between the N2-Imin case and the N3-Imin
case is product stability. In the former case, the cycloadduct
(Figure 9, 23) is less stable due to the loss of conjugation. While
in the latter case, the retained conjugation in 26 and 8, makes the
[4 + 2] cycloaddition shown in Figure 10 feasible thermody-
namically.

The origins of the chemoselectivity for the aminocatalyzed
cycloadditions of 3 and 4 were investigated. As shown in Figure
11, the competition between TS17 and TS19 determines the
chemoselectivity, and the former is favored by 4.8 kcal/mol in
terms of the Gibbs free energy, indicating that the product will
be exclusively formed from the norcaradiene tautomer. DIAS
analyses indicate that both distortion and interaction contribute
to the selectivity. TS17 is 1.0 kcal/mol more favored than TS19
in terms of interaction energy, because the former has more
favorable CH—7 interaction between fulvene reactant and the
phenyl group in the catalyst (Figure 12, green area in TS17).
The major contributor to the energy difference of TS17 and
TS19 is the distortion of the cycloheptatriene component,
which is bigger in the latter than the former. In TS19, in order to
accommodate the conjugation from iminium and olefin groups,
the methylene moiety of cycloheptatriene needs to adopt a near-
sp>-hybridization (the highlighted bond angle is 120.7° in TS19,
Figure 11), which is significantly different from its ground state,
resulting in a large distortion. Other disfavored mechanisms
resulting from the cycloheptatriene tautomer are included in the
Supporting Information (Figures S15 and S16).

The origins of the enantioselectivity for the cycloaddition of 3
and 4 were also investigated through DIAS analyses. As shown in

Figure 12, TS17 is lower in energy than TS17* by 0.9 kcal/mol
in terms of Gibbs free energy, leading to the preferred
enantiomer. Fragment distortion and interaction analyses
indicate that it is the interaction that controls the stereo-
selectivity. TS17 has better interaction energy than TS17%, due
to the presence of stronger CH—7 interaction (between fulvene
C—H bonds and phenyl group from the aminocatalyst) in the
former but smaller in the latter. The difference in the strength of
the CH—7 interaction can be seen from the IGM analysis
(Figure 12). Since the bond lengths (2.7-3.1 A) of the
interacting CH—r are in the range of dispersion interaction, and
no discernible electrostatic interaction is observed (see
Supporting Information Table S16), we believe the dispersion
interaction is the major factor leading to the enantioselectivity.

Bl CONCLUSION

We have demonstrated that formyl cycloheptatrienes can
undergo novel types of higher-order and classical cycloadditions
dependent on the position of the formyl substituent relative to
the cycloheptatriene core. These cycloadditions are made
possible by applying a diamine catalyst capable of intramolecular
hydrogen bonding, allowing for different activation modes of the
formyl cycloheptatrienes reacting with 6,6-dimethylfulvene. The
combination of this catalyst with cross-conjugated aldehydes
made it possible to achieve the first enantioselective
iminocatalytic inverse electron-demand [4 + 2] and [6 + 2]
cycloadditions, affording the corresponding cycloadducts in up
to 93% ee. Furthermore, an enantioselective iminocatalytic
normal electron-demand [4 + 6] cycloaddition has been found
to proceed for the linear-conjugated formyl cycloheptatriene.
DFT-calculations were applied to provide insight into the
unprecedented reactivity of the three different formyl cyclo-
heptatrienes. These computational studies account for exper-
imentally observed different reaction paths for the three
isomeric formyl cycloheptatrienes; the major and minor reaction
paths for the formyl cycloheptatrienes, where two cycloadducts
are obtained, as well as for the observed enantioselectivities. The
cycloadditions generally involve an attack of the most
nucleophilic (largest HOMO coefficient) position of the fulvene
on the most electrophilic site of the iminium-cycloheptatriene or
iminium-norcaradiene. The computational investigations show
that all of the catalytic cycloadditions proceed as stepwise
reactions and can explain the observed experimental difference
in reactivity between linear- and cross-conjugated systems.
Importantly, single-conjugated systems (2-Imin and N3-Imin)
are significantly more polarized toward the site of the first C—C
bond formation (C7 position) compared to triple- (1-Imin) and
double-conjugated systems (3-Imin which rearranges to the N3-
Imin). These observations imply that cross-conjugated systems
could offer interesting possibilities for the development of new
cycloaddition reactions. Furthermore, conjugation also influen-
ces whether the cycloadduct is formed through the cyclo-
heptatriene or the norcaradiene isomer. Thus, only formyl
cycloheptatriene 3 gave a reaction through its norcaradiene
isomer as conjugation between the formyl and diene fragment
was preserved throughout the reaction. The peri- and chemo-
selectivity are calculated to be governed by minimizing the
distortion of the transition state. On the other hand, the
enantioselectivity is governed by maximizing dispersive
interactions between the fulvene and diamine catalyst activated
formyl cycloheptatriene.
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