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Abstract: In dynamic covalent chemistry, reactions follow
a thermodynamically controlled pathway through equilibria.
Reversible covalent-bond formation and breaking in a dynamic
process enables the interconversion of products formed under
kinetic control to thermodynamically more stable isomers.
Notably, enantioselective catalysis of dynamic transformations
has not been reported and applied in complex molecule
synthesis. We describe the discovery of dynamic covalent
enantioselective metal-complex-catalyzed 1,3-dipolar cycload-
dition reactions. We have developed a stereodivergent tandem
synthesis of structurally and stereochemically complex mole-
cules that generates eight stereocenters with high diastereo- and
enantioselectivity through asymmetric reversible bond forma-
tion in a dynamic process in two consecutive Ag-catalyzed 1,3-
dipolar cycloadditions of azomethine ylides with electron-poor
olefins. Time-dependent reversible dynamic covalent-bond
formation gives enantiodivergent and diastereodivergent ac-
cess to structurally complex double cycloadducts with high
selectivity from a common set of reagents.

Introduction

The synthesis of organic compounds is dominated by
kinetically controlled reactions, which enables irreversible
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formation of strong covalent bonds."? The irreversible
nature of the reaction guarantees that, once the particular
product is formed, it is stable and will not be reformed or
converted into another product.'!

As an alternative to selective product formation, Rowan
et al. introduced the concept of dynamic covalent chemistry
(DCC).”) In DCC covalent bonds can be formed and broken
reversibly in a fast equilibrium and under conditions in which
equilibrium control leads to efficient formation of products
under thermodynamic control.’). DCC has been proposed
primarily in the context of supramolecular chemistry includ-
ing applications in combinatorial chemistry.** The reversible
nature of reactions permits “error checking” and “proof
reading” for interconverting components to access the
thermodynamically most stable adduct.*”) However, while
in supramolecular chemistry weak noncovalent interactions
dominate, for DCC more robust covalent bonds are relevant
with slower kinetics of bond cleavage and formation. In DCC
the relative stability of the products (i.e., thermodynamic
parameters) determines the product distribution rather than
the relative magnitudes of energy barriers of each pathway
(i.e., kinetic parameters) (Scheme 1a). Since both the ther-
modynamic and the kinetic parameters are functions of
reaction parameters, the outcome is highly dependent on
reaction conditions such as temperature, catalyst and reaction
time required to reach an equilibrium.’® Turner et al.
employed DCC in enzyme catalysis. They used an aldolase
for preparation of a dynamic combinatorial library through
stereoselective carbon-carbon bond formation and enabled
change in equilibrium in product distribution in presence of
a thermodynamic trap.”’

DCC was also observed for non-enzymatic aldol/retro-
aldol reactions,™!”! for Diels-Alder cycloadditions at higher
temperature,'!! and for additional transformations including
Michael additions,'” alkene cross-metathesis.”! and [242]
cycloaddition.'" However, non-enzymatic enantioselective
catalysis of DCC has not been reported and DCC has not
been observed for dipolar cycloadditions yet. Herein we
describe the discovery of catalytic and highly enantioselective
dynamic covalent chemistry in metal complex-catalyzed 1,3-
dipolar cycloaddition reactions, that is, a reaction type which
belongs to the most important and widely used transforma-
tion in organic synthesis.

In the course of a program aimed at the synthesis of
pseudo-natural products,'>?!! which contain two or more
natural product (NP) derived fragments in novel and
structurally complex arrangements, we intended to combine
two pyrrolidine fragments in an unprecedented manner. To
this end, it was envisaged to subject cyclopentenones con-
taining both an endocyclic and an exocyclic conjugated
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a) free energy profile for thermodynamically and kinetically controlled reactions
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Scheme 1. a) Free energy profile illustrating thermodynamically and kinetically controlled reactions. Double ended black arrows represent
reversible reactions. b) Establishment of the enantioselectively catalyzed, double 1,3-dipolar cycloaddition of enones and azomethine ylide derived

from amino acid ester imine 2a.

double bond (Scheme 1b), to a sequence of two subsequent
enantioselectively catalyzed 1,3-dipolar cycloadditions with
azomethine ylides generated in situ from imines.[*'*°!

Results and Discussion

To establish the reaction sequence initial screening studies
were conducted with cyclic enone (R = H) and glycine methyl
ester imine 2a in dichloromethane in the presence of base
(Scheme 1b, Supplementary Table 1). We found that the
double 1,3-dipolar cycloaddition can be catalyzed efficiently
with AgOAc to yield cycloadduct rac-3a with 82 % yield and
high diastereoselectivity (d.r. >20:1). The regioselectivity of
the first addition was investigated by treating cyclic enone
(R=H) with 1.1 equiv of imine 2a under the same reaction
conditions which resulted in the regioselective formation of
rac-4a with high diastereoselectivity (>20:1) in 72% yield
(Scheme 1b). A change in regioselectivity was observed when

a methyl substituent was introduced at the endocyclic double
bond of the dipolarophile (R =CHj;). Monocycloaddition of
cyclic enone and the ylide derived from glycine methyl ester
imine 2a resulted in formation of spirocycle rac-4b in 57 %
yield and with good diastereoselectivity (10:1). The product
rac-4a reacts with glycine methyl ester imine 2a to form rac-
3a with high diastereoselectivity (>20:1) and 75% yield
under the same reaction conditions.

