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ABSTRACT. Non-biaryl atropisomers are molecules defined by a stereogenic axis featuring at
least one non-arene moiety. Among these, scaffolds bearing a conformationally stable C(sp?)—
C(sp?) stereogenic axis have been observed in natural compounds, however their enantioselective
synthesis remains almost completely unexplored. Herein, we disclose a new class of chiral C(sp?)—
C(sp?) atropisomers obtained with high levels of stereoselectivity (up to 99% ee) by means of an
organocatalytic asymmetric methodology. Multiple molecular motifs could be embedded in this
class of C(sp?)-C(sp’) atropisomers, showing a broad and general protocol. Experimental data
provide strong evidence for the conformational stability of the C(sp?)~C(sp°) stereogenic axis (up
to t122° *© >1000 y) in the obtained compounds and show kinetic control over this rare stereogenic
element. This, coupled with DFT calculations, suggests that the observed stereoselectivity arises
from a Curtin-Hammett scenario establishing an equilibrium of intermediates. Furthermore,
experimental investigation led to the evidence for the operating principle of central-to-axial

chirality conversions.

INTRODUCTION

Atropisomerism, the identifying property of molecules displaying restricted rotation around a c-
bond, can arguably be defined as a delicate and elusive type of stereoisomerism. Interconversion
of atropisomers, depending on various conditions (temperature, hydrogen-bond interactions, light
irradiation etc.), is relatively easy. ortho-Substituted (hetero)biaryls are a widespread and

extensively studied class of atropisomeric molecules, for which a plethora of elegant
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stereoselective synthetic methodologies are routinely being developed, '™ as they find application
in catalysis,”” drug discovery,®’ and material chemistry.!®!! In contrast, atropisomerism in non-
biaryl compounds is considerably underrepresented.!>?° Consequently, methodologies directed
towards their preparation are sporadic. Molecular frameworks exhibiting a conformationally stable

C(sp?)-C(sp>) stereogenic axis represent an example of this.

Interestingly, nature is capable of synthesizing C(sp®)-C(sp?) atropisomers, as demonstrated by
the isolation of natural products such as Pegaharmols A-B,?! Cordypyridones A-B?*?} (Figure 1a)
and Bisnicalaterine A.?* It should be noted that these compounds were isolated as atropisomeric-
diastereomeric-mixtures, showing, in many cases, little or no control by nature of such a
stereogenic element. The lack of selective formation of these compounds in nature, coupled with
the very limited number of synthetic procedures, renders the stereoselective preparation of C(sp?)—

C(sp®) atropisomers tremendously alluring.

Archetypal synthetic scaffolds displaying restricted rotation around a C(sp?)~C(sp°) single bond,
among which only a few chiral compounds exist (Figure 1b), include: encumbered naphthyl
dialkyl carbinols, 9-arylfluorenes, and aryltriptycenes. Many of these examples do not possess a
center of asymmetry and are therefore achiral molecules that can be isolated as a pair of
conformational diastereomers, due to the sole presence of a C(sp?)—C(sp?) stereogenic axis.?>%8
Chiral C(sp?)—C(sp?) atropisomers exhibiting axial chirality can be achieved if the axis displays a
six-fold stereogenicity.?*-*! Recently, Sparr et al. disclosed an elegant methodology targeting the
asymmetric preparation of aryltriptycenes in which either the antiperiplanar (ap) or the clinal (c)
stereoisomers could be synthesized by careful selection of the ligand structure (Figure 1c).?
Alternatively, the introduction of stereogenic centers results in the formation of chiral C(sp?)—

C(sp®) atropisomers. The stereoselective synthesis of such intriguing compounds has, according to

our knowledge, not been achieved.
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Figure 1. Natural and synthetic products featuring a C(sp?)—C(sp®) stereogenic axis. a) Naturally occurring
compounds exhibiting C(sp?)—~C(sp?) atropisomerism. b) Known molecular scaffolds having restricted
rotation around a C(sp?)—C(sp?) bond. c¢) Stereodivergent synthesis of aryltriptycene derivatives featuring
sixfold stereogenicity.

