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Introduction

Chirality plays an essential role in biological processes. The majority of naturally
occurring molecules, such as amino acids, sugars, nucleic acids, alkaloids etc are
present as single enantiomers. The development of new stereoselective methodologies
for the synthesis of chiral products has significant importance for the synthetic
chemistry. Opposite enantiomers of one compound can have different biological
activities varying from lower activity of one enantiomer to quenching activity of each
other towards one biological target.

With known chemistry techniques, almost every compound with high levels of
stereocomplexity can be synthesized. Resolving racemic mixtures, using chiral
auxiliaries or starting from natural chiral building blocks can be applied. However, the
real challenge is to obtain the final chiral product atom efficiently with minimum
reaction steps, thereby lowering the cost, time spent and amount of waste. Enzymatic
transformations and asymmetric organometallic catalysis were generally used to
achieve this goal until the end of the last century, when organocatalysis, using small
enantiomerically pure organic molecules as catalysts, became a new popular research
field of enantioselective synthesis. The organocatalytic approach does not require an
inert atmosphere or completely dry conditions which makes it possible to use simple
reaction setups.

This doctoral thesis is focused on the development of a new enantioselective H-bond
catalyzed  spirocyclopropanation and the Wittig [2,3]-rearrangement. A
spirocyclopropane core structure can be found in many natural and synthetic
compounds, exhibiting a wide range of biological activities, which has made them
valuable synthetic targets (Publication 1). The Wittig [2,3]-sigmatropic rearrangement of
allylic or propargylic ethers is an efficient tool for the insertion of stereocomplexity into
organic compounds and has found application as a key step for the total synthesis of
various natural products (Publications Il and Ill).



Abbreviations

Ac

aqg.
Ar

B
BINOL
Boc
Bu
CCso
Cy
d.r.
DCE
DCM
DME
DMF
DMSO
ECso
ee

Et
EWG
EPR
equiv.
HIV-1
HMDS
HPLC
Huh7
iPr

Ki

LDA
LG
LUMO

MIRC
MS
MT4
MTBE
nBu
NMR
Nu
PG

acetyl

agueous

aryl

base

1,1'-bi-2-naphthol
tert-butyloxycarbonyl

butyl

concentration that reduced cell viability by 50%
cyclohexyl

diastereomeric ratio
1,2-dichloroethane

dichloromethane
1,2-dimethoxyethane
N,N-dimethylmethanamide

dimethyl sulfoxide

half maximal effective concentration
enantiomeric excess

ethyl

electron-withdrawing group

electron paramagnetic resonance
equivalent

human immunodeficiency virus, type 1
bis(trimethylsilyl)amine, hexamethyldisilazane
high pressure liquid chromatography
well differentiated hepatocyte-derived carcinoma cell line
isopropyl

inhibitor affinity

ligand

lithium diisopropylamide

leaving group

lowest occupied molecular orbital
methyl

Michael-initiated ring-closure
molecular sieves

human tumor cell line

methyl tert-butyl ether

normal butyl

nuclear magnetic resonance
nucleophile

protecting group



Ph
pKa
PTC
RP

rt
SAEP
TACE
TBS
TBDPS
tBu
Tf
THF
TIPS
TLC
TMS
Ts

phenyl

acid dissociation constant at logarithmic scale
phase transfer catalysis

reversed-phase

room temperature
(S)-amino-2-(1-ethyl-1-methoxypropyl)pyrrolidine
tumor necrosis factor a converting enzyme
tert-butyldimethylsilyl

tert-butyldiphenylsilyl

tert-butyl

triflate

tetrahydrofuran

triisopropylsilyl

thin layer chromatography

trimethylsilyl

tosyl



1 Literature overview

1.1 Enantioselective H-bond mediated catalysis

The cyanation of aldehyde in the presence of Cinchona alkaloid quinidine I, developed
by Bredig in 1912, is considered to be the first example of an asymmetric
organocatalytic reaction (Scheme 1).! Despite the early discovery, the field of
organocatalysis remained rather unexploited for more than eighty years.

ee <10%

Scheme 1. First example of asymmetric organocatalysis.

Two main types of modern organocatalysis are recognized: covalent, in which a catalyst
forms a covalent bond with a starting compound (amines and carbenes are used as
catalysts) and non-covalent, in which a catalyst forms an active complex with starting
materials through weak interactions. In this chapter a brief overview of H-bond
mediated organocatalysis is given.

H-bond interactions play a fundamental role in the special folding of proteins and
nucleic acids. Moreover, enzymatic reactions and biological molecular recognition
would be impossible without hydrogen bonds.? In H-bond mediated reactions, the
organocatalyst, as a donor, activates the electrophilic substrate by lowering its electron
density (it decreases the LUMO). The chirality of the substrate-catalyst complex derived
from the catalyst leads to an enantioselective attack of the nucleophile and the
formation of an asymmetric product (Scheme 2).3

. :
R1lL6R2
Scheme 2. General mechanism for the asymmetric H-bond mediated nucleophilic

addition.

H-bond catalysis can be divided into two groups according to activation mode: simple
hydrogen bonding and bifunctional catalysis (Figure 1).#>® These catalysts feature
different activation mechanisms and reactivities.” In pioneering research, Jacobsen et
al. used chiral thioureas as organocatalysts for the Strecker reaction, which
demonstrated the great potential of asymmetric hydrogen bond catalysis.” Five years
later, the Takemoto research group developed the first chiral bifunctional catalyst.® The
chiral tertiary amino group of the catalyst serves as a base, while the thiourea fragment
links to the electrophile and controls the nucleophilic attack. Also, an unmodified
Cinchona alkaloid, such as quinidine I, containing the basic quinuclidine group and the
hydroxy group as the H-bond donor can be used as a bifunctional catalyst.?

10
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Figure 1. Modes of hydrogen bond catalysis.
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Figure 2. Examples of chiral bifunctional catalysts.

Over the years, a significant number of different bifunctional catalysts have been
synthesized and applied in various reactions (Figure 2). While thioureas Il and Ill are
based on enantiomerically pure diamines, it is very common to use such natural
products as Cinchona alkaloids as chiral cores in bifunctional catalysts (Sods-type
thiourea IV and squaramide V).>1%1! |n 2012 Pihko et al. reported a Mannich reaction
catalyzed by a cooperatively assisted urea-thiourea catalyst VI.12 In this novel catalyst,
the urea group activates the thiourea group through intramolecular hydrogen bonds,
strengthening the H-donor properties of the latter. Another example of the tuned
bifunctional catalyst VIl was reported by the Lambert group.® The new family of
catalysts is based on a highly basic cyclopropenimine scaffold, whose basicity is
comparable to that of guanidines. The bifunctionality of H-bond catalysts is not limited
to Lewis/Brgnsted basicity. In the work published by the Wang research group, the
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tertiary amino group of BINOL-derived thiourea VIl promoted a Morita-Baylis-Hillman
reaction by a nucleophilic addition to the substrate, which is activated by dual H-
bonding.}* Moreover, bifunctional catalysts bearing primary (thiourea IX) or secondary
amino groups have been successfully applied in iminium/enamine activation catalysis.®

Although squaramide-based bifunctional catalysts are not as widely used as thiourea
analogs, they have structural and electronic properties which can be beneficial in
certain reactions (Figure 3).2® The most important differences are a) H-bond formation
duality in squaramides, b) H-bond spacing distances, c) disposition of the hydrogen
bonds, d) rigidity and e) pK; values (squaramides are more acidic).

b) o. 0
S
a) H-bond acceptor R\NXN/R R‘Nj iN’R
| ' H H H H
s Oj {O ~2.1A ~27A
R. .R
NJ\N R-N N-R

H H H H )

(@] O
S
H-bond donor H-bond donor R\*J\*R R\xg 7de _R

Figure 3. Differences in thioureas and squaramides.

To sum up, combining different chiral scaffolds with different hydrogen bonding
fragments and activation modes provides great opportunity for the catalyst design.
Asymmetric H-bond mediated catalysis has become a versatile tool in the modern
organic synthesis and remains to be a gradually developing field of research.

1.2 Asymmetric spirocyclopropanation

Natural products containing the spirocyclopropane motif exhibit a wide range of
biological activities and have inspired scientists to develop new methods for the
synthesis of their analogs (Figure 4). For example, the fungal metabolite illudins M and
S are highly cytotoxic against tumor cell lines (Huh7 and MT4).% Spirocyclopropyl
oxindole 1, which was isolated from the cells of cultured cyanobacteria, acts as an
arginine vasopressin inhibitor.'® Novel spirocyclopropyl hydroxamate 2 inhibits TACE
and potentially can be applied in the treatment of various autoimmune disorders such
as rheumatoid arthritis, Crohn’s disease and psoriasis.’® Synthetic spirocyclopropyl
oxindole 3 has showed nanomolar level activities as an HIV-1 non-nucleoside reverse
transcriptase inhibitor, whereas oxindoles 4 exhibit antitumor activity and are effective
in the treatment of obesity and diabetes.?%%!

From the synthetic point of view, constructing a substituted spirocyclopropane unit in
the asymmetric fashion is an especially challenging task due to the presence of three
continuous carbon stereocenters in the highly strained three-membered ring.?? Several
successful methods have been developed to achieve this goal and can be divided into
two main groups: organocatalyzed and transition metal-catalyzed approaches.
Spirocyclopropyl compounds containing different functional groups or substituents can
be obtained depending on the type of the catalysis applied.??

12
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Figure 4. Bioactive compounds containing spirocyclopropane unit.

1.2.1 Organocatalyzed spirocyclopropanation

The selected organocatalytic methods described in this section are based on a Michael-
initiated ring-closure mechanism, an efficient tool for the synthesis of cyclopropanes
with high stereocontrol (Scheme 3).2* The sequence starts with the conjugated addition
to a,B-unsaturated electrophiles, which typically leads to the formation of an enolate or
its synthetic equivalent and intramolecular ring closure. In theory, with an appropriate
combination of reaction conditions and a catalyst in hand, a cyclopropane with three
adjacent quaternary carbon centers can be obtained. Enantiomeric H-bond, amino and
PTC-catalysts have been used to achieve high enantioselectivity of the cyclization.

EWG!G R' EWG'R'

EWG! __R! R4
base
I + )\ 5 “Michael R? \v R* —— R? R*
LG/ EWG ichael R3 EWG? intramolecular R®  EWG?

R? w addition (e alkylation

Scheme 3. Michael-initiated ring-closure mechanism.

A highly enantioselective cyclopropanation of alkylidene oxindole 5 with
bromonitromethane 6 was reported by the Bencivenni group (Scheme 4).2° The
reaction is catalyzed by thiourea X and provides spirocyclopropyloxindole 7 in good to
excellent yields and selectivities. Only an insignificant decrease in selectivity was
observed when different R! and R? groups were tested. Products with two adjacent
quaternary carbon centers were obtained when a-bromonitromethane 6 was used as a
Michael donor. However, in this case the diastereoselectivity of the reaction was
considerably lower. According to the authors, bromonitromethane 6 is activated by the
basic quinuclidine moiety, while both carbonyl groups of the alkylidene oxindole 5 are
simultaneously hydrogen-bonded to the thiourea fragment, which plays a crucial role in
the stereochemical outcome of the reaction.

13



0
RS R R | MeO N
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Scheme 4. Cyclopropanation of alkylidene oxindole 5.

Only a few months later, Lattanzi et al. published another example of organocatalytic
enantioselective spirocyclopropanation (Scheme 5).26 The bifunctional catalyst Xl, as a
secondary amine, is usually used for iminium/enamine activation through condensation
to carbonyl compounds. However, in this reaction it acts as a base by deprotonating
bromomalonate 9 and coordinates Michael acceptor 8 through hydrogen bonding.
Despite the similar activation mode compared to the previous example,
cyclopropanation did not proceed under identical conditions when Sods-type thiourea
catalysts were used. Although high catalyst loading was needed to obtain
spirocyclopropanes 10 in excellent yields and good enantioselectivity, the given
methodology confirmed the potential of the noncovalent catalysis for
spirocyclopropanation.

Ar? Ar?
o XI (50 mol%) O coMe m
+ MeO,C._COMe _KeCOs (05 equiv) COzMe N oH
Ar! \( chlorobenzene, H X
o) Br -30 °C Ar'

o Ar? = 3,5-(Me),Ph
8 9 10 (Me),
Ar'! = Ph, 4-tBu, 2-MePh, 4-MeOPh, 8 ?J‘;?Z'S;
- -~ o yiel - o
: hc/llF’g,ch CIPh, 3,5-(tBu),Ph, 6 60-85%
-IvVie

Scheme 5. Enantioselective synthesis of spirocyclopropane 10.

In 2012, our research group in collaboration with Prof. Malkov reported the preliminary
results of enantioselective spirocyclopropanation in which 3-chlorooxindole 11 was
used as a Michael donor (Scheme 6).2” On the one hand, the chlorine atom at the third
position of the oxindole increases the acidity of the C3 proton. On the other hand,
chlorine is a good leaving group, making 3-chlorooxindole 11 a perfect candidate for
the formation of the quaternary stereocenter in cascade reactions. A year later, a new
reaction of chlorooxindole 11 with a,B-unsaturated aldehydes 14, leading to the
formation of spirooxindoles 15, was described, and a broadened scope of bis-
spirooxindoles 13 was disclosed.?® Our group has demonstrated that 3-chlorooxindoles
11 can participate in the reactions catalyzed by two different types of organocatalysts,
which triggered other researchers to use it as a precursor in the synthesis of
spirocyclopropyl oxindoles (Scheme 7).
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Scheme 6. Spirocyclopropanation of 3-chlorooxindole 11.

Lu et al. reported a two-step procedure for the synthesis of spirocyclopropyl oxindoles
17.% The first step is an enantioselective Michael addition of 3-chlorooxindoles 11 to
nitrostyrene 16 catalyzed by thiourea XIV followed by the intramolecular trapping of
the intermediate under basic conditions. The final products 17 were isolated with
outstanding diastereo- and enantioselectivities. In the work of the Melchiorre group,
the highly stereoselective synthesis of spirocyclopropyl oxindoles 19 was achieved by a
cascade reaction that integrates a vinylogous iminium/dienamine tandem sequence.’
The authors demonstrated the complete control of the &-site selectivity of the 1,6-
conjugated addition of 3-chlorooxindoles 11 to linear 2,4-dienals 18, introducing a
bulky group within the B-dienal structure. Du et al. described another example of the
spirocyclopropanation of 3-chlorooxindole 11, in which arylidenepyrazolone 20 was
used as a Michael acceptor.3! The highly functionalized spiro-pyrazolone-cyclopropane-
oxindole 21 contains three motifs that can be found in many biologically active
molecules, making it a particularly valuable compound for pharmaceutical studies.
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(a)

H,O

Scheme 7. (a) H-bond activation; (b) iminium/enamine activation.

In one of the latest examples, Jgrgensen et al. explored benzofulvenes 22 as Michael
acceptors in asymmetric phase transfer catalysis, employing a Cinchona alkaloid based
quaternary ammonium salt catalyst XVII (Scheme 8).32 A wide range of cyclopropane
spiroindenes 23 carrying different functional groups (aromatic, heteroaromatic,
carbonyl and aliphatic) were synthesized in excellent yields and selectivities at a very
low catalyst loading for organocatalysis.

EWG
OMe
EWG XVII (1.0 mol%) el = B
e N . MeOZCYCOZMe 50% aq. KsPO, (10 equiv.) COMe OR 5
Pz Br toluene, N
-25°C, 24 h 7 COoMe
1 ! R 2
2 R 9 23
XVl NO
R' = Ph, 4-MeOPh, 4-NO,Ph, 4-CIPh, 1_6|3><;7mg;/s R = benzoyl 2
) i g g yiel - o
4 Berh, 4-MePh, 3-MePh, 2-MePh, dr 4.51-20-1
2-pyridyl, 2-furyl, CO,Et, iPr ee 81-99%

R? = 6-Cl, 7-Br; EWG = CN, CO,Et
Scheme 8. Spirocyclopropanation of benzofulvenes 22.
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1.2.2 Transition metal-catalyzed spirocyclopropanation

Asymmetric organocatalytic Michael-initiated ring-closure reactions are generally
limited to electron-deficient olefins and fail to incorporate electron-neutral olefins or
the selectivity of such transformations is rather low. On the other hand, catalytic
reactions involving metallocarbenes are well-known for cyclopropanation in which
there is a formal addition to a carbon-carbon double bond of electron-neutral or rich
olefins (Scheme 9).32 Usually, active metallocarbene intermediates are formed upon the
reaction of diazocarbonyl compounds with a transition metal catalyst. Nevertheless,
this type of transformation is very sensitive to the steric hindrance and geometry of
olefins, making it rather challenging to achieve high efficiency and stereocontrol in the
catalytic cyclopropanation.3*

. SR EWG R
EWS N+ MLy — EWG. _ML," — W/
N2

Scheme 9. Metallocarbene intermediate in cyclopropanation.

Doyle and co-workers reported the asymmetric rhodium-catalyzed
spirocyclopropanation of diazolactone 24 (Scheme 10).3° Although the reaction scope is
limited to four substrates and the enantioselectivity is moderate, the synthesized a-
spirocyclopropyl lactones 26 are very useful compounds that can be converted into
various building blocks. Later, Katsuki’s research group broadened the scope of the
reaction considerably, by using an Ir(Ill)-catalyst.3® Performing cyclopropanation at -78
°C, the authors achieved outstanding diastereo- and enantioselectivities (d.r. > 16:1 and
ee > 97% in most cases).

Doyle Katsuki
JACS 2006 R2 ACIE 2009
o (e} (o}

J 7R N RS R AL
o " 25 o 2 27 1 N
= Rha(XVII)4 (1 mol%) = XIX (1 mol%) R NS
26 CH,Cly, reflux 24 MS (4A), CH,Cly, 28
4 examples -78°C,72h 17 examples
yield 74-86% yield 67-99%

d.r. 5:1-20:1 d.r. 5:1-99:1
ee 73-86% ~ } ee 97-99%
/I

=N, 1 N=
Ir
WS
on RS
n XY,
o O~ O
[¢]

R = d-menthyl L = 4-MeCgHy"
XVl XIX

Scheme 10. Spirocyclopropanation of diazolactone 24.