In order to explore the enantioselective synthesis of
tricyclic compound 3a, different chiral ligands, metal cata-
lysts, bases and solvents were investigated (Supplementary
Table 2). Optimization experiments indicated that the best
result could be obtained using AgOAc (6 mol %) as a Lewis
acid in combination with the S,P-ferrocenyl ligand (R)-
Fesulphos, (L1 6.5 mol %) in dichloromethane using cesium
carbonate (Cs,COj; 40 mol %) as a base at room temperature
after 24 h. Under these conditions, tricyclic compound 3 a was
obtained in 81% yield with high diastereoselectivity (d.r.
>20:1) and excellent enantioselectivity (99% ee; Table 1).
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Table 1: Results of the enantioselective synthesis of the chiral compounds 3.7
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0 (R)-Fesulphos (6.5mol%) MeO,C _, Ro S-fBu
i )/\/ ot Rav/NYCOQMe AgOAG (6 mol%) RH"N:‘- f. Pth
i R* C5,C0s (40 mol%) v Y COMe Fe
DCM, 1t, 24 h p OreFR =
1 2 )3 (R)-Fesulphos
Product R' R? R? R* Yield [%]"! eeld
3a H 4-Br-CgH, 4-Br-CgH, H 81 99
3b H 4-Br-C¢gH, 3-Br-CgH, H 72 91
3c H 4-Br-CgH, 2-Br-CgH, H 65 96
3d H 4-Br-CgH, 4-Cl-CgH, H 81 98
3e H 4-Br-CgH, 4-MeO-C¢H, H 60 98
3f H 4-Br-CgH, 4-F-CeH, H 75 98
3g H 4-Br-CiH, 4-Me-CeH, H 63 93
3h H 4-Br-C¢H, 2-naphtyl H 66 97
3i H 4-Br-CgH, 3-furyl H 40 95
3j H 4-Br-CgH, 2-furyl H 45 95
3k H 4-Br-CgH, 4-Br-CgH, Ph 21 91
31 H 4-NO,-C¢H, 4-F-CeH, H 80 95
3m H 4-NO,-CeH, 3-Br-CgH, H 72 91
3n H 4-MeO-C¢H, 4-F-CeH, H 65 98
30 H 4-Me-CgH, 4-F-CeH, H 60 98
3p H 2-naphtyl 4-F-CgH, H 65 95
3q H 3-Br-CgH, 4-Br-CgH, H 81 91
3r H 3-Br-CeH, 2-Br-CgH, H 60 91
3s H 2-Br-CgH, 4-Br-CgH, H 80 95
3t H 3-Br-CgH, 4-MeO-C¢H, H 55 91
3u H 4-CI-CeH, 4-CI-CgH, H 80 95
3v H ‘Butyl 4-Br-CgH, H 21 93
3w H 3-Br-CoH, 4-F-CiH, H 75 95
3x Me 4-Br-CgH, 4-Br-CgH, H 40 93
3y H 4-Br-CiH, [Fe(’-CsHs) ( 1°-CsH)] H 43 94

[a] For General Procedure A, see Supplementary Methods. [b] Isolated yields of the pure major
enantiomer after column chromatography. Diastereomeric ratio for all products is >20:1. [c] Deter-
mined by HPLC analysis using a chiral stationary phase. Me, methyl; Ph, phenyl.

Table 2: Results of the enantioselective synthesis of the tandem cycloadditions with two different

imines.?
o (R)-Fesulphos (6.5 mol%) MeOZC: R® -tBu
2 AgOACc (6 mol%) ~ NH ‘. PPh,
é&xw + RN COMe + R _N.__COMe AN Fe
et U
(R)-Fesulphos
1 2 2 (+)5
2#2'
Product R' R? R? Yield [%]"! el
5a 4-Cl-C¢H, 4-Cl-C¢H, 4-Br-CgH, 77 85
5b 4-Cl-C¢H, 4-Cl-CgH, 4-Me-C¢H, 65 82
5c 4-Cl-CgH, 4-Cl-CgH, 4-MeO-C¢H, 56 84
5d 4-Br-CgH, 4-Me-C¢H, 2-naphtyl 75 89
S5e 4-Cl-C¢H, 4-Me-CgH, 4-MeO-C¢H, 70 85
5f 4-Cl-CgH, 4-Me-C¢H, 4-Br-CgH, 65 90
S5g 4-Br-CgH, 4-Me-CgH, 2-Br-C¢gH, 56 90
5h 4-Br-CgH, 4-Me-CgH, 4-MeO-C¢H, 69 89
5i 4-Br-CgH, 4-Me-C¢H, 4-F-CgH, 78 90
5j 4-Br-CgH, 4-Me-CgH, 4-Br-C¢gH, 72 87

[a] General procedure B can be found in Supplementary Methods. [b] Isolated yields of the pure major

enantiomer after column chromatography. Diastereomer ratio for all products is >20:1. [c] Determined
by HPLC analysis using a chiral stationary phase. Me, methyl; Ph, phenyl.

Notably, this reaction created eight stereocenters including
one quaternary center in a one-pot transformation. The
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absolute configuration of product
3a was determined by crystal struc-
ture analysis (Supporting Informa-
tion, Crystal Data), which revealed
that product 3a is formed by dou-
ble endo-selective cycloaddition.