The presence of conformational diastereomers arising from a C(sp?)-C(sp?) stereogenic axis is
observed or postulated in a number of reports dealing with central-to-axial chirality conversions.
3236 In all cases, the rotational barrier around the C(sp?)—C(sp?) axis is low, preventing the two
rotamers to be defined atropisomers. Moreover, a direct measurement of the rotational barrier and
proof of any conformational stability is hardly achievable. For example, Rodriguez et al. observed
1,4-dihydropyridine derivatives as pair of conformational diastereoisomers in a 2.6:1 ratio (ap-
DHPy and sp-DHPy conformers, Scheme 1a) under dynamic equilibration.** Indeed, the authors

measured, by dynamic NMR experiments, a rotational barrier of 13.4 kcal mol™! (corresponding to



a half-life time, t12, <1 ms). Therefore, the characterization and the evaluation of the properties of

each rotamer is not possible due to the impossibility of their isolation.

Scheme 1. a) Rapid equilibration of conformational diastereoisomers of 4-aryldihydropyridines. b)
Asymmetric synthesis of conformational diastereomers under thermodynamic control. ¢) Identification of
a new class of C(sp?)—C(sp°®) atropisomers and their stereoselective preparation.
a) Rodriguez et al., 2016
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In order to achieve conformationally stable C(sp?)-C(sp?) atropisomers, the reaction product needs
to be designed to fulfill specific requirements: 1) The rotational barrier around the C(sp?)-C(sp*)
axis should be high enough to allow isolation, characterization, storage, and manipulation of the
atropisomeric products, without any loss of the stereochemical information derived from the
stereogenic axis (AG >30 kcal mol™).?” This is a challenge because, in contrast to the congested
planar environment of a common C(sp?)—-C(sp?) axis, the geometry of an sp>-carbon allows for
easier rotation in a conical 3D-space. 2) Generally, rotation around a stereogenic C(sp?)-C(sp°)
axis creates a pair of diastereomers, which differ in relative stability. The accessibility of both
atropisomers is of the utmost importance to exclude thermodynamic control over the stereogenic
axis and to measure the related properties. Thus, the product must not show an overwhelming

thermodynamic preference for one of the two diastereomers.

The difficulty encountered in simultaneously fulfilling these arduous and constraining criteria
renders the preparation of such molecules an unmet challenge. Therefore, devising an efficient
stereoselective methodology can become a daunting task. An initial attempt was presented by
Bencivenni et al. (Scheme 1b).>® Unfortunately, the relative thermodynamic stability of the
rotamers and the relatively low barrier of rotation prevented the authors from demonstrating the

existence of conformational stability.

Our interest towards the preparation of optically active cyclazine moieties® prompted us to
envision these architectures as an unexpected class of conformationally stable molecules
exhibiting C(sp?)—C(sp?) atropisomerism, thus expanding the borders of knowledge in the field of
atropisomeric non-biaryls. Herein, we disclose an unprecedented example of a catalytic
construction of a conformationally stable C(sp?)—-C(sp?) stereogenic axis under kinetic control
(Scheme 1c). The reaction proceeds via an enantioselective aminocatalytic cycloaddition between
S5H-benzo[a]pyrrolizine-3-carbaldehydes 1 and nitroolefins 2, a,B-unsaturated ketoesters 5 or a,p3-
unsaturated aldehydes 7. This affords optically active partially saturated cycl[3.2.2]azines 4, 6 or
8 with a high degree of control over a C(sp?)-C(sp°) stereogenic axis. This also represents the first

access to atropisomeric cyclazine-cores.