Zhou et al. reported the first highly diastereo- and enantioselective mercury-catalyzed
olefin cyclopropanation using diazooxindoles 29 (Scheme 11).37 Generally, different
substituents of the diazooxindoles 29 had little influence on the selectivity and
spirocyclopropyl oxindoles 31 were isolated in high diastereomeric and enantiomeric
purities and also in high yields. Although substituted styrenes 30 also worked
reasonably well, disubstituted alkenes, such as trans-anethole, a-methylstyrene and
indene, provided products in only moderate yields and enantiopurities. In view of this
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challenge, the group turned their attention to the exploration of Au(l)-catalysis in
asymmetric olefin cyclopropanation.®® In the gold-catalyzed reaction, a broad range of
highly substituted alkenes 32 were wused, including 1,1-disubstituted, 1,1,2-
trisubstituted, simple 1,2-disubstituted cis and trans, and terminal ones. The products
33 were isolated with generally excellent yields (up to 98%) and stereoselectivities (d.r.
> 20:1 in all cases and 82-95% ee). However, only unprotected diazooxindoles 29 could
be used in the gold-catalyzed version, whereas both protected and unprotected
substrates were suitable for the mercury-catalyzed olefin cyclopropanation. Moreover,
these methods are limited only to aryl substituted substrates, because very low
reactivity and selectivity were observed in the reaction with alkyl-substituted olefins
under gold-catalysis conditions (4 days, 18% yield and 70% ee), leaving room for further
development.

7 R2 Zhou & Ding
o JACS 2013
Org. Lett. 2013 R3
Ar R 2
Ar N, R4 R\
S i s A
Hg(OTf)2 (2-5 mol%) L A~N XXI-(AuCl), (4.4 mol%) N
XX (2.2-5.5 mol%) R AgBF 4 (4 mol%) H
toluene, 0 or 25 °C 2 CeHsF, -40 or 0 °C 33
16 examples 32 examples
yield 48-97% R3 yield 52-98%
d.r. 13:1-20:1 % Rhp(XXII or XXIll), d.r. >20:1
ee 83-99% R R2 (0.5 mol%) ee 82-95%
34 DCE, 40 °C
R* R3
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QuaXu N T vield 44-99%
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Scheme 11. Spirocyclopropanation of diazooxindoles 29.

A similar approach was used by Qiu and Xu for the synthesis of spirocyclopropyl
oxindoles 35 starting from Boc-protected diazooxindole 29.3 The dirhodium-catalysts
used in this study are much more reactive towards alkyl-substituted alkene substrates,
compared to gold- and mercury-catalysts. Both aryl- and alkyl-substituted
spirocyclopropyl oxindoles 35 were synthesized with low catalyst loading in good to
high yields and high to excellent enantioselectivities. The authors also claim that the
steric effect of the Boc-protecting group plays a critical role in the stereoinduction
process.

Alternatively to the methods described above, Feng’s research group used
phenyliodonium ylide malonate 36 for the cyclopropanation of alkylidene oxindole 5
(Scheme 12).%° Phenyliodonium ylide decomposes under mild reaction conditions to
form free triplet carbene, which undergoes an asymmetric electronic addition to the
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double bond of alkylidene oxindole 5 activated by a chiral Lewis acid (nickel complex).
The authors proved by EPR spectroscopy that the cyclopropanation occurs through a
stepwise mechanism involving a biradical intermediate (Scheme 13). The
transformation tolerated a wide range of substituents (both electron-donating and
-withdrawing) in close proximity to the reaction center in alkylidene oxindole 5
Spirocyclopropyl oxindoles 37 were obtained as single diastereoisomers in outstanding
yields and enantioselectivities in most cases. Decreased reactivity was observed only
for highly bulky substrate (R? = Cy).

RZ RZ
XXIV-Ni(OTf) o S0aMe ® ®
Ph -NIO T2 CO,M
X | (5 mol%) SN ; 2Me N.,‘/\ o‘N o

R~ + —_  » R-L o—\‘\ (o)
A° L EGOICH,Clp, . R W N D VTR CIECL TN
\ MeO,C~ ~CO,Me 330°C | ) |
5 Boc 36 37 Boc Ar XXIV Ar
Ar = 2,6-iPr,Ph
R'" = 5-Me, 5-MeO, 5-F, 5-Cl, 23 examples
5-Br, 5-1, 6-Cl, 6-Br V'g'd 321-391%
o y r>19:
R? = alkyl, aryl, ENG ce 85.99%

Scheme 12. Spirocyclopropanation via free triplet carbene.
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Scheme 13. Proposed stereochemical model.

1.2.3 Summary of asymmetric spirocyclopropanation

Spirocyclopropanes are versatile building blocks for the synthesis of bioactive
compounds. The asymmetric cyclopropanation of electron-deficient olefins is generally
realized with an organocatalytic MIRC reaction sequence, while electron-neutral or rich
olefins undergo cyclopropanation via transition metal-catalyzed carbene transfer.
Organocatalytic methods are operationally simple and more flexible, whereas metal-
catalyzed reactions are very sensitive to bulkiness and the geometry of substrates and
usually require dry and oxygen-free conditions. On the other hand, excellent
stereocontrol can be achieved in metal-catalyzed reactions even with very low catalyst
loadings.

1.3 Asymmetric Wittig [2,3]-rearrangement

The Wittig rearrangement is a pericyclic sigmatropic reaction that leads to the
formation of homoallyl alcohols from allyl ether derivatives.** The rearrangement of
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allyl ether was first reported in 1949 by the G. Wittig research group.*? Nevertheless,
the mechanism of this reaction was unclear until 1960, when Cast and Stevens
unambiguously proved that the transformation proceeds through a [2,3]-allylic shift.*®
While the Wittig [1,2]- and [2,3]-rearrangements are well described for the preparation
of substituted alcohols (Scheme 14), [1,4]- and [3,4]-rearrangements remain rather
unexamined. A comprehensive description of only the Wittig [2,3]-rearrangement is
provided in this chapter.

R"
1 3 1 2 1

R2Z ~_~, =—————— R_O__A_R — RzA _~

YR Twiignar Y Y Y Wittg [2.3] O
H rearrangement rearrangement OH

1 1

Scheme 14. Wittig [1,2]- and [2,3]-rearrangement.

A Wittig [2,3]-rearrangement is induced by a base, which deprotonates allyl ether, and
the formed carbanion is stabilized by an electron-withdrawing group (Scheme 15). The
intermediate undergoes a concerted sigmatropic rearrangement through a five-
membered envelope-like transition state that leads to the cleavage of the ether C-O
bond and to the formation of a new C—C bond. Finally, the homoallyl alcohol is released
after protonation. Because of the well-defined five-membered transition state, the
reaction usually proceeds with a high level of stereocontrol caused by steric effects and
electronic interactions. Depending on the substituents, up to two stereogenic centers
can be formed.

o~ 2 3.R . R
EWG._O._ SR 228, EWG. O~ R~ S RI_. /\L M EWGY'\/
© H o6 %o 2 Ewe S
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Scheme 15. Mechanism of a Wittig [2,3]-rearrangement.

The presented literature examples of asymmetric Wittig [2,3]-rearrangements can be
divided into two main groups: the stoichiometric and catalytic approaches. In the first
case, compounds applied for asymmetric induction are used in equivalent amounts,
while the second approach requires only catalytic quantities of chiral compound.
Although the first examples of the asymmetric Wittig [2,3]-rearrangement were
reported by Nakai in 1984* and Marshall in 19874, there was only one example of an
asymmetric organocatalytic Wittig rearrangement by the time our research group
started this project in 2013.46

1.3.1 Stoichiometric approach

Enders and coworkers reported a highly stereoselective Wittig [2,3]-rearrangement of
hydrazones 39 using chiral auxiliary SAEP XXV for asymmetric induction (Scheme 16).%
a-Hydroxycarbonyl compounds 41 were synthesized over three steps in good total
yields and stereoselectivities. The sequence started with the addition of hydrazine XXV
to alkyloxycarbonyl compounds 38 and the formed hydrazone 39 underwent
diastereoselective [2,3]-rearrangement under basic conditions. It is worth pointing out
that hydrazones derived from aldehydes and acyclic ketones reacted smoothly with
LDA at very low temperatures, while cyclic hydrazones were more sterically hindered
and required a stronger base as well as higher temperatures. In the final step,
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intermediates 40 were hydrolyzed under acidic conditions to yield a-hydroxycarbonyl
compounds 41 with two stereogenic centers in high yields.

9 O Rt R?
0 R3 “L_ __ 17 examples
RAK( N e R! dor. 3:1-30:1
. 2 4 f OH o
. __R R 49-75% “__.R2 ee 63-97%
38 RS = alkyl R4
R%=H, Me
Et Et
N OMe 86—ég% pentane
79-99%
NHz yxv °
Et Et RY=Et Ph, H: R: = H Et Et
OMe LDA OMe
N, THF, -100 - -78 °C N,
N 82-100% N R* RS
R1K(OWR3 R'=R? = (CH RN
Ry . =R = (CHy)- ; on
. __R R tBuLi " __.R2
39 THF, -100 - 0°C 40

77-81%
Scheme 16. Asymmetric Wittig [2,3]-rearrangement of SAEP hydrazones 39.

A similar approach was applied by Kress et al.,, but instead of carbonyl group
derivatization the authors synthesized chiral amides 42 over a two-step procedure
starting with the corresponding carboxylic acids and enantiomerically pure
aminoindanol XXVI (Scheme 17).#® Lithium enolates derived from amide 42 bearing E-
alkenes underwent a [2,3]-rearrangement with a good level of stereocontrol. However,
low and reversed diastereoselectivity was observed when a Z-substrate was submitted
to the reaction. The authors also demonstrated that the obtained a-hydroxy amides 43
can be converted to functionalized cyclic and acyclic amino acid derivatives.

L3 1 L IR oH
(o} R LiHMDS NF
o N \/\( N)%/

HMPA o) NH,
R2 R OH
THF,
78 0°C
42 43

XXVI
R"=H, Me, Et, Ph 5 examples
22 yield 80-97%
Ri=HE d.r. 1:2-30:1

Scheme 17. Asymmetric Wittig [2,3]-rearrangement of aminoindanol-derived amides
43.

Li’s research group used the auxiliary XXVII derived from chiral secondary alcohol for
the total synthesis of (+)-eldanolide 47 (Scheme 18).* Eldanolide 47 is the pheromone
of the male African sugar stem borer. The Wittig [2,3]-rearrangement of chiral
unsaturated ester 44 resulted in the formation of lithium alkoxide 45, which underwent
spontaneous lactonization, leading to the cleavage of the chiral auxiliary, and thus no
additional step was needed to remove the auxiliary. Isolated in excellent yield and
enantioselectivity, the unsaturated lactone 46 was transformed to (+)-eldanolide 47,
with a conserved enantiomeric excess over two steps.
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Scheme 18. Total synthesis of (+)-eldanolide 47.

The asymmetric [2,3]-Wittig rearrangement of various benzylic ethers 48 was reported
by Maezaki and co-workers (Scheme 19).°° A mixture of organolithium reagent and
chiral ligand XXVIIl was used in this approach in order to achieve the stereoselective
lithiation of benzylic ether 48. The described transformation is very sensitive to
substituents in the aromatic core of the substrate. Although enantioselectivity up to
98% and vyield up to 82% were achieved, a dramatic drop in yield and selectivity was
observed when an electron-donating methoxy group was placed in ortho- or para-
position.

E
XXVIII (1 equiv.) TIPSO 7><r
TIPSO
_ tBuLi (10 equiv.) — TIPSO J
“hexane, -78 °C, LisXXVIl - {
5 ’ ' Y ,

07 NAr 2h o ar HO™ MAr | BU xxyy Bu
48 49 50
Ar = Ph, 4-MeOPh, 3-MeOPh, 2-MeOPh, 11 examples
3,4-(MeO),Ph, 3,5-(MeO),Ph, 2,3-(MeO),Ph, yield 32-82%
2,5-(MeO),Ph, 3,4,5-(MeO);Ph, 2-EtPh, 2-PhPh ee 8-98%

Scheme 19. Synthesis of homoallyl alcohols 50.

Later, the same group demonstrated the application of the developed method in the
total synthesis of eupomatilones 51, which were isolated from the Australian shrub
Eupomatia bennettii (Scheme 20).°! The asymmetric [2,3]-Wittig rearrangement was
used as a key step in this synthesis for the chirality insertion. The [2,3]-rearrangement
proceeded well, even though the substrates were highly substituted and homoallyl
alcohols 52 were isolated in high yields and selectivities. The final products were
obtained over 5-6 steps in 23-50% total yield.

Williamson
ether synthesis

asymmetric TIPSO = -
oR'  Wittig [2,3]- P

OR'

rearrangement -0
> 3
OR? R0 OR?
e
RO Suzuki
R® ", cross-coupling
53
(+)-eupomatilone 2 a: yield 98%, ee 89%;
(@ R'=R2=R3=R*= Me, RS = OMe); b: yield 74%, ee 91%;

i o o
(+)-eupomatilone 5 c: yield 54%, ee 88%

(b: R' = R2= Me, R%R* = CH,, R® = H);
(+)-eupomatilone 1
(c: R'/R? = CHy, R®= R* = Me, R® = OMe)

Scheme 20. Total synthesis of eupomatilones 51.
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1.3.2 Catalytic approach

In 2006, the Gaunt research group described the organocatalytic Wittig [2,3]-
rearrangement of allyloxyketones 54 using a secondary amine pyrrolidine as a catalyst
(Scheme 21).%6 The substrate scope is broad, and the transformation proceeds with
good diastereoselectivities under mild reaction conditions. The reaction setup is
operationally simple and does not require dry or oxygen-free conditions.

®

N 0 R?
0 R? 20 mol% 1%/
R
2 _—
R1K/O\A/R MeOH, -15 °C - rt, OH R3
54 240r72h 55

R' = alkyl 14 examples
R? = Ar, CH,Me, C=CTIPS, vield 55-96%

CH,SiMe, dr. 1:1-7:1
R® = Me (one example)

Scheme 21. Pyrrolidine-catalyzed Wittig [2,3]-rearrangement of allyloxyketones 54.

The catalytic cycle starts with enamine formation upon the reaction between
pyrrolidine and allyloxyketone 54a (Scheme 22). Enamine with thermodynamically
favored E-geometry undergoes a [2,3]-rearrangement via the syn transition state 56 to
form a-hydroxyketone 55a after the hydrolytic release of the catalyst. It is believed,
that the hydrogen bond between methanol and the ether oxygen atom stabilizes the
developing negative charge and accelerates the rearrangement.

O Ph o
)W i )K/O\/\/Ph
OH N 54a
55a H
H,0 H,0

P ﬁ jph

OH
MeO-H,_ ¥
bol
- =~
I
<
56

Scheme 22. Proposed mechanism of the pyrrolidine-catalyzed Wittig [2,3]-
rearrangement.

The authors also reported the first enantioselective version of an organocatalytic Wittig
[2,3]-rearrangement (Scheme 23). For this purpose the chiral L-proline-derived catalyst
XXIX was used. Although the reaction rate was slow and a-hydroxyketone 55b was
isolated with modest stereoselectivities, this process demonstrated that the Wittig
[2,3]-rearrangement is not limited to strong basic conditions and can proceed in an
asymmetric catalytic fashion.
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Scheme 23. Synthesis of a-hydroxyketone 55b.

Nine years later, another example of the asymmetric organocatalyzed Wittig [2,3]-
rearrangement was published by Denmark and Cullen (Scheme 24).>2 In this approach,
chiral phase-transfer catalysts were used in order to facilitate the compound transfer
between different phases and for asymmetric induction. Corresponding a-
hydroxycarbonyl compounds 58 formed with very high conversion, but only modest
enantioselectivities were observed despite the extensive catalyst screening. A racemic
background reaction between substrate 57 and potassium hydroxide might be the
reason for the low selectivity. Nevertheless, the presented results provide the proof of
the concept for a new strategy for asymmetric sigmatropic rearrangement catalyzed by
the phase-transfer catalyst.
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Scheme 24. Asymmetric phase-transfer catalyzed Wittig [2,3]-rearrangement.
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Scheme 25. Asymmetric ion-binding catalyzed Wittig [2,3]-rearrangement.

A year later, Jacobsen et al. demonstrated the novel synergistic ion-binding catalysis via
the enantioselective catalytic Wittig [2,3]-rearrangement of allyloxymalonate 59
(Scheme 25).%® The rearrangement proceeds through a diastereomeric transition state
which is ion-binding stabilized by the polyfunctional catalyst XXXI. The thiourea moiety
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of the catalyst XXXI forms hydrogen bonds with the deprotonated substrate, while
arenes and amide encapsulate the cesium cation through cooperative cation—m and
Lewis base interactions. Rearranged products 60 were isolated in good yields (in most
cases over 80%) and in high enantioselectivities, showing the great utility of this
method.

Simultaneously, our research group reported a calcium-catalyzed asymmetric Wittig
[2,3]-rearrangement of a similar substrate, cinnamyloxymalonate 61 (Scheme 26).°*
Although a-hydroxymalonates 62 were isolated in good yield (generally over 70%), the
selectivity of the reaction was modest. In order to improve the selectivity, bulkier
substituents were introduced to the ester moiety (iPr and tBu). However, the reaction
was inhibited completely in this case. The transition state of the rearrangement is
formed upon the complexation of calcium salt, chiral ligand inda-Pybox XXXII and
enolized substrate 61. To the best of our knowledge, this is the first example of an
asymmetric Lewis base catalyzed Wittig [2,3]-rearrangement.
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Scheme 26. Asymmetric calcium-catalyzed Wittig [2,3]-rearrangement.

