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Supervisor’s Foreword

Many natural products display a saturated polycyclic core allowing a well-defined
arrangement of functional groups in space. They can therefore interact with bio-
logical targets with high affinity and selectivity, surpassing many synthetic drugs.
Nitrogen-containing functional groups are especially important, as the higher
electron-density of nitrogen allows stronger hydrogen bonding in biological sys-
tems. Nevertheless, the efficient synthesis of such complex ring systems represents
a challenge for organic chemistry.

In this thesis, a general approach for accessing nitrogen-substituted hetero- and
carbocycles is presented. Through careful tuning of the electronic properties of a
nitrogen donor group and a diester acceptor group, the first [3 + 2] annulation
reaction between aminocyclopropanes and enol ethers or carbonyl compounds
became possible. The reaction proceeded under mild catalytic conditions. The
obtained building blocks can be found at the core of bioactive alkaloids, drugs such
as Ramipril and biomolecules such as DNA and RNA. Access to enantioenriched
compounds became possible through the dynamic kinetic asymmetric annulation of
aminocyclopropanes with enol ethers and aldehydes. This impressive transforma-
tion process was mediated by a copper catalyst bearing a commercially available
ligand and gave both cyclopentylamines and tetrahydrofurylamines in high yield
and enantioselectivity. Finally, a synthesis of donor–acceptor aminocyclobutanes
via [2 + 2] cycloaddition using a cheap iron catalyst was developed, and they could
be used in [4 + 2] annulations to access cyclohexylamines.

In short, the annulation reactions developed in this thesis give access to
nitrogen-substituted four-, five- and six-membered rings, all essential building
blocks for the synthesis of bioactive compounds. These important fundamental
results can now be used to synthesize libraries of molecules for the discovery of
new bioactive chemical entities. In fact, the methodology could already be applied
in our group to the synthesis of new nucleoside analogues bearing thimine, uracil
and fluorouracil nucleobases. When considering that about 45 nucleoside analogues
are FDA approved drugs and that the synthesized compounds have unprecedented
structures, the obtained molecules could well lead to exciting results in currently
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ongoing biological tests. From the fundamental point of view, the synthetic
potential of nitrogen-substituted small rings has just begun to be investigated, and
I am certain that the work described in this thesis will serve as basis for the
discovery of new modes of C-C bond activation, catalytic methods or unprece-
dented chemical structures, and will ultimately result in the efficient synthesis of
bioactive natural products and synthetic drugs.

Lausanne Prof. Jérôme Waser
February 2015
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Abstract

The development of new methodologies in organic synthesis can greatly impact
related fields such as medicinal chemistry, material science, molecular biology or
environmental science. The complexity of the molecular scaffolds required is
increasing, as is the demand for selective and efficient synthetic processes.
Additionally, the quest for environmentally benign protocols operating at the lowest
possible cost are parameters which should be taken into consideration when
developing new reactions.

Molecules containing cyclic scaffolds substituted by nitrogen are ubiquitous in
natural products such as indole alkaloids or DNA nucleotides as well as in highly
potent synthetic pharmaceuticals. There is a high demand for efficient access to
these structures in order to discover molecules with new fields of applications.

The annulation of a formal dipole with a dipolarophile provides a very con-
vergent way to access carbo or heterocyclic structures via the construction of
multiple carbon-carbon bonds in one step. Donor–acceptor substituted cyclopro-
panes are known, when activated by a catalyst, to generate reactive 1,3 formal
dipoles. Therefore, the use of nitrogen-substituted donor–acceptor cyclopropanes in
annulation reactions would provide an efficient access to nitrogen-substituted cyclic
structures. The goal of this thesis was to investigate, for the first time, the inter-
molecular reactivity of aminocyclopropanes as 1,3 formal dipoles.

In this context, we developed the first catalytic [3 + 2] annulation of aminocy-
clopropanes with enol ethers. The reaction required phthalimide-substituted donor–
acceptor cyclopropanes that were easily accessed in one step. The use of a tin
catalyst afforded a wide range of polysubstituted cyclopentylamines with high
diastereoselectivity and yields up to 99 %. The method occurred with full transfer of
stereogenic information affording the products in enantioenriched form.

The first annulation of aminocyclopropanes with aldehydes was then reported.
An easy-to-handle, innocuous and inexpensive iron-based catalyst was used for this
purpose. The use of the same phthalimide-substituted cyclopropane as before
allowed the isolation of substituted heterocycles in excellent diastereoselectivities
and yields up to 99 %. The 2-aminotetrahydrofuran scaffolds are found in the core
of DNA and RNA molecules. In order to increase the potential of our methods, we
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adapted the reaction to less reactive ketones. In this case, the use of the same
catalytic system than for enol ethers gave aminotetrahydrofurans with a quaternary
C5 atom in high yields. The reaction turned out to be diastereoselective as well as
enantiospecific, allowing the isolation of the valuable analogues with an enantio-
meric ratio of 98:2.

Again, phthalimide-substituted donor–acceptor cyclopropanes were shown to be
efficient electrophilic acceptors in the scandium triflate catalyzed Friedel-Crafts
alkylation of aromatic nucleophiles. Indoles substituted with electron-rich as well as
electron-poor groups were efficiently alkylated in the C3 position. When
C3-substituted indoles were employed, a cationic rearrangement afforded the
C2-alkylated products. The reaction tolerated a broad range of aromatic nucleo-
philes and afforded gamma amino acid derivatives present in important pharma-
cophores with high yields.

In order to access enantioenriched five-membered carbo- and heterocycles
without requiring an enantiopure starting material, we developed the first dynamic
kinetic asymmetric [3 + 2] annulation reaction of aminocyclopropanes with enol
ethers and aldehydes. The donating functionality had to be optimized and it was
found that succinimide substituted donor–acceptor cyclopropanes gave optimal
results. The reaction was catalyzed by a copper complex in combination with a
commercially available bisoxazoline ligand and tolerated both enol ethers and
aldehydes as partners. The cyclopentylamines and aminotetrahydrofurans were
obtained in up to 99 % yield and a 98:2 enantiomeric ratio. In order to expand the
range of accessible nitrogen-substituted cyclic structures, the reactivity of amino-
cyclobutanes as 1,4 dipoles was also investigated. First, an efficient access to
donor–acceptor substituted aminocyclobutanes was developed. Using the same iron
catalyst as for the annulation of aldehydes with cyclopropanes, [2 + 2] cycload-
dition between enimides and alkylidene malonates afforded aminocyclobutanes
with a broad range of substituents. The products were obtained with yields up to
96 % yields and diastereoselectivities superior to 20:1. The reaction was optimized
in order to be conducted easily on a multigram scale. The products were converted
to peptide surrogates in a three-step protocol.

Finally, these donor-acceptor substituted aminocyclobutanes were successfully
used as formal 1,4 dipoles in annulations with silyl enol ethers. Using tin tetra-
chloride at -40 °C afforded the six-membered ring analogues in yields up to 98 %
and with diastereoselectivities up to 20:1.

Keywords Donor-acceptor substituted cyclopropanes � Aminocyclopropanes �
[3 + 2] annulations � Dynamic kinetic asymmetric transformation � Donor-acceptor
substituted cyclobutanes � Aminocyclobutanes � [4 + 2] annulations
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Chapter 1
Introduction

1.1 Introduction

Since the beginning of the last century, organic chemistry has been playing an
important role in the development of modern society. It has led to innovation in
major disciplines such as drug development, crop protection, material and envi-
ronmental sciences. However, the demand for molecular scaffolds that are more and
more complex challenges the efficiency of current synthetic methods and highlights
the urgent need for new strategies. The development of new reactions is a very
important process by which progress in the disciplines requiring molecule engi-
neering can be achieved. A new methodology has to bring a solution to recognized
problems. For this purpose, it can improve an existing process by, for example,
reducing its cost, increasing its field of application or its efficiency. It can also be
based on a new strategy to build molecules in a way that did not exist before. This
process can be very rewarding as it can also lead to the exploration of a chemical
space that was unexploited previously.

In the field of bioactive compounds, carbo- and heterocycles substituted with a
nitrogen atom are predominant scaffolds. On one side, the presence of a cyclic
structure in a molecule allows the control of the orientation of its substituents in
space. It is very important in drug discovery for example, as the interactions of the
molecule with a target are directed in the three dimensions of a confined space.
A small variation of the orientation of one substituent can have a dramatic effect on
the bioactivity of the molecule. On the other side, nitrogen-containing functional-
ities are essential for life and can be found in numerous biomolecules, from simple
amino acids or DNA bases to incredibly complex alkaloids. There, the nitrogen
atom can play a key role in the structural organization of macromolecules via
non-bonding interactions or be involved in enzymatic transfer of reactive inter-
mediates via charged-relay network.

There is a vast amount of reactions that are aiming to access cyclic structures. In this
context, cycloadditions and annulations are powerful synthetic methods to access

© Springer International Publishing Switzerland 2016
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these structures because multiple bonds are created in one step. However, controlling
the stereoselective construction of cyclic molecules in the presence of diverse func-
tionalities is a goal that is difficult to achieve. Additionally, nitrogen is an element
which is not trivial to introduce in molecules due to its basicity. Many catalytic
systems and reagents are not compatible withmolecules containing a nitrogen atom as
they can act as strong deactivating ligands or promote side reactions.

Therefore, developing a synthetic method to access these privileged scaffolds
containing both the cycle and the nitrogen substitution would be very valuable. In
the past, donor-acceptor substituted cyclopropanes and cyclobutanes have proven
their synthetic utility as formal 1,3 and 1,4 dipoles. However none of these studies
reported the use of nitrogen-substituted cyclopropanes or cyclobutanes to access
nitrogen-containing cyclic structures via formal cycloadditions. In the hands of
synthetic chemists, such molecules would have a dual interest as the nitrogen atom
can be used as a donating group to control the ring-opening and provide the
nitrogen functionality present in the targeted products.

In this thesis I will describe the development of new methodologies involving
the synthesis and reactivity of small nitrogen-substituted cycloalkanes. The intro-
duction will give a description of the importance of nitrogen-containing cyclic
structures that can be access using the annulation methods developed during my
thesis. I will then present the structural properties and the reactivity of the cyclo-
alkanes used for the project. In the last part of the introduction, I will focus on the
intermolecular reactivity of aminocyclopropanes and aminocyclobutanes in annu-
lation reactions. After introducing the different objectives of the project, the main
part of the thesis reporting my results will be split into two parts: first, the devel-
opment of intermolecular ring-opening reactions of aminocyclopropanes and sec-
ond the synthesis of aminocyclobutanes and their applications in [4 + 2]
annulations. Lastly, after a short conclusion and outlook section, the final chapter of
this thesis will include the experimental and spectral data supporting the results.

1.2 Importance of Nitrogen-Substituted Four, Five
and Six-Membered Rings

As stated previously in the introduction, the occurrence of nitrogen-substituted
cyclic structures is very high in bioactive molecules. Nevertheless, there are other
fields of research such as glycomimetics or peptidomimetics where such
amino-substituted cyclic structures are also highly relevant [1, 2].

1.2.1 Four-Membered Rings

The aminocyclobutane unit can be found in natural as well as synthetic bioactive
structures (Fig. 1.1) [3]. For example, lannotidine F (1) enhances nerve growth
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factor mRNA expression and is the most potent metabolite isolated from the club
mosses Lannotinum and Lannotinum varacrifolium. Cyclobut-G (2) is a synthetic
carbocyclic analogue of the powerful anti-HIV natural product, Oxetanocin A [4].

Aminocyclobutanes can also be used as a platform to lock the spatial configu-
ration of their substituents in space. For example, Ortuño and co-workers synthe-
sized aminocyclobutane-based peptide 3 which can self-assemble at a macroscopic
level and behaves as a low molecular weight gelator [5, 6]. The β substitution of
aminocyclobutanes with a carboxylic acid provides β-amino-acid derivatives that
can be used to build protease-resistant peptides [7].