RESULTS AND DISCUSSION



Reaction design and development. Our investigations started with the pyrrolidine/2-methylbenzoic
acid 3a co-catalyzed cycloadditions of 1a with ortho-chloronitrostyrene 2a or ortho-
bromonitrostyrene 2b, rendering compounds 4aa and 4ab, respectively (Figure 2, Top).
Surprisingly, these cycloadducts were found to exist as a mixture of rotamers. Density-functional
theory (DFT) calculations, performed on the system (vide infra), predicted the rotational barrier
around the C5-aryl bond for 4aa (23.8 kcal mol'!; t1,?° °“ = 8.58 h) and 4ab (25.9 kcal mol!; t; 2%
“C = 314 h). Rational design of a more synthetically useful product, with a longer half-life time,
pointed to compound 4ac, for which DFT calculations predicted a rotational barrier of 32.0 kcal
mol™! (t12% © = 1100 years and t1,%° °© = 4.29 years). Moreover, the difference in energy between
the two atropisomers was calculated to be low enough that both could be observed under
thermodynamic equilibrium (0.92 kcal mol™! corresponding to a 4.7:1 ratio at room temperature).
Pyrrolidine/acid 3a co-catalyzed cycloaddition between 1a and nitroolefin 2¢ smoothly afforded
the desired product 4ac as a single racemic C(sp?)—C(sp°) atropisomer. Heating compound sp-4ac
at 130 °C for several hours resulted in the observation of its rotamer ap-4ac (Figure 2, Bottom)
confirming that the C(sp?)~C(sp’) axis is a stable stereogenic element at room temperature. This
also enables the experimental determination of the rotational barrier value connecting sp-4ac and
ap-4ac (32.7 kcal mol’!, see Supporting Information). After thermodynamic equilibration between
sp-4ac and ap-4ac was reached, an experimental 2.5:1 ratio in favor of sp-4ac was obtained. This
corresponds to a 0.73 kcal mol™! difference in energy at 130 °C between the two atropisomers and
to a rotational barrier connecting ap-4ac to sp-4ac of 30.9 kcal mol'!. Thus, it can be affirmed that
ap-4ac is a stable atropisomer at room temperature. Ultimately, it was also demonstrated that the
reaction does not deliver the thermodynamic ratio of products, nor that it undergoes equilibration
during the reaction course. These properties identify 4ac as the optimal candidate for the
development of a stereoselective methodology towards compounds exhibiting C(sp?)-C(sp?)

atropisomerism.
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Figure 2. Substrate design. Top: preliminary investigation: search of substrate requirements. a) Reaction
conditions: 1a (0.05 mmol, 1 equiv.), 2 (0.06 mmol, 1.2 equiv.), pyrrolidine (0.02 mmol, 20 mol%), 3a (2-
MeBzOH, 0.04 mmol, 40 mol%), CDCls (0.3 mL, 0.17 M), 60 °C, 18 h. b) Calculated at the ®B97X-
D/Def2-TZVPP/SMD(CHCIls) level of theory. c¢) Experimentally determined value (see Supporting
Information). Bottom: Stacked 'H NMR spectra (relevant region) showing appearance of ap-4ac over time.

In order to designate the sp or ap descriptors, the priority is assigned to the carbons next to the one bearing



the stereogenic axis following the Cahn-Ingold-Prelog (CIP) rules. In this specific case, we consider the
MeO-substituent of the naphthalene moiety and the carbon bearing the NO,-substituent as the two groups
with highest priority.

Initial tests applying the well-established catalysts A*’ or B,*! failed to promote the desired reaction
(Table 1). Instead, catalyst C** or D,* lacking one element of steric bulk on the a-substituent, were
found to facilitate the asymmetric formation of sp-4ac with the simultaneous control of two
stereogenic centers and a stable C(sp?)—C(sp?) stereogenic axis. As a general trend, we observed
that the process shows lower values of enantioselectivities at higher levels of conversion
(exemplified in Table 1 for catalyst C and acid 3a, entries 1-3; see Supporting Information for
other acid-catalyst combinations showing the same behavior). This identifies conditions in entry 4
as optimal to obtain highly enantioenriched sp-4ac with the highest possible efficiency. A
screening of acids revealed that pivalic acid 3b delivered the desired product with excellent

enantioselectivity and comparable yield (see Supporting Information for further optimization).

Table 1. Representative Results from the Optimization of the Reaction Conditions (see Supporting

Information).

aminocatalyst
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Entry® Cat. (mol%) Acid (mol%) Yield (%) (time) ee (%) | Yield (%) (time) ee (%)

1 C (20) 3a (20) 15 (42 h) 89 23 (114 h) 78
2 C (20) 3a (40) 20 (42 h) 78 38 (114 h) 57
3 C (40) 3a (20) 36 (42 h) 88 54 (114 h) 75
4 C (40) 3b (20) - - 54 (90 h) 95




a) Reaction conditions: 1a (0.05 mmol, 1 equiv.), 2¢ (0.06 mmol, 1.2 equiv.), catalyst (0.02 mmol, 20 mol%),
3a (0.02 mmol, 20 mol%), CDCIl; (0.3 mL, 0.17 M), 60 °C, 42 h. b) Reaction conditions: 1a (0.05 mmol, 1
equiv.), 2¢ (0.06 mmol, 1.2 equiv.), catalyst C (20 or 40 mol%), 3 (20 or 40 mol%), CDCI3 (0.3 mL, 0.17
M), 60 °C, time. The yield given is determined by '"H NMR analysis of the crude mixture using methyl 4-
methyl-3-nitrobenzoate as internal standard; diastereomeric ratio (dr) is determined by 'H NMR analysis of

the crude mixture; enantiomeric excess (ee) is determined by chiral stationary phase UPCC.