The scope of the tandem reac-
tion is wide. Regardless of the
substitution pattern of the aromat-
ic ring, enones 1 react with various
azomethine ylides derived from
imines 2 with moderate to good
yields of 40-81% with high dia-
stereo- (>20:1) and enantioselec-
tivity (91-99% ee, 3a-3y in Ta-
ble 1). In the presence of electron-
donating substituents such as
methyl- or methoxy groups (3e
and 3g, respectively), the yield
was reduced to 60-63% whereas
electron-neutral or -withdrawing
substituents such as bromine or
fluorine (3a and 3f) led to higher
yields. Heterocycle-containing azo-
methine ylides reacted to provide
products (3i and 3j) in moderate
yield and with high enantioselec-
tivity (95% ee). In general, the
enantioselectivity of the double
cycloaddition remained consistent
regardless of substitution pattern.
When an enone with a sterically
hindering tert-butyl substituent on
the exocyclic olefin was employed,
the double cycloaddition product
(3v) was obtained in 21% yield,
and high enantioselectivity was still
observed (93% ee). Furthermore,
introduction of a methyl substitu-
ent to the endocyclic double bond
of the enone yielded 3x with two
quaternary centers with high enan-
tioselectivity (93 % ee).

A more hindered a-phenyl sub-
stituted ylide, afforded product 3k
in 21% yield but with high enan-
tioselectivity (91% ee), thereby
inducing formation of three qua-
ternary centers. For all of examples
shown in Table 1, the products
were formed as single diastereo-
mers (d.r. >20/1) after 24 h.

To rapidly expand the chemical
space accessible via the double
cycloaddition, we explored wheth-
er a sequential multicomponent
transformation could give access

to cycloadducts formed from two different imines. Following
optimization, a sequence was established in which cyclic

20014 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~ Angew. Chem. Int. Ed. 2021, 60, 2001220020
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enones 1 were treated with 1.1 equiv of an iminoester 2 in the
presence of (R)-Fesulphos (L1, 6.5mol%), AgOAc
(6 mol%) and Cs,CO; (40 mol%) in dichloromethane for
3h (Supplementary Methods, procedure B) followed by
treatment with a second, different iminoester 2’ for 24 h.
Based on the different reactivity of the double bonds, the first
cycloaddition occurs with the endocyclic double and the
second cycloaddition targets the exocyclic double bond,
which results in selective formation of mixed double cyclo-
addition products 5 by means of a sequential one-pot, three-
component reaction (5a-5j in Table 2). The mixed double
cycloaddition products § were obtained with high diastereo-
selectivity but, unexpectedly, with lower enantioselectivity
(82-91% ee) relative to the two-component double-cyclo-
addition products 3, for which the products were formed with
up to 99% ee.

To explain the findings we hypothesized that both cyclo-
additions, that is, formation of 3 and 4, may be the result of an
enantioselectively catalyzed dynamic covalent process. In this
process the double cycloaddition first proceeds reversibly
through a kinetically controlled pathway due to the lower
energy barrier of the transition state followed by an inter-
conversion to the thermodynamically more stable product by
a fast equilibrium process. To validate this mechanistic
hypothesis changes in enantioselectivity of the double cyclo-
addition were investigated stepwise (Table 3, Table 5). Upon

Table 3: Results of the time dependent enantioselective synthesis of
chiral mono-adducts (+)4.

o R (R)-Fesulphos (6.5 mol%) MeO,C
AgOAC (6 mol%) ot R!
Orw . & 0 W30~
Cs,C03 (40 Mol%) R
CO,Me  DCM, it R2
1a 2a (1.1 equiv) (+)4a
R, R?= 4-Br-CgHs
Entry t [h] Yield [%] el
1 3 59 95
2 12 59 87
3 24 59 84
404l 16 58 80
5kl 24 57 70

[a] 12 mol % of (R)-Fesulphos was used. [b] Determined by HPLC
analysis using a chiral stationary phase.

treatment of cyclic enone 1a with 1.1 equiv of iminoester 2a
in the presence of (R)-Fesulphos L1 (6.5 mol%), AgOAc
(6 mol %) and Cs,CO; (40 mol %) in DCM, monoadduct 4a
can be formed with varying enantioselectivity in the range of
70-95% ee (Table 3, Supporting Information, Experimental
studies). The lower and varying enantioselectivity for for-
mation of monoadduct 4a in comparison to double cyclo-
addition product 3a (99 % ee, Table 1) indicates that, indeed,
enantioselective retro-cycloaddition catalyzed by the Ag/(R)-
Fesulphos complex may occur, which changes the enantio-
meric ratio during the reaction. The decrease in enantiose-
lectivity for formation of monoadduct 4a is even more
obvious when the ratio of AgOAc and (R)-Fesulphos is
changed (Table 3). Treatment of cyclic enone la with
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1.1 equiv of iminoester 2a in the presence of 12 mol%
instead of 6.5 mol % (R)-Fesulphos L1, AgOAc (6 mol % ) and
Cs,CO; (40 mol %) in DCM, leads to formation of mono-
adduct 4a with 90-95% ee after 3 h but with only 80% ee
after 16 h (Table 3, Supporting Information, Experimental
studies).

Cycloaddition product 3a is formed with 99 % ee regard-
less of the AgOAc/(R)-Fesulphos ratio. These results indicate
that one enantiomer of monoadduct 4a is involved in
aretrocycloaddition as it matches with the chiral environment
of the Ag/(R)-Fesulphos complex in a selective manner. In
order to confirm that retrocycloaddition is an enantioselective
process, enantioenriched mono adduct 4a (81% ee) was
subjected to reaction with (R)-Fesulphos L1 (12 mol%),
AgOAc (6 mol%) and Cs,CO; (40 mol%) in DCM and
a decrease of enantiomeric excess for the recovered mono
adduct 4a was observed (74% ee) (Table 4, Supporting
Information, Experimental studies). Furthermore, racemic
mono adduct 4a was treated under identical conditions and
was recovered with —10% ee (Table 4, Scheme 2).