1.2.2 Five-Membered Rings

The five-membered cycles are far more widespread than their four-membered
counterparts and in this part we will only focus on aminocyclopentanes and am-
inotetrahydrofurans as they are relevant to the structures obtained by the methods
developed in this thesis. The carbocyclic core can be found in complex molecules
such as palau’amine [8] (4) or pactamycin [9–11] (5) which are two important
bioactive natural products. Synthetic and natural carbonucleoside analogues such as
abacavir (6) and aristeromycin (7) are organized around a poly-substituted am-
inocyclopentane core and possess valuable bioactivities against viral and cancer
diseases. With a similar aminocyclopentyl structure, ramipril (8) represents billions
of dollars in sales for the treatment of heart failure.

The aminotetrahydrofuran structure can be found in the main core of DNA
nucleosides such as thymidine (9). Since the approval of cytarabin (10) in 1969 for
the treatment of white blood cell cancers, nucleosides have been a scaffold of choice
for the development of new drugs, especially against viral infections (11 and 12,
Fig. 1.2) and various types of cancer [12].
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Fig. 1.1 Molecules containing aminocyclobutanes
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1.2.3 Six-Membered Rings

The six-membered carbocycle is the most stable and therefore probably the most
recurrent cyclic structure in organic chemistry. Countless methods have been
developed to access this scaffold, the most famous being the Diels-Alder cyclo-
addition. As expected the number of these cyclic compounds substituted with a
nitrogen atom is very large. For examples, pharmaceutical blockbusters repre-
senting billions of dollars in sales such as tamiflu (13) or oxycodon (14) both
incorporate this motif. Furthermore, entire families of alkaloids are organized
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around a central aminocyclohexyl core and often exhibit important bioactivity (15–
18, Fig. 1.3) [13, 14].

In conclusion, four-, five- and six-membered cyclic structures substituted with
nitrogen are omnipresent in bioactive molecules. Methods to selectively access
these privileged scaffolds are highly desirable as they can efficiently generate
libraries of compounds with potentially high bioactivity.

1.3 Cyclopropanes and Cyclobutanes: General Structure
and Reactivity

As we can see in Table 1.1, cycloalkanes possess different structural properties
depending on their size. Establishing the relationship between bond lengths, angles,
strain energies on one side and reactivity on the other side is very important for the
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Fig. 1.3 Bioactive molecules containing aminocyclohexane

Table 1.1 Comparison of selected properties of cycloalkanes

C–C–C (°) “Bent” bond (°) C–C (Å) Strain energy (kcal/mol)

Cyclopropane 60 18.8 1.512 27.5

Cyclobutane 88 6.7 1.556 26.5

Cyclopentane 109 – 1.546 6.2

Cyclohexane 109.5 – 1.536 0
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development of new synthetic methods. In this part, we will compare and comment
on the structural features of the three- and four-membered rings that possess the
highest strain energy of respectively 27.5 and 26.5 kcal/mol.

1.3.1 Cyclopropanes

In 1882, August Freund discovered cyclopropane and assigned it the correct C3H6

formula. Its industrial production began around 1930 as it gained strong interest as a
very powerful anesthetic [15]. More than 130 years later, cyclopropane is a very
popular organic unit that has found applications in many fields of chemistry as a
key structural element as well as an important reactive intermediate.

As a consequence of its small ring size, cyclopropane possesses a strain energy
of 27.5 kcal/mol [16, 17]. The energy content of cyclopropane makes C–C bond
fragmentation a thermodynamically favorable process due to strain release. The
extra energy can be decomposed into two main contributions, namely the Bayer and
the Pitzer strain [18]. The former results from the angular strain arising from the
bond angle of 60° instead of 109.5°. The latter, also called torsional strain, is due to
the unfavorable eclipsed conformation of cyclopropyl substituents.

In order to explain the high reactivity of cyclopropane, thermodynamics alone is
not sufficient. Cyclobutane possesses similar strain and homolytic cleavage energy
(61 kcal/mol for cyclopropane vs. 62.5 kcal/mol for cyclobutane). However, if the
reactivity of cyclopropane can be compared to the one of a double bond, it is not the
case for cyclobutane. To explain this, there have been many studies and discussions
concerning the electronic configuration of cyclopropanes. Three different models
can be used to describe these unusual properties.

• The Coulson and Moffit model (Fig. 1.4a) describes cyclopropane as having sp3

hybridized carbons but with a greater p-character. This is required for the bond
to accommodate with a smaller angle [19]. C–C bonds are described as banana
bonds or bent bonds due to the greater density of electron lying outside the bond
axis. This phenomenon has been observed by X-RAY diffraction [20, 21].

• The Walsh model (Fig. 1.4b) considers that cyclopropane is composed of three
methylene sp2 units [22, 23]. In this model, the molecular orbitals are built by
combining three sp2 hybridized orbitals with three p orbitals. The poor overlap
of the CH2 orbitals is at the origin of the angular strain and the sp

2-like reactivity
of cyclopropane.

• The Dewar model implies that the 6 σ electrons of the three C–C bonds are
aromatic as stated by the 4n + 2 rule [24]. A set of physical and chemical properties
can therefore be explained using this model, for example, the upfield shift of the
protons of cyclopropane in NMR or its reactivity toward electrophiles.

Each of these models has its strengths and weaknesses and some studies have
tried to unify this bonding concept in order to picture a clear representation of the
electronic structure of the cyclopropane [25]. These theoretical considerations are
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essential for organic chemists as it can help them to discover new concepts of
reactivity.

1.3.2 Cyclobutanes

Cyclobutane has a very interesting structure and reactivity profile that lies between
the very special cyclopropane and “normal” cycloalkanes. Although it only has one
extra carbon atom compared to cyclopropane, this small difference has a large
impact on the spatial organization of the atoms as well as its electronic structure
[26, 27].

The bond angles in a cyclobutane have a value of 88° instead of the 90° expected
in a square planar structure [28]. It implies that the four carbon atoms are not in the
same plan but instead adopt a puckered conformation with an angle of ca 27°
(Fig. 1.5a) that increases bond angle strain. On the other hand, it strongly reduces
the torsional strain with a global gain of around 1.5 kcal/mol. The same model of
“bent” bonds can be applied to cyclobutane. However, the deviation angle is
inferior to the one of cyclopropane with a value of ca 7° (Fig. 1.5b).

The methylene units are oriented inward the concave face in order to favor the
overlap of the “bent” bonds. As cyclopropanes have shorter bond lengths by ca
0.040 Å compared to linear alkanes, it is unexpected to find longer bond lengths in
cyclobutane than in cyclohexane or cyclopentane (1.556 vs. 1.536 and 1.546 Å
respectively). It can be credited to the presence of C–C transannular interactions
(Fig. 1.5c). These interactions are not present in cyclopropane and represent a major
contribution to the total strain of cyclobutanes.

For a long time, cyclobutanes have been less exploited than cyclopropanes due
to their decreased reactivity. Their use has been mostly limited to intramolecular

22°
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Fig. 1.4 Coulson-Moffit and Walsh model representations
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reactions such as electrocyclizations. However, since a few decades, cyclobutanes
have gain strong interest in the organic chemistry community with the development
of new methodologies involving Lewis acid or transition metal activation [29].

1.4 Donor-Acceptor Substituted Cycloalkanes

1.4.1 Structure and Reactivity

The strain energy inherent to small rings is a very powerful driving force for
ring-opening reactions. However, under standard conditions of temperature and
pressure, these molecules stay relatively inert. Thermal activation is limited for such
system as it is very difficult to obtain a regio- and stereoselective pathway to a desired
product. One way to control selective ring fragmentation consists in installing acti-
vating substituents on selected positions of small cycloalkanes (Fig. 1.6).

Two types of substituents can be used in order to promote ring activation:

• Donor substituents (D) are electron-releasing and therefore stabilize formal
positive charges. In this case the ring is nucleophilic and react faster with elec-
trophiles. Such donating groups are aromatic rings, alkoxy, thioesters or alky-
silanes. Strong donating heteroatom such as nitrogen have been less investigated
due to the difficulty to obtain stable yet reactive cyclopropanes or cyclobutanes.

Cyclobutane puckered structure and  
inward orientation of substituent 

Cyclobutane "bent" bonds 1,3 C-C interactions 

27°

6.7°

88°

3.5°

(a) (b) (c)

Fig. 1.5 Physico-chemical properties of cyclobutane

donor (D) acceptor (A)
E+

n n

D AD

E

n n
A

Nu

Nu-

D = RO RS
SiR3

A =
O R N O2N RO2S

n = 1,2

Fig. 1.6 Donor and acceptor substituted small cycloalkanes
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• Acceptor (A) substituents are electron-withdrawing and stabilize formal nega-
tive charges. The ring will be electron-poor and will react faster with nucleo-
philes. Typical groups that are used for this purpose are carbonyls, nitro, nitriles
or sulfones.

The combination of both electron-donating and withdrawing substituents posi-
tioned in a vicinal fashion (push-pull system, a, Scheme 1.1) has been most often
used. The term donor-acceptor substituted cyclopropanes (DA cyclopropanes)
appeared in the 1980s and is attributed to Doyle and Van Leusen [30]. The use of
HOMO-raising or LUMO-lowering catalysts, depending on which group is acti-
vated, brings a kinetic trigger to promote ring fragmentation.
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When C–C bond fragmentation occurs, a push-pull system generates a reactive
formal 1, n dipole which can further react with an electrophile such as a proton (b,
Scheme 1.1) [31], with a nucleophile such as a free amine to give γ-amino acid
analogues 22 (c, Scheme 1.1) [32], or with a dipolarophile such as the π system of
carbonyls (d, Scheme 1.1) [33] to form cyclized product 24.

Cyclopropanes reactivity is often associated to the one of olefins. Furthermore,
due to their cyclic structure, the reactivity occurs one atom further from the
polarizing functionality. They are consequently considered as Umpolung synthons
(a, Fig. 1.7) [34]. The reactivity of electron rich cyclopropanes can be associated to
homo enolates and the electron poor ones to homo Michael acceptors (b, Fig. 1.7).
This feature makes cyclopropanes a very powerful synthetic platform to access
complex structures that could not be synthesized using conventional reactivity. It is
important to notice that in the case of cyclobutanes, the presence of an additional
atom in the ring causes the return to “classical” reactivity.

1.4.2 Formal Cycloaddition versus Annulation

As the main topic of this thesis will be focused on the creation of new ring systems,
it is important to have a look at the terminology for such transformations. The
definition for a dipole by the IUPAC is: “Electrically neutral molecules carrying a
positive and a negative charge in one of their major canonical descriptions. In most
dipolar compounds the charges are delocalized” [35]. Therefore, the dipole gen-
erated by the fragmentation of a small cycloalkanes will be described as “formal” as
there is no possibility to delocalize the charges of the system. The reaction between
a formal dipole and a dipolarophile will be described as an annulation which
correspond to “a transformation involving fusion of a new ring to a molecule via
two new bonds” [35]. It implies that the reactions that will be described in the result
part are not concerted but instead stepwise addition/ring closure events. Other
authors would describe these reactions as formal cycloadditions or even
cycloadditions.
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Fig. 1.7 Umpolung reactivity of cyclopropanes
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1.4.3 Synthesis and Reactivity of Donor-Acceptor
Substituted Cyclopropanes

DA cyclopropanes have been the focus of many investigations concerning their
synthesis or their reactivity1 and have been crucial building blocks for the total
synthesis of important natural products [46–48]. This part will describe in a first
time the most common methods developed to access these particular scaffolds and
secondly will present their reactivity in intermolecular ring-opening reactions and
annulations.