1.3.3 Summary of an asymmetric Wittig [2,3]-rearrangement

The catalytic approach to an asymmetric Wittig [2,3]-rearrangement has several
advantages over the more traditional stoichiometric. First of all, the reactions were
carried out under completely anhydrous conditions and low temperatures in the
described stoichiometric methods, since very strong bases, such as LDA or highly
flammable tBuli, were used in equivalent amounts or in excess (1-10 equiv.).
Additionally, chiral auxiliaries or ligands are also used in equivalent amounts,
considerably lowering the atom efficiency of these methods. Moreover, additional
steps for chiral auxiliary insertion and elimination are required. Reported catalytic
methods are operationally simple and conducted under mild reaction conditions.
Although catalytic asymmetric Wittig [2,3]-rearrangement reactions are very attractive,
the scope of such transformations is limited, and thus the development of new
methods is of great importance.
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2 Aims of the present work

Compounds containing the spirocyclopropyl oxindole core structure are of great
importance because of their useful biological properties. The organocatalytic MIRC
reaction sequence is a convenient tool to obtain such chiral scaffolds. The asymmetric
organocatalytic Wittig [2,3]-rearrangement is a still quite under-examined
transformation. Rearranged products can be very useful building blocks in the total
synthesis of natural products and their analogs. Based on that, we have defined the
main aims of this thesis:

e Investigate the asymmetric organocatalytic synthesis of spirocyclopropyl
oxindoles through the MIRC reaction sequence;

e Develop a method for the synthesis of allyl ethers with sufficiently acidic a-
proton as starting materials for the hydrogen-bond mediated Wittig [2,3]-

rearrangement;

e Explore the novel asymmetric organocatalyzed Wittig [2,3]-rearrangement and
expand the scope of the transformation;

e Determine the relative and absolute stereochemistry of all new chiral products
obtained in asymmetric H-bond catalyzed reactions.
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3 Results and discussion

3.1 Asymmetric diastereoselective synthesis of spirocyclopropane
derivatives of oxindole (Publication 1)

Our group previously demonstrated the asymmetric synthesis of spirocyclopropyl
oxindoles via an organocatalytic MIRC reaction sequence.?’?®>> The transformation
described in this section is a further development of this chemistry. From a
stereochemical point of view, the synthesis of a,B-identically substituted
spirocyclopropyl oxindole derivatives is challenging, because of the formation of two
possible diastereoisomers. The desired enantiomeric trans-substituted product
contains a non-stereogenic C-3 center, while an achiral cis-isomer has a pseudo-
asymmetric center at C-3 in its structure (Figure 5a). For this purpose, symmetric
unsaturated 1,4-dicarbonyl compounds were used. However, the asymmetric
desymmetrization of unsaturated 1,4-dicarbonyl compounds is a challenging task for
several reasons (Figure 5b). Re- and Si-attacks on the different carbons of the double
bond lead to the formation of the same enantiomer. Moreover, the conjugated
addition with respect to one carbonyl group (b) is a formal umpolung reaction to the a-
carbon of the other carbonyl group (a). Although there are examples in the literature of
unsaturated 1,4-dicarbonyl compounds having been applied in MIRC for the
preparation of cyclopropanes®®, the asymmetric examples are rather limited.>” To the
best of our knowledge, there were no reports concerning asymmetric organocatalytic
cyclopropanation of symmetric unsaturated 1,4-diketones at the time we published our
results.

(a) R non-stereogenic pseudo-asymmetric (b)  Re-attack

Aycenter atC-3 ‘R/center atC-3 Nu:
° Ly
N N
H H

(R,R)- or (S,S)-trans-isomer (R,S)- or (S,R)-cis-isomer

enantiomeric compound achiral compound :Nu
Si-attack
plane ofs‘ymmetry formal  _-._ conjugated
R ' R umpolung,” o ™, _additition

M R BB R
u planar oxindole | o
moiety SO
H :Nu

Figure 5. Stereochemical challenges.

In order to investigate the synthesis of a,B-identically substituted spirocyclopropyl
oxindoles 65 through an organocatalytic MIRC reaction sequence, the cascade between
3-chlorooxindole 63 and unsaturated 1,4-diketones 64 was studied (Scheme 27). The
cascade consists of the enantioselective Michael addition, followed by an
intramolecular nucleophilic substitution leading to the formation of the cyclopropane
moiety. At least one equivalent of base is required to neutralize the forming HCI, which
can protonate the tertiary amino group of the organocatalyst and inhibit the reaction.
Based on our previous experience in asymmetric desymmetrization of unsaturated 1,4-
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dicarbonyl compounds, various chiral bifunctional hydrogen-bond catalysts were tested
in this study (Figure 6).8

cl o H-bond
A catalyst
o + r ———»
N AF)W NaHCO5
h [¢]
63

64

Scheme 27. General scheme for the synthesis of spirocyclopropyl oxindoles 65.

In our initial experiments, NH unprotected 3-chlorooxindole was used as a synthetically
preferable starting compound.>® However, no reaction took place at room temperature
in the presence of thiourea XXXIV. On the contrary, N-Boc-protected 3-chlorooxindole
63a reacted smoothly with unsaturated aromatic 1,4-diketone 64a, and
spirocyclopropyl oxindole 65a was isolated as a single diastereoisomer in good yield
and enantioselectivity (Table 1, entry 1). The acidity of the C-H bond at C3 increased,
when the oxindole nitrogen atom was protected with an electron-withdrawing group,
which made the substrate more reactive.®® On the other hand, additional H-bonds
between the catalyst and the substrate can be formed when a Boc-group is introduced
to the substrate.

In the model reaction, the ratio between spirocyclopropane oxindole 65a, uncyclized
Michael adduct 66a, and achiral compound 67a was determined by a 'H NMR
spectroscopic analysis of the crude mixture, while the enantiomeric purity was
measured from the isolated product 65a. To facilitate the purification of the desired
product, after the completion of the reaction the crude mixture was treated with
trifluoroacetic acid and the product was isolated as a free N-H oxindole as a single
diastereoisomer.

First, various H-bond catalysts were screened. Whereas thiourea-based catalysts gave
quite similar ee values for the desired product (Table 1, entries 1, 2 and 5), squaramide
catalyst Xll turned out to be clearly inappropriate for the cyclopropanation. The highest
enantio- and diastereoselectivities were achieved with Cinchona alkaloid XXXV, but the
poor yield obtained (21% for 65a) made it practically unattractive (Table 1, entry 4). The
highest yield (70%) was obtained by slightly sacrificing enantioselectivity when thiourea
XXXIV was used (Table 1, entry 2). Thiourea XXXIV was chosen to further improve the
efficiency of the cascade reaction.

Next, we tried to enhance the yield of the reaction by increasing the temperature and
the catalyst loading. However, not only was the obtained yield lower, but also the
selectivity decreased dramatically (Table 1, entry 6). Solvent screening revealed that
the product 65a-NH could be obtained in moderate yield in 48 h in different chlorinated
solvents, but the best enantio- and diastereoselectivities were obtained in toluene
(Table 1, entry 7). Decreasing the reaction temperature from room temperature to 4 °C
had little influence on stereoselectivity, but an extended reaction time was required to
achieve a reasonable yield (Table 1, entry 10).
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Figure 6. Catalysts screened for the synthesis of spirocyclopropyl oxindoles 65.

Table 1. Screening of the catalysts and optimization.?

Ar Ar
Ar. (0} o o Ar
cl 1) catalyst o cl A o
(10 mol%) r
@Qz‘) e AT TR
\ (0]
Boc Boc Boc
63a 64a 66a 67a
a: Ar = 4-BrPh
t time ratio of yield (%)° ee
t talyst I t T —
entry  catalyst - SOWeNt ey (h)  65a:66a:67a® N-Boc N-H (%)
1 XXXII CHCl3 rt 18 nd 61 -67¢
2 XXXIV CHCl; rt 48 1:0.1:0.2 70 67°¢
3 Xl CHCl; rt 48 1:09:05 nd nd
4 XXXV CHCl3 rt 48 1:0.6:0.05 21 80°¢
5 XXXVI CHCl3 rt 48 1:06:0.2 42 -75
6 XXXIV/ CHCl3 60 18 1:04:03 51 48
7 XXXIV toluene rt 48 1:0.1:0.1 57 86
8 XXXIV DCM rt 48 1:0.2:0.2 44 63
9 XXXIV DCE rt 48 1:0.2:0.2 44 65
10 XXXIV toluene 4 96 1:0.2:0.1 59 90

9Unless otherwise stated, the reactions were carried out on a 0.1 mmol scale asa 0.2 M
solution with 1 equiv. of 63a, 1.2 equiv. of 64a, 10 mol% of cat. and 2 equiv. of NaHCOs.
bThe ratio of the products was determined by *H NMR from the crude mixture. ‘The
main product 65a or 65a-NH was isolated as a single diastereoisomer. Determined by
chiral HPLC analysis from isolated N-H product. Determined by chiral HPLC analysis
from isolated N-Boc product. 20 mol% of the catalyst was used.

With optimal conditions in hand [63 (1.2 equiv.), 64 (1 equiv.), NaHCOs; (2 equiv.) and
XXXIV (10 mol%) in toluene (0.2 M) at room temp.], the influence of different
substituents in the aromatic core of symmetric unsaturated 1,4-diketones 64 was
investigated (Figure 7). Electron-donating and -withdrawing groups of the diketones 64
did not have any noticeable effect on the reaction and the corresponding products with
two tertiary stereocenters were isolated in similar yields (from 58 to 81%) and
enantioselectivities (ee from 75 to 87%) (compounds 65a—e). Diastereoselectivities
varied from excellent (d.r. = 20:1 for compound 65d) to high (d.r. = 9:1 for compound
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65e). Slightly decreased selectivities were observed in the reaction with bromo-
substituted 3-chlorooxindole (compound 65f). However, the reaction between 3-
chlorooxindole 63a and aliphatic diketone [(E)-hex-3-ene-2,5-dione] did not proceed,
which can be explained by the lower electrophilicity of aliphatic unsaturated ketones
compared to aromatic ones. A similar observation was made by Yuan et al. in the case
of the addition of 3-alkyl-substituted oxindoles to unsaturated 1,4-diketones.5!

XXXIV
Ar (10 mol%) [¢]
NaHCO3; R
‘ O (2 equiv.)
%
toluene
rt, 48 h
65a 65b 65c¢ 65d
yield 67% yield 58% yield 64% yield 81%
d.r. 10:1; ee 86% d.r. 10:1; ee 75% d.r. 10:1; ee 77% d.r. 20:1; ee 87%
65a : 66a : 67a 65b : 66b : 67b 65c : 66¢ : 67¢c 65d : 66d : 67d
1:0.1:0.1 1:0.2:0.1 1:02:0.1 1:0.05:0.05

65e 65f
yield 60% yield 59% yield 53% yield 62%
dr. 9:1; ee 87% d.r. 8:1;, ee 71% d.r. >20:1; ee 72% d.r. >20:1; ee 68%
65¢ : 66e : 67¢ 65f : 66f : 67f 65¢g : 66g 65h : 66h
1:0.1:01 1:0.1:01 1:05 1:01

“The main product 65 was isolated as a single diastereoisomer. The diastereomeric
ratio was determined by H NMR from the crude mixture. ee was determined by chiral
HPLC analysis from the isolated product. The ratio of the products was determined by
'H NMR from the crude mixture. The reaction was stirred for 96 h.

Figure 7. Scope of the synthesis of spirocyclopropyl oxindoles 65.°

The reaction scope was then further broadened by introducing nonsymmetric
unsaturated 1,4-dicarbonyl compounds, which led to the formation of spirocyclopropyl
oxindoles 65 containing two tertiary and one quaternary stereogenic center. Although
nonsymmetric unsaturated 1,4-diketones have two potential centers for Michael
addition, the nucleophilic attack was regioselective. Two regioisomers of the acyclic
intermediate 66 should give different diastereoisomers after intramolecular cyclization,
but only one out of four possible stereoisomers was observed (Figure 7, compounds
65g and 65h). Unsaturated keto esters reacted smoothly with 3-chlorooxindole 63, but
the main product was non-cyclized compound 66, which could not be separated from
65 (Figure 8). Similarly to nonsymmetric 1,4-diketones, only one diastereoisomer was
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detected by a H NMR spectroscopic analysis of the crude mixture, indicating that
Michael addition to unsaturated keto esters was also regioselective.

MeO. (0]
cl Q ‘ R dr 65:66
O o O i|Me >201 1:2
N R
Boc jilc s>201 1:2

66
Figure 8. Spirocyclopropyl oxindoles 65 from unsaturated keto esters.

The relative stereochemistry of symmetric spirocyclopropyl oxindoles 65a-f was
determined by 'H NMR spectroscopic analysis, whereas 'H NOESY NMR experiments
were used to establish the relative stereochemistry of cis-diastereoisomers 67a-f and
spirocyclopropyl oxindoles 65g-j. The absolute stereochemistry of spirocyclopropyl
oxindoles 65 was determined by vibrational circular dichroism (VCD) spectroscopy. For
this purpose, the opposite enantiomers of compound 65¢c-NH were synthesized using
thiourea-based catalysts XXXIV and XXXVI. The VCD spectra of the enantiomers were
measured and compared to the spectrum calculated by Dr Oeren (Figure 9). The
assigned absolute stereochemistry was interpolated to other compounds in the series.

Calculated (2S, 3S)

Experimental (2S, 3S)

Experimental (2R, 3R)

1550 1850

Figure 9. Absolute stereochemistry determination by VCD analysis of 65¢c-NH.

A considerable amount of the non-cyclic Michael adduct 66 was almost always
detected in the 'H NMR spectroscopic analysis of the crude mixtures. This fact means
that the cascade partially stops after the first step, lowering the yield of the desired
product. Additional experiments with Michael adduct 66¢c were conducted in order to
better understand the mechanism and the stereocontrol of the MIRC
spirocyclopropanation (Scheme 28). The Michael adduct 66c (6:1 mixture of
diastereoisomers) obtained from the reaction catalyzed by the thiourea catalyst XXXVI
was cyclized under the same reaction conditions in the presence of catalysts XXXIV and
XXXVI. These catalysts gave opposite enantiomers in the model reaction. Several
interesting observations were made. First, the reaction rate was much lower compared
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with the reaction between 3-chlorooxindole 63a and unsaturated aromatic 1,4-
diketone 64c, which indicates the importance of the catalyst/substrate complex
throughout the cascade reaction. Moreover, although the racemic product 65c was
obtained from the starting materials in the presence of an inorganic base, no reaction
with non-cyclic intermediate 66¢c was observed under the same conditions using the
same base. Secondly, diastereoisomers of 66c¢ cyclize in the presence of catalyst XXXIV
with different rates as the diastereomeric ratio of recovered 66¢ was changed to 20:1,
while in the presence of catalyst XXXVI the ratio remained unchanged (6:1). It is known
that 3-chlorooxindoles afforded syn-products in Michael addition to nitrostyrenes,?’” but
the relative stereochemistry of non-cyclized intermediate 66¢ was not determined as
during the cyclization the stereogenic center at C3 was lost. Finally, this study also hints
that the stereochemistry of the final product 65c is determined in the first step of the
cascade (Michael addition) because two different chiral organocatalysts, XXXIV and
XXXVI, afforded the same enantiomer in the reaction with non-cyclic intermediate 66c,
whereas in the separate reaction with starting materials 63a and 64c, enantiomers of
65c were obtained.

XXXVI (10 mol%)
NaHCO3 (2 equiv.)
CDCl3, rt, 96 h
d.r. 3:1; ee -70%
65c : 66¢ : 67¢C
1:1.25:0.3

XXXIV (10 mol%)
NaHCO3; (2 equiv.)
CDClj3, rt, 96 h
d.r. 3:1; ee -86%
65c : 66¢c : 67¢c
1:0.7:03

K>CO3 (3 equiv.)
CDCl3, 1t, 96 h
65c : 66¢c : 67¢c
0:1:0
Scheme 28. Cyclization of Michael adduct 66c.

no reaction

In conclusion, the synthesis of a,B-identically substituted spirocyclopropyl oxindole
through an asymmetric organocatalytic MIRC reaction sequence of symmetric
unsaturated 1,4-diketones and 3-chlorooxindoles was described. This methodology
provides products 65a-f with two identically substituted tertiary stereocenters in
moderate yields and with very high diastereo- and enantioselectivities. In the case of
unsaturated 1,4-keto esters and non-symmetric diketones, the first conjugated addition
is highly regioselective and provides spirocyclopropyl oxindoles 65g-j containing two
tertiary and one quaternary center with excellent diastereoselectivities. Additional
experiments showed the importance of the catalyst/substrate complex throughout the
cascade and that the Michael adduct 66 cyclizes very slowly under the reaction
conditions. Finally, the stereochemical outcome of the spirocyclopropanation is defined
in the first step of the cascade (Michael addition).
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3.2 Asymmetric organocatalytic Wittig [2,3]-rearrangement of
oxindoles (Publication Il)

Inspired by the pioneering study of the organocatalytic Wittig [2,3]-rearrangement
reported by the Gaunt research group, we decided to investigate this transformation by
means of hydrogen-bond mediated catalysis.*® We previously demonstrated that 3-
halogen substituted oxindoles can be efficiently activated as nucleophiles via hydrogen-
bonds for asymmetric organocatalytic transformations.?’?%62 We assumed that 3-
cinnamyloxyoxindole 68 could be activated in a similar fashion for the Wittig
rearrangement (Scheme 29). The rearranged chiral 3-substituted 3-hydroxyoxindoles 69
and 70 are of great importance because they can be used as building blocks for the
synthesis of biologically active compounds and natural products.®?

H-bond
@\/g: catalyst
O —_—
N

68 70
Scheme 29. General scheme for the Wittig [2,3]-rearrangement of 3-
cinnamyloxyoxindoles 68.

There were no examples in the literature describing the synthesis of 3-
cinnamyloxyoxindoles 68 or its analogs at the time we started this project. First, we
tried to obtain it through the conventional Williamson ether synthesis, starting from 3-
hydroxyoxindole 71 and cinnamyl bromide 72 (Scheme 30).%* For this purpose, a
stoichiometric amount of a strong base was used. However, no formation of the
desired product was observed. Instead, 3-alkyl-3-hydroxyoxindole 73 was obtained
exclusively in moderate yields. The hydrogen atom at the C-3 position of the oxindole is
highly acidic due to the negative charge stabilization by resonance and induction,
making it very easy to deprotonate by a base. After several unsuccessful approaches,
we finally developed a three-step procedure for the synthesis of 3-cinnamyloxyoxindole
68 that exploits the reactivity of metallocarbene species (Scheme 31).5°

O~
]
Cr-
68R

LiIHMDS o
OH or
S NaH
@[g:o . @/\/\Br
N
h HO _
7 7 L o )
N yield 65% (R = H)
73 R yield 49% (R = Bn)

Scheme 30. Unsuccessful synthesis of 3-cinnamyloxyoxindole 68 through the
Williamson reaction.

In the first step, the nitrogen atom of commercially available isatins 74 was protected
with alkyl halides. Protected isatins 75 were converted to 3-diazooxindoles 76,
generally in high yields, following the modified procedure reported by Carreira et al.
(Step 2).%5 In the last step, 3-cinnamyloxyoxindoles 68 were obtained in low to
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moderate yields through the rhodium-catalyzed reaction between 3-diazooxindoles 76
and cinnamyl alcohols 77,57 which are either commercially available or can be easily
prepared from substituted benzaldehydes by Horner-Wadsworth-Emmons and

reduction reaction sequence.
Step 1 Step 2 Step 3

Ao AT

0 R2—X o 1) TsNHNH N2 77 0
N NaH A THF, reflux, 2 h X Rhy(OAC)4 N
R1-— 0O —— R oO————» RH— 0O ————— » R4 o
L A~N DMF, Ar N 2) NaOH aq. AN DCM, Ar N
H 0°Ctort,2h k2 THF, 1, 2h R2 0°Ctort, 4h k2
74 75 76 68
yield 51-91% yield 15-96% yield 26-59%

Scheme 31. Synthesis of 3-cinnamyloxyoxindoles 68.