Table 4: Treatment of mono-adduct 4 using chiral catalyst.
Br Br
MeO,C MeO,C

HN(]:“ = HN<:|‘“\ —
g ”I\ H =
000 HE

. R

Br Br

(R)-Fesulphos (6.5 mol%)
AgOAc (6 mol%)

Cs,C03 (40 mol%)
DCM, rt

Entry ee of 4a before reaction t[h] Yield [%] eel of 4a after reaction

1 81 24 94 74
2 0 (rac) 24 95 -10

[a] Determined by HPLC analysis using a chiral stationary phase.

These results indicate that the mono addition reaction in
the presence of Ag/(R)-Fesulphos is a reversible process in
which the forward cycloaddition is enantioselective whereas
the retrocycloaddition undergoes kinetic resolution. Similarly
investigations with enone 1a and imine 2g further confirmed
a dynamic covalent mono cycloaddition (Supporting Infor-
mation, Experimental studies).

For examination of the second cycloaddition in the
sequence from 4a to 3a enantioenriched mono addition
product 4a (70 % ee) was treated with 1 equiv of iminoester
2a under racemic conditions. No change in enantioselectivity
was observed for the double cycloaddition product 3a (70 %
ee Table 5, Supporting Information, Experimental studies),
thereby confirming that the stereochemistry is already set in
the first step of the reaction sequence. However, employing
enantioenriched 4a (70% ee) in the presence of a chiral
catalyst led to a decrease in enantioselectivity for the double
cycloaddition product 3a (60% ee, Table5; Supporting
Information, Experimental studies).

Furthermore, when racemic mono addition product rac-
4a was subjected to the cycloaddition in the presence of (R)-
FeSulphos and AgOAc with 1 equiv of iminoester 2a, double
cycloaddition product 3a was obtained as an opposite

Angew. Chem. Int. Ed. 2021, 60, 20012-20020 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org
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2a (1.1 equiv)
AgOAc (6 mol%),
(R)-Fesulphos (6.5 mol%)
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NH
, Cs,CO; (40 mol%), DCM
“CO,Me
40% ee after 5 min, Br
20% ee after 12 h AgOAc (6 mol%), AgOACc (6 mol%),
MeO,C PPh; (6.5 mol%) (R)-Fesulphos (6.5 mol%)
B A _ Cs,C03 (40 mol%), ? Cs,CO3 (40 mol%), MeOzQ__
(-)3a Br HNG,,,, DCM, tt, 3h DCM. 1t 24h
endo, endo 5 0N
3 0 Br Br 3
Q \©\¢NVC02ME \©\¢N CO,Me
B/ rac-4a, 72% 2a (1.1 equiv) a (2.2 equiv)
82% (+)3a
AgOAc (6 mol%),
(R)-Fesulphos (6.5 mol%) e":g‘:'/ endo
b ee

Cs,CO05 (40 mol%), DCM,
i, 24 h, 95%

Scheme 2. Establishment of stereodivergent synthesis in the enantioselectively catalyzed, double 1,3-dipolar cycloaddition.

Table 5: Catalytic 1,3-dipolar cycloaddition of enantioenriched/racemic
mono-adduct 4.

Br

Br
MeO,C
- -COMe
HN(],,” — 2a (1.1 equiv)
$ \o AgOAC (6 mol%),

Ligand (6.5 mol%

Cs,CO3 (40 mol% DCM, Q
i, 24h
Br

Br (+)4a
(+)3a
endo, endo
Entry Ligand ee of 4a Yield [%] ee” of 3a
1 (R)-Fesulphos 70 71 60
2 PPh, 70 75 70
3 (R)-Fesulphos 0 (rac) 72 -20

[a] Determined by HPLC analysis using a chiral stationary phase.

enantiomer (—)3a with 20% ee (Table 5, Scheme 2) and was
confirmed by crystal structure analysis (Supporting Informa-
tion, Experimental studies, Crystal Data). The decreased
enantioselectivity observed for 3a employing a chiral catalyst
may be due the enantioselective retrocycloaddition of 4a as
discussed above (Table 5).

To further elucidate the reaction pathway, we performed
a kinetic experiment by reacting rac-4a with imine 2a
employing chiral catalyst (Supporting Information, Experi-
mental studies, Supplementary Table 3). In the early stages of
the reaction, 4a is rapidly converted into the endo, endo-
product (—)3a and an endo, exo-diastereomer (+)6a (Sche-
me 3a, Supporting Information, Experimental studies, Sup-
plementary Table 3). X-Ray analysis of the stereoisomeric
endo, exo-product (+)6arevealed that it is formed through an
exo-selective cycloaddition of iminoester 2a to the endo
monoaddition product (+)4a (Supporting Information, Crys-
tal Data). After three minutes, (—)3a and (+)6a are formed
with noticeable ee (40 % and 37 % ee, respectively) (Support-
ing Information, Experimental studies, Supplementary Ta-
ble 3). Over the course of the reaction, the ee of both products

((=)3a and (+)6a) decreases to 13% and —13% ee,
respectively. Furthermore, the product ratio changes through-
out the course of the reaction with more endo, endo-product
3a being formed over time while the yield of the endo, exo-
product 6a decreases over time (Supporting Information,
Experimental studies, Supplementary Table 3). A similar
trend was observed by performing the kinetic experiment
by subjecting racemic mono adduct rac-4a to cycloaddition
with iminoester 2g under chiral conditions (Supporting
Information, Experimental studies, Supplementary Table 4).