1.4.3.1 Synthesis of Donor-Acceptor Substituted Cyclopropanes

The synthesis of donor-acceptor substituted cyclopropanes is a well-established
chemistry andwewill not enter deep into details in this chapter [49]. Themost efficient
methods to access substituted three-membered rings, including DA ones, are repre-
sented in Scheme 1.2. The reaction of carbenoid precursors such as diazo or iodonium
ylides in presence of a metal complex is the most popular method for the cyclo-
propanation of electron-rich olefins (a, Scheme 1.2). This method presents two main
advantages. First, metallocarbenes are electron-deficient and can react with
electron-rich olefins. Second, electron-poor diazo compounds, such as diazocarbo-
nyls, are stable under standard conditions and therefore easy-to-handle. The reaction
between organometallic intermediates and olefins has been widely used under the
conditions developed by Simmons and Smith [50] and then later modified by
Furukawa (b, Scheme 1.2) [51]. The reaction is highly stereospecific and its outcome
is strongly improved when allylic alcohols are used as substrates for the reaction.

Finally, the Michael-Initiated Ring Closure (MIRC) is compatible only with αβ-
conjugated systems (c, Scheme 1.2). The most famous reaction in this family is the
Corey-Chaykovsky cyclopropanation that provides a very simple protocol to
cyclize electron-poor olefins with unsubstituted sulfur or phosphorus ylides. The
use of diazo compound and MIRC have been the most employed methods for the
synthesis of DA cyclopropanes as the donating and the accepting part are directly
introduced during the cyclopropanation reaction.

1.4.3.2 Friedel-Crafts Alkylation

There are many reported reactions involving nucleophilic ring opening of DA
cyclopropanes. As they involve three-membered rings, these reaction can be descri-
bed as homo-Michael additions. The use of aromatic nucleophiles (Friedel-Crafts
alkylations) for the ring opening of DA cyclopropanes gives access to molecules that

1For reviews concerning activated cyclopropanes: [36–45].
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would be difficult to construct via classical disconnections. However, the study of
such reactions has been limited to few examples.

FC alkylations using DA cyclopropanes as electrophiles were first developed by
Kerr and co-workers in 1997 [52]. He discovered that using ytterbium triflate as a
catalyst, it is possible to obtain the addition product of N-protected indoles in good
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yields (Scheme 1.3). He applied this methodology to acceptor 33 as well as
donor-acceptor substituted cyclopropanes 34 and 35. The donating substituents
were methyl for cyclopropane 34 and phenyl for cyclopropane 35. If unprotected
indole was used, cyclization to indoline occurred with cyclopropane 34. The
authors noticed that the substitution took place at the substituted center, indicating a
cationic character in the transition state. Kerr and co-workers reported an extension
of this method in 2010 with the use of 2-alkynylindoles to access tetrahydrocar-
bazoles via a tandem FC/Conia-ene reaction [53].

Interestingly, Kerr showed 14 years later that hydrolysis of one ester in the
starting cyclopropane was enough to activate it with no need of a catalyst
(Scheme 1.4) [54]. The reaction occurred under high pressure (13 kbar) and
probably proceeded via intramolecular H-Bonding in cyclopropane 39. The high
pressure was required as conventional and microwave heating failed to deliver the
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product. The authors expected the volume of activation for this reaction to be
negative and therefore applying high pressure would serve as a driving force. It also
allows to suppress spontaneous decarboxylation. This useful metal-free method-
ology was extended to a range of aromatic-substituted cyclopropanes.

In 2002, the same group studied the reactivity of C3-substituted alkylindoles
(Scheme 1.5a) [55]. Compared to the first methodologies, higher temperatures were
required. It was shown in the study that the reaction started with a nucleophilic
attack on C3 and subsequently 1,2 migration/rearomatization occurred. Another
example of C2-FC alkylation was reported by Pagenkopf and co-workers in 2007,
this time using bicyclic methoxy-substituted DA cyclopropane 44 (Scheme 1.5b)
[56]. Elimination of methanol afforded the unsaturated cyclohexene derivative 45 in
74 % overall yield.

Ivanova and co-workers studied the reactivity between DA cyclopropanes and
substituted anthracenes in 2008 [57]. If in the majority of the conditions tested they
accessed cyclic products, they were still able to obtain the FC adducts with substi-
tuted anthracenes such as 46 (a, Scheme 1.6). The same group also reported later a
single example of FC addition of furan 48 to DA cyclopropane 35 (b, Scheme 1.6)
[58]. Again the methodology was more focused on accessing cyclized adducts.

Another isolated example of FC alkylation was reported by Gharpure and
co-workers in 2012 while studying the reactivity of nitrogen-substituted bicyclic
DA-cyclopropane 50. Using electron-rich arene 51 in presence of TMSOTf, they
could obtain one single diastereoisomer of the product 52 in 91 % yield
(Scheme 1.7) [59].

As we can see, Friedel-Crafts alkylations of DA cyclopropanes have been
reported using different systems. However, only Kerr, Pagenkopf and co-workers
developed methodologies that were compatible with a wide range of substrates, the
other reaction being single examples of reactivity. Compared to the other types of
ring-opening reactions involving DA cyclopropanes, the research concerning FC
alkylation has been less intense. It is therefore expected to see the development of
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new methodologies involving FC in the future, especially concerning the alkyla-
tions with new DA cyclopropanes.

1.4.3.3 Lewis Acid Mediated [3 + 2] Annulation of Olefins and Alkynes

[3 + 2] annulations between DA cyclopropanes and π-systems received large
attention during the last decades as they enable the efficient access to
five-membered hetero- and carbocycles. The first examples of such reactivity were
reported by Stork and Grieco (a, Scheme 1.8) as well as Corey and Balanson in the
late 1960s and early 1970s (b, Scheme 1.8) [60, 61]. The reaction involved
intramolecular cyclization of unactivated olefins onto DA cyclopropanes.
Nucleophilic attack of the olefin occurs via formation of the most stable tertiary
cation in 54. Subsequent ring closure allows the formation of the tricyclic product
55. Although there is a large proportion of intramolecular version of [3 + 2]
annulations in the literature, especially in the field of total synthesis, we will focus
on the intermolecular processes that are related to the work presented in this thesis.
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In order to have a broad overview of the different structures obtained by inter-
molecular [3 + 2] annulation of DA cyclopropanes, this section will be organized
following the different types of dipolarophiles: electron-poor olefins, unactivated
olefins, enol ethers, heteroaromatics, allyl-, allenylsilanes and alkynes. In each case,
pioneering results, relevant advances and if reported applications to total synthesis
will be presented.

Electron-Poor Olefins

The use of a Lewis acid to catalyze the ring opening of DA cyclopropanes implies
that the energetic level of the LUMO is lowered, making the system electrophilic.
Consequently, annulations involving electron-poor olefins are very scarce.2 There is
in fact only one example of such reactivity that was reported by Christie, Jones and
co-workers. Their initial plan was to perform a cycloaddition between DA cyclo-
propane 60 and an electron-poor acrylate (Scheme 1.9) [62]. The cobalt-protected
alkyne would act as the donor substituent and stabilizes a carbocationic Nicholas
intermediate [63]. However, no reaction was observed with this combination of
starting materials.

After switching to the more reactive propenal, the reaction gave a 50/50 mixture
of cyclopentane 61 and tetrahydrofuran 62. Considering that the heterocyclic
product was also interesting, they did not go further with the annulation of
electron-poor olefins and focused on the synthesis of tetrahydrofurans.

O

M
(a)

(b)

e Benzene/SnCl4 8:2
rt, 12 h

O

Me

H
LA

Me

H

Me

O

MeH

55
70%

53 54

10 eq AcOMs O

H

HO

H

Cedrone (57)
85%

Cedrene (59)

Cedrol (58)

H

O

56

CH2Cl2
- 40°C, 12 h

Scheme 1.8 Intramolecular [3 + 2] annulations

2The electron-poor olefins are more suited for reaction with DA cyclopropanes activated by
transition metals. See Sect 1.3.3.6
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Unactivated Olefins

Probably for the same reasons than for electron-poor olefins, the use of unactivated
olefins in combination with an electrophilic activation has been poorly developed.
A single study by Snider and co-workers in 1986 reported the use of
ethylaluminium-dichloride to catalyze the annulation between alkenes and DA
cyclopropanes (Scheme 1.10) [64]. The scope of the reaction was broad. However,
stereo- and chemoselectivities were often low. Side-products resulting from hydride
shifts, rearrangements, fragmentations or over-reduction by the catalyst were
competing with product formation.

Enol Ethers

Most of the dipolarophiles that have been used in [3 + 2] annulations with DA
cyclopropanes belong to the electron-rich π-systems. Due to the matching combi-
nation of the electrophilic cyclopropanes and the electron-rich olefins, the reaction
occurs under mild conditions, displays better regio- and stereoselectivities and
tolerates various types of partners.
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The first study of a [3 + 2] annulation between DA cyclopropanes and
electron-rich olefins in presence of a Lewis acid was reported by Saigo and
co-workers in 1990 (Scheme 1.11) [65]. Before this study, carbon nucleophiles
were poorly investigated for the ring opening of cyclopropanes and at this time,
only one example using cuprates existed [66]. The [3 + 2] annulation occurred
between dimethoxy substituted cyclopropanes and silyl ketene acetals. They were
able to obtain cyclopentenones 66–68 with yields ranging from 28 to 81 % in
presence of a slight excess of TiCl4. The mechanism proposed for this reaction
involves nucleophilic attack of the olefin, followed by a Dieckmann condensation.
Elimination of one of the two methoxy groups affords the unsaturated products.

In 1991, Kuwajima reported the annulation between TMS-silyl enol ethers and
monocarbonyl-butoxy-cyclopropanes (Scheme 1.12) [67]. During this study, they
noticed the trans to cis isomerization of the cyclopropane in presence of SnCl4 at
−55 °C. They rationalized this result by the formation of a transient zwitterionic
intermediate and chelation by tin to both the ester and the methoxy groups. Ethyl
ester-substituted cyclopropanes reacted with a stoichiometric amount of tin, but
only 3 mol% of catalyst were required for the cyclopropyl ketones. The reaction
tolerated di- and trisubstituted olefins and all the products were obtained as
unidentified mixtures of diastereoisomers. No product was obtained when tetra-
substituted olefins were employed.

The same group extended this methodology in 1993 to thio-substituted DA
cyclopropane 75 (Scheme 1.13) [68]. The reaction required 1.1 equivalents of
Me2AlCl at –45 °C and provided cyclopentanes in yields superior than 60 % and
good diastereoselectivities for di- to tetrasubstituted olefins. Silyl enol ethers
derived from alkyl ketones were used as the ones derived from acetophenone gave
mixtures of at least two diastereoisomers. The bulky TBDPS group was selected for
this reaction as it gave the best yields compared to TBS or TIPS.

In 2006, Ihara and co-workers exploited the ability of triflic imide to generate a
powerful Lewis acid [69] in presence of silyl enol ethers (Scheme 1.14) [70]. The
group used this catalyst to promote the [3 + 2] annulation of DA cyclopropanes with
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silyl enol ethers. This strategy was applied in a first time to butyloxy mono-ester
cyclopropane 76 using 1 mol% of triflic imide. Except for one derivative of aceto-
phenone, the reaction has been tested only on cyclic TBDPS enol ethers. The yields
are ranging from 65 to 70 % but the products were isolated as undetermined mixtures
of diastereoisomers. The reaction was then applied to para-methoxyphenyl
(PMP) mono-ketone cyclopropane 77 under slightly modified conditions. Overall
yields are higher in this case but the diastereoselectivity is still poor. The authors
ruled out the possibility of catalysis from triflic acid formed in situ and highlighted
the versatility of this catalyst by performing a one-pot [4 + 2]/[3 + 2] sequence.

One of the most common problems encountered when studying annulations
between silyl enol ethers and malonate-activated cyclopropanes is the retro-aldol
reaction that can produce linear side products (Scheme 1.15). The products are still
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interesting as they correspond to the homolog version of the Mukaiyama-aldol
reaction [71]. Wang and co-workers, for example, developed a method to access
exclusively the linear adducts [72].