In the Rh-catalyzed cinnamyl alcohol insertion reaction, rhodium acetate as a Lewis acid
accepts electron density from the diazo carbon, which is followed by back electron
donation from the metal, loss of N, and the formation of metallocarbene 78 (Scheme
32).%% Next, the nucleophile insertion proceeds by the attack of the oxygen atom of
cinnamyl alcohol 77 on the electrophilic carbene.33 The formed ylide 79 undergoes
proton transfer, leading to 3-cinnamyloxyoxindole 68. However, a [2,3]-sigmatropic
rearrangement of ylide 79 also occurs as a side reaction, lowering the yield of the
desired product. Although the total yield of the three-step procedure is low, starting
compounds are inexpensive, rhodium acetate is used in a catalytic amount (0.5 mol%)
and the synthesis is operationally simple. Moreover, to the best of our knowledge, this
is presently the only possible approach to synthesize 3-cinnamyloxyoxindoles 68.

N
o]
C[N v
76 R
S)
Rh(OAc), Rh(OAc),
Rhy(OAC)s 0 ~—— ®=0
N N
78 R R
Ar N
/\/\0®/H AI‘/\/\OH
77
=0
N
79 R
[1,2]-hydrogen [2,3]-rearrangement
transfer
Ar
/\/\O Ar
H HQ &
(0] (]
N \
R
68 69 and 70

Scheme 32. Rh-catalyzed cinnamyl alcohol insertion.
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SN
N~ Ph
o NH Ph
Ar OH
o] NH
XXXVII: Ar = 3,5-(CF3),Ph-CH, XXXVIII

XII: Ar = 3,5-(CF3),Ph

NP e s)\NH N NH
N~
o NH
Ar
FsC CF3 FsC CFs o
XXXIV XXXVI XXXIX: R = OMe; Ar = 3,5-(CF3),Ph

XL: R = OMe; Ar = 3,5-(CF3),Ph-CH,
XLI: R = H; Ar = 3,5-(CF3),Ph-CH,

Figure 10. Catalysts screened for the Wittig [2,3]-rearrangement of 3-
cinnamyloxyoxindoles 68a.

Various chiral H-bonding catalysts were tested, such as Cinchona alkaloids, Cinchona
alkaloid derived thioureas and squaramides, as well as Takemoto catalyst and prolinole
derivative (Figure 10). Although the best diastereoselectivities were achieved with
thiourea catalysts (Table 2, entries 1 and 6), the study revealed that squaramides are
clearly beneficial in terms of enantioselectivity (Table 2, entries 3 and 5). In order to
improve the rate of the [2,3]-rearrangement, we decided to run the reaction at a higher
temperature. To our great delight, high conversion was obtained after 18 hours in the
reaction catalyzed by squaramide XXXVII at 60 °C, with only a minor decrease in the
enantioselectivity (Table 2, entry 13). Both conversion and enantioselectivity were
further slightly improved when 1,2-dichloroethane was used as a solvent instead of
chloroform (Table 2, entry 15). Decreasing the catalyst loading from 20 to 10 mol%
resulted in a dramatic loss of reactivity and selectivity (Table 2, entries 16-18). Finally,
in the control experiment without a catalyst, no rearrangement reaction was observed,
which excludes the spontaneous racemic pathway.
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Table 2. Screening of the catalysts and optimization.?

catalyst HO =
@\/g:o (20 mol%) . @fg/
N N
Bn Bn
68a 70a
entry catalyst solvent t time conv. yield d.r. ee
(°C)  (days) (%)° (%)  69a:70a” (%)°

1 XXXIV CDCls rt 6 63 42 4.6:1 16 /47
2 XXXV CDCls rt 6 38 37 3:1 -36/-53
3 X CDCl3 rt 6 59 56 1.6:1 36/83
4 XXXVII CDCl3 60 6 26 19 2.7:1 29/18
5 XXXVII CDCl3 rt 6 62 61 2.5:1 92/93
6 XXXVI CDCls rt 6 37 29 6:1 -12 /-53
7 | CDCls rt 6 46 36 3.5:1 -58/-37
8 XXXIX toluene rt 6 64 53 2:1 -50/-82
9 XXXIX THF rt 6 69 61 1.2:1 -57 /-90
10 XXXIX MTBE rt 6 88 86 2.4:1 -36/-78
11 XXXVII DME rt 6 47 nd 2.5:1 nd
12 XXXVII MTBE rt 6 71 65 2.5:1 81/89
13 XXXVII CDCls 60 1 84/ 90 2.3:1 88/90
14 XXXVII MTBE 60 1 84/ 88 2.3:1 82/86
15 XXXVII DCE 60 1 100 87 2.5:1 90/93
16 XL DCE 60 4 85 70 2.1:1 -75/-87
17 XLI9 DCE 60 7 83 60 2.3:1 -61/-77
18 XXXVIIY DCE 60 4 87 49 2.5:1 73/75
19 no DCE 60 2 0 - - -

Reaction conditions: 0.1 mmol scale, 20 mol% of cat., solvent (0.5 mL). “Determined by
'H NMR analysis of the crude mixture. ‘Overall isolated yield of the separated
diastereoisomers. “Determined by RP HPLC analysis of the crude mixture. ¢Determined
by chiral HPLC analysis of the isolated products. fConversion measured after 18 hours.
910 mol% of the catalyst was used.

With optimal conditions in hand, we investigated how different N-protecting groups of
oxindole can influence the organocatalytic Wittig [2,3]-rearrangement (Table 3). From
the screening for the optimal conditions, we already knew that N-benzyl-protected 3-
cinnamyloxyoxindole 68a reacted smoothly, and rearranged products were isolated in
high yields and enantiomeric purities for both diastereoisomers (Table 3, entry 1).
However, from the synthetic point of view, the use of unprotected NH-oxindole is
preferred.>® Unfortunately, the rearrangement of 3-cinnamyloxyoxindole 68b was slow
and enantioselectivity decreased considerably for the major isomer (Table 3, entry 2).
Based on our previous experience in MIRC chemistry of N-Boc-protected oxindoles,>>%?
we assumed that the Boc-protecting group on 3-cinnamyloxyoxindole 68 would
positively affect the rearrangement by increasing the acidity of the hydrogen atom at
C3 and introducing additional coordination sites for the catalyst. Unfortunately, all of
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our attempts to synthesize N-Boc-protected 3-cinnamyloxyoxindole 68 were
unsuccessful. In the rhodium-catalyzed reaction between N-Boc-3-diazooxindole and
cinnamyl alcohols 77, rearranged products 69 and 70 formed exclusively. We also tried
to protect 3-cinnamyloxyoxindole 68b by Boc,0 under several reaction conditions, but
either a base-catalyzed [2,3]-rearrangement occurred or an inseparable mixture of the
desired N-Boc-protected 3-cinnamyloxyoxindole 68 and 1,3-di-Boc-substituted
cinnamyloxyoxindole was obtained. Clearly, N-Boc-protected 3-cinnamyloxyoxindole 68
was too reactive/unstable a substrate. Next, we turned our attention to simpler alkyl
protecting groups, such as methyl and isopropyl. Though there were no problems in the
syntheses of those substrates, the reaction rate and selectivity of the organocatalyzed
rearrangement did not improve (Table 3, entries 3 and 4). As benzyl-protected 3-
cinnamyloxyoxindole 68a remained the best substrate in terms of reactivity and
selectivity, we decided to slightly modify it with an additional methyl group in the para-
position of the phenyl ring for more convenient determination of the conversion and
diastereoisomeric ratio by a *H NMR analysis of the crude mixture (Table 3, entry 5).
Although the diastereoselectivity of the reaction was rather moderate, the formed
diastereoisomers were separable by column chromatography on silica gel. This may be
an advantage in terms of biological studies, as enantiomerically enriched
diastereoisomers may have different bioactivities.

Table 3. Screening of protective groups.?

@ OMe /?lj
Q/\/\o HO : "
mo —’(Z)éxrﬁ?/o) .l'/FO/ N v CFs
N DCE, 60 °C N\ [6) NH
R R
68a-e 70a-e O
XXXVII CF3
) L ros\b d.r. ee
entry R time (h)  vyield (%) 69:70° (%)
1 a: Bn 24 87 2.5:1¢ 90/93
2 b:H 48 79 1.8:1 71/90
3 c: Me 48 79 2.5:1 80/86
4 d: iPr 72 36 1.8:1 82/85
5 e: 4-MeBn 24 89 2.4:1 90/93

9Reaction conditions: 0.1 mmol scale, 20 mol% of cat. XXXVII, DCE (0.5 mL), 60 °C.
bOverall isolated yield of the separated diastereoisomers. ‘Determined by H NMR
analysis of the crude mixture. ‘Determined by chiral HPLC analysis of the isolated
products. ¢Determined by RP HPLC analysis of the crude mixture.

The effect of various substituents in the aromatic ring of oxindole was studied (Table 4,
entries 2-10). Halogen- and methoxy-substituted 3-cinnamyloxyoxindoles 68f-g
underwent a Wittig [2,3]-rearrangement with slightly decreased diastereoselectivities
while the overall yield and enantioselectivities remained very high compared to the
unsubstituted 3-cinnamyloxyoxindole 68e (Table 4, entries 2-7). In the reaction with the
oxindole containing a strongly electronegative trifluoromethoxy group, reversed but
still low diastereoselectivity was observed (Table 4, entry 8). Although the electron-
withdrawing nitro group at position 7 of oxindole did not noticeably affect the yield and
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selectivity, 5-nitro-substituted products were isolated in the lower total yield and
enantiomeric purity of the major diasterecisomer (Table 4, entries 9-10). The nitro
group is known to be a strong hydrogen bond acceptor and the transition state of the
reaction might be affected. Apart from the two examples, it can be concluded that
electronic properties of the substituents in oxindole do not have a significant impact on
the rearrangement.

Table 4. Scope of the Wittig [2,3]-rearrangement of 3-cinnamyloxyoxindoles 68.

Ar/\/\ Ar Ar QMe
0] XXXVII HO P HO : P N
OBSIE-L BNS IR SN o I
7 24 h (o] NH
/©) 68e-v /©) 69e-v /d 70e-v :§> \—Q
(o]
XXXVII CF3
entry R Ar ‘Efyeo')f 6::.;.05 (;e)d

1 H Ph (€89 241 90/93

2 5-F Ph ()83 161 91/92

3 5-Cl Ph (€82 1.4:1 90/94

4 5-Br Ph (h)86  1.3:1 90/95

5 7-F Ph (92 141 92/93

6 7-Cl Ph ()89¢ 1.3:1 91/95

7 5-MeO Ph (k)92  2.0:1 93/95

8  5-CF0 Ph (1)82°  1:1.4 91/95

9 5-NO, Ph (m71 1331 80/90

10 7-NO, Ph (n)8se 1.1:1 89/93

11 H 4-CIPh  (0)90 2.0:1 94/95

12 H 3.ClPh  (p)>95 1.9:1 93/95

13 H 2ClPh  (q)87/ 1:1.1 88/93

14 H 4-MeOPh  (r)95  1.8:1 91/97

15 H 4-NO,Ph  (s)779 1.6:1 80/30

16 H @g ()88  27:1 93/95

17 H f (u) 93 2.0:1  92/95
18 H @\ﬁ V)63 1.7:1 86/91

9Reaction conditions: 0.1 mmol scale, 20 mol% of cat. XXXVII, DCE (0.5 mL), 60 °C.
bOverall isolated yield of the separated diastereoisomers. ‘Determined by *H NMR
analysis of the crude mixture. YDetermined by chiral HPLC analysis of the isolated
products. ¢Reaction was finished after 5 hours. ‘Reaction was finished after 48 hours.
9Reaction was finished after stirring at rt for 48 hours.

Next, the influence of substituents at the cinnamyl phenyl ring was investigated. para-
and meta-substituted derivatives reacted smoothly and rearranged products were
obtained in excellent yields and enantioselectivities (Table 4, entries 11, 12 and 14).
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Probably due to the steric effect, a longer reaction time was required to obtain full
conversion when ortho-chloro substituted cinnamyloxyoxindole 68q was used as a
substrate (Table 4, entry 13). The rearrangement of para-nitro cinnamyloxyoxindole
68s was conducted at room temperature, because the formation of the side product
was detected when the reaction was stirred at a higher temperature (Table 4, entry
13). Moreover, the enantioselectivity of the minor diastereocisomer decreased
dramatically, while the enantioselectivity of the major diastereoisomer remained
relatively high. The reaction scope was then further broadened by different aromatic
analogs of 3-cinnamyloxyoxindoles, which underwent the Wittig [2,3]-rearrangement
efficiently under the same conditions (Table 4, entries 16-18).

Finally, the Wittig [2,3]-rearrangement was not observed under standard conditions
when cis-3-cinnamyloxyoxindole 68w, 3-allyloxy-68x or crotyloxyoxindoles 68y and 68z
were used as starting materials (Figure 11). A higher temperature (85 °C) and longer
reaction time (48 hours) had no effect. Moreover, an additional substituent at the
double bond almost completely suppressed the reaction of compound 68za due to
sterical hindrance.

Oy,
(oo

68z 68za

9y
T X

i\ \
o \/\o /\/\o
N N N
68w 68x 68y
Figure 11. Scope limitation.

The relative and absolute stereochemistries of Wittig [2,3]-rearrangement products
690 and 70i were unambiguously assigned by single crystal X-ray diffraction and were
interpolated to other compounds in the series (Figure 12). Based on the geometry of
the products, two possible transition states were proposed (Figure 13). 3-
cinnamyloxyoxindole 68 was deprotonated by the quinuclidine moiety of the catalyst
and the formed enolate was coordinated by multiple hydrogen bonds to squaramide
and the protonated amine of the catalyst. A Re-attack of enolate on the double bond of
the cinnamyl group led to the formation of the major diastereoisomer 69, while the
attack on the Si-face gave the minor diastereoisomer 70. As can be seen from the
proposed model, transition states leading to different diasterecisomers are very
similar, which may explain the low diastereoselectivity of the Wittig [2,3]-
rearrangement.

i Rh-catalyzed alcohol insertion to N-Boc-3-diazooxindole was possible in the case of crotyl
alcohol.
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Figure 12. X-ray structures of [2,3]-rearranged products 690 (major diastereoisomer)
and 70i (minor diastereoisomer).

attack to attack to @
Re-face Si-face e
HO =
5
N

S
Oe

unlike like
(major diastereoisomer) (minor diastereoisomer)
69e 7

Figure 13. Proposed transition state for Wittig [2,3]-rearrangement of 3-
cinnamyloxyoxindole 68.

We assumed that the low diastereoselectivity might have been caused by isomerization
of the products. In order to prove this and further investigate the mechanism of the
Wittig [2,3]-rearrangement of 3-cinnamyloxyoxindoles 68, a kinetic study was
performed. For this purpose, the reaction with 3-cinnamyloxyoxindole 68k was carried
out in deuterated chloroform and crude samples were taken over time (Figure 14). A *H
NMR kinetic study revealed that the ratio between the diasterecisomers remained the
same (2:1) throughout the entire reaction. This observation excluded isomerization of
the products and proved that diastereoselectivity was defined by thermodynamic
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control. From a kinetical point of view, a Wittig [2,3]-rearrangement of 3-
cinnamyloxyoxindole 68k is the competitive first order reaction.!
=0

HO
MeO
N
N
70@

XXXVII
MeO o (20 mol%)
N CDCly, 60 °C

mol%

0 5 10 15 20 25 30
time (h)
Figure 14. Kinetic study of the Wittig [2,3]-rearrangement of 3-cinnamyloxyoxindole
68k.

As mentioned previously, along with the [2,3]-rearranged compounds 69s and 70s, the
formation of a side product was observed in the reaction with para-nitro
cinnamyloxyoxindole 68s after 5 hours at 60 °C. As the conversion was not complete,
the reaction mixture was left to stir overnight. However, after 24 hours only the side
product 80s was detected by a crude H NMR analysis (yield 67%, ee 23%). The
formation of the [2,3]-rearranged products was preferred at room temperature and
compounds 69s and 70s were isolated in 77% yield and enantioselectivities 80%/30%
(Table 4, entry 13). There are two possible pathways leading to the side product 80s: a
phenyl shift of the [2,3]-rearranged products or a [1,2]-rearrangement of
cinnamyloxyoxindole 68s (Scheme 33). A similar observation was made by Denmark et
al., and they proposed the first pathway.’? If the side product 80s was formed by a
[1,3]-phenyl shift of compounds 69s and 70s, the stereogenic center at the C-3 position
of oxindole would be conserved and the enantiomeric excess would remain the same,
because racemization is not possible at this position. To verify this concept, a set of
control experiments was performed with the major and minor diastereoisomers
separately, catalyzed by the chiral catalyst and inorganic base (Scheme 34).

i See supporting information of Publication Il for the calculation details.
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Wittig [1,2]-rearrangement
o) (0]
N N NO;

Scheme 33. Possible pathways for the formation of the side product 80s.

When squaramide XXXVII was used as a catalyst, the product 80s was obtained in 31%
ee starting from the main diastereoisomer 69s (ee 80%) and in 30% from the minor
diastereoisomer 70s (ee 30%). In the reaction with potassium carbonate, racemic
product was formed. The change in enantioselectivity excluded a [1,3]-phenyl shift and
suggested that the Wittig [2,3]-rearrangement of cinnamyloxyoxindole 68s is reversible
under those reaction conditions, and product 80s was formed by a [1,2]-rearrangement
of cinnamyloxyoxindole 68s. It can be concluded that [2,3]-rearranged products of
cinnamyloxyoxindole 68s are kinetic products, while the [1,2]-rearranged one is a
thermodynamic product, as the formation of the latter is preferred at a higher
temperature. In the literature, the Wittig [1,2]-rearrangement is described as a
biradical process initiated by strongly basic reagents, such as Buli, LDA and KH.** The
fact that a [1,2]-rearrangement of 3-cinnamyloxyoxindole 68s proceeded well in the
absence of a strong base in the transformation described by us is very intriguing,
because it might be the first example of the enantioselective organocatalytic Wittig
[1,2]-rearrangement reaction. However, a more detailed investigation of the

mechanism is required.
NO, NO,

a) XXXVII a) XXXVII s
HO _ (20 mol%) HO _ (20 mol%) HO =
DCE, 60 °C, 24 h O DCE, 60 °C, 24 h -
/70 . O D ———— e ——— o
N b) K,CO3, nBusNBr N NO,  b)KoCOs, nBusNBr Nﬁ 0

DCE, t,24 h DCE, 1t, 24 h
69s 80s 70s
ee 80% a) ee 31% from 69s ee 30%
ee 30% from 70s
b) rac

Scheme 34. Control experiments with the chiral catalyst and inorganic base.