Since rac-4a is converted into two stereoisomers (—)3a
and (+4)6a with varying ratios and ee’s over time, it implies the
formation of kinetically and thermodynamically controlled
products during an enantioselective dynamic covalent process
resulting in interconversion of those stereoisomers. (Sche-
me 3a, Supporting Information Figure 1). The endo, exo-
stereoisomer (+4)6a is the kinetically favored product and is
formed faster than the thermodynamically more stable
product (—)3a.

To explain the decrease in enantioselectivity and the
change in product ratio over time, in accordance to the
observation in Scheme 2, we investigated the stability of
(+)6a. Compound (+)6a (37 % ee) was subjected to AgOAc
(6 mol%), (R)-Fesulphos (6.5mol%) and Cs,CO;
(40 mol %) and was partially converted to the more stable
and thermodynamically favored endo, endo-product (+)3a
with 59% ee (37 % yield) while (+)6a was recovered with
a lower ee of 20% (51% yield) (Scheme 3a, Supporting
Information, Experimental studies). This result provides
further evidence that (+)6a is labile under the reaction
conditions and that the change of enantioselectivity is due to
an enantioselective dynamic process in which the main
enantiomer of the kinetically favored product ((4)6a) is
converted to the minor enantiomer ((+)3a) of the thermo-
dynamically stable product (Scheme 3a/b). Furthermore,
highly enantiopure endo, exo-product (+)6a (95% ee) was
treated under identical conditions and was converted to the
stable thermodynamically favored endo, endo-product (+)3a
(95% ee, 92% yield) with retention of enantioselectivity
(Scheme 3 a).
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2a (1.1 equiv)

AgOACc (6 mol%),
PPhz (6.5 mol%)

DCM

Br

MeO,C

(5=
A

N\ o]
; rac-4a, 72%

Br

AgOAcC (6 mol%), B
(R)-Fesulpphos (6.5 mol%) ~N._CO,Me

C52C03 (40 mol%), DCM 2a (1.1 equiv)

thermodynamically favored 1 1

Br s 0
ta = \©vN CO,Me
_N._CO;Me

Cs,CO3 (40 mol%),
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Br,

AgOAc (6 mol%),
(R)-Fesulphos (6.5 mol%) MeOC

_ Cs,CO; (40 mol%), DCM HN<:|:““,"‘-

2a (2.2 equiv)
82%, 99%ee

Br

(+) 3a
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Scheme 3. a) Establishment of the stereodivergent catalyzed, double 1,3-dipolar cycloaddition of enone 1a and selected azomethine ylides and
control of enantioselectivity. b) Proposed mechanism and intermediates for the AgOAc/(R)-Fesulphos mediated retrocycloaddition and

interconversion.

To clarify through which intermediate the stereoisomeric
endo, exo-product (+)6a is converted to product (+)3a,
compound (+)6a (37% ee) was treated with iminoester 2g
(2 equiv) in the presence of AgOAc (6 mol %), (R)-Fesulphos
(6.5mol%) and Cs,CO; (40mol%) in DCM. An imine

exchange reaction was observed on the spirocycle affording
product 5k in moderate yield (65 % ) and 33 % ee (Scheme 3a,
Supporting Information, Experimental studies). The imine
exchange on the spirocycle indicates that the transformation
of endo, exo-product (+)6a to 5k proceeds through mono-

Angew. Chem. Int. Ed. 2021, 60, 20012—20020 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH www.angewandte.org

Chemie

20017


http://www.angewandte.org

An dte

Chemie

GDCh

=7 Research Articles

Internatic

addition product (+)4a as an intermediate. Therefore, the
thermodynamically less stable endo, exo-product 6a is con-
verted to mono addition product 4a through a retro cyclo-
addition followed by an endo-selective cycloaddition with
iminoester 2g to regenerate the spirocycle (Scheme 3a,
Supporting Information, Experimental studies). A chiral
(Ag-/(R)-Fesulphos) mediated dynamic covalent process is
occurring in which covalent bonds are cleaved through a retro
cycloaddition and reformed again by cycloaddition.

We also investigated whether endo, endo-product 3a can
be converted to its stereoisomer endo, exo-product 6a.
Racemic endo, endo 3a was treated with AgOAc (6 mol %),
(R)-Fesulphos (6.5 mol %) and Cs,CO; (40 mol %) with and
without iminoester 2a. Compound 3a was not converted to
product 6a which confirms the stability of endo, endo-product
3a compared to its stereoisomeric endo, exo-analog 6a under
the reaction conditions (Supporting Information, Experimen-
tal studies).

These findings suggest that the double cycloaddition of
enone 1 with imine 2 is in general a dynamic covalent process
which can be divided in two cycles (Supporting Information,
Figure 2). First, a Ag-/(R)-Fesulphos-catalyzed mono addi-
tion occurs to generate the chiral mono addition product 4 in
which the chirality is set. The initial enantiopurity of the mono
addition is > 95 % ee.