Scope of the reaction. Once the optimal reaction conditions were established, we evaluated the
substrate scope (Table 2). The present methodology proved to be general for a variety of aldehydes
1 bearing substituents of a diverse nature either on the benzene or the pyrrole ring (sp-4ac-sp-4hc
and sp-4ke 32-62% yield, >20:1 d.r. in all cases and >92% ee). Notably, aldehydes 1i and 1j,
featuring additional steric hindrance in proximity of the reactive center, delivered, in the presence
of catalyst D, the corresponding products sp-4ic and sp-4jc in excellent enantioselectivities and
good yields. Nitroolefins 2 with different O-protecting groups, as well as various substituents on
the naphthalene moiety, served for the smooth generation of an array of diverse atropisomeric
cyclazines (sp-4ad-sp-4ai). Interestingly, the nature of the substituent at the 2-position of the
naphthalene ring has a significant influence on the diastereoselectivity of the reaction, while the
enantioselectivity remains unaffected. Whereas 2-bromo substituted nitroolefin 2j delivered
product sp,ap-4aj as an equimolar diastereomeric mixture, inversion of the conformation of the
stereogenic axis, with moderate to excellent diastereoselectivity, was observed for sp-4ak, sp-4al
and ap-4am compared to sp-4ac. In addition to this, we found that high levels of conformational
stability of the C(sp?)-C(sp°) stereogenic axis could also be achieved in products ap-4an-ap-4ap
possessing simple ortho-disubstituted phenyl rings; these were obtained as single diastereomers in

good yields and excellent enantioselectivities (vide infra).

Atropisomeric systems featuring five-membered rings require higher degrees of demanding
constraints to stabilize the stereogenic axis. The combination of these moieties with an intrinsically
labile C(sp?)-C(sp?) stereogenic axis to form optically active atropisomers is an elusive goal.*+4¢
Delightfully, product ap-4aq having a 2-methylbenzothiophene and ap-4as having a 2-tert-
butylindole scaffolds show remarkable conformational stability at 60 °C and were indeed isolated
in good diastereo- and enantioselectivity. On the other hand, product ap-4ar, featuring a protected
2-methylindole group, exhibited low enantioselectivity and slowly reached thermodynamic

equilibration during the course of the reaction. Finally, the methodology was extended to different
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electron-poor 2n-components, such as a-ketoesters S and a,B-unsaturated aldehydes 7, the latter
requiring slightly different reaction conditions (see Supporting Information). The corresponding
products 6 and 8, displaying the same level of conformational stability of products 4, were obtained
with excellent results, showing that the disclosed process is not limited to nitroolefins 2 as
electrophiles (vide infra).

Absolute configuration was determined for product sp-4fc by single crystal X-ray analysis. All
other relative configurations were assigned by analogy and supported by 2D NMR. In the case of
product sp-8a, the absolute configuration was determined by comparison between calculated and

experimental ECD spectra (see Supporting Information).

In order to demonstrate the conformational stability of these atropisomers, we measured the
rotational barrier of a series of products, each one displaying different functionalities. As
mentioned before, compound sp-4ac displayed a rotational barrier of 32.7 kcal mol™!, ti,* ¢ =
3400 y; furthermore, product sp-4ic, featuring a methyl substituent in proximity of the stereogenic
axis, has a comparable rotational barrier (AG™ = 31.8 kcal mol!, t1,%° °“ = 697 y). Product ap-4ap
featuring an ortho-disubstituted aryl moiety, instead of the naphthalene ring, showed an even
higher value for the rotational barrier (AG™ = 33.4 kcal mol™!, t1,*° © = 11136 y). We were pleased
to demonstrate that similar levels of conformational stability were obtained for products sp-6a
(AG™ = 33.2 kcal mol™!, t15%° © = 9894 y) and sp-8a (AG™' = 31.7 kcal mol™!, t1,% °© = 641 y)

featuring a keto-ester or a hydroxymethyl moiety, respectively; the latter is obtained by reduction

of the corresponding aldehyde.