In 2009 Tang and co-workers studied intensively the selectivity of [3 + 2]
annulations between aromatic substituted DA cyclopropanes and silyl enol ethers
(Scheme 1.16) [73]. They managed to identify a copper-bisoxazoline ligand (L1)
complex giving full selectivity for annulation whereas a “naked” copper complex
afforded only the homo Mukaiyama-aldol adduct. Compared to other tested Lewis
acids such as scandium, tin, indium or iron, this system offered a great improvement
in term of yields and stereoselectivities. The authors submitted a large variety of
TMS and TBS silyl enol ethers to the reaction conditions in combination with
aryl-substituted cyclopropanes to give cyclopentanes such as 79 and 80. The
reaction also afforded cyclopentanes 81 and 82 in good yield and diastereoselec-
tivity with styryl and vinyl substituted DA cyclopropanes.

In 2012, they modified the ester substituents with adamantyl groups, allowing
the construction of fused bicycles in good yield and selectivity [74]. They also
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performed a series of calculations in order to explain the diastereoselectivity
observed in the products.

Heteroaromatics

Furans have been poorly exploited in [3 + 2] annulations. They can react as carbon
nucleophiles in Friedel-Crafts reaction or as a two or a four carbon dipolarophiles in
annulations. Additionally, the products formed can be more reactive than the initial
starting materials. In 2009, Budynina and co-workers developed a set of reactions
that fully exploit the reactivity of furans (Scheme 1.17) [58]. They studied their
behavior under diverse conditions in order to access different products. By changing
the substrates, their molar ratios or the Lewis acid, they could optimize [3 + 2]
annulations (A), Friedel-Crafts (B), tandem [3 + 2] annulation/intramolecular
Friedel-Crafts (C), tandem [3 + 2] annulation/intermolecular Friedel-Crafts (D),
tandem [3 + 2]/[3 + 2] annulation (E) and [3 + 3] annulation (F).

Indoles were described in the previous section as efficient nucleophiles in
Friedel-Crafts alkylations. However, by modifying the reaction conditions or the
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substrates, they can behave as dipolarophile in [3 + 2] annulations. This reactivity
has been disclosed by Kerr in 1999, 2 years after reporting the Friedel-Crafts study
[75]. The reaction occurred in presence of Yb(OTf)3 between malonic substituted
DA cyclopropanes and protected skatole derivatives, affording the products in
yields varying between 27 and 94 % and diastereoselectivities up to 8:1
(Scheme 1.18). The methyl substituent in C3 position prevents rearomatization of
the indole and allows cyclization. If the reaction is performed at higher temperature,
it can also induce rearrangement to the C2 FC adduct [55].

In 2006, Ila and co-workers studied the annulation between indoles and
aryl-substituted DA cyclopropanes [76]. They could use unprotected and unsub-
stituted indoles that were not compatible with the method published by Kerr and
co-workers. Using an excess of BF3·OEt2 or TiCl4, they managed to access a wide
range of polycyclic structures such as 88–90 in up to 93 % yield (Scheme 1.19).

In 2007, Pagenkopf and co-workers developed the [3 + 2] annulation between
alkoxy DA cyclopropanes and C3 unsubstituted indoles [56]. Using one equivalent
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of TMSOTf in nitromethane, the reaction afforded a broad range of cyclized
products in up to 90 % yield and diastereoselectivities from 1:1 to 99:1.

Allyl- and allenyl silanes

Allyl silanes or allenyl silanes belongs to the family of electron-rich olefins due to
the hyperconjugation between the silyl group and the π–system [77]. In 2001,
Sugita and co-workers reported the reaction between alkoxy DA-cyclopropanes 91
and allyl silanes (a, Scheme 1.20) [78]. In presence of 1.1 equivalents of TiCl4, the
reaction afforded cyclopentanes in yields from 23 to 70 % and diastereoselectivities
from 6:4 to 9:1. The main reason accounting for the low yield is the formation of a
byproduct 92 resulting from elimination of the silyl group during the reaction. The
more stable the silyl, the better the yield. The reaction was applied to methane-
chromanones and TIPS allyl silane 93 affording the [4.2.1] bicycles 94 and 96 in up
to 83 % yield (b, Scheme 1.21).

Using allenyl silanes as dipolarophile, Yadav and co-workers reported a [3 + 2]
annulation involving TBDPS substituted cyclopropyl ketones (Scheme 1.22) [79].
Using 1.3 equivalents of TiCl4, the scope of the reaction included variations on both
the starting cyclopropyls and the allenyl substrates. The starting material was used
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as a mixture of cis and trans isomers and the products were obtained in yields up to
90 % with good diastereoselectivities. By changing the Lewis acid to Et2AlCl, they
were able to access the [3 + 3] annulation product 98 resulting from a 1,2-silicon
shift via intermediates I and II.

Alkynes

The use of alkynes for the synthesis of cyclopentenes via intermolecular [3 + 2]
annulation has been limited to three examples. The first one is attributed to Yadav
and co-workers in 2004, who were able to cyclize aryl alkynes with cyclopropyl
phenyl ketones such as 99 activated by a silicon group (Scheme 1.23) [80]. In
presence of 1.3 equivalents of TiCl4, the reaction delivered cyclopentenes in yields
ranging from 55 to 85 % and with variable diastereoselectivities. Para-methoxy-
phenyl substituted alkynes were better substrates in term of yields but afforded the
products with a migration of the double bond in conjugation with the carbonyl.
Running the reaction in presence of anhydrous K2CO3 prevented the formation of
the side product. It is also interesting to notice that using cis or the trans isomer of
the starting cyclopropane had no influence on the diastereoselectivity and the yield
of the product.

In 2008, Ready and co-workers reported the use of sensitive and very reactive
ynol ethers for the synthesis of cyclopentenones (Scheme 1.24) [81]. Mono-ester
ethoxycyclopropanes and silyl ynol ethers were reacted in presence of 1 equivalent
of aged Me2AlCl. In fact, a closer look to old bottles of the catalyst revealed the
presence of (MeO)AlMeCl which is strong enough to catalyze the reaction without
decomposing the sensitive ynol ether. This method was presented by the authors as
an alternative to the Pauson-Khand reaction.
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In 2014, Johnson and co-workers reported for the first time the combination of
DA cyclopropanes and ynamines for the synthesis of cyclopentene sulfonamide
products (Scheme 1.25) [82]. The ynamines were easily accessed from copper
mediated cross-coupling between terminal alkynes and TsNHMe. The reaction
required 10 mol% of Sc(OTf)3 at room temperature and afforded the products up to
quantitatively. The reaction was compatible with all-carbon quaternary centers on
the cyclopropanes, but presented limitation when using extremely rich or poor donor
groups. It was shown that the annulation was enantiospecific under the reported
conditions. However, the system was not compatible with chiral catalysts as the
substrates did not react even after prolonged time. Deprotection of the nitrogen
followed by hydrolysis afforded poly-substituted cyclopentanones 100–101 with
all-carbon quaternary centers in very good yields and diastereoselectivities.

The reactivity of DA cyclopropanes with various carbon π-systems has been the
focus of intensives studies over the past two decades. These studies involved
cyclopropanes which can be differentiated mostly by their donating functionalities.
In this context, we can notice that alkoxy and aromatic substituted cyclopropanes
are the most commonly employed. Sulfur and alkylsilanes substituents have been
limited to a couple of examples. Eventually, even if they would provide a very
efficient way to access cyclopentylamines, nitrogen donating groups are absent for
this type of transformation.
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1.4.3.4 Lewis Acid Mediated [3 + 2] Annulation of Carbonyl
Compounds

[3 + 2] Annulation between carbonyls and DA cyclopropanes is a very powerful
tool to access efficiently tetrahydrofurans [83]. In general, aldehydes were chosen as
dipolarophiles due to the lack of reactivity and facial selectivity when ketones were
employed. The first efforts towards annulation of DA cyclopropanes and carbonyls
were reported in 1981 by Reissig [84] and Brueckner (a, Scheme 1.26) and during
the next 24 years, the efficiency of such methods has been limited by the
requirement of stoichiometric amounts of Lewis acids. Contributions have been
done by Saigo and co-workers in this field (b, Scheme 1.26) [85, 86]. Sugita and
co-workers reported the use of catalytic amounts of Lewis acids but only in pres-
ence of more strained bicyclic methanochromanone 106 (c, Scheme 1.26) [87, 88].

In 2005, Johnson and co-workers set up a milestone in this field by developing
enantiospecific annulations and studying the mechanism of the reaction [89]. They
optimized the Lewis acid and found that hafnium triflate afforded a broad range of
tetrahydrofurans 108–110 in a highly stereoselective way and in very good yields
(Scheme 1.27) [90–92].

In order to study the mechanism of the reaction, the group performed labelled
studies, comparing the absolute and relative stereochemistry of starting cyclopro-
panes and products (Scheme 1.28). The zwitterionic intermediate being ruled out by
the enantiospecificity of the reaction, four different mechanisms could be expected
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for this reaction: An attack by the aldehyde via an SE
2 process, a SN

2 mechanism
through an intimate ion pair intermediate (II, Scheme 1.28) and a concerted
[π2s + σ2a] cycloaddition. The deuteration experiment allowed them to rule out the
first two options thanks to the comparison of absolute and relative stereochemistry
in starting material and product. Competition studies with aldehydes having dif-
ferent electronic properties permitted them to identify the SN

2 mechanism as the
most probable.

Following the work of Johnson and co-workers, numerous methodologies
involving [3 + 2] annulations of carbonyls were developed by Yadav (A) [93],
Johnson (B) [94, 95], Niggemann (C) [96], Shao (D) [97], Yang [98] and their
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co-workers using different types of DA cyclopropanes (Scheme 1.29). Silicon aryl,
alkyl, alkynyl and alkoxy substituted cyclopropanes were employed, giving access
to different types of polysubstituted tetrahydrofurans.

In order to highlight the efficiency of [3 + 2] annulations, the total syntheses of
various natural products have been reported using such reactions (Scheme 1.30).
The enantioselective total synthesis of (+)-polyantheline A (112) by Johnson and
co-workers involved a [3 + 2] annulation between bicyclic DA cyclopropane 114
and chiral aldehyde 115 using an aluminium based Lewis acid (Scheme 1.31) [99].
The authors managed to optimize the reaction to afford an exceptional level of face
selectivity, especially considering the presence of the stereocenter on the linear
chain of the aldehyde. The total synthesis was completed in 15 steps in total.

Later, Kerr and co-workers reported a very detailed account of their journey
toward the synthesis of (+)-isatisine A (116) using a [3 + 2] annulation between
enantiopure DA cyclopropane 119 and aldehyde 118 with Sn(OTf)2 as catalyst
(Scheme 1.31) [100]. The reaction was selective with various protecting groups on
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the indole but the tosyl was crucial for the completion of the synthesis with an
overall yield of 5.8 % in 14 steps.

1.4.3.5 Lewis Acid Mediated [3 + 2] Annulations with Other
Dipolarophiles

Imines

The pyrrolidine scaffold can be found in a large number of bioactive molecules. It is
possible to access pyrrolidines by [3 + 2] annulation between DA cyclopropanes
and a nitrogen-containing dipolarophile. Various types of cyclopropanes have been
used as formal 1,3 dipoles for the construction of pyrrolidines with imines,3 but
only a few methods that produce racemic products involve DA cyclopropanes.
Saigo reported in 1990 the use of excess TiCl4 in combination with DA cyclo-
propanes and tosyl-aldimines for the synthesis of lactams [112]. In 2005, Kerr and
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co-workers reported a 3-component reaction between aldehydes, primary amines
and aryl substituted DA cyclopropanes for the synthesis of 1,5-cis pyrrolidines
(Scheme 1.32) [113]. By changing the combination of the three components, the
reaction allowed the diversification of pyrrolidine substituents and afforded the
products with yields up to 96 % and diastereoselectivities from 1:1 to 99:1. As both
the amine and the aldehyde are potentially reactive with the cyclopropane, the
aldimines have to be pre-formed in situ.