Opver time, a selective retro-cycloaddition for the major
enantiomer of mono adduct 4 is catalyzed by Ag-/(R)-
Fesulphos which induces its decomposition and results in
a decreased ee of monoaddition product 4 from >95% ee to
70-80% ee (Table 3, Supporting Information, Figure 2). The
main enantiomer of mono adduct 4 matches with the chiral
environment of the Ag-/(R)-Fesulphos complex as its decom-
position is faster compared to its enantiomer, resulting in
decrease of ee for mono adduct. In a second cycle starting
from the enantioenriched mono addition product 4, a second
cycloaddition takes place to generate a double cycloaddition
product. Here, two diastereomers are formed, the kinetically
favored non-stable endo, exo product 6 and the thermody-
namically controlled stable endo, endo product 3 (Sche-
me 3a). Through a dynamic covalent process, enantioselec-
tive retro-cycloaddition of non-stable kinetic product endo,
exo-6a occurs generating mono addition product 4, which is
then converted to the thermodynamically favored and stable
endo, endo product 3 (Scheme 3b, Supporting Information,
Figure 2).

Finially we investigated whether changes in reaction
conditions would enable a selective synthesis of kinetic
diastereomer 6. To this end, a solvent screen revealed that
in the aqueous system THF:H,O (4:1) a switch in diaster-
eoselctivity occurs. Treatment of enone 1a with 2.2 equiv of
iminoester 2a in the presence of (R)-Fesulphos L1
(6.5mol%) AgOAc (6 mol%) and Cs,CO; (40 mol%) in
this aqueous solvent system yields the endo, exo-product 6a
(95% ee, 60% yield) as the main diastereomer relative to
endo, endo product (+)3a (d.r. 4:1) (Table 6).

In contrast, in DCM the endo, endo-product 3a is
selectively obtained. The inversion in diastereoselectivity
may be due to a more favorable exo-selective transition state
in the aqueous environment. Alternatively interconversion of

Table 6: Results of the enantioselective synthesis of the chiral endo-exo
adducts 6.7

(R)-Fesulphos (6.5 mol%) MeO,C

RZ
AgOAG (6 mol%) s, @NH
o T
YT 'COMe
sz O Rt

Cs,CO03 (40 mol%)
CO,Me THF:H,0 (4:1), 1t, 8 h

1 2 6
endo, exo
Product R R? Yield [%]®  eeld  dr.
6a 4-Br-C¢H, 4-Br-C¢H, 65 95 4:1
6b 4-Br-Cg-H, 4-MeO-C4H, 60 93 7:1
6¢C 4-Br-CgH, 4-F-CeH, 51 97 4:1
6d 4-Br-C¢H, 2-furyl 49 95 7:1
0]
6e 4-Br-CgH, < 48 95 7:1
(6]
6f 4-Br-CgH, 3-Me-CgH, 46 89 3:1
6g 4-Br-CgH, 3-furyl 52 95 6:1

[a] For General Procedure A, see Supplementary Methods. [b] Isolated
yields of the pure major enantiomer after column chromatography.
[c] Determined by HPLC analysis using a chiral stationary phase. Me,
methyl; Ph, phenyl.

6a to 3ais much slower in the aqueous solvent system relative
to DCM. The interconversion of the less stable kinetically
favored endo, exo product 6 to the thermodynamically
controlled product 3 might be a slow equilibrium process
which results in the kinetically controlled endo, exo product as
major diastereomer in THF:H,O (Scheme 4). Thus the speed
of isomerization of the stereoisomers is decreased. In DCM
the interconversion to reach the thermodynamically con-
trolled equilibrium may proceed faster, since the retro
cycloaddition from kinetically favored endo, exo product 6
to mono adduct 4 is more accelerated (Scheme 4). This was
confirmed by analysis of the interconversion of the non-stable
kinetic product endo, exo-6a to its thermodynamically more
stable endo, endo product 3a in both solvent systems.
Subjecting Compound (+)6a (95% ee) to AgOAc
(6 mol%), (R)-Fesulphos (6.5mol%) and Cs,CO;
(40 mol %) in DCM afforded (4+)3a with 37% yield after
1 h, while only traces were observed in aqueous conditions
after 1 h (Table 7). Expansion of the substrate scope con-
firmed the diastereoselectivity trend favoring 6 over its
thermodynamically more stable stereoisomer 3 when an
aqueous solvent system (THF:H,O) was employed (Table 6).

Conclusion

In summary, we have discovered an enantioselectively
catalyzed dynamic covalent one-pot-tandem cycloaddition of
azomethine ylides to a’-alkylidene-2-cyclopentenones. High
diastereo- and enantioselectivity was obtained for the for-
mation of the double cycloaddition products in a thermody-
namically controlled equilibrium process. A stereodivergent
synthesis was achieved since a switch in diastereoselectivity is
observed in aqueous solvent system (THF:H,O) and an
enantiodivergent selectivity is recorded for reactions starting
from racemic intermediate. Owing to differences in the
reactivity of the endo- and exocyclic double bonds of the o/'-