Table 2. Scope of the Stereoselective Preparation of C(sp?)—C(sp’) Atropisomers for the Reaction
Between Aldehydes 1 and Electron-deficient Olefins 2, 5, 7.
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YR C or D (40 mol%)
\ N—7 T+ ROAX 3b(20 mol%) 4AMS
N = r~ | CDCl3 (0.17 M)
0= S ) 60 °C, 42-162 h
~ Y
1 2, EWG = NO, 4, EWG = NO,
5, EWG = C(O)CO,Me 6, EWG = C(O)CO,Me
7, EWG = CHO 8, EWG = CHO (CH,0H)

sp-4ad, X =Ms, R=H, Y =CH,
57%, 10:1d.r., 99% ee

sp-4ae, X = MOM, R=H, Y =CH,
61%, >20:1 d.r.,, 98% ee

sp-4af, X = Me, R=6-Br, Y = CH,
53%, >20:1 d.r., 90% ee

sp-4ag, X = Me, R=6-MeO, Y = CH,
47%, >20:1 d.r., 92% ee

sp-4ah, X =Me, R=7-MeO, Y = CH,
42%, >20:1 d.r., 96% ee

sp-4ai, X=Me,R=H,Y =N,
68%, >20:1 d.r., 62% ee

sp-4ac, R =H, 54%, >20:1 d.r,, 96% ee
sp-4bc, R = 8-MeO, 47%, >20:1 d.r., 97% ee
sp-4cc, R = 8-CF3, 32%, >20:1 d.r., 92% ee
sp-4dc, R = 8-CO,Me, 33%, >20:1 d.r., 92% ee
sp-4ec, R = 8-Bu, 62%, >20:1 d.r., 97% ee
sp-4fc, R = 8-Br, 52%, >20:1 d.r., 93% ee
sp-4gc, R = 7-CF3, 34%, >20:1 d.r., 96% ee
sp-4hc, R = 7,9-(Me),, 42%, >20:1 d.r., 97% ee
sp-4ic?, R = 6-Me, 54%, >20:1 d.r., 96% ee
sp-4jc?, R = 6,7-(CH)4-, 45%, >20:1 d.r., 92% ee
sp-4kc, R = 1-Br, 52%, >20:1 d.r., 98% ee

sp,ap-4aj, X = Br, 34%, 1:1 d.r.,, 91%, 99% ee
sp-4ak? X = vinyl, 57%, 4:1 d.r., 92% ee  ap-4an, X = Cl, R =H, 59%, >20:1 d.r,, 92% ee ap-4aq, X =S, R=Me, 59%, 6:1d.r., 84% ee
sp-4al, X = Me, 40%, 10:1 d.r., 99% ee sp-4ao, X= Me, R = OMe, 61%, >20:1 d.r., 98% ee ap-4ar, X = NTs, R = Me 57%, 5:1 d.r., 33% ee
ap-4am?, X = Ph, 48%, >20:1 d.r., 96% ee ap-4ap, X = Br, R=H, 61%, >20:1 d.r., 95% ee ap-4as? X = NH, R = Bu, 27%, 13:1 d.r, 97% ee

sp-6a, R =H, 69%, 10:1 d.r., 92% ee sp-8a®) R =H, 62%, >20:1 d.r., 90% ee
sp-6e, R = 8-Bu, 68%, >20:1 d.r., 87% ee sp-8eP) R = 8-1Bu, 54%, >20:1 d.r., 93% ee
sp-6h, R = 7,9-(Me),, 43%, 15:1d.r, 92% ee  sp-8g™, R = 7-CF3, 63%, >20:1 d.r., 73% ee

Reaction conditions, unless otherwise noted: 1 (0.1 mmol, 1 equiv.), 2 or 5 (0.12 mmol, 1.2 equiv.), C (0.04
mmol, 40 mol%), 3b (0.02 mmol, 20 mol%), CDCl; (0.6 mL, 0.17 M), 60 °C, 42-162 h (for specific reaction
times see Supporting Information). The yield given is isolated yield after column chromatography;
diastereomeric ratio (d.r.) is determined by '"H NMR analysis of the crude mixture; enantiomeric excess
(ee) is determined by chiral stationary phase UPCC. a) Catalyst D (0.04 mmol, 40 mol%) was used; the
product has opposite absolute configuration. b) Reaction conditions: 1 (0.1 mmol, 1 equiv.), 7 (0.15 mmol,

1.5 equiv.), D (0.02 mmol, 20 mol%), o-F-BzOH (0.02 mmol, 20 mol%), CDCI; (0.6 mL, 0.17 M), 40 °C,

11



66 h. The product is isolated after NaBH4 reduction. In some products, such as sp-4ak and sp-4al, the
inversion of the conformation of the stereogenic axis is accompanied by the change in priority of the

substituents.