This work was followed the next year by a method from Tang and co-workers
[114]. However, in this case the aldimines were isolated instead of reacted in situ.
Christie and co-workers reported the use of the same alkyne DA cyclopropane than
described previously (Scheme 1.9) but this time they reacted with aldimines in
order to access very useful alkyne substituted pyrrolidines [115].

Nitriles

Nitriles have been successful dipolarophiles in combination with DA cyclopro-
panes (Scheme 1.33). Their unique reactivity and their combination with various
1,3 formal dipoles gave access to diverse structures such as pyrrolines [116–122] or
pyrroles [123–127].
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Heterocumulenes

Isocyanates, isothiocyanates and carbodiimides have been used to access hetero-
cycles such as lactams, thioimidates or amidines [128, 129]. Until recently, their use
in combination with DA cyclopropanes has been limited to a couple of examples
[130, 131]. Li and co-workers reported in 2012 the synthesis of thiolactams such as
120 from isothiocyanates (Scheme 1.34) [132]. However, Stoltz and co-workers
reassigned the obtained product to thioimidate 121 in their study of similar reac-
tions [133].

Other annulation partners such as diazines [134, 135], carbon disulfide [136] or
nitrosyl chloride [137], have been less studied and still present some interesting
potential for the discovery of new synthetic methods.

1.4.3.6 [3 + 2] Annulations with Other Modes of Activation

As the combination between electron-poor olefins and Lewis acid-activated DA
cyclopropanes is limited, alternative methods using Lewis bases or transition metals
have been applied to deliver the corresponding annulation products. Marino and
co-workers reported the use of silyloxy-cyclopropanes and vinylphosphonium salts
in presence of KF and crown ether to access cyclopentenes [138]. Transition metals
such as nickel (a, Scheme 1.35) [139] palladium (b, Scheme 1.35) [140–142], iron
(c, Scheme 1.35) [143] were used to perform stereoselective annulations with α-β
unsaturated carbonyls. More recently, a [3 + 2] annulation using a NHC catalyst
was reported by Lupton and co-workers (d, Scheme 1.35) [144] and a method using
photoredox activation and involving enol ethers was developed by Yao and
co-workers [145].
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1.4.3.7 Enantioselective Processes Involving DA Cyclopropanes

The synthesis of enantiopure products is very valuable to the pharmaceutical, fra-
grance or crop protection industries as enantiomers of bioactive entities do not have
the same properties. DA cyclopropanes, in most of the cases, possess at least one
stereocenter and are therefore chiral molecules. In order to access a single enan-
tiomer of a product from a chiral cyclopropane, stereospecific methods that require
enantiopure starting materials or stereoselective methodologies that can “destroy”
the chirality need to be employed. The existing methods developed to access an
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enantiopure product from a chiral starting material can be separated into three
categories [146].

• Enantiospecific reactions: This is for example the case for the methods devel-
oped by Johnson and co-workers [89]. Such a reaction transfers the stereogenic
information of a highly enantioenriched starting material to the product using an
achiral catalyst. The greatest limitation is the requirement of a highly enantio-
enriched starting material which can be accessed from enantioselective synthesis
in the best case or resolution otherwise. For the latter, the overall yield is limited
to 50 %.

• Kinetic resolutions (KR) or dynamic kinetic resolutions (DKR) (Scheme 1.36)
[147, 148]: Starting from a racemic mixture, each enantiomer reacts at different
rates through diastereomeric intermediates with a chiral catalyst. For a KR, the
slow-reacting enantiomer will be recovered enantioenriched and therefore the
reaction has a theoretical maximum yield of 50 %. In the DKR, the substrate is
able to racemize spontaneously and therefore the racemic mixture is converted to
a single enantioenriched product. In order to be selective, the racemization rate
has to be equal or higher than the reaction rate of the less reactive enantiomer.

• Dynamic Kinetic Asymmetric Transformations (DyKAT) [147, 148] are also a
deracemization process. As for the DKR, the racemate is transformed in one step
to a non-racemic product in 100 % theoretical yield (Scheme 1.37). In a DyKAT,
the enantiomers coordinated to the chiral catalyst generate a mixture of diaste-
reomeric intermediates (with different energy level and therefore differently
populated) that interconvert at different rates. From the experimenter point of
view it can be difficult in some case to differentiate DyKAT from DKR.

There are four types of DyKAT; types I and II involve the de-racemization of
enantiomers through diastereoisomers and types III and IV involve the
de-epimerization of diastereoisomers through diastereoisomers. In this chapter, we
will focus only on the type I and II as they are in relation with experiments
presented in the result part (Scheme 1.37).
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In a type I DyKAT, the substrate enantiomers (A, A′) react with the chiral
catalyst at different rates and form diastereomeric mixtures (Acat, A′cat) that are
unequally populated. These complex can interconvert trough a chiral intermediate
(Ycat) at different rates. They can also irreversibly react with the reagent to afford
their corresponding enantiomeric product (B, B′), again with different rates of
reaction. This system can be matched or mismatched due to the kinetic difference
between the interconversion and the product formation of the two starting enanti-
omers. If the interconversion to the most reactive diastereomeric intermediate is
faster than the formation of the minor product (kB ≪ kB′; kACat ≪ kA′Cat) then the
system is MATCH. The opposite system where the formation of the fast reacting
intermediate is slower than the reaction of the minor product formation (kB ≪ kB′;
kACat ≫ kA′Cat) is thus MISMATCH.

In type II DyKAT (Scheme 1.37) the racemate is converted to a chiral inter-
mediate (Ycat), for which the stereogenic information of the starting material has
been lost. This intermediate reacts selectively with the reactant through a diaste-
reomeric transition state. The selectivity is imputed to the chiral information from
the catalyst and therefore comes only from the difference between kB’ and kB.

In order to have a dynamic process, the difference between kA and kA’ should not
be too large, otherwise the process will be associated with a KR. Additionally, in
order to have a selective process the rate of product formation should not be faster
than the racemization process.

Finally, the advantage of a DyKAT has been very well summed up by Trost and
co-workers: “if the act of converting a racemic mixture into a single enantiomeric
series is combined with one of the required structural transformations, the dynamic
resolution is not an additional step in the synthesis and thereby saves a step [149].”
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Kinetic Resolution DKR and Enantioselective Processes Involving DA
Cyclopropanes.

Kinetic resolutions have been described using DA cyclopropanes as limiting
reagents. Developed by Sibi or Tang and co-workers, it includes [3 + 3] annulations
[150–152] as well as homo conjugate addition of nucleophiles [153].

Tang and co-workers reported the diastereo- and enantioselective [3 + 2]
annulation between DA cyclopropane 131 and indoles (Scheme 1.38) [154]. The
reaction is catalyzed by a C2-symmetric copper(II)-BOX complex. Various
substituted indoles were reacted to access efficiently polycyclic products, and as for
the work of Kerr and Pagenkopf [55, 56], a C3 substituent was required to promote
annulation. As this method requires the use of DA cyclopropane 131 in excess
compared to the indole, it cannot be considered as a DyKAT.

[3 + 2] Annulations Involving Lewis Acid-Catalyzed DyKAT of DA
Cyclopropanes.

In 2009 Johnson and co-workers reported the synthesis of enantioenriched 2,5-
cis-disubstituted tetrahydrofurans starting from racemic carbon-substituted DA
cyclopropanes and aldehydes. The dynamic kinetic asymmetric [3 + 2] annulation
required the use of a chiral MgI2-PyBOX complex as catalyst (Scheme 1.39) [155].

In order to achieve high selectivity, strong donating groups that could increase
the racemization rate through stabilization of a cationic charge were needed on the
cyclopropane. The optimization of the reaction identified the tert-butyl-substituted
chloro-PyBOX L5 as ligand of choice for this transformation, affording the prod-
ucts in high enantiomeric ratios. The author tested aryl-, vinyl- as well as
alkyl-aldehydes which reacted with yields ranging from 48 to 92 %, diastereose-
lectivities superior than 9:1 and enantiomeric ratios up to 97:3.

The model for stereoselectivity proposed by the authors implies that the MgI2-
PyBOX catalyst possess an octahedral geometry giving two possible reactive
complexes (Scheme 1.40).
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Two fundamental concepts were employed to rationalize the selectivity. The first
one describes the drifted trajectory of the aldehyde which allows the overlap
between the oxygen lone pair and the p orbital of the carbenium ion in presence of
sterically-demanding tert-butyl group of the ligand. The second one links the ste-
reoselection to the presence of a less stable, more reactive intermediate. In the
proposed model, the complex A confines all the steric bulk in one quadrant of the
catalyst-substrate complex. This leads to destabilization but to an easier access to
one face of the substrate, and thus to greater stereodifferentiation. Complex B is
probably more stable but exhibits a lower reactivity with aldehydes as the steric
effects of the substrate and the ligand follow opposite trends. This type of
double-stereo-differentiating experiments were performed by Evans in bis(oxazo-
line)-Cu(II)-catalyzed Diels-Alder reactions with chiral dienophiles [156].

The same conditions were applied by Johnson and co-workers in 2010 for the
enantioselective [3 + 2] annulation between carbo-substituted DA cyclopropanes
and aldimine (Scheme 1.41) [157].

In a similar way than for the aldehydes, fast-racemizing strong-electron-donating
groups were required on the DA cyclopropanes. The protecting group on the
aldimine was essential and the electron rich 2-methoxybenzyl group was selected as
it is easily removed by hydrogenolysis. The magnesium catalyst was still effective to
promote the transformation. However, the ligand had to be modified in order to
increase the enantiomeric excess of the products. With the bromo-PyBOX ligand
L6, the scope was broad and substituted pyrrolidines could be obtained in up to 96 %
yield, enantioselectivities superior than 95:5 and up to 92:8 diastereoselectivity.

More recently, Johnson and co-workers reported the first enantioconvergent
Friedel-Crafts alkylation of indoles using carbon-substituted DA cyclopropanes
(Scheme 1.42) [158]. The reaction tolerated electron-rich and -poor indoles as well as
variations of the donating substituent on the cyclopropane. The use of a bulky silicon
group was required to access the product with good enantiomeric excess. It was
speculated that small protecting groups rendered the indole too reactive and did not
leave enough time for racemization. The catalyst complex is the same than for the
reaction with aldimines and the authors described this reaction as a type I DyKAT.
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In 2013, Tang and co-workers reported an enantioselective annulation between
carbon-substituted DA cyclopropanes and cyclic silyl enol ethers in presence of a
copper(II)-iPrBOX complex (Scheme 1.43) [159]. The reaction is catalyzed by a
C1-symmetric BOX ligand. The use of such ligand can bring improvement in
enantioselectivity. However the major drawback lies in the complexity of their
synthesis that produces diastereoisomers which need to be separated before use. In
order to achieve high enantioselectivity, it was necessary to engineer the side-arms
of the BOX ligand. Furthermore, extremely bulky adamantyl esters were required
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on the cyclopropane as otherwise both enantio- and diastereoselectivity dropped. In
order to suppress by-product formation, TBDPS enol ethers were used. The scope is
focusing on five- to seven-membered cyclic and benzo-cyclic enol ethers which
provided fused bicyclic products in yields ranging from 80 to 99 %, enantiomeric
ratios superior than 95:5 and high diastereoselectivities. The author did not describe
the reaction as a DyKAT, but it is strongly implied by the stereochemical model
that they proposed for the reaction mechanism.
Other modes of activation for enantioselective annulations.
Enantioselective methods involving DA cyclopropanes have also been reported
using activation by transition metals.4 For example, Trost and co-workers devel-
oped a dynamic kinetic asymmetric formal [3 + 2] cycloaddition of racemic vinyl
cyclopropanes and alkylidene azlactones to afford highly substituted cyclopentanes.
Later, the same group reported the enantioselective [3 + 2] annulation of vinyl-
cyclopropanes and Meldrum’s acid alkylidenes to afford highly substituted cyclo-
pentane products. These transformations proceed through the formation of π-allyl
intermediates catalyzed by transitions metals that can activate both partners,
therefore the mechanism for induction of enantioselectivity is different than with
Lewis acids.