20018 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~ Angew. Chem. Int. Ed. 2021, 60, 2001220020


http://www.angewandte.org

GDCh Research Articles 4
~—_~7 et
"
Ar\7 “OAc
AgOAc (6 mol%),
Me05C A Ar  (R)-Fesulpphos (6.5 mol%) B N
HN@--“‘ /N { CsxCO; (40 mol%) Stnpg™”
+ =
= L o
. Y ' Ph o
AP CO,Me Fe !
4 2 §©7
‘ A
H
N._..CO,Me
Arin G
Me0,C Ar, T
2 - S /N MeO,C Ar,
HN(] tBu?O \ > By P NH
Y Y COMe < S g ATy~ Sunpg”” HNG»: “CO,Me
AF O Ar @ P/ \O/ < P/ N A:: 0x
3 : Ph, ‘ Ph ' f
Fe / Fe E 6
endo, endo == :
thermodynamically favored Q Q kineﬁc;?: ?;:;Zd
endo-adduct exo-adduct
in DCM . in THF:H,0

thermodynamically favored

kinetically favored
(major product)

Me0,C Ar, MeO,C Ar,
A~ P NH Tz
HNO / HNOH\%‘ o,
Y CO;Me + " " 'COMe
At Oar AT Oa
3 6
endo, endo endo, exo
fast \ fast
MeO,C
T ith Ar
HNG. —
A Y
4

thermodynamically favored

kinetically favored
{major product)

MeO,C Ar, MeOZC: Ar,
vy, B=NH ~ s, B-NH
HNG 7 HNG / )
o Y COMe " N "COMe
AP 0 Ar AP 0 Ar
3 6
endo, endo endo, exo

\ /slow
slow

MeO,C
T W Ar
HNG‘ —
P
A 0

Scheme 4. Proposed intermediates and transition states for formation of kinetically and thermodynamically favoured products 3 and 6 and

differences in DCM and THF:H,0.

Table 7: Results of the time dependent enantioselective interconversion
of enantioenriched endo, exo (+)6a to endo, endo (+)3a.

Br Br.

MeOZQ_ @
~ s, B-NH
HN(j‘ y
/:: [¢]
Q
Br Br

(+)6a
(endo, exo), 95% ee

MeOQC:

o,
HN(j‘ y,

e

Br
(+)3a

(endo, endo)

AgOAc (6 mol%),
(R)-Fesulpphos (6.5 mol%)
< co,Me Cs2CO3 (40 mol%), Solvent

1

Entry t[h] Solvent Yield [%)] el
1 0.5 DCM 13 95
2 1 DCM 37 95
3 0.5 THF:H,O no conversion n.d.
4 1 THF:H,0 traces n.d.

[a] Determined by HPLC analysis using a chiral stationary phase.
n.d.=not detected.

alkylidene-2-cyclopentenones, two different dipoles could be
successfully used in a one-pot process, yielding structurally
complex molecular frameworks with up to 8 stereocenters.

Acknowledgements

Research at the Max Planck Institute of Molecular Physiology
was supported by the Max Planck Society. Open access
funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: asymmetric synthesis -

diastereodivergent synthesis - dynamic covalent chemistry -

enantiodivergent synthesis - pseudo-natural products -
reversible cycloaddition

dte

Chemie

Angew. Chem. Int. Ed. 2021, 60, 20012-20020 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org 20019


http://www.angewandte.org

GDCh
~—

[1] D. Seebach, Angew. Chem. Int. Ed. Engl. 1990, 29, 13201367,
Angew. Chem. 1990, 102, 1363 -1409.

[2] S.J. Rowan, S.J. Cantrill, G.R. Cousins, J. K. Sanders, J. F.
Stoddart, Angew. Chem. Int. Ed. 2002, 41, 898—-952; Angew.
Chem. 2002, 114, 938 -993.

[3] J. M. Lehn, Chem. Eur. J. 1999, 5, 2455 -2463.

[4] J-M. Lehn, A. V. Eliseev, Science 2001, 291, 2331 -2332.

[5] P. T. Corbett, J. Leclaire, L. Vial, K. R. West, J.-L. Wietor, J. K.
Sanders, S. Otto, Chem. Rev. 2006, 106, 3652 —-3711.

[6] F.B. Cougnon, J. K. Sanders, Acc. Chem. Res. 2012, 45, 2211 -
2221.

[7] J. Hu, S. K. Gupta, J. Ozdemir, M. H. Beyzavi, ACS Appl. Nano
Mater. 2020, 3, 6239 —6269.

[8] Y.Jin, C. Yu, R. J. Denman, W. Zhang, Chem. Soc. Rev. 2013, 42,
6634 -6654.

[9] R.J. Lins, S.L. Flitsch, N.J. Turner, E. Irving, S. A. Brown,
Tetrahedron 2004, 60, 771 —-780.

[10] A. Martinez-Castafieda, H. Rodriguez-Solla, C. Concell6n, V.
del Amo, Org. Biomol. Chem. 2012, 10, 1976 -1981.

[11] R. C. Boutelle, B. H. Northrop, J. Org. Chem. 2011, 76, 7994 —
8002.

[12] B. Shi, M. E. Greaney, Chem. Commun. 2005, 886 —888.

[13] C. W. Lee, R. H. Grubbs, J. Org. Chem. 2001, 66, 7155-7158.

[14] K. Hata, N. Arichi, Y. Yamaoka, K. i. Yamada, Y. Takemoto, K.
Takasu, Asian J. Chem. 2014, 3, 706 -710.

[15] G. Karageorgis, E. S. Reckzeh, J. Ceballos, M. Schwalfenberg, S.
Sievers, C. Ostermann, A. Pahl, S. Ziegler, H. Waldmann, Nat.
Chem. 2018, 10, 1103 -1111.