To sum up, the first asymmetric organocatalytic hydrogen-bond mediated Wittig [2,3]-
rearrangement was developed. The rearranged products 69 and 70 were isolated in
very high yields (up to 95%) and enantioselectivities (up to 97%). The reaction tolerated
well different substituents at the aromatic ring of oxindole and phenyl group, as well as
the aromatic analogs of the cinnamyl side chain. The kinetic study demonstrated that
the Wittig [2,3]-rearrangement of 3-cinnamyloxyoxindole 68 is the competitive first
order reaction and no isomerization of the products occurred. Also, we have described
the first enantioselective Wittig [1,2]-rearrangement catalyzed by a mild
organocatalyst.
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3.3 Asymmetric organocatalytic Wittig [2,3]-rearrangement of
malonates (Publication Ill)

Our next goal was the further development of the chemistry described in the previous
chapter. Based on the malonate core structure, compound 61 was chosen as a suitable
substrate for an organocatalytic Wittig [2,3]-rearrangement, as there are many
examples in the literature demonstrating the activation of malonate derivatives by
hydrogen-bond catalysis (Scheme 35).%°

H-bond Ar
talyst MeO,C
MeO,C.__ O~ Ar _ catalyst | %
2 Y ~T MeO,C
MeO,C OH
61 62

Scheme 35. General scheme for the Wittig [2,3]-rearrangement of 2-
cinnamyloxymalonate 61.

From our previous experience with the synthesis of 3-cinnamyloxyoxindoles 68, we
decided to apply a similar strategy for the synthesis of 2-cinnamyloxymalonates 61.
Desired compounds were obtained by a two-step procedure starting with commercially
available malonates 81 (Scheme 36). In the first step, malonates 81 were reacted with
tosyl azide to produce diazo compounds 82 in good to excellent yields.”
Diazomalonates 82 were subjected to rhodium-catalyzed cinnamyl alcohol 77 insertion,
affording the 2-cinnamyloxymalonates 61. The moderate yields of that transformation
were caused by partial transesterification of malonyl ester by cinnamyl alcohol. In order
to improve the yield, back transesterification with pTsOH in MeOH was conducted in
some cases.

Step 1 Step 2
AT Nop
77
RO,C._.COR TsN3, EtzN RO,C.__CO,R Rh(OAc), RO,C._ O~ Ar
MeCN, rt, 18 h T DCM, Ar
No 0°Ctort, 4h ROC
81 82 61
yield 57-97% yield 33-70%

Scheme 36. Synthesis of 2-cinnamyloxymalonates 61.

We started the catalyst screening from the squaramide XXXVII, which was the best
catalyst in the case of the Wittig [2,3]-rearrangement of 3-cinnamyloxyoxindole 68
(Figure 15). However, it did not show any activity toward cinnamyloxymalonate 61a
even at a higher temperature and extended reaction time (Table 5, entry 1). When
catalyst VII was used for the rearrangement, excellent reactivity and promising
selectivity were achieved (Table 5, entry 2). This catalyst is based on the
cyclopropenimine core and its basicity is comparable to guanidines.”! In addition to
high Brgnsted basicity, cyclopropenimine derivative VIl is also a hydrogen bond donor.
Furthermore, a variety of catalyst VII analogues were synthesized in order to improve
the enantioselectivity of the reaction. Although hydrochloric salts of the
cyclopropenimine catalysts are stable at room temperature, as free bases the
cyclopropenimine catalysts are rather unstable. A considerable rate of degradation of
the catalysts VII and XLIll was observed in the reaction mixture when the reactions
were stirred at room temperature overnight. The catalyst screening revealed that H-
bonding played a significant role in the asymmetric induction, as enantioselectivity
decreased dramatically when methyl-protected catalyst XLIl was used (Table 5, entry
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4). Lowering the temperature of the reaction increased the enantioselectivity to 50%,
while full conversion was reached with a longer reaction time (Table 5, entry 3). Next,
several solvents were tested for the transformation, but no improvement in the
selectivity was achieved (Table 5, entries 10-14).

XXXVII Vil XLh XL

Q A
CyoN NCyz CyN NCy; CyN NCyz N \(
XLIV XLV XLVI XLVl
Figure 15. Catalysts screened for the organocatalytic Wittig [2,3]-rearrangement of
cinnamyloxymalonates 61.

Table 5. Catalyst screening and optimization of the organocatalytic Wittig [2,3]-
rearrangement of cinnamyloxymalonate 61a°

catalyst
MeO,C_O . (20 mol%) MeO,C
\( ——

solvent MeO,C
MeO,C temperature OH
61a 62a
entry catalyst solvent temp. time conv. ee
(°Q) (h) (%) (%)
1 XXXVII CDCl; 55 96 0 -
2 Vil CDCl; rt 2 100 33
3 Vil CDCl3 -20 18 100 50
4 XLl CDCl3 rt 2 94 8
5 XL CDCl3 -20 23 97 52
6 XLIV CDCls -20 18 88 -37
7 XLV CDCl; rt 18 45 rac
8 XLVI CDCl3 55 72 0 -
9 XLVII CDCl; 55 72 90 -20
10 Vil hexane/CDCls? -20 5 100 45
11 Vil EtOAc rt 23 80 17
12 Vil toluene -20 20 83 28
13 Vil THF -20 20 74 23
14 Vil Et,O -20 18 78 31
15 Vil MeOH -20 18 100 rac
16 Vil CDCl; -20 48° 57 -

“Reaction conditions: 0.1 mmol scale, 20 mol% of cat., solvent (0.5 mL). ®Conversion
determined by 'H NMR analysis of the crude mixture. ‘Determined by chiral HPLC
analysis of the sample obtained by preparative TLC. “Mixture 1:1. *Reaction conditions:
0.1 mmol scale, 10 mol% of cat., solvent (0.25 mL).
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We tried to enhance the enantioselectivity of the organocatalytic Wittig [2,3]-
rearrangement of cinnamyloxymalonate 61 by introducing bulkier groups to the
carbonyl moiety (Figure 16). However, the method turned out to be very sensitive to
steric hindrance, as no products were formed with isopropyl and tert-butyl derivatives
61b and 61c. Unexpectedly, a racemic product 62d was obtained in the reaction with
benzyl derivative, probably due to additional m-mt interaction with the catalyst.
Substrates with substituents in the cinnamyl aromatic ring and its analogs reacted
smoothly and corresponding [2,3]-rearranged products were isolated in high yields and
moderate enantioselectivities (apart from 62f and 62j). The absolute configuration of
the [2,3]-rearranged products was determined by a comparison of the optical rotation
of compound 62a with the data published by Jacobsen.>3

R'0,C. O Ar

Ar
VII (20 mol%) RIOC Y N OH
=, R20,C
CDCly 20 °C

R?0,C OH
24h Cy,N NC
61a-l 62a-l Y2N vy Y2
MeO,C, iPrO,C tBuO,C, BnO,C,
MeO,C & iPro,C & tBuO,C & BnO,C &
OH OH OH OH
62a 62b 62c 62d
yield 87%; ee 50% no reaction no reaction yield 75%; rac
Cl
Cl
MeO,C, MeO,C, c MeO,C, MeO,C,
eL2! €02 eLz! €02
BnO,C & MeO,C & MeO,C & MeO,C &
OH OH OH OH
62e 62f 62g 62h

yield 73%; d.r.? 3:1

yield 71%; ee 19%

yield 72%; ee 50%

yield 59%; ee 50%

OMe NO, ‘
O S .~
MeO,C MeO,C MeO,C MeO,C
MeO,C & MeO,C & MeO,C & MeO,C &
OH OH OH OH
62i° 62j¢ 62k 62l

yield 62%; ee 52%

yield 56%; ee 9%

yield 80%; ee 59%

yield 84%; ee 42%

9Reaction conditions: 0.1 mmol scale, 20 mol% of VII, CDCl3 (0.5 mL), -20 °C, 24 h.
Enantiomeric excess is determined by chiral HPLC analysis of the isolated product.
bDiastereoisomeric ratio is determined by H NMR analysis of the crude mixture.
‘Reaction was stopped after 48 h. Reaction was finished after 48 h.

Figure 16. Scope of the Wittig [2,3]-rearrangement of cinnamyloxymalonates 61.¢
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O"'_ N CH-O interaction

-—0O - H

©/\)N0y2 $

Figure 17. Proposed transition state for the Wittig [2,3]-rearrangement of
cinnamyloxymalonate 61a.

A Wittig [2,3]-rearrangement of cinnamyloxymalonate 61a is initiated by the
deprotonation of the malonate moiety of the substrate by the catalyst VII, affording an
enolate anion and a cyclopropenium ion. The transition state, leading to
enantiodiscrimination, is stabilized by hydrogen bonds between the formed ions and a
weak intramolecular CH--O interaction (0.5 kcal/mol) (Figure 17).”2 A nucleophilic
attack of the enolate on the Re-face of the cinnamyl double bond leads to the
formation of R-enantiomer. The hydrogen bond between the OH group of the catalyst
and the allylic oxygen promotes the [2,3]-rearrangement by stabilizing the developing
negative charge on the latter. A similar activation model was previously proposed for
the cycloaddition of azomethine ylides’ and for a Mannich reaction.”

In conclusion, the further development of the H-bond mediated Wittig [2,3]-
rearrangement has been described. The rearrangement of 2-cinnamyloxymalonates 61
was catalyzed by the highly basic cyclopropenimine VII, providing the corresponding
products in high yields and moderate enantioselectivities.
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4 Conclusions

A method for the asymmetric synthesis of a,B-identically substituted
spirocyclopropyl oxindoles through the organocatalytic MIRC reaction
sequence was developed.

A challenging asymmetric desymmetrization of unsaturated 1,4-dicarbonyl
compounds was achieved via the reaction with 3-chlorooxindoles 63 in the
presence of a hydrogen-bond catalyst. Spirocyclopropyl oxindoles 65a-f with
two identically substituted tertiary stereocenters were obtained in moderate
yields and with very high diastereo- and enantioselectivities. The conjugated
addition of 3-chlorooxindoles 63 to non-symmetric 1,4-dicarbonyl compounds
is highly regioselective and provided spirocyclopropyl oxindoles 65g-j
containing two tertiary and one quaternary center with excellent
diastereoselectivity.

A general method for the synthesis of allyl ethers, containing highly acidic a-
proton, was developed. 3-Cinnamyloxyoxindoles 68 and 2-
cinnamyloxymalonates 61 were synthesized according to this method, starting
with the cheap commercially available compounds.

A highly enantioselective hydrogen-bond mediated Wittig [2,3]-rearrangement
of 3-cinnamyloxyoxindoles 68 was demonstrated. The transformation
tolerated a wide range of substituents and provided 3-substituted 3-
hydroxyoxindoles 69 and 70 in very high yields.

The Wittig [2,3]-rearrangement of 2-cinnamyloxymalonates 61 was efficiently
catalyzed by the highly basic cyclopropenimine VII. The importance of
hydrogen-bonding between the catalyst and the substrate for the asymmetric
induction was demonstrated.

The choice of the catalyst is essential to achieve high efficiency and
enantioselectivity of the reaction. Even for the same type of [2,3]-
rearrangement reaction, the best catalyst for oxindole-based starting materials
is totally inefficient in the case of malonate-based substrates.

The first enantioselective [1,2]-type rearrangement catalyzed by a mild
organocatalyst was described.

47



5 Experimental

General information

Full assignment of *H and *3C chemical shifts is based on the 1D and 2D FT NMR spectra
measured on a Bruker Avance Il 400 MHz instrument. Residual solvent signals were
used (DMSO-ds 6 = 2.50/39.52 and MeOD 6 = 3.31/49.00) as internal standards. Chiral
HPLC was performed using a Chiralpak AS-H (250 x 4.6 mm) column. Precoated silica gel
60 Fys4 plates from Merck were used for TLC, whereas for column chromatography silica
gel Kieselgel 40-63 um was used. Purchased chemicals and solvents were used as
received. DCM and EtOAc were distilled over phosphorous pentoxide. Petroleum ether
has a boiling point of 40-60 °C.

3-Cinnamyl-3-hydroxyindolin-2-one 73a. 3-Hydroxyoxindole was synthesized according
HO to the literature procedure.” NaH (60% dispersion in mineral oil, 27
mg, 0.67 mmol, 1 equiv.) was added in one portion to the stirred
N solution of 3-hydroxyoxindole (100 mg, 0.67 mmol, 1 equiv.) in dry
73a THF (6 mL) at 0 °C under an inert atmosphere. After stirring for 1
hour at room temperature, a solution of cinnamyl bromide (158 mg, 0.80 mmol, 1.2
equiv.) was added dropwise to the mixture. The reaction mixture was stirred for 4
hours at room temperature and then quenched by the addition of 15 mL sat. ag. NH4CI.
The crude product was extracted with EtOAc (4 x 15 mL). Combined organic layers were
dried over Na,SO,4, concentrated under reduced pressure and purified by column
chromatography on silica gel with DCM/MeOH (2-10% MeOH) as an eluent to provide
73a (116 mg, 65%) as a white solid. *H NMR (400 MHz, DMSO) & 10.23 (s, 1H), 7.32 —
7.14 (m, 7H), 6.96 (t, J = 7.6 Hz, 1H), 6.78 (d, J = 7.6 Hz, 1H), 6.32 (d, J = 15.9 Hz, 1H),
6.05 (s, 1H), 5.96 (ddd, J = 15.3, 8.2, 6.5 Hz, 1H), 2.75 (ddd, J = 13.3, 6.5, 1.6 Hz, 1H),
2.56 (dd, J = 13.4, 8.3 Hz, 1H). *3C NMR (DMSO, 101 MHz) 6 178.8, 141.5, 136.9, 133.1,
131.6, 128.9, 128.6, 127.2,125.8,124.2,123.4,121.5, 109.5, 75.6, 41.3.

1-Benzyl-3-cinnamyl-3-hydroxyindolin-2-one 73b. N-benzyl-3-hydroxyoxindole was

synthesized according to the literature procedure.” A solution of N-
HO

% benzyl-3-hydroxyoxindole (100 mg, 0.418 mmol, 1 equiv.) in THF (1

mL) was added over 10 min at -78 °C to a solution of LIHMDS
©)73b [generated in situ from nBuli (167 L, 0.418 mmol, 2.5 M in
hexanes) and hexamethyldisilazane (0.105 uL, 0.502 mmol) in THF

(1 mL) at 0 °C]. The mixture was stirred at -78 °C for 40 min, and
then cinnmayl bromide (99 mg, 0.502 mmol, 1.2 equiv.) in THF (0.8 mL) was added. The
mixture was warmed slowly to room temperature and stirred overnight. Saturated
aqueous NH4Cl (6 mL) was added, and the mixture was extracted with EtOAc (4 x 6 mL).
The combined organic fractions were dried over MgS0,, concentrated under reduced
pressure, and the residue was purified by flash chromatography on silica gel eluting
with DCM/EtOAc (5-15% EtOAc) to give 73 mg (49%) of product 73b as a white solid. *H
NMR (400 MHz, DMSO) & 7.40 (d, J = 7.1 Hz, 1H), 7.32 — 7.12 (m, 9H), 7.08 — 7.00 (m,
3H), 6.76 (d, J = 7.8 Hz, 1H), 6.35 (d, J = 15.9 Hz, 1H), 6.29 (s, 1H), 5.81 (ddd, J = 15.4,
8.3, 6.5 Hz, 1H), 5.00 (d, J = 15.9 Hz, 1H), 4.68 (d, J = 15.9 Hz, 1H), 2.89 (ddd, J = 13.2,
6.6, 1.6 Hz, 1H), 2.76 (dd, J = 13.2, 8.4 Hz, 1H). 3C NMR (DMSO, 101 MHz) § 177.1,
142.1, 136.6, 136.1, 133.6, 130.9, 129.0, 128.6, 128.4, 127.3,127.1, 127.0, 125.9, 124.0,
122.9,122.4,109.0, 75.5, 42.5, 41.4.
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(E)-3-hydroxy-1-(4-methylbenzyl)-3-(3-(4-nitrophenyl)allyl)indolin-2-one 80s.

HO _

(> O
N NO,

80s

3-Cinnamyloxyoxindole 68s (41 mg, 0.10 mmol, 1 equiv.) and
squaramide XXXVII (13 mg, 20 mol%) were dissolved in 1,2-
dichloroethane (0.5 mL) and stirred for 24 hours at 60 °C. Upon
completion of the reaction, the mixture was directly purified by
column chromatography on silica gel with DCM/EtOAc (20:1) as
an eluent. The product was isolated as a yellowish amorphous

solid in 67% yield (27 mg) and 23% ee [Chiralpak AS-H column; hexane:iPrOH 8:2, 0.8
mL/min, 30 °C, 210 nm; tz (major) = 32.8 min and tz (minor) = 39.3 min]. *H NMR (400
MHz, MeOD) 6 8.07 (d, J = 8.8 Hz, 2H), 7.45 (dd, J = 7.4, 1.3 Hz, 1H), 7.29 — 7.20 (m, 3H),
7.15-7.05 (m, 3H), 6.84 (d, J = 7.8 Hz, 1H), 6.80 (d, J = 7.9 Hz, 2H), 6.46 (d, J = 15.9 Hz,
1H), 5.97 (ddd, J = 15.5, 8.5, 6.6 Hz, 1H), 5.02 (d, J = 15.5 Hz, 1H), 4.60 (d, J = 15.5 Hz,
1H), 3.06 — 2.85 (m, 2H), 2.15 (s, 3H). 13C NMR (MeOD, 101 MHz) § 179.4, 148.2, 144.9,
143.6, 138.3, 134.1, 133.9, 131.8, 130.7, 130.2, 128.9, 128.5, 128.0, 125.0, 124.8, 124.3,
110.8,77.4,44.2,42.8, 21.0.

Table 6. Supporting information concerning compounds discussed in the thesis but not
presented in the Experimental section can be found in the corresponding publications.