1.4.4 Conclusion

In conclusion, [3 + 2] annulation between DA cyclopropanes and dipolarophiles
has been realized for a large number of possible combinations, but in most cases, it
involves the use of carbonyls and olefins as dipolarophiles. In addition, DA
cyclopropanes have been used as 1,3 dipoles also in other type of annulations. The
variety of dipolarophiles easily accessible allowed the development of [3 + n]
processes, giving access to a large array of carbo- and heterocycles of different
sizes.(See footnote 1) For examples, nitrones have been widely employed to afford
tetrahydro-1,2-oxazines derivatives [164–167].

In this chapter, the work on intermolecular annulations involving DA cyclo-
propanes was presented. There is also a great number of studies that focus on the
development of intramolecular annulations [168]. It has allowed the discovery of
new reactivities between 1,3 dipoles and dipolarophiles such as cross cycloaddition
[169–171]. However, as our work is focusing on intermolecular annulations, we did
not enter in the details of these methods.5

It is important to remark that [3 + 2] annulations involve mainly carbon- and
alkoxy-substituted DA cyclopropanes. Introducing new functionalities to modulate
the reactivity and to access new structures represent a challenge as very often the
cyclopropanes are difficult to access and do not have the required reactivity. This is

4For examples of Pd catalyzed annulations, see [160–163].
5For a review on intramolecular annulations, see [172].

40 1 Introduction



probably one of the reasons why annulations using Lewis acid activated DA
cyclopropanes having a nitrogen as donating group have never been reported.

1.4.5 Donor-Acceptor Substituted Cyclobutanes

As presented in the introduction, cyclobutane has a strain energy almost similar to
the one of cyclopropane. However, the use of DA cyclobutanes as formal 1,4
dipoles has been less investigated compared to cyclopropanes. One of the main
reasons is probably the lack of efficient access to these structures from simple
starting materials. There have been specific methods developed for the synthesis of
DA cyclobutanes [173–178] and in the context of this thesis, we will now review
the ones that specifically provide access to DA aminocyclobutanes.

1.4.5.1 Synthesis

There are limited options to choose from when it comes to the selective construction
of substituted DA aminocyclobutanes. Photocatalysis uses the energy from light to
bring molecules into an excited state which triggers reactions that would be
impossible under thermal conditions. The formation of cyclobutanes via [2 + 2]
photocatalyzed cycloadditions is one of the most encountered example of such
reactivity [179, 180]. However, it requires specific and onerous equipment and
conditions that are often not suitable for the synthesis of reactive DA cyclobutanes.
Furthermore, in order to circumvent the poor regioselectivity associated with pho-
tochemical cycloadditions, most of the reactions are performed in an intramolecular
fashion. A very efficient method was reported by Aitken and co-workers in 2002
describing the cycloaddition between ethylene and uracil (139) (a, Scheme 1.44)
[181, 182]. Upon hydrolysis, the protected cis-cyclobutane 141 could be isolated in
more than 60 % yield over two steps. A variation using a chiral auxiliary was
implemented to access enantiomerically pure cyclobutanes (b, Scheme 1.44). The
major drawbacks of this method are the use of ethylene, a potentially explosive gas
and the lack of substituents that can be introduced. Bach and co-workers reported in
2002 an intramolecular [2 + 2] cycloaddition to access tricyclic constrained scaffolds
such as 146 in very good yields (c, Scheme 1.44) [183].

In 2010, White and co-workers irradiated tryptamine derivative 148 in order to
access spiro-indoline 149 (Scheme 1.45) [184]. The reaction involved the in situ
formation of DA cyclobutane I which instantaneously opened via a retro-Mannich
reaction to give the desired product 149. This transformation highlighted the high
reactivity of DA cyclobutanes toward ring opening.

In the case of a thermal process, the concerted cycloaddition path is forbidden
and therefore harsh conditions are required to cross the activation barrier [185–
189]. Uncatalyzed methods employing thermal activation have been hampered by
the requirement of strongly reactive partners and therefore were limited to enamines
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and electron poor olefins such as tricyanoethylene. As opposed to photocatalysis,
the bond-forming events occur in a stepwise fashion and such processes are often
called formal [2 + 2] cycloadditions.

More recently, organocatalysis has been used for the first time to access nitro
substituted four-membered rings [190]. In this case, dienamine activation provides a
nucleophilic π-system that can react with the Michael acceptor and cyclize to
generate the four-membered ring. Jorgensen developed a new squaric acid catalyst
150 to promote cyclobutane synthesis starting from aldehydes and nitro olefins
(Scheme 1.46) [191].
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Finally, Lewis acid activation has been used to access DA aminocyclobutanes.
Avenoza and co-workers reported the synthesis of nitrogen-substituted DA cyc-
lobutanes such as 154 and 156 in presence of aluminium based Lewis acids 153 or
155 (Scheme 1.47) [192]. It is important to point out that the nitrogen has not a 1,2
relationship with the acceptor. The Lewis acids had to be finely tuned in order to
prevent degradation of the product, but it was still necessary to use them in excess.

Finally transformations such as reduction of aminocyclobutenes [193] or Curtius
rearrangement of cyclobutyl half-esters [194] were employed to access DA am-
inocyclobutanes. However as they do not imply the construction of the
four-membered ring, we will not describe them further in this thesis.

As we can see the construction of DA aminocyclobutanes has been limited to a
few methods using photocatalysis, thermal or Lewis acid activation. It often
required harsh conditions, elaborated catalysts or hazardous substances.
Additionally, these methods have limitations concerning the selective introduction
of substituents on the ring. Considering the versatility of aminocyclobutanes both as
structural elements and as reactive intermediates, there is a great need for the
development of simple catalytic methods to access them.
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1.4.5.2 [4 + 2] Annulations

As for cyclopropanes, DA cyclobutanes have been used as 1,4 dipoles for the
synthesis of six-membered rings via [4 + 2] annulations. This chemistry is more
recent and only a few methods have been reported so far.

The first example can be attributed to Saigo and co-workers, who reported in
1991 the use of aminocyclobutanes in combination with aldehydes and ketones to
access lactols (Scheme 1.48) [195]. The cyclobutanes were accessed via thermal
formal cycloadditions and therefore no modification on the core was possible.
Furthermore, the requirement of an electron-rich enamine for the synthesis of the
cyclobutane had for consequence that the aminal product was very labile and the
nitrogen was “lost” during the work up. The reaction required excess of TiCl4 and
the products were obtained with yields up to 72 % but poor diastereoselectivities.

During 18 years, DA cyclobutanes have been completely forgotten until 2009
when two reports were published almost simultaneously. The first one was by
Johnson and co-workers who developed a very selective and efficient method using
carbon-based DA cyclobutanes to access cis-2,6-disubstituted tetrahydropyrans
heterocycles (a, Scheme 1.49) [196]. The annulation required Sc(OTf)3 for aromatic
aldehydes and MADNTf2 (157) for aliphatic aldehydes. Building upon these
results, they improved the protocol and reported the one pot synthesis of tetra-
hydropyrans via sequential [[2 + 2] + 2] annulation (b, Scheme 1.49). The cyclo-
butane was first generated in presence of the Lewis acid, styrene derivative and
methylidene methyl malonate (158), then the aldehyde was added to complete the
annulation. The yields were slightly lower but there were now three bonds formed
in one pot and the diastereoselectivity stayed very high. The authors noticed that
under these conditions, enantiopure cyclobutanes did not react with transfer of
stereogenic information.

The second report is to be credited to Christie and co-workers who adapted their
protected alkyne donating group to DA cyclobutane 159 (Scheme 1.50) [197]. The
cyclobutane 159 is able to react diastereoselectively with various aldehydes, giving
the cis tetrahydropyrans in yields ranging from 34 to 95 % and diastereoselectivity
superior to 20:1 in almost all of the tested substrates.

Pagenkopf and co-workers studied in depth the reactivity of carbo and
alkoxy-substituted DA cyclobutanes (Scheme 1.51). They began their research by
improving the synthesis of alkoxy-substituted cyclobutanes. Using ytterbium triflate
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as catalyst at −78 °C, they were able to react alkyl-enol ethers and methylidene
malonates to afford the corresponding alkoxy-cyclobutanes. They then reacted them
with various dipolarophiles such as aldimines [198], aldehydes [199] or nitrosoa-
renes [200] in [4 + 2] annulation to access piperidines or dehydropiperidines,
tetrahydropyrans and tetrahydro-1,2-oxazines respectively. Later, they expanded
the scope of reaction of DA cyclobutanes using nitrones in [4 + 3] annulations
[201]. It can be noted that the tested substrates 161 and 162 failed to react under
their conditions.

In 2012 Matsuo and co-workers reported a [4 + 2] annulation between alkoxy
substituted DA cyclobutanes and aldehydes or ketones (Scheme 1.52) [202]. The
reaction required catalytic amount of SnCl4 and afforded tetrahydropyrans in yields
up to 70 % and diastereoselectivity ranging from 1:1 to 10:1 in the case of alde-
hydes. Only symmetric ketones were tested. However, the formation of a side
product could be detected during the course of the reaction. It was identified as the
lactonization product 166. Product 166 could be selectively accessed when
changing the catalyst to TMSOTf.
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1.4.6 Conclusion

Compared to [3 + 2], the [4 + 2] annulations are at their infancy and the reactivity of
cyclobutanes in this area has to be investigated more in depth. Cyclobutanones, for
example, can also be used as activated cyclobutanes [203, 204]. The presence of the
acceptor part on the four-membered ring allows the ring fragmentation by
retro-aldol and subsequent annulation with various dipolarophiles [205]. The
annulations that have been developed so far represent good alternative methods to
the Diels-Alder cycloaddition for the construction of more saturated six-membered
rings. However, there are still important breakthroughs to be achieved in the field of
aminocyclobutane annulation as there are no existing methods that can deliver
nitrogen-substituted products.
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Scheme 1.51 [4 + 2] annulations with aldimines reported by Pagenkopf and co-workers
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1.5 Reactivity of Nitrogen-Substituted Small Cycloalkanes

In their study concerning the donating ability of various functional groups in DA
cyclopropanes, Werz and co-workers found that nitrogen was superior to any other
tested heteroatom or carbon group (N > O > S > Se > Ph > Me > P > Cl) [206]. It
comes out from the strong donating capacity of nitrogen that the amino-substituted
small rings are highly activated and therefore more prone to react by CC bond
fragmentation. Deactivation by choosing judicious protecting group is thus nec-
essary to avoid degradation for DA aminocyclopropanes and aminocyclobutanes.
I will now shortly describe the different processes involving cyclization of
nitrogen-substituted small rings.

1.5.1 Cyclopropanes

Wenkert and co-workers pioneered the synthesis and reactivity of DA aminocy-
clopropanes in the 1980s [207]. They developed a methodology to access various
alkaloids such as 170 or 171 starting from a common aminocyclopropane inter-
mediate 167 (Scheme 1.53).

Another use of cyclopropylamines as reactive intermediates has emerged
recently. Ring-opening upon single electron transfer oxidation of tertiary cyclo-
propylamines initiated radical cascade sequences resulting in the formation of
diverse polycyclic structures (Scheme 1.54) [208–210]. The formation of a cationic
radical generated by oxidation of the nitrogen atom triggers the selective homolytic
cleavage of the C–C bond due to the ring strain of cyclopropane. The fast 5-exo trig
cyclization cascade that followed was very rapid and allowed the formation of the
cyclic products. Two studies were reported almost at the same time, one using CAN
as the oxidant and the second one photoactivation with dicyanobenzene as
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Scheme 1.53 Total syntheses of alkaloids reported by Wenkert and co-workers
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sensitizer [208–210]. More recently, visible-light catalysis was used by Zheng and
co-workers to perform intermolecular [3 + 2] annulation between cyclopropylam-
ines and olefins [211].