Central-to-axial chirality conversion. The isolation of molecules exhibiting unique properties is
fundamental to experimentally verify the theoretical paradigms of chemistry. For example, the
unprecedented formation of enantioenriched C(sp?)—-C(sp®) atropisomers can be exploited to
confirm the founding principle of central-to-axial chirality conversion which is at the root of many
stereoselective syntheses of axially chiral compounds.®3-*64748 It is generally proposed that these
processes rely on the formation of an enantioenriched intermediate possessing exclusive central
chirality; then, this species undergoes a transformation (either spontaneous or induced) to the
desired atropisomeric product, with conversion of chirality. Potentially, this step may proceed with
erosion of the enantiomeric excess. To explain this, it is postulated that the aforementioned
intermediate exists as two different rotamers, either one converting to the opposite mirror image
of the axially chiral product. In order to prove this concept experimentally, the two “rotamers”
must be subjected separately to the chirality conversion step. This requires the isolation of

enantioenriched and conformationally stable C(sp?)—C(sp?) atropisomers.

Compound ap-4ac (94% ee) was isolated and characterized upon thermal equilibration of
enantioenriched sp-4ac, followed by chromatographic separation (Scheme 2). It should be noted
that this process only involves the rotation around the C(sp?)—C(sp’) axis, leaving the absolute
configuration of its sp>-stereogenic carbon unchanged. Then, rotamers sp-4ac and ap-4ac were
separately oxidized to aromatic atropisomeric cyclazines 9 and 9-ent, respectively, with complete
retention of enantiomeric excess and starting conformation of the stereogenic axis (see Supporting
Information). This result is the empirical evidence for the operating principle of central-to-axial

chirality conversions.

Scheme 2. Oxidation of sp-4ac and ap-4ac into Enantiomeric Compounds 9 and 9-ent.
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Computational studies. Interested in the origin of the observed selectivity, with a particular interest
on the atropselectivity, we turned to DFT calculations to probe the reaction pathway. The entire
system of 5SH-benzo[a]pyrrolizine-3-carbaldehyde 1a reacting with nitroolefin 2¢, catalyzed by
organocatalyst C and acetic acid was modeled, as it has been observed to provide comparable
results (see Supporting Information). Our proposed mechanism begins with the condensation of 1
with organocatalyst C to form the reactive intermediate I (Scheme 3). This intermediate then reacts
with nitroolefin 2¢ in TS-CC to establish the first carbon-carbon bond. The generated zwitterion
II then closes the nitronate carbon onto the iminium carbon in TS-ring to form intermediate II1.
This intermediate then undergoes elimination (TS-elim) to alleviate product sp-4ac and facilitate

catalyst turnover.

Scheme 3. Proposed Catalytic Cycle.
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Investigation of the potential energy surface began with the systematic interrogation of TS-CC
and TS-ring for all possible stereogenic outcomes (see Supporting Information). From this
exploration, it became evident that the stereochemistry of the final product was dependent on TS-
elim, implying the reversibility of the formation of C—C bond and the ring-closure step.
Eliminations corresponding to E2, E1, and E1¢cB mechanisms were modeled and it was shown that
the E1cB pathway was preferred for the formation of the major enantiomer sp-4ac, the minor
enantiomer sp-4ac-ent, and the atropisomer ap-4ac (see Supporting Information).

The transition state leading to the minor enantiomer of product TS-E1¢B-1gp-4ac-ent is calculated to
be 3.2 kcal mol™! higher in energy than that leading to the major enantiomer TS-E1¢B-1p-4ac

(Figure 3). This leads to a predicted 98% ee, which is in good agreement with the observed value

(96% ee).
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TS-E1¢B-15p.4ac TS-E1¢B-15p4ac-ent
0.0 kcal mol™! 3.2 kcal mol™!
98% ee

TS-E1¢B-14p.4ac
3.3 kcal mol™
150:1 dr

Figure 3. Transition state structures for TS-E1¢B-1 leading to sp-4ac, sp-4ac-ent, and ap-4ac,

and Relative energies, some atoms not shown for clarity, distances in Angstrem.