Compound Compound number in publication
Entry . .

number in thesis | Il 1]
1 | Vil
2 Vil ]
3 Xi ] n
4 XXX I
5 XXXIV ] Vv
6 XXXV \'} Il
7 XXXVI Vv VI
8 XXXVII | |
9 XXXVIII v
10 XXXIX Vil
11 XL IX
12 XLI X
13 XLII 1l
14 XLII v
15 XLIV v
16 XLV Vi
17 XLVI Vil
18 XLVII Vil
19 61 1
20 61a la
21 61b 1b
22 61c 1c
23 61d 1d
24 6le le
25 61f 1h
26 61g 1i
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27 61h 1j
28 61i 1k
29 61j 1l
30 61k im
31 61l 1in
32 62 2
33 62a 2a
34 62b 2b
35 62c 2c
36 62d 2d
37 62e 2e
38 62f 2h
39 62g 2i
40 62h 2j
41 62i 2k
42 62j 2l
43 62k 2m
44 62| 2n
45 63 1

46 63a 1a

47 64 2

48 64a 2a

49 65 3

50 65a 3a

51 65b 3b

52 65c¢ 3c

53 65d 3d

54 65e 3e

55 65f 3f

56 65g 3g

57 65h 3h

58 65i 3i

59 65j 3j

60 65¢c-NH 3c-NH

61 66 4

62 66¢ 4c

63 67 5

64 67c 5c

65 68 1

66 68a 1a

67 68b 1b

68 68c 1c

69 68d 1d

70 68e le

71 68f 1f

72 68g 1g
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73 68h 1h
74 68i 1i
75 68j 1j
76 68k 1k
77 68l 1l
78 68m Im
79 68n in
80 680 1o
81 68p 1p
82 68q 1q
83 68r ir
84 68s 1s
85 68t 1t
86 68u 1u
87 68v 1v
88 68w 1w
89 68x 1x
90 68y 1y
91 68z 1z
92 68za 1za
93 69a 2a
94 69b 2b
95 69c 2c
96 69d 2d
97 69e 2e
98 69f 2f
99 69g 2g
100 69h 2h
101 69i 2i
102 69j 2j
103 69k 2k
104 69l 21
105 69m 2m
106 69n 2n
107 690 20
108 69p 2p
109 69q 2q
110 69r 2r
111 69s 2s
112 69t 2t
113 69u 2u
114 69v 2v
115 70a 3a
116 70b 3b
117 70c 3c
118 70d 3d

51




119 70e 3e
120 70f 3f
121 70g 3g
122 70h 3h
123 70i 3i
124 70j 3j
125 70k 3k
126 70l 3l
127 70m 3m
128 70n 3n
129 700 30
130 70p 3p
131 70q 3q
132 70r 3r
133 70s 3s
134 70t 3t
135 70u 3u
136 70v 3v
137 75 S1
138 76 S2
139 760 S20
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Scheme 3. Scope of the reaction (R-enantiomers obtained by organocatalytic method are depicted)

“Reaction conditions for the organocatalytic reaction A: 0.1 mmol scale, 20 mol % of cat. I, CDCl; (0.5 mL), —20 °C, 24 h. Enantiomeric excess is
determined by chiral HPLC analysis of the isolated product. “Reaction conditions for the Ca**-catalyzed reaction B: 1a—n (0.1 mmol), L1 (5 mol
%), Ca(NTH,), (5 mol %), and imidazole (5 mol %) in 2-propanol (1 mL) were stirred at 60 °C for 24 h. “Isolated yield. “Diastereoisomeric ratio is
determined by 'H NMR analysis of the crude mixture. “Reaction was stopped after 48 h. JReaction was finished after 48 h. SReaction was finished

after 6 h.

reactions afforded S-enantiomer as a major isomer. The
absolute configuration was determined by a comparison of
the optical rotation of compound 2a with data published by
Jacobsen.” Both methods are sensitive to steric hindrance, and
no products were formed with isopropyl or tert-butyl
derivatives 1b and 1c. Mixed ester le was synthesized to
explore the diastereoselectivity of the reaction. Unfortunately,
the methods were characterized by low or moderate
diastereoselectivity (for 2e dr 1.5:1 and 3:1). Diketones 1f
and 1g were poor starting materials for the rearrangement
affording product with low yield or no conversion by Ca?*-
catalyzed reactions (organocatalytic reactions were not applied
on these compounds). The organocatalytic method showed
higher sensitivity toward the steric hindrance. Previously we
have found that only E-isomers of phenyl-substituted allyloxy
compounds were reactive in the case of organocatalytic
rearrangement of oxindole derivatives.” The enantiomeric
purity of the o-chlorophenyl derivative 2h was lower in the
case of the organocatalytic method compared with that
obtained by metal-catalysis. Meta- and para-substitutions did
not affect the results substantially (compounds 2i and 2j).
Electron-donating, electron-withdrawing, and heteroaromatic
substituents were tolerated under the reaction conditions (2k—
n). Surprisingly low enantiomeric excess was obtained with
nitrophenyl derivative 21 by the organocatalytic method. This
might be due to the fact that the nitro group is a very strong
hydrogen-bond acceptor, and therefore the transition state
could be completely different.

Based on the obtained results we propose transition-state
models for both methods.

In the organocatalytic reaction, first the malonate derivative
la is deprotonated by a strongly basic catalyst affording an
enolate anion and a cyclopropenium ion (Figure 3). It has been
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Figure 3. Model for the interaction of catalyst II with malonate
derivative la to account for the stereochemical outcome of the
rearrangement.

shown that a weak intramolecular CH---O interaction (0.5 kcal/
mol) is responsible for the transition-state or%anization in
reactions catalyzed by chiral cyclopropenimines.'® Our results
indicate that the hydrogen-bond donor capability of the catalyst
is essential for achieving high stereoselectivity. Catalysts IT and
I differ from each other by their hydrogen-bond-donating
properties. Methoxy-protected catalyst III has no hydrogen-
bond donors, by lowering the stereoselectivity of the reaction
drastically (compare entries 2 and 4 in Table 1). The same
observation had been made by Lambert.'® It is assumed that in
the enantiodetermining rearrangement step, the conformation
of the substrate is fixed with hydrogen bonds. The hydrogen
bond between the OH group of catalyst II and the allylic
oxygen promotes the rearrangement. A similar activation model
has previously been proposed for the cycloaddition of
azomethine ylides'” and for a Mannich reaction.”

Ca?t/ Pybox complexes have been previously investigated by
NMR”' and X-ray crystallography.”> Based on these publica-
tions, it is assumed that in the Ca®*-catalytic reaction, the
N,N,N-tridentate Inda-Pybox ligand first forms a complex with

DOI: 10.1021/acs.joc.6b02786
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Ca(NTHf,),, which is a strong Lewis acid. Then, calcium enolate
is formed with substrate la, and the oxygen in the allyloxy
group coordinates with calcium. Finally, the second trifluor-
omethanesulfonimide group is removed from calcium, giving
the presented model (Figure 4).

Figure 4. Model for the complexation of a Ca®*/Inda-Pybox complex
with compound 1a to account for the stereochemical outcome of the
rearrangement.

Bl CONCLUSIONS

We have developed two independent asymmetric catalytic
methods for a Wittig [2,3]-rearrangement. In the organo-
catalytic pathway, a highly basic substituted cyclopropenimine
catalyst was used. In the metal-catalyzed reaction, a Ca®'/
bisoxazoline complex was employed. Our ongoing investiga-
tions are focused on mechanistic models in order to increase so
far modest selectivities.

B EXPERIMENTAL SECTION

General Remarks. Full assignment of 'H and ">C chemical shifts is
based on the 1D and 2D FT NMR spectra measured on a 400 MHz
instrument. Residual solvent signals were used (CDCl; 6 = 7.26 (*H
NMR), 77.16 (**C NMR), and CD;0D & = 3.31 (*H NMR), 49.00
(*3C NMR)) as internal standards. All peak assignments are confirmed
by 2D experiments (‘H—'H COSY, 'H-"C HMQC, 'H-"C
HMBC). High-resolution mass spectra were recorded by using an
QTOF LC/MS spectrometer by using ESI ionization. Optical
rotations were obtained at 20 °C in CHCl; and calibrated with pure
solvent as a blank. Chiral HPLC was performed by using Chiralpak
AD-H (250 X 4.6 mm), Chiralcel OJ-H (250 X 4.6 mm), Chiralcel
OD-H (250 X 4.6 mm), Chiralpak AS-H (250 X 4.6 mm), or Lux 3u
Amylose-2 (250 X 4.6 mm) columns. Precoated silica gel 60 F254
plates were used for TLC. Column chromatography was performed on
a preparative purification system with silica gel Kieselgel 40—63 um.
The measured melting points are uncorrected. Purchased chemicals
and solvents were used as received. DCM was distilled over
phosphorus pentoxide. Petroleum ether has a boiling point of 40—
60 °C. The reactions were performed under air atmosphere without
additional moisture elimination unless stated otherwise.

Catalysts I, VI,** and VIII*® were prepared according to literature
procedures, and the analytical data matched with that of the literature.
New catalysts III, IV, V, and VII were prepared according to the
analogous literature procedure.” Catalyst II is commercially available
as an HCI salt.

Ligands LS and L6 were purchased and used as received. Ligands
L1-L4 were prepared according to the literature procedures.”’ ="

Synthesis of Catalysts IlI-HCI, IV-HCI, V-HCI, and VI
Dicyclohexylamine (6.0 equiv) was slowly added to a solution of
tetrachlorocyclopropene (1.0 equiv) in DCM (0.1 M solution). A
white precipitate formed as the reaction mixture was stirred for a
further 4 h at room temperature. Next, primary amine (1.1 equiv) was
added in one portion, and the reaction mixture was stirred overnight.
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The crude reaction mixture was filtered through a Celite plug, then
washed with 1.0 M HCI (3X), dried with anhydrous sodium sulfate,
and concentrated in vacuo to yield pure cyclopropenimine hydro-
chloride salt. The cyclopropenimine salt can be stored at room
temperature without noticeable decomposition.

Free cyclopropenimine was obtained by dissolving the correspond-
ing hydrochloride salt in DCM and washing the solution with 1.0 M aq
NaOH, drying with anhydrous sodium sulfate and concentrating in
vacuo.

(S)-N',N',N? N?-Tetracyclohexyl-3-((1-methoxy-3-phenylpropan-
2-yl)imino)cycloprop-1-ene-1,2-diamine Hydrochloride Salt lll-HCI.
The synthesis was conducted with (S)-phenylalaninol methyl ether,
affording compound III as a brown amorphous solid in 90% yield (131
mg). Optical rotation for III: [a]} —31.9 (c 0.11, CHCL).

Spectra data for IIIFHCL: 'H NMR (400 MHz, CD,0D) 6 7.33—
7.20 (m, SH, Ar), 3.96 (ddt, ] = 9.5, 7.9, 4.6 Hz, 1H, NCH), 3.64 (dd, J
=95, 47 Hz, 1H, CH,0), 3.54 (dd, J = 9.4, 82 Hz, 1H, CH,0),
3.46—3.35 (m, 7H, CH, and NCyH), 3.04 (dd, ] = 13.9, 4.4 Hg, 1H,
CH,Ph), 2.84 (dd, ] = 13.9, 9.9 Hz, 1H, CH,Ph), 1.95—1.18 (m, 40H,
CyH). "C NMR (101 MHz, MeOD) § 139.1, 130.4, 129.7, 127.9,
117.7, 115.9, 76.3, 614, 60.4, $9.6, 38.9, 33.3, 33.2, 26.71, 26.66, 25.7.

(S)-2-((2,3-Bis(dicyclohexylamino)cycloprop-2-en-1-ylidene)-
amino)-3,3-dimethylbutan-1-ol Hydrochloride Salt IV-HCI. The
synthesis was conducted with (S)-fert-leucinol, affording compound
IV-HCI as an off-white solid in 85% yield (490 mg). Optical rotation
for IV-HCL: [a]} —46.9 (c 0.09, CHCL).

'H NMR (400 MHz, CDCl;) § 9.11 (s, 1H, OH), 6.83 (d, ] = 9.8
Hz, 1H, NH), 4.10 (dd, J = 11.9, 9.7 Hz, 1H, CH,OH), 3.78 (dd, ] =
12.0, 4.0 Hz, 1H, CH,0H), 342 (td, ] = 9.7, 4.0 Hz, 1H, CHBu), 3.32
(tt, J = 11.9, 3.4 Hz, 4H, NCyH), 2.05—1.10 (m, 40H, CyH), 0.94 (s,
9H, tBu). *C NMR (101 MHz, CDCl,) 6 119.0, 68.4, 59.7, 59.5, 34.9,
327,269, 25.9, 25.8, 25.02, 24.99, 24.93. HRMS (ESI) calculated for
C3;HggN;O, [M + H]*: 512.4574, found $12.4569.

(1R,2R)-2-((2,3-Bis(dicyclohexylamino)cycloprop-2-en-1-ylidene)-
amino)cyclohexan-1-ol Hydrochloride Salt V-HCI. The synthesis was
conducted with (1R,2R)-2-aminocyclohexanol, affording compound V+
HCI, obtained as an off-white solid in 87% yield (475 mg). Optical
rotation for V-HCL: [a]¥ —14.8 (c 0.11, CHCLy).

'H NMR (400 MHz, CDCL) 6 9.16 (s, 1H, OH), 7.80 (d, ] = 7.5
Hz, 1H, NH), 4.20—-3.99 (m, 1H, CyH), 3.51-3.22 (m, SH, CyH),
3.15-2.95 (m, 1H, CyH), 2.29-2.02 (m, 3H, CyH), 2.00-1.06 (m,
44H, CyH). *C NMR (101 MHz, CDCl,) § 117.2, 115.0, 70.5, 63.6,
59.6, 34.00, 33.98, 32.32, 32.29, 29.0, 28.9, 25.85, 25.82, 25.79, 24.90,
24.84, 24.80, 24.7, 24.4. HRMS (ESI) calculated for C33HN;O, [M +
H]*: 510.4418, found 510.4412.

N',N',N? N?-Tetracyclohexyl-3-(((R)-(6-methoxyquinolin-4-yl)-
((15,25,4S,5R)-5-vinylquinuclidin-2-yl)methyl)imino)cycloprop-1-
ene-1,2-diamine VII. The synthesis was conducted with (R)-(6-
methoxyquinolin-4-y1) ((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)-
methanamine, affording compound VII after purification by column
chromatography on silica gel (5% NH;/MeOH in DCM), as an off-
white solid in 26% yield (75 mg). Optical rotation for VIL [a]f
+157.1 (c 0.09, CHCL).

'"H NMR (400 MHz, CDCL) & 8.78 (d, ] = 4.5 Hz, 1H, ArH), 8.00
(d, J = 9.2 Hz, 1H, ArH), 7.88 (s, 1H, ArH), 7.49 (d, ] = 3.5 Hz, 1H,
ArH), 7.38 (dd, J = 9.2, 2.6 Hz, 1H, ArH), 621 (ddd, J = 17.0, 102,
6.6 Hz, 1H, CHCH,), 6.03 (d, ] = 7.4 Hz, 1H, CHN), 5.23—5.10 (m,
2H, CHCH,), 4.08 (s, 3H, OCH,), 3.35-3.05 (m, SH), 3.03—2.78
(m, 3H), 2.73-2.50 (m, 1H), 2.31 (q, J = 8.0 Hz, 1H), 2.00—0.52 (m,
45H). 3C NMR (101 MHz, CDCL,) 5 158.5, 147.9, 145.1, 140.1,
131.9, 128.3, 122.9, 115.7, 115.5, 113.8, 103.0, 58.7, 56.8, 49.2, 47.4,
39.6, 32.2, 31.9, 282, 252, 25.1, 24.6. HRMS (ESI) calculated for
CHgN5O, [M + H]*: 718.5418, found 718.5414.

Synthesis of Starting Materials 1a—n. The synthesis of
compounds 1a and 1c was described by Jacobsen.” We used a slightly
modified procedure. The synthesis of allyloxy-1,3-dicarbonyl com-
pounds la—n was achieved as follows: 1,3-Dicarbonyl compounds
were reacted with tosyl azide to produce diaza compounds, which were
subjected to a rhodium-catalyzed OH insertion reaction, affording the
desired compounds 1. A general procedure for the formation of 1a is

DOI: 10.1021/acs.joc.6b02786
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presented. In the synthesis of la and 1h—n, transesterification of
malonyl ester occurred, and to improve the yield, transesterification
with p-TsOH in MeOH can be conducted. This procedure was
performed only with compound 1a.

Dimethyl 2-Diazomalonate. To a solution of tosyl azide (1.735 g,
8.8 mmol) in acetonitrile (12 mL), triethylamine (1.227 mL, 8.8
mmol) and dimethyl malonate (0.916 mL, 8 mmol) were added at 0
°C. The reaction mixture was stirred overnight at room temperature.
Then, solvent was evaporated under reduced pressure, and the crude
mixture purified by column chromatography on silica gel (10—20%
EtOAc in petroleum ether/DCM 3/1 mixture), affording the title
compound as a colorless oil (1.227 g, 97%).

Dimethyl 2-(Cinnamyloxy)malonate 1a. To a 10 mL flask were
added cinnamyl alcohol (322 mg, 2.4 mmol) and rhodium(II) acetate
dimer (4.4 mg, 0.01 mmol). The flask was flushed with Ar, and DCM
was added (S mL). Dimethyl 2-diazomalonate (286 mg, 2 mmol)
solution in DCM (S mL) was added over S min at 0 °C. The reaction
was stirred overnight at rt. After evaporating the solvent, the crude
mixture was purified by column chromatography on silica gel (3—10%
EtOAc in petroleum ether/DCM 3/1 mixture), affording compound
1a as a colorless oil. The impure fractions were dried under vacuum
and dissolved in MeOH (10 mL), p-toluenesulfonic acid (30 mg) was
added, and the mixture was stirred at reflux overnight. After
purification in the same conditions, the fractions were combined,
affording compound 1a as a colorless oil in 64% total yield (336 mg).

'"H NMR (400 MHz, CDCly) § 7.41-7.37 (m, 2H, 2 X ArH),
7.35=7.29 (m, 2H, 2 X ArH), 7.29-723 (m, 1H, ArH), 6.64 (d, ] =
15.9 Hz, 1H, CHAr), 628 (dt, J = 15.9, 6.5 Hz, 1H, CH,CH), 4.64 (s,
1H, CH), 4.34 (dd, ] = 6.5, 1.2 Hz, 2H, CH,), 3.81 (s, 6H, 2 X CHj,).
3C NMR (101 MHz, CDCl;) § 167.0, 136.1, 134.9, 128.6, 128.1,
126.7, 123.7, 77.5, 71.8, 53.0. HRMS (ESI) calculated for
C4H,sNaO;, [M + Na]*: 287.0890, found 287.0879.

Diisopropyl 2-(Cinnamyloxy)malonate 1b. Compound 1b was
obtained as a colorless oil in 70% yield (112 mg).