[16] T. Schneidewind, S. Kapoor, G. Garivet, G. Karageorgis, R.
Narayan, G. Vendrell-Navarro, A. P. Antonchick, S. Ziegler, H.
Waldmann, Cell Chem. Biol. 2019, 26, 512-523. e515.

[17] a) A. Christoforow, J. Wilke, A. Binici, A. Pahl, C. Ostermann, S.
Sievers, H. Waldmann, Angew. Chem. Int. Ed. 2019, 58, 14715—

Research Articles

An dte

Chemie

Internatic

14723; Angew. Chem. 2019, 131, 14857-14865; b)J. Liu, J.
Flegel, F. Otte, A. Pahl, S. Sievers, C. Strohmann, H. Waldmann,
Angew. Chem. Int. Ed. 2021, https://doi.org/10.1002/anie.
202106654; Angew. Chem. 2021, https://doi.org/10.1002/ange.
202106654.

[18] J. Ceballos, M. Schwalfenberg, G. Karageorgis, E. S. Reckzeh, S.
Sievers, C. Ostermann, A. Pahl, M. Sellstedt, J. Nowacki, M. A.
Carnero Corrales, Angew. Chem. Int. Ed. 2019, 58, 17016—
17025; Angew. Chem. 2019, 131, 17172-17181.

[19] D.J. Foley, S. Zinken, D. Corkery, L. Laraia, A. Pahl, Y.-W. Wu,
H. Waldmann, Angew. Chem. Int. Ed. 2020, 59, 12470-12476;
Angew. Chem. 2020, 132, 12570-12576.

[20] G.Karageorgis, D. J. Foley, L. Laraia, H. Waldmann, Nat. Chem.
2020, 12, 227-235.

[21] A.P. Antonchick, C. Gerding-Reimers, M. Catarinella, M.
Schiirmann, H. Preut, S. Ziegler, D. Rauh, H. Waldmann, Nat.
Chem. 2010, 2, 735-740.

[22] S. Cabrera, R. G. Arrayas, J. C. Carretero, J. Am. Chem. Soc.
2005, 127, 16394 —16395.

[23] J. M. Longmire, B. Wang, X. Zhang, J. Am. Chem. Soc. 2002, 124,
13400-13401.

[24] M. Potowski, M. Schiirmann, H. Preut, A.P. Antonchick, H.
Waldmann, Nat. Chem. Biol. 2012, 8, 428.

[25] S.R. Vidadala, C. Golz, C. Strohmann, C.G. Daniliuc, H.
Waldmann, Angew. Chem. Int. Ed. 2015, 54, 651 -655; Angew.
Chem. 2015, 127, 661 —665.

[26] R. Narayan, M. Potowski, Z.-J. Jia, A.P. Antonchick, H.
Waldmann, Acc. Chem. Res. 2014, 47, 1296—1310.

Manuscript received: June 17, 2021
Revised manuscript received: July 6, 2021
Accepted manuscript online: July 8, 2021
Version of record online: August 3, 2021

20020 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 60, 2001220020


https://doi.org/10.1002/anie.199013201
https://doi.org/10.1002/ange.19901021118
https://doi.org/10.1002/1521-3773(20020315)41:6%3C898::AID-ANIE898%3E3.0.CO;2-E
https://doi.org/10.1002/1521-3757(20020315)114:6%3C938::AID-ANGE938%3E3.0.CO;2-K
https://doi.org/10.1002/1521-3757(20020315)114:6%3C938::AID-ANGE938%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2455::AID-CHEM2455%3E3.0.CO;2-H
https://doi.org/10.1126/science.1060066
https://doi.org/10.1021/cr020452p
https://doi.org/10.1021/ar200240m
https://doi.org/10.1021/ar200240m
https://doi.org/10.1021/acsanm.0c01327
https://doi.org/10.1021/acsanm.0c01327
https://doi.org/10.1039/c3cs60044k
https://doi.org/10.1039/c3cs60044k
https://doi.org/10.1016/j.tet.2003.11.062
https://doi.org/10.1039/c2ob06648c
https://doi.org/10.1021/jo201606z
https://doi.org/10.1021/jo201606z
https://doi.org/10.1039/b414300k
https://doi.org/10.1021/jo0158480
https://doi.org/10.1038/s41557-018-0132-6
https://doi.org/10.1038/s41557-018-0132-6
https://doi.org/10.1016/j.chembiol.2018.11.014
https://doi.org/10.1002/anie.201907853
https://doi.org/10.1002/anie.201907853
https://doi.org/10.1002/ange.201907853
https://doi.org/10.1002/anie.202106654
https://doi.org/10.1002/anie.202106654
https://doi.org/10.1002/ange.202106654
https://doi.org/10.1002/ange.202106654
https://doi.org/10.1002/anie.201909518
https://doi.org/10.1002/anie.201909518
https://doi.org/10.1002/ange.201909518
https://doi.org/10.1002/anie.202000364
https://doi.org/10.1002/ange.202000364
https://doi.org/10.1038/s41557-019-0411-x
https://doi.org/10.1038/s41557-019-0411-x
https://doi.org/10.1038/nchem.730
https://doi.org/10.1038/nchem.730
https://doi.org/10.1021/ja0552186
https://doi.org/10.1021/ja0552186
https://doi.org/10.1021/ja025969x
https://doi.org/10.1021/ja025969x
https://doi.org/10.1038/nchembio.901
https://doi.org/10.1002/ange.201409942
https://doi.org/10.1002/ange.201409942
https://doi.org/10.1021/ar400286b
http://www.angewandte.org