Experimental investigation led to the isolation of an intermediate from the reaction mixture. NMR
analysis identified the species as III (Scheme 4, see also Supporting Information), corroborating
that catalyst elimination is the rate-determining step of the process. The intermediate (isolated as
a mixture of diastereomers) was subjected to the reaction conditions delivering a 20% ee in favor
of product sp-4ac-ent, suggesting partial reversibility of the formation of all stereocenters and the
stereogenic axis, as well as accumulation of IIlsp-dac-ent, over Ilgy-4ac, indicating a faster elimination

of the latter.
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Scheme 4. Isolated Intermediate III Subjected to the Reaction Conditions Providing sp-4ac-ent

as Major Enantiomer of the Product.

3b (100 mol%), 4 A MS

CDCl; (0.17 M)
60 °C, 138 h
n sp-4ac-ent
(isolated from conversion = 50%
reaction mixture) 20% ee

Surprisingly, it was calculated that the barrier of rotation for intermediate III is 35.1 kcal mol™!,
suggesting no equilibration between Illsp-4ac and Illgp-4ac (see Supporting Information). The
atroposelectivity likely arises from a Curtin-Hammett scenario in which the two diastereomeric
intermediates Illsp-4ac and Ill4p4ac are in equilibrium with each other and are connected by more
than one transition state. Thus, Illgp-4ac converts to Ilgp-4ac (and vice versa) through a retro-
cycloaddition-cycloaddition sequence. A AAG* between TS-E1¢B-1p-4ac and TS-E1¢B-14p-dac of
3.3 kcal mol™! gives rise to a predicted diastereomeric ratio of ~150 to 1 which is again in good
agreement with the observed diastereoselectivity (d.r. >20:1). These computational investigations

lead us to suggest the energy profile in Figure 4.
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TS-CC TS-ring TS-E1cB-1 TS-E1cB-2
I+2 1 n v 4
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— —#
NH R :@H "R

S ul-ey
Figure 4. Free energy profile leading to products sp-4ac, sp-4ac-ent, and ap-4ac. Calculations performed

at B3LYP-D3(BJ)/Def2-TZVPP/SMD(CHCIl3)//B3LYP/6-31G(d)/SMD(CHCIs). Data calculated for Ar =
2-methoxy-1-naphthyl.

CONCLUSION

The first access to enantioenriched atropisomeric scaffolds exhibiting the simultaneous presence
of a conformationally stable C(sp?)—C(sp?) stereogenic axis and a center of asymmetry has been
developed. The present methodology showcases an enantioselective aminocatalytic cycloaddition
between 5H-benzo[a]pyrrolizine-3-carbaldehydes and electron-poor olefins to obtain molecular
frameworks based on the cycl[3.2.2]azine moiety. The reaction is shown to accommodate a wide
variety of substrates, leading to the formation of diverse products that possess this unique
stereogenic axis. The rotational barrier of the parent compound has been measured experimentally
and both atropisomers have been isolated and characterized upon thermal equilibration. In
addition, the evaluation of the conformational stability of compounds having different substitution
patterns was carried out, showing half-life times >640 years. Importantly, the isolation of such
unique compounds provided, through a simple oxidative transformation, the empirical evidence
for the operating principle of central-to-axial chirality conversions. DFT-calculations, supported

by the isolation of a reactive intermediate, showed how the stereoselectivity of the reaction is
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controlled by the Curtin-Hammett principle, with a single transition state (the elimination step)

dictating both the atropo- and the enantioinduction.
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GRAPHICAL ABSTRACT

C(sp?)-C(sp®) Atropisomers

asymmetric
organocatalysis

Examples of known compounds with
restricted rotation around a > 3 -
C(sp?)—C(sp?) axis +New class of C(sp<)-C(sp”) atropisomers
+ Enantioenriched (up to 99% ee)
+ Kinetic control (>20:1 dr)
+ Stable stereogenic axis (t;,2 "¢ >640 y)
+ Proof for "central-to-axial chirality conversion"
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