'H NMR (400 MHz, CDCL,) & 7.41-7.36 (m, 2H, 2 X ArH),
7.35-7.29 (m, 2H, 2 X ArH), 7.28—7.25 (m, 1H, ArH), 6.63 (d, ] =
16.0 Hz, 1H, CHAr), 6.30 (dt, J = 15.9, 6.5 Hz, 1H, CH,CH), 5.12
(hept, ] = 6.3 Hz, 2H, CH(CH,),), 4.52 (s, 1H, CH), 434 (dd, ] = 6.5,
1.1 Hz, 2H, CH,), 127 (d, ] = 6.2 Hz, 6H, 2 x CH,), 1.26 (d, ] = 6.3
Hz, 6H, 2 X CH;). “C NMR (101 MHz, CDCly) § 166.3, 136.3,
134.7, 128.7, 128.2, 126.8, 124.3, 78.1, 71.7, 69.9, 21.8, 21.7. HRMS
(ESI) calculated for CjgH,,NaOs, [M + Na]*: 343.1516, found
343.1510.

Di-tert-butyl 2-(Cinnamyloxy)malonate 1c. Compound lc was
obtained as a white solid in 62% yield (255 mg).

'H NMR (400 MHz, CDCl,) & 7.42—7.36 (m, 2H, 2 X ArH),
7.35=7.28 (m, 2H, 2 X ArH), 7.28—=7.22 (m, 1H, ArH), 6.63 (d, ] =
15.9 Hz, 1H, CHAr), 6.30 (dt, ] = 15.9, 6.4 Hz, 1H, CH,CH), 4.37 (s,
1H, CH), 4.32 (dd, ] = 6.4, 1.2 Hz, 2H, CH,), 1.49 (s, 18H, 2 X tBu).
BC NMR (101 MHz, CDCly) § 166.0, 136.5, 134.3, 128.7, 128.1,
126.8, 124.6, 82.8, 79.0, 71.4, 28.1.

Dibenzyl 2-(Cinnamyloxy)malonate 1d. Compound 1d was
obtained as a white solid in $6% yield (170 mg), mp 65—67 °C.

"H NMR (400 MHz, CDCl,) § 7.47—7.15 (m, 15H, 15xArH), 6.58
(d, J = 15.9 Hz, 1H, CHAr), 6.26 (dt, ] = 15.9, 6.5 Hz, 1H, CH,CH),
5.19 (s, 4H, CH,Ph), 4.69 (s, 1H, CH), 4.34 (dd, ] = 6.5, 1.1 Hz, 2H,
CH,). 3C NMR (101 MHz, CDCL) § 166.5, 136.2, 135.0, 128.7
(2C), 128.6, 128.5 (2C), 128.2, 126.8, 124.0, 77.7, 71.9, 67.7. HRMS
(ESI) calculated for C,gH,,NaOs, [M + Na]*: 439.1516, found
439.1508.

1-Benzyl 3-Methyl 2-(cinnamyloxy)malonate 1e. Compound le
was obtained as a colorless oil in 59% yield (146 mg).

'H NMR (400 MHz, CDCL,) & 7.41—7.23 (m, 10H, 10xArH), 6.60
(d, ] = 15.9 Hz, 1H, CHAr), 627 (dt, ] = 16.0, 6.5 Hz, 1H, CH,CH),
526 (d, ] = 123 Hz, 1H, CH,Ph), 5.22 (d, J = 12.2 Hz, 1H, CH,Ph),
4.66 (s, 1H, CH), 4.33 (dd, ] = 6.5, 1.0 Hz, 2H, CH,), 3.76 (s, 3H,
CH,). ®C NMR (101 MHz, CDCl;) § 167.0, 166.6, 1362, 135.0,
128.73 (2C), 128.67, 128.4, 128.3, 126.8 (2C), 123.9, 77.7, 71.9, 67.7,
53.0. HRMS (ESI) calculated for CyoH, 05 [M + HJ*: 341.1384,
found 341.1379.
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3-(Cinnamyloxy)pentane-2,4-dione 1f. Compound 1f was ob-
tained in 3 h at § °C, as a pale yellow oil, which solidifies in the freezer,
in 62% yield (227 mg).

Spectra data for symmetric enol: '"H NMR (400 MHz, CDCl,) §
14.38 (s, 1H, OH), 7.44—7.39 (m, 2H, 2 X ArH), 7.37—7.31 (m, 2H, 2
x ArH), 7.30-7.26 (m, 1H, ArH), 6.68 (d, ] = 15.9 Hz, 1H, CHAr),
636 (dt, J = 15.9, 6.1 Hz, 1H, CH,CH), 431 (dd, ] = 6.1, 1.3 Hz, 2H,
CH,), 2.20 (s, 6H, 2 X CH;). *C NMR (101 MHz, CDCl,) § 186.5,
136.4, 135.7, 133.6, 128.8, 128.3, 126.7, 124.3, 75.3, 21.0. HRMS (ESI)
calculated for C ,H (NaO;, [M + Na]*: 255.0992, found 255.0986.

2-(Cinnamyloxy)-1,3-diphenylpropane-1,3-dione 1g. Compound
1g was obtained as a yellow amorphous solid in 27% yield (87 mg).

'H NMR (400 MHz, CDCl,) 6 8.01-7.92 (m, 2H, 2 X ArH),
7.58—7.49 (m, 1H, ArH), 7.47—7.28 (m, 12H, 12 X ArH), 6.59 (d, ] =
15.9 Hz, 1H, CHAr), 6.23 (dt, J = 15.9, 6.4 Hz, 1H, CH,CH), 5.66 (s,
1H, CH), 4.83 (dt, ] = 6.4, 1.4 Hz, 2H, CH,). *C NMR (101 MHg,
CDCly) 6 193.3, 168.8, 135.8, 134.6, 133.7, 133.0, 130.8, 129.7, 129.1,
129.0, 128.9, 128.7, 128.4, 128.2, 126.8, 122.7, 66.4, 60.7. HRMS (ESI)
calculated for C,,H,(NaO;, [M + Na]*: 379.1308, found 379.1280.

Dimethyl (E)-2-((3-(2-Chlorophenyl)allyl)oxy)malonate 1h. Com-
pound 1h was obtained as a white solid in 34% yield (91 mg), mp S3—
S5 °C.

"H NMR (400 MHz, CDCl;) 6 7.53 (dd, J = 7.3, 2.2 Hz, 1H, ArH),
7.35 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 7.25—7.15 (m, 2H, 2 X ArH), 7.02
(d, ] = 15.9 Hz, 1H, CHAr), 6.28 (dt, ] = 15.9, 6.4 Hz, 1H, CH,CH),
4.65 (s, 1H, CH), 4.38 (dd, ] = 6.4, 1.1 Hz, 2H, CH,), 3.82 (s, 6H, 2 X
CH;). ®C NMR (101 MHz, CDCL;) § 167.1, 134.4, 133.4, 1309,
129.9, 129.3, 127.2, 127.0, 1269, 77.7, 71.9, 53.1. HRMS (ESI)
calculated for C,,H,sCINaO;, [M + Na]*: 321.0500, found 321.0488.

Dimethyl (E)-2-((3-(3-Chlorophenyl)allyl)oxy)malonate 1i. Com-
pound 1i was obtained as a colorless oil in $3% yield (149 mg).

'H NMR (400 MHz, CDCL,) § 7.38—7.35 (m, 1H, ArH), 7.29—
7.20 (m, 3H, 3xArH), 6.59 (d, ] = 15.9 Hz, 1H, CHAr), 6.30 (dt, ] =
15.9, 6.3 Hz, 1H, CH,CH), 4.62 (s, 1H, CH), 4.33 (dd, ] = 6.3, 1.2 Hz,
2H, CH,), 3.82 (s, 6H, 2 X CH,). ®C NMR (101 MHz, CDCl,) &
167.0, 138.1, 134.7, 133.2, 130.0, 128.2, 126.8, 125.6, 124.9, 77.8, 71.6,
53.1. HRMS (ESI) calculated for C,,H,,ClOs, [M + HJ]*: 299.0681,
found 299.0675.

Dimethyl (E)-2-((3-(4-Chlorophenyl)allyl)oxy)malonate 1j. Com-
pound 1j was obtained as a white amorphous solid in 56% yield (159
mg).
"H NMR (400 MHz, CDCL,) § 7.31 (d, J = 8.5 Hz, 2H, 2 X ArH),
7.28 (d, J = 8.8 Hz, 2H, 2 X ArH), 6.59 (d, J = 16.0 Hz, 1H, CHAr),
626 (dt, J = 159, 6.4 Hz, 1H, CH,CH), 4.62 (s, 1H, CH), 4.32 (dd, ]
= 6.4, 1.1 Hz, 2H, CH,), 3.81 (s, 6H, 2 X CH,). *C NMR (101 MHz,
CDCly) 6 167.0, 134.7, 133.9, 133.5, 128.9, 128.0, 124.6, 77.8, 71.8,
53.1. HRMS (ESI) calculated for C,;H,sCINaO;, [M + Na]*:
321.0500, found 321.0487.

Dimethyl (E)-2-((3-(4-Methoxyphenyl)allyl)oxy)malonate 1k.
Compound 1k was obtained as a colorless oil in 63% yield (166 mg).

'H NMR (400 MHz, CDCl;) § 7.32 (d, ] = 8.7 Hz, 2H, 2 X ArH),
6.85 (d, ] = 8.7 Hz, 2H, 2 X ArH), 6.57 (d, ] = 15.9 Hz, 1H, CHAr),
6.14 (dt, J = 15.9, 6.7 Hz, 1H, CH,CH), 4.63 (s, 1H, CH), 431 (dd, J
= 6.7, 1.0 Hz, 2H, CH,), 3.81 (s, 3H, OCH,), 3.80 (s, 6H, 2 X CHy).
3C NMR (101 MHz, CDCL) 6 167.2, 159.8, 134.9, 1289, 128.1,
121.5, 114.1, 77.4, 722, 554, 53.1. HRMS (ESI) calculated for
CsH, NaOg, [M + Na]*: 317.0996, found 317.0981.

Dimethyl (E)-2-((3-(4-Nitrophenyl)allyl)oxy)malonate 1I. Com-
pound 11 was obtained as a yellow solid in 46% yield (147 mg), mp
58—60 °C.

'H NMR (400 MHz, CDCl;) § 8.19 (d, J = 8.7 Hz, 2H, 2 X ArH),
7.52 (d, J = 8.8 Hz, 2H, 2 X ArH), 6.74 (d, ] = 16.0 Hz, 1H, CHAr),
647 (dt, ] = 16.0, 5.9 Hz, 1H, CH,CH), 4.63 (s, 1H, CH), 4.38 (dd, ]
= 5.9, 1.4 Hz, 2H, CH,), 3.83 (s, 6H, 2 X CH;). *C NMR (CDCl,,
101 MHz) § 166.8, 147.4, 142.7, 131.6, 129.1, 127.3, 124.2, 78.2, 71.3,
53.2. HRMS (ESI) calculated for C,,H;;NNaO,, [M + Na]":
332.0741, found 332.0732.

Dimethyl (E)-2-((3-(Naphthalen-2-yl)allyl)oxy)malonate 1m.
Compound 1m was obtained as a pale yellow oil in 33% yield (97 mg).
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'H NMR (400 MHz, CDCl,) 6 7.83—7.77 (m, 3H, 3xArH), 7.75 (s,
1H, ArH), 7.60 (dd, ] = 8.6, 1.7 Hz, 1H, ArH), 7.50—7.42 (m, 2H, 2 X
ArH), 6.80 (d, J = 15.9 Hz, 1H, CH), 6.41 (dt, ] = 15.9, 6.5 Hz, 1H,
CH,CH), 4.67 (s, 1H, CH), 439 (dd, ] = 6.5, 1.2 Hz, 2H, CH,), 3.82
(s, 6H, 2 X CH;). *C NMR (101 MHz, CDCL,) § 1672, 135.1, 133.7,
133.6, 133.4, 128.4, 128.2, 127.8, 127.1, 126.5, 126.3, 124.3, 123.6,
77.7, 72.1, 53.1. HRMS (ESI) calculated for C,gH,sNaOs, [M + Na]*:
337.1046, found 337.1040.

Dimethyl (E)-2-((3-(Thiophen-2-yl)allyl)oxy)malonate 1n. Com-
pound In was obtained as a yellow oil in 38% yield (102 mg).

'"H NMR (400 MHz, CDCL;) & 7.18 (d, ] = 49 Hz, 1H, ArH),
7.07—6.87 (m, 2H, 2 X ArH), 6.76 (d, ] = 15.7 Hz, 1H, CHAr), 6.10
(dt, J = 15.7, 6.5 Hz, 1H, CH,CH), 4.62 (s, 1H, CH), 4.29 (dd, ] = 6.5,
1.2 Hz, 2H, CH,), 3.81 (s, 6H, 2 X CH;). *C NMR (101 MHz,
CDCly) § 167.1, 1412, 128.1, 127.5, 126.7, 1252, 123.3, 77.6, 71.6,
53.1. HRMS (ESI) caled for C,,H,,NaO,S, [M + Na]*: 293.0454,
found 293.0447.

General Procedure for Organocatalytic Wittig [2,3]-Rear-
rangement of Allyloxy-1,3-dicarbonyl Compounds 1 (Method
A). A solution of allyloxy-1,3-dicarbonyl compound 1 (0.1 mmol) in
CDCl; (0.25 mL) was added to a cooled solution of catalyst II (20
mol %) in CDCly (0.25 mL). The reaction mixture was stirred at —20
°C for 24 h. Upon completion of the reaction, the crude mixture was
directly purified by flash chromatography on silica gel (0—10% EtOAc
in petroleum ether/DCM 3/1 mixture), affording the desired product
2. The enantioselectivity of the isolated product was determined by
HPLC analysis, providing the product in (R)-configuration.

General Procedure for Ca?*-Catalyzed Asymmetric Wittig
[2,3]-Rearrangement of Allyloxy 1,3-Dicarbonyl Compounds 1
(Method B). To a solution of allyloxy 1,3-dicarbonyl compound 1
(0.1 mmol) in 2-propanol (1 mL), Ca(NTf,), (0.005 mmol), ligand
L1 (0.005 mmol) and imidazole (0.005 mmol) were added. The
reaction mixture was stirred at 60 °C. Then, the solvent was
evaporated, and the residue was purified by flash chromatography on
silica gel (0—10% EtOAc in petroleum ether/DCM 3/1 mixture),
affording the desired product 2. The enantioselectivity of the isolated
product was determined by HPLC analysis, providing the product in
(8)-configuration.

Dimethyl (R)-2-Hydroxy-2-(1-phenylallyl)malonate 2a. Com-
pound 2a was obtained as a white solid, for Method A in 87% yield (23
mg) and for Method B in 67% yield (18 mg), mp 86—88 °C. The
enantioselectivity was determined by chiral HPLC analysis (Chiralpak
AD-H, hexane:2-propanol = 90:10, flow rate = 1.0 mL/min, 25 °C, 1 =
210 nm), (R)-2a 10.7 min and (S)-2a 9.6 min, and enantiomeric
excess for compound 2a for Method A was 50% and for Method B was
75%. Optical rotation for (R)-2a (ee 50%): [a]X —28.8 (c 0.11,
CHCI;). Analytic data were in agreement with the literature data.”

'"H NMR (400 MHz, CDCl;) § 7.40—7.35 (m, 2H, ArH), 7.31—
7.20 (m, 3H, ArH), 6.18 (ddd, J = 17.1, 10.1, 9.1 Hz, 1H, CHCH,),
5.23-5.13 (m, 2H, CH,), 4.33 (d, J = 9.0 Hz, 1H, CHAr), 3.92 (s, 1H,
OH), 3.84 (s, 3H, CH;), 3.61 (s, 3H, CH;). 3C NMR (101 MHz,
CDCly) 6 170.0, 169.8, 138.1, 135.6, 129.3, 1284, 127.5, 118.4, 82.7,
54.7, 53.8, 53.5. HRMS (ESI) for C,H (NaOj, calculated for [M +
Na]": 287.0890, found: 287.0889.

Dibenzyl (R)-2-Hydroxy-2-(1-phenylallyl)malonate 2d. Com-
pound 2d was obtained as a colorless oil, for Method A in 75% yield
(29 mg) and for Method B in 88% yield (36 mg). The
enantioselectivity was determined by chiral HPLC analysis (Chiralpak
AD-H, hexane:2-propanol = 90:10, flow rate = 1.0 mL/min, 25 °C, 1 =
210 nm), (R)-2d 31.1 min and (S)-2d 25.3 min, and enantiomeric
excess for compound 2d for Method A was 0% and for Method B was
85%. Optical rotation for (S)-2d (ee 85%): [a]y —15.6 (c 0.15,
CHCL,).

'"H NMR (400 MHz, CDCl;) § 7.38—7.27 (m, 10H, ArH), 7.24—
7.19 (m, 3H, ArH), 7.17—7.09 (m, 2H, ArH), 6.16 (ddd, ] = 17.0, 10.3,
89 Hz, 1H, CHCH,), 522 (s, 2H, CH,Ar), 5.12—5.03 (m, 2H,
CHCH,), 498 (d, ] = 12.2 Hz, 1H, CH,Ar), 493 (d, ] = 12.2 Hz, 1H,
CH,Ar), 4.34 (d, ] = 8.8 Hz, 1H, CHAr), 3.98 (s, 1H, OH). 3C NMR
(101 MHz, CDCly) § 169.4, 169.1, 138.1, 135.6, 134.9, 134.6, 129.4,
128.73 (2C), 128.68, 128.63, 128.61, 128.5, 128.4, 127.4, 1184, 82.6,
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68.6, 68.4, 54.4. HRMS (ESI) for C,sH,,NaOj, calculated for [M +
Na]*: 439.1516, found: 439.1519.

1-Benzyl 3-Methyl-2-hydroxy-2-((R)-1-phenylallyl)malonate
2e. Compound 2e was obtained as a colorless oil, for Method A in
73% yield (24 mg) and for Method B in 68% yield (23 mg).

NMR data for the main diastereoisomer. 'H NMR (400 MHz,
CDCly) & 7.42-7.19 (m, 10H, ArH), 6.22—6.09 (m, 1H, CHCH,),
5.26 (s, 2H, CH,Ar), 5.10—5.04 (m, 2H, CHCH,), 4.33 (d, ] = 8.9 Hz,
1H, CHAr), 3.93 (s, 1H, OH), 3.56 (s, 3H, CH;). *C NMR (101
MHz, CDCL;) § 169.7, 169.4, 138.2, 135.4, 135.0, 129.4, 128.8, 128.7,
128.6, 128.4, 127.5, 118.5, 82.6, 68.5, 54.5, 53.4. HRMS (ESI) for
CyoH,oNaOs, calculated for [M + Na]*: 363.1203, found: 363.1193.