An isolated example of the high reactivity of DA aminocyclopropanes has been
reported by de Meijere, Marek and co-workers as they performed a Suzuki coupling
between electron poor iodoacrylate 173 and tin-substituted cyclopropylamine 172
(Scheme 1.55) [212]. The conjugated ester in I acts as an activating group and
allows the vinylcyclopropane rearrangement to occur under the reaction conditions.

Six and co-workers reported in 2005 the intramolecular cyclization of amino-
cyclopropanes with electron-rich aromatics under thermal conditions (Scheme 1.56)
[213]. By heating substrates 175 and 177 in chlorobenzene, they obtained the
tricyclic products 176 and 178 in 67 and 49 % yield respectively. Later, they
reported a rearrangement of bicyclic aminocyclopropanes to aminocyclobutanes
using camphorsulphonic acid as catalyst [214].
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Scheme 1.54 Radical promoted [3 + 2] annulation of cyclopropylamines
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In 2011, France and co-workers developed an indium-catalyzed intramolecular
Friedel-Crafts cyclization on DA cyclopropanes [215, 216]. The scope of the
reaction involved various donating functionalities and two examples, 179 and 181,
containing nitrogen as a donating group were included (Scheme 1.57). In order to
be stable, the aminocyclopropanes had to be protected as an imide or a carbamate.

The first example of the use of transition metal to cyclize cyclopropylamines was
reported by Fagnou and co-workers in 2012 (Scheme 1.58) [217–219].
Cyclopropyl-bromo-anilines were reacted in presence of a palladium (II) catalyst
and pivalic acid. The concerted-metalation-deprotonation (CMD) mechanism [220]
(I–II in Scheme 1.58) was invoked to be at the origin of the palladium C–H
insertion. This led to the formation of dihydroquinolines that were too unstable to
be isolated. The products were therefore directly oxidized via a one-pot procedure
to afford stable quinolines in yields ranging from 52 to 91 % or reduced to tetra-
hydroquinolines in 45–99 % yields.

A very original work from Bower and co-workers was reported in 2013 using
the cyclopropylamine ring strain to promote the insertion of a transition metal
(Scheme 1.59). By using rhodium and a urea directing group, they were able to
insert a molecule of CO and an alkyne tethered to the nitrogen to produce hete-
robicyclic enones [221]. The reaction tolerated substitutions on the alkyne tether. In
this case, it was moderately diastereoselective and products were obtained in yields
up to 71 %. The method also tolerated substitution on the cyclopropane ring. The
regioselectivity of the metal insertion was 5:1 when a butyl substituent was present
and the diastereoselectivity was superior to 20:1.
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Scheme 1.56 Intramolecular cyclization developed by Six and co-workers
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Werz and co-workers showed that the reaction between electron-rich olefins and
nitro diazo esters afforded the cyclized nitronates without isolation of the inter-
mediate DA cyclopropanes (Scheme 1.60) [222]. They reported two examples
using nitrogen-substituted olefins bearing a phthalimide or an imidazolidinone
functional group. In order to understand the competition between the ester and the
nitro group for the ring expansion, the group performed computational studies
which showed that the transition state energy for the latter is slightly lower.

1.5.2 Cyclobutanes

Release of the ring strain in aminocyclobutanes has also been exploited [29, 184].
However, except from the work of Saigo described previously [195], and isolated
examples of ring expansions [223], it has never been thoroughly exploited in ring
formation reactions.
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1.5.3 Conclusion

In conclusion, the reactivity of nitrogen-substituted cycloalkanes has been studied
for more than 30 years. It is known that the nitrogen has to be protected in order to
prevent the spontaneous ring opening in the case of DA cycloalkanes. However,
considering all the possible configurations of donor and acceptor functionalities, it
becomes very difficult to find the balance between stability and reactivity. This is
why for so many years the reactivity of such rings has been limited to intramo-
lecular reactions. However, this strategy is limited when it comes to increase
structural diversity. In this context, the development of intermolecular annulations
between amino-substituted DA cycloalkanes and different dipolarophiles would be
highly valuable as it would give access to diverse analogues in a very convergent
manner.

1.6 Work in the Group

Our group began to study the reactivity of cyclopropanes in catalytic formal
homo-Nazarov reactions in 2009 (Scheme 1.61) [224]. This reaction gave efficient
access to polysubstituted six-membered rings using inexpensive and easy-to-handle
tosic acid.

This methodology was extended to the total synthesis of indole alkaloids using
aminocyclopropanes (Scheme 1.62) [225, 226]. By carefully selecting the reaction
conditions, it was possible to control the regioselectivity of the cyclization reaction.
Starting from intermediate 187 the formal synthesis of aspidospermidine (171) and
starting from 189, the total synthesis of goniomitine (191) were completed. The
cytotoxicity of goniomitine (191) was tested against tumor cell lines but its activity
was superior to 10 μM. Later, another natural product jerantinine E (192) could be
synthesized for the first time using the same strategy. This natural product displayed
significant cytotoxicity (1.0 µM) against cancer cells. Its mode of action could be
established as an inhibitor of microtubule polymerization with a profile similar to
colchicine.
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Scheme 1.61 Formal homo-Nazarov reaction reported by Waser and co-workers
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1.7 Goal of the Project

As we have seen in the introduction, nitrogen-substituted rings are omnipresent in
natural as well as in synthetic bioactive molecules. In order to discover new potent
entities, it is therefore required to develop efficient and selective methods toward
these privileged scaffolds.

Three- or four-membered rings have been known to react, when activated by a
donor and an acceptor group, to generate 1,3 or 1,4 formal dipoles. These reactive
intermediates are able to cyclize efficiently with various types of dipolarophiles to
afford the corresponding carbo- or heterocycles. It has been possible to further
develop these methodologies in order to access enantioenriched products.

Using the strain of amino-substituted small rings has been a good strategy to
access relevant cyclic structures present in natural products or synthetic drugs.
However previous works have been limited to intramolecular cyclizations. Such
processes are often limited due to the difficult synthesis of a precursor containing all
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the required electrophilic and nucleophilic functionalities. Additionally, there has
been no report of the use of small nitrogen rings to access cyclized products in an
enantioselective fashion.

Based on our group expertise in the synthesis and use of aminocyclopropanes, we
therefore aimed to exploit the potential of amino-substituted small rings in inter-
molecular annulation reactions (a, Fig. 1.8). First, it was required to find a stable yet
reactive aminocyclopropane that could be used with various dipolarophiles to

N GWE
R1

R1
N

EWG

R1

R1 N

EWG

R1

R1

N

EWG

R1

R1

N EWG
R1

R1

X

R2

N

EWG

R1 R1

X

R2

R3

R3

(a)

(b)

formally via

formally via

R2

R2

X = CR2, O

EWG: Electron-withdrawing group

N
O

O

O

Lannotinidine F (1)
NGF stimulation

O

O

HN

OH
N3

O

N

AZT (12)
Anti-HIV

N

HN
CO2Et

HO2C

H

H

O

Me Ph

Ramipril (8) 
Important drug

Tamiflu (13)
Antiviral

O
HN

O

H2N CO2Et

R2

N EWG
R1

R1

R2

EWG: Electron-withdrawing group

[3+2]

[4+2]
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generate substituted five-membered carbo- and heterocycles. The use of Lewis acids
to trigger the reaction would allow to combine the use of electrophilic cyclopropanes
with electron-rich systems such as olefins or carbonyls. The development of an
enantioselective method for the [3 + 2] annulations would strengthen the use of
aminocyclopropanes in the construction of amino-substituted five-membered rings.

The use of aminocyclopropanes would also be extended to nucleophilic
ring-opening reactions. The Friedel-Crafts alkylation of (hetero)-aromatic would
provide an efficient access to linear derivatives of γ-amino-acids.

Our second goal was to develop the use of aminocyclobutanes as precursors for
the selective synthesis of amino-substituted six-membered rings (b, Fig. 1.8). As
there is no method to access efficiently and selectively substituted aminocyclobu-
tanes, it was required to first develop a protocol toward their synthesis. With the
four-membered ring in hand we would finally use them as formal dipoles in [4 + 2]
annulations.

Ideally, the development of new annulations method would be followed by the
creation of small libraries of compounds which bioactivity could be evaluated
against relevant targets.
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Chapter 2
Ring-Opening Reactions
of Aminocyclopropanes

When I began the project, the intermolecular annulations using DA aminocyclo-
propanes were unknown. I will present in a first time the investigations undertaken
on the design of new aminocyclopropanes that can be used as 1,3 dipole precursors.
The different projects that were developed involving the annulation and the
Friedel-Crafts alkylation of such dipoles will then be presented and discussed.

2.1 [3 + 2] Annulation with Enol Ethers [1]

2.1.1 Discovery of the Reaction and Optimization

It was expected that DA aminocyclopropanes had to be protected in order to
decrease the strong donating effect of the nitrogen. We selected several protecting
group associating the donating ability of the nitrogen atom to its pKa values
(Fig. 2.1).1 A low pKa value indicates a more deactivated nitrogen due to the poorer
electron density. Lactam, benzyl carbamate, oxazolidinone and phthalimide were
chosen as they have been used in a large number of synthetic methods and possess
different electronic properties.

The acceptor part was divided into two types of functionalities: mono- and gem-
disubstituted esters. In the same way as for nitrogen, the activating capacity could
be evaluated considering the stabilization of the charge resulting from bond frag-
mentation. Additionally, due to the possibility of chelation with some Lewis acids,
1,3 dicarbonyl compounds can be more efficiently activated.

In order to access the desired cyclopropanes, the combination of an electron-rich
olefin and an electron-poor carbenoid seemed the most reliable (Scheme 2.1).
Electron-poor diazo derivatives are easy to access, stable and generate electrophilic
carbenoid precursors in presence of transition metals. On the other side,
electron-rich enamides or enimide are commercially available or easily accessed via
reported methods.

1http://www.chem.wisc.edu/areas/reich/pkatable/index.htm.
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Carbamate protected enamine 195 (a, Scheme 2.2) was synthesized by a Curtius
rearrangement on acryloyl chloride (193) [2]. Vinyl oxazolidinone 185 (b,
Scheme 2.2) was synthesized in one step using a palladium-catalyzed vinyl transfer
[3]. The malonic ester diazo derivatives 199 and 201 were prepared following a
very simple protocol involving diazo transfer from tosyl azide under basic condi-
tions, (c, Scheme 2.2) [4]. Starting materials such as ethyl diazoacetate (202), vinyl
phthalimide (183) or vinyl pyrrolidinone were commercially available.

The non-optimized reaction of the diazo compounds in presence of catalysts
such as Rh(II) (a, Scheme 2.3) or Cu(I) (b, Scheme 2.3) furnished the desired
mono-ester DA cyclopropanes 203–206. Except for the oxazolidinone-substituted
cyclopropane 204, which was obtained as a mixture, only the trans isomer of the
product was isolated.

It has been shown by our group that simple Brønsted acids such as p-toluene-
sulfonic acid are strong enough to activate DA cyclopropanes [37, 38]. Therefore,
the newly synthesized aminocyclopropanes were reacted under various acidic
conditions in order to study their reactivity.