3-Hydroxy-3-(1-phenylallyl)pentane-2,4-dione 2f. Compound
2f was obtained as a yellow oil, for Method B in 48% yield (11 mg).
The enantioselectivity was determined by chiral HPLC analysis
(Chiralpak AD-H, hexane:2-propanol = 95:5, flow rate = 1.0 mL/min,
25 °C, 4 =230 nm), major enantiomer 6.0 min, minor enantiomer 5.3
min, and enantiomeric excess for compound 2f for Method B was
32%. Optical rotation for 2f (ee 32%): [a]X +2.7 (c 0.099, CHCL,).

'H NMR (400 MHz, CDCl;) § 7.38—7.31 (m, 2H, ArH), 7.31—
7.18 (m, 3H, ArH), 6.02 (ddd, J = 17.1, 10.2, 9.1 Hz, 1H, CHCH,),
5.16—5.09 (m, 2H, CH,), 4.95 (s, 1H, OH), 4.35 (d, J = 9.1 Hz, 1H,
CHAr), 2.34 (s, 3H, CH;), 1.99 (s, 3H, CH;). *C NMR (101 MHz,
CDCly) § 206.9, 206.8, 138.1, 135.5, 129.1, 128.6, 127.5, 118.2, 94.0,
55.7, 264, 26.1. HRMS (ESI) for C;,H;(NaO,, calculated for [M +
Na]*: 255.0992, found: 255.0987.

Dimethyl (R)-2-(1-(2-Chlorophenyl)allyl)-2-hydroxymalo-
nate 2h. Compound 2h was obtained as a white solid, for Method
A in 71% yield (20 mg) and for Method B in $7% yield (17 mg); mp
35—37 °C. The enantioselectivity was determined by chiral HPLC
analysis (Chiralpak AD-H, hexane:2-propanol = 99:1, flow rate = 1.0
mL/min, 25 °C, 4 = 210 nm), (R)-2h 35.3 min and (S)-2h 39.6 min,
and enantiomeric excess for compound 2h for Method A was 19% and
for Method B was 57%. Optical rotation for (R)-2h (ee 19%): [a]}
—17.0 (c 0.11, CHCL).

'H NMR (400 MHz, CDCL,) & 7.80 (dd, ] = 7.8, 1.8 Hz, 1H, ArH),
7.35 (dd, J = 7.8, 1.5 Hz, 1H, ArH), 7.21 (td, J = 7.6, 1.5 Hz, 1H,
ArH), 7.15 (td, ] = 7.6, 1.8 Hz, 1H, ArH), 6.00 (ddd, J = 16.9, 10.4, 8.4
Hz, 1H, CHCH,), 5.20-5.16 (m, 1H, CH,), 5.15 (d, J = 0.9 Hz, 1H,
CH,), 5.06 (d, ] = 8.4 Hz, 1H, CHAr), 4.05 (d, J = 0.9 Hz, 1H, OH),
3.87 (s, 3H, CH;), 3.58 (s, 3H, CH;). *C NMR (101 MHz, CDCl;) §
170.0, 169.7, 136.1, 134.8, 134.2, 130.3, 129.7, 128.5, 127.1, 118.9,
82.3, 54.0, 53.5, 49.0. HRMS (ESI) for C,,H,;CINaOj, calculated for
[M + Nal*: 321.0500, found: 321.0487.

Dimethyl (R)-2-(1-(3-Chlorophenyl)allyl)-2-hydroxymalo-
nate 2i. Compound 2i was obtained as a white solid, for Method A
in 72% yield (21 mg) and for Method B in 97% yield (29 mg); mp
43—45 °C. The enantioselectivity was determined by chiral HPLC
analysis (Chiralpak AD-H, hexane:2-propanol = 90:10, flow rate = 1.0
mL/min, 25 °C, A = 210 nm), (R)-2i 9.6 min and (S)-2i 8.5 min, and
enantiomeric excess for compound 2i for Method A was 50% and for
Method B was 70%. Optical rotation for (R)-2i (ee 50%): [a]X —28.0
(¢ 0.07, CHCL).

'H NMR (400 MHz, CDCL) 5 7.41-7.35 (m, 1H, ArH), 7.30—
724 (m, 1H, ArH), 7.23-7.18 (m, 2H, ArH), 6.16—6.06 (m, 1H,
CHCH,), 5.22—5.18 (m, 1H, CH,), 5.16 (s, 1H, CH,), 4.30 (d, ] = 8.9
Hz, 1H, CHAr), 3.94 (s, 1H, OH), 3.84 (s, 3H, CH,), 3.64 (s, 3H,
CH,). 3C NMR (101 MHz, CDCL) & 169.8, 169.5, 1402, 135.0,
134.1, 129.63, 129.60, 127.7, 127.6, 119.0, 82.5, 54.2, 53.9, 53.6.
HRMS (ESI) for C,H,4ClO;, calculated for [M + H]*: 299.0681,
found: 299.0670.

Dimethyl (R)-2-(1-(4-Chlorophenyl)allyl)-2-hydroxymalo-
nate 2j. Compound 2j was obtained as a white solid, for Method A
in 59% yield (17 mg) and for Method B in 67% yield (20 mg); mp
47—49 °C. The enantioselectivity was determined by chiral HPLC
analysis (Chiralpak AD-H, hexane:2-propanol = 95:5, flow rate = 1.0
mL/min, 25 °C, 2 = 210 nm), (R)-2j 16.9 min and (S)-2j 15.2 min,
and enantiomeric excess for compound 2j for Method A was 50% and
for Method B was 58%. Optical rotation for (R)-2j (ee 50%): [a]h
—272 (c 0.09, CHCL,).
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'H NMR (400 MHz, CDCL,) 6 7.33 (d, ] = 8.5 Hz, 2H, ArH), 7.25
(d, J = 87 Hz, 2H, ArH), 6.11 (ddd, J = 17.5, 9.8, 89 Hz, 1H,
CHCH,), 5.20—5.16 (m, 1H, CH,), 5.16—5.13 (m, 1H, CH,), 4.31 (d,
J = 8.8 Hz, 1H, CHAr), 3.94 (s, 1H, OH), 3.84 (s, 3H, CH,), 3.63 (s,
3H, CH;). *C NMR (101 MHz, CDCl,) § 169.9, 169.5, 136.7, 1352,
133.4, 130.8, 128.6, 118.7, 82.5, 53.91, 53.89, 53.6. HRMS (ESI) for
C4H,sCINaOj, calculated for [M + Na]*: 321.0500, found: 321.0491.

Dimethyl (R)-2-Hydroxy-2-(1-(4-methoxyphenyl)allyl)-
malonate 2k. Compound 2k was obtained as a white solid, for
Method A in 62% yield (17 mg) and for Method B in 35% yield (10
mg); mp 74—76 °C. The enantioselectivity was determined by chiral
HPLC analysis (Chiralpak AD-H, hexane:EtOH = 95:5, flow rate = 1.0
mL/min, 25 °C, 2 = 254 nm), (R)-2k 39.0 min and (S)-2k 21.8 min,
and enantiomeric excess for compound 2k for Method A was 52% and
for Method B was 67%. Optical rotation for (R)-2k (ee 52%): [a]}
—249 (c 0.09, CHCL,).

'H NMR (400 MHz, CDCl,) § 7.29 (d, ] = 8.7 Hz, 2H, ArH), 6.81
(d, J = 8.7 Hz, 2H, ArH), 615 (ddd, J = 17.1, 10.2, 8.8 Hz, 1H,
CHCH,), 5.22—5.11 (m, 2H, CH,), 428 (d, J = 8.8 Hz, 1H, CHAr),
3.90 (s, 1H, OH), 3.83 (s, 3H, CH3), 3.77 (s, 3H, CH;), 3.62 (s, 3H,
CH,). ®C NMR (101 MHz, CDCL;) § 170.0, 169.8, 1589, 135.8,
130.4, 130.1, 118.1, 113.8, 82.8, 55.3, 54.0, 53.7, 53.5. HRMS (ESI) for
CsH sNaOy, calculated for [M + Na]*: 317.0996, found: 317.0998.

Dimethyl (R)-2-Hydroxy-2-(1-(4-nitrophenyl)allyl)malonate
2l. Compound 21 was obtained as a yellow solid, for Method A in
56% yield (16 mg) and for Method B in 77% yield (24 mg); mp 99—
101 °C. The enantioselectivity was determined by chiral HPLC
analysis (Chiralpak AD-H, hexane:2-propanol = 90:10, flow rate = 1.0
mL/min, 25 °C, A = 210 nm), (R)-2l 23.8 min and (S)-21 19.5 min,
and enantiomeric excess for compound 21 for Method A was 9% and
for Method B was 35%. Optical rotation for (R)-21 (ee 9%): [a]}
—109 (c 0.13, CHCL).

'H NMR (400 MHz, CDCL,) 5 8.14 (d, J = 8.6 Hz, 2H, ArH), 7.59
(d, ] = 8.7 Hz, 2H, ArH), 6.11 (dt, ] = 18.1,9.2 Hz, 1H, CHCH,), 5.22
(s, 1H, CH,), 5.19 (d, ] = 6.6 Hz, 1H, CH,), 444 (d, ] = 8.9 Hz, 1H,
CHAr), 4.02 (s, 1H, OH), 3.86 (s, 3H, CH;), 3.63 (s, 3H, CH,). *C
NMR (101 MHz, CDCL) & 169.7, 1692, 147.3, 145.9, 134.4, 1304,
123.5, 119.7, 82.2, 54.11, 54.07, 53.7. HRMS (ESI) for C,;H,;(NO,,
calculated for [M + H]": 310.0921, found: 310.0910.

Dimethyl (R)-2-Hydroxy-2-(1-(naphthalen-2-yl)allyl)-
malonate 2m. Compound 2m was obtained as a white solid, for
Method A in 80% yield (25 mg) and for Method B in 77% yield (24
mg); mp 89—91 °C. The enantioselectivity was determined by chiral
HPLC analysis (Chiralpak AD-H, hexane:2-propanol = 90:10, flow
rate = 1.0 mL/min, 25 °C, 1 = 210 nm), (R)-2m 24.9 min and (S)-2m
14.7 min, and enantiomeric excess for compound 2m for Method A
was 59% and for Method B was 63%. Optical rotation for (R)-2m (ee
59%): [a]h —48.9 (c 0.06, CHCl,).

'H NMR (400 MHz, CDCL,) & 7.85 (s, 1H, ArH), 7.83—7.74 (m,
3H, ArH), 7.53 (dd, ] = 8.5, 1.6 Hz, 1H, ArH), 7.48—7.42 (m, 2H,
ArH), 628 (ddd, J = 17.1, 10.2, 8.9 Hz, 1H, CHCH,), 5.26—5.17 (m,
2H, CH,), 4.52 (d, ] = 8.8 Hz, 1H, CHAr), 4.00 (s, 1H, OH), 3.87 (s,
3H, CH,), 3.58 (s, 3H, CH;). *C NMR (CDCl,, 101 MHz) § 170.0,
169.7, 135.7, 135.6, 133.5, 132.8, 128.3, 128.1, 128.0, 127.7, 127.5,
126.05, 125.97, 118.6, 82.9, 54.8, 53.8, 53.5. HRMS (ESI) for
C,3HsNaOj, calculated for [M + Na]*: 337.1046, found: 337.1039.

Dimethyl (S)-2-Hydroxy-2-(1-(thiophen-2-yl)allyl)malonate
2n. Compound 2n was obtained as a white solid, for Method A in
84% yield (22 mg) and for Method B in 78% yield (21 mg); mp 54—
56 °C. The enantioselectivity was determined by chiral HPLC analysis
(Chiralpak AD-H, hexane:2-propanol = 90:10, flow rate = 1.0 mL/
min, 25 °C, A = 210 nm), (R)-2n 12.7 min and (S)-2n 11.7 min, and
enantiomeric excess for compound 2n for Method A was 42% and for
Method B was 63%. Optical rotation for (R)-2n (ee 42%): [a]} —35.5
(¢ 0.09, CHCL).

'H NMR (400 MHz, CDCl,) 6 7.19 (ddd, J = 5.1, 1.2, 0.5 Hz, 1H,
ArH), 6.99 (ddd, ] = 3.5, 1.2, 0.5 Hz, 1H, ArH), 6.93 (dd, J = 5.1, 3.5
Hz, 1H, ArH), 6.09 (ddd, J = 17.0, 10.1, 89 Hz, 1H, CHCH,), 5.22
(ddd, J = 17.0, 1.4, 0.9 Hz, 1H, CH,), 5.17 (ddd, J = 10.1, 1.5, 0.6 Hz,
1H, CH,), 4.67 (d, J = 8.9 Hz, 1H, CHAr), 3.99 (d, J = 0.8 Hz, 1H,
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OH), 3.83 (s, 3H, CH,), 3.70 (s, 3H, CH,). >*C NMR (101 MHz,
CDCly) 6 169.6, 169.5, 139.6, 135.3, 126.6, 126.5, 125.2, 118.7, 82.4,
53.79, §3.75, 50.5. HRMS (ESI) for C,,H,,NaO;S, calculated for [M +
Na]*: 293.0454, found: 293.0446.
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Abstract

There is a continuous need for new efficient methods that can be applied for the
asymmetric synthesis of bioactive compounds. H-bond mediated organocatalysis has
demonstrated its great potential in the field of asymmetric synthesis.
Spirocyclopropanation and Wittig [2,3]-rearrangement provide products with high
levels of complexity which can be useful building blocks for further transformations.

The Michael-initiated spirocyclopropanation of chlorooxindoles with symmetric
unsaturated 1,4-dicarbonyl compounds catalyzed by bifunctional thiourea was studied.
The Boc-protection of chlorooxindoles was necessary in order to activate the substrate.
a,B-identically substituted spirocyclopropyl oxindoles were obtained in high yields (up
to 81%), and high diastereo- and enantioselectivities (d.r. up to 20:1 and ee up to 87%).
In reactions with non-symmetric 1,4-dicarbonyl compounds, products with two tertiary
and one quaternary centers formed as single diastereisomers.

After several attempts, we developed a method for the synthesis of substrates for the
Wittig [2,3]-rearrangement, which is based on the rhodium-catalyzed cinnamyl alcohol
insertion to diazo compounds. Although the yields of the reaction were moderate, the
described approach is the only method available to obtain the desired substrates.

A bifunctional squaramide catalyzed Wittig [2,3]-rearrangement of 3-
cinnamyloxyoxindoles led to the formation of 3-substituted 3-hydroxyoxindoles in very
high yields (up to 95% of total yield). Despite the fact that the diastereoselectivities
were rather low, the diastereoisomers were chromatographically separable and
enantioselectivities were excellent for both isomers (up to 94 and 97%).

A highly basic cyclopropenimine derivative was applied as the catalyst for the
asymmetric Wittig [2,3]-rearrangement of 2-cinnamyloxymalonates, as the basicity of
Cinchona alkaloid-derived catalysts was not sufficient for this transformation. [2,3]-
rearranged products were isolated in high yields (up to 87%) and moderate
enantiomeric purities (ee up to 59%). The catalyst design study revealed that the
bifunctionality of the catalyst played a crucial role in the stabilization of the chiral
transition state.

An unexpected compound was obtained in the reaction with para-nitro
cinnamyloxyoxindole. We have proved that the obtained chiral compound was formed
as a product of the enantioselective [1,2]-type rearrangement catalyzed by the
bifunctional squaramide. This type of transformation has not previously been reported.
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Lihikokkuvote

Uute efektiivsete bioaktiivsete Ghendite asimmeetrilise slinteesi meetodite jarele on
pidev ndudlus. H-sideme katallilis omab aslimmeetrilises katallilsis suurt potentsiaali.
Spirotsiklopropaneerimine ja Wittigi [2,3]-Umberasetusreaktsioon v&imaldavad
siinteesida keerulise struktuuriga Uhendeid, mida saab kasutada ldhteainetena
edasisteks muundamisteks.

Uuriti  bifunktsionaalse tiouurea poolt katalllsitud Michaeli liitumise kaudu
initsieeritud klorooksindoolide tsiiklopropaneerimist simmeetriliste killastumata 1,4-
dikarbonuilihenditega. Klorooksindoolide Boc-kaitserihm oli vajalik substraadi
aktiveerimiseks. a,B-identselt asendatud spirotsiikloproptiloksindoolid saadi kérge
saagisega (kuni 81%), diastereo- ja enantioselektiivusega (d.r. kuni 20:1 ja ee kuni 87%).
Reaktsioonil ~mittesimmeetriliste 1,4-dikarboniiliihenditega moodustusid kahe
tertsiaarse ja lihe kvaternaarse tsentriga produktid Ghe diastereoisomeerina.

Parast mitmeid Idhenemisi arendasime vidlja meetodi  Wittigi [2,3]-
limberasetusreaktsiooni substraatide silinteesiks, mis pdhineb roodiumkatalidtilisel
kaneelalkoholi sisestusreaktsioonil diasolihendile. Kuigi reaktsiooni saagised on
keskparased, on kirjeldatud lahenemine ainus véimalik meetod soovitud substraatide
saamiseks.

Bifunktsionaalse skvaaramiidi poolt katalliisitud 3-tsinnamiilokstioksindoolide Wittigi
[2,3]-Umberasetusreaktsiooni tulemusena moodustusid 3-asendatud 3-
hidrokstoksindoolid vaga kdrge saagisega (summaarne saagis kuni 95%). Vaatamata
madalatele diastereoselektiivsustele olid diastereoisomeerid kromatograafiliselt
lahutatavad ja mélema isomeeri enantiomeersed puhtused olid vdga kérged (ee kuni 94
ja 97%).

2-tsinnamuiloksiimalonaatide aslimmeetrilisel Wittigi [2,3]-Umberasetusreaktsioonil
kasutati katalUisaatorina tugevalt aluselist tsiiklopropeenimiini derivaati, kuna Cinchona
alkaloididel pdhinevad kataliisaatorid ei ole selle reaktsiooni katallilisimiseks piisavalt
aluselised. [2,3]-Umberasetusproduktid eraldati kdrge saagise (kuni 87%) ja keskparase
enantiomeerse puhtusega (ee kuni 59%). Katallisaatori disainimine nditas, et
katallisaatori bifunktsionaalsus mangib olulist rolli kiraalse vaheoleku stabiliseerimisel.

Reaktsioonil para-nitrotsinnamutloksiioksindooliga saadi ootamatu produkt. Toestati,
et saadud (hend moodustus enantioselektiivse [1,2]-tllpi Umberasetusreaktsiooni,
mida katalsis bifunktsionaalne skvaaramiid, tulemusena. Sellist tlilipi muundumist ei
olnud varem kirjeldatud.
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