Direct subjection of the monoester-substituted cyclopropanes 203–205 to cata-
lytic amounts of acids in presence of diverse olefins and carbonyls resulted in
recovery of the starting cyclopropanes (Scheme 2.4). However, under specific
conditions, the isomerization from cis to trans of the donor and the acceptor sub-
stituents could be observed in 204. Depending on the solvent, and on the strength of
the acid, the isomerization process gave information on the reactivity. For example,
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the use of strong acids like HBF4 resulted in total isomerization in all the solvents.
On the contrary, milder acids like H3PO4 were never able to induce isomerization.
More interestingly, acids like PTSA or CSA isomerized the product in acetonitrile
or dichloromethane but not in toluene. It can be concluded that Brønsted acids
activation is unable to trigger the reaction with a nucleophilic partner. However, the
catalyst is not the only factor to take into account. The stabilization of the resulting
reactive polarized intermediate by choosing an adequate solvent will be an
important parameter to take into account for the development of the reaction.

Partners
O

TIPS TBS TMS TMS

207 93 208 209 210

N
N
H

N
H

N O

32 43 211 212 213

O O

O
O

OMe

O

EtO

123
+

N

N

216214 215a 215b 123

Brønsted acids

H3PO4
Camphorsulfonic 

acidb TFA PTSAb HBF4
a

Solvents

Toluene, rt, 100°C CH2Cl2, rt CH3CN, rt, 80°C MTBE, rt

(a) Isomerization occurred with all solvents. (b) Isomerization occurred in CH3CN and CH2Cl2

Electron-rich olefins or carbonyls were often unstable under acidic conditions,
resulting in degradation of the dipolarophile. Taking these results into account, we
envisioned that diester-substituted aminocyclopropanes would be more suitable as
DA aminocyclopropanes. The presence of a bidentate functionality allows chelation

R1
2N CO2Et Catalyst

Solvent

X R2

X

NR1
2

CO2EtR2

Scheme 2.4 Acids, solvents and dipolarophiles tested under Brønsted acid catalysis
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to the catalyst and an increased reactivity due to the second electron-withdrawing
group. As a consequence, milder reaction conditions should be possible with these
substrates. The use of the malonate derivatives also simplifies the system due to the
elimination of diastereomeric mixtures in the starting material as well as in the
product.

The synthesis of diester derivatives was attempted. However, the products where
too reactive and degradation occurred. In the case of vinyl carbamate 195 neither
product nor starting material could be detected in the crude mixture of the reaction.
Vinyl oxazolidinone analogue 185 and lactam 204, could be cyclized but degra-
dation occurred during purification, indicating the low stability of these aminocy-
clopropanes. Eventually, the phthalimide derivative 217 was the only one that could
be isolated in very good yield (Scheme 2.5).

As we were interested in developing an efficient access to cyclopentylamines
from aminocyclopropanes, we decided to investigate the use of olefins as annula-
tion partners. Consequently, silyl enol ether 219a was chosen as dipolarophile as
we expected that an electron-rich olefin would react faster in presence of DA
aminocyclopropane 217. Additionally, they can be very easily accessed on large
scales starting from ketone 218a using an electrophilic silylating reagent
(Scheme 2.6).

In order to avoid dipolarophile degradation, we oriented our choice of catalyst
toward Lewis acids. We investigated their influence on the [3 + 2] annulation
between aminocyclopropane 217 and silyl enol ether 219a. Brønsted acids (entries
1–3) and some of the tested Lewis acids (entries 4–9) did not promote conversion of
the starting material under these conditions. In the case of Ni(ClO4)2 and Zn(OTf)2,
partial conversion of the cyclopropane was observed (entries 10–11). However,
when using triflimide (entries 12–13), triflate (entries 14–20) or chloride (entries
21–23) based Lewis acids full conversion was observed. Whenever conversion to
the product 220a was obtained, the side product 221 resulting from a retro-aldol

N

O

O

N

O

O

CO2Et

183 217
90%

+

201

CO2EtEtO2C

N2

0.1 mol% Rh2(esp)2

CH2Cl2, 0°C

CO2Et

Scheme 2.5 Synthesis of diester DA aminocyclopropanes
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Scheme 2.6 Synthesis of enol ether 219a
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fragmentation was also detected (entries 11–22). Only when SnCl4 was used at –
78 °C, the desired product 220a was obtained selectively (entry 23). In some cases
221 was found as the major (entries 11, 12, 14, 15, 21) or the sole (entries 13, 16)
product (Table 2.1).

Using SnCl4 at cryogenic temperatures, only one diastereoisomer was obtained
in 95 % yield when the reaction was run with 20 mol% of catalyst. These conditions
were optimized using 5 mol% of tin catalyst at –78 °C using 1.5 equivalents of the
enol ether in dry dichloromethane (Scheme 2.7). Quenching the reaction with tri-
ethylamine has to be done at –78 °C otherwise open product 221 is observed.

Table 2.1 Lewis acid optimization

PhthN
CO2Et

CO2Et

TIPSO

20 mol% Lewis acid
NPhth

TIPSO

Ph CO2Et

CO2Et

Ph

217 219a

CH2Cl2 ,1 h, rt

PhthN

O
Ph

CO2Et
EtO2C

220a 221

Entrya Lewis acid Conversionb 220a/221b

1 Trifluoroacetic acid 0 nd

2 Camphorsulfonic acid 0 nd

3 H3PO4 0 nd

4 nBu2BOTf 0 nd

5 BF3 · OEt2 0 nd

6 MgI2 0 nd

7 Me2AlCl 0 nd

8 AgOTf 0 nd

9 CuCl2 0 nd

10 Ni(ClO4)2 30 10:1

11 Zn(OTf)2 40 1:2

12 Zn(NTf)2 100 1:2.5

13 HNTf2 100 >1:20

14 Hf(OTf)4, H2O 100 1:2

15 Sc(OTf)3 100 1:3

16 In(OTf)3 100 >1:20

17 (CuOTf)2·Tol 100 1:1

18 Cu(OTf)2 100 5:1

19 Yb(OTf)3 100 5:1

20 Sn(OTf)2 100 2:1

21 AlCl3 100 1:2.5

22 SnCl4 100 1:1

23 SnCl4 (–78 °C) 100 >20:1
aReaction conditions 1 eq cyclopropane, 1.5 eq enol ether, 0.2 mol% Lewis acid, CH2Cl2
(0.08 M), 60 min, room temperature
bDetermined by 1H NMR of the crude reaction
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Several control experiments where performed in order to gather information on
the catalyst as well as on the cyclopropane reactivity. The reaction performed at
room temperature gave a lower isolated yield of 72 % of the product 220a.2 In order
to exclude the possibility that some traces of HCl resulting from tin tetrachloride
decomposition could have catalysed the reaction, we performed the reaction using
20 mol% HCl in dioxane. No conversion could be observed. Adding 10 mol%
di-tBu-pyridine as a proton scavenger to the standard reaction conditions did not
inhibit the reaction even if full conversion was not obtained after 1 h. This could be
explained by pyridine poisoning of the catalyst or by neutralization of a synergistic
effect between the tin catalyst and traces of acid. The influence of the structure of
the aminocyclopropane was investigated next. Switching to the dimethyl malonate
derivative 223 did not alter the reactivity and using the monoester analogue 206
synthesized earlier left the starting material unreacted.3 The relative configuration of
the product was confirmed by X-ray diffraction analysis (Fig. 2.2).

2.1.2 Scope and Limitations

The promising results obtained with silyl enol ether 219a motivated us to inves-
tigate the tolerance of the reaction to differents silyl enol ethers. They were syn-
thetized using two different methods (Scheme 2.8): the first one generating the

PhthN
CO2Et

CO2Et

TIPSO

Conditions
NPhth

TIPSO

Ph CO2Et

CO2Et

Ph

217 219a 220a

Optimized conditions: 5 mol% SnCl4, -78°C, CH2Cl2
5 mol% SnCl4, rt, CH2Cl2

20 mol% HCl, rt
5 mol% SnCl4,10 mol% 2,5-di- tBu-pyridine -78°C, CH2Cl2

95%
72%, >20:1 dr

0%
217/220 = 2.5:1

PhthN
CO2R2

R1

TIPSO

5 mol% SnCl4

NPhth

TIPSO

Ph R1

CO2R2

Ph

206 R1 = H, R2 = Et 
223 R1 = CO2Me, R2 = Me

219a 222 R1 = H, R2 = Et, 0%
220b R1 = CO2Me, R2 = Me, 95%

-78°C, CH2Cl2

(a)

(b)

Scheme 2.7 Control experiments

2Overall yield of the reaction is 96 % with 24 % yield of open product.
3204 and 205 were also tested unsuccessfully.
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sodium enolate with NaHMDS and subsequently quenching with the corresponding
silyl chloride at –78 °C; the second one using a combination of triethylamine and
silyl triflate at room temperature. These two methods afforded silyl enol ethers from
electron rich and poor aromatic, heteroaromatic as well as aliphatic ketones in very
good yields.

For this purpose, enol ethers derived from acetophenone (218a) were prepared
with different silicon substitution (entries 1, 2, Table 2.2). Electron-withdrawing as
well as donating substituents were introduced at diverse positions of the aromatic
ring (entries 3–8). Cyclic (entries 9, 10) and silyl enol ethers substituted in β
position (entries 11, 12) were also prepared. Silyl enol ether 219n with a hetero-
cyclic substituent was synthesized in order to test the influence of a basic func-
tionality on the reaction (entry 13). Finally, silyl enol ethers derived from alkyl
ketones were prepared (entries 14, 15).

In the case of 218n the regioselectivity and the diastereoselectivity were not total
and the product 219p was obtained as a 10:1.3:0.3 mixture of the di- and Z/E tri-
substituted isomers respectively. 219o was isolated as a 8:1 mixtures of Z/E isomers.

We then turned our attention to the scope and limitations of the method. The
silyl enol ethers previously synthesized were evaluated (Table 2.3). The use of
different silicon derivatives did not decrease the yield and even the more sensitive
TMS enol ethers 219q could be employed (entries 1–4). Changing the ester group
did not change the yield on preparative scale as the ethyl ester derivative was
obtained in 98 % yield (entry 5). Electron-poor as well as electron-rich aromatics
gave the product in yields superior than 92 % and only one diastereoisomer could
be detected (entries 6–11). Only in the case where a cyano substituent was present
(entry 8), a lower yield of 70 % was obtained at full conversion. The reaction also
tolerated more challenging substrates such as hindered o-bromo- or
napthyl-substituted silyl enol ethers 219d and 219e (entries 11, 12).

In the previous reports of [3 + 2] annulations between DA cyclopropanes and silyl
enol ethers, most of the methods were limited by the substitutions of the olefin [39].

Fig. 2.2 Structure of 220a
determined by X-ray
diffraction analysis
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NaHMDS/R4

3SiCl, THF, -78°C

218a-n 219b-p

or
NEt3/R4

3SiOTf, CH3CN, 0°C

Scheme 2.8 Synthesis of silyl enol ethers
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Table 2.2 Synthesis of silyl enol ethers

R1

O

R3
H

R2

R1

R4
3SiO

R3

R2

218a-n 219b-p

Entry Substrate Product Yield (%)a

1 O 218a OTBS 219b 85

2 O 218a OTES 219c 77

3 O

Br

218b OTIPS

Br

219d 88

4 O 218c TIPSO 219e 91

5 O

MeO2C

218d OTIPS

MeO2C

219f 91

6 O

F

218e OTIPS

F

219g 73

7 O

NC

218f OTIPS

NC

219h 97

8 O

MeO

218g OTIPS

MeO

219i 87

9 O 218h OTIPS 219j 87

10 O 218i OTIPS 219k 99

(continued)
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Table 2.2 (continued)

Entry Substrate Product Yield (%)a

11 O 218j OTIPS 219l 98

12 O 218k OTIPS 219m 98

13

N

O 218l

N

OTIPS 219n 58

14 O 218m OTIPS 219o 61

15

nBu

O 218n
nBu

OTIPS 219p 92

aReaction conditions entries (1–3, 8–15): 1 eq ketone, 1.22 eq NaHMDS, 1.2 eq ClSiR4
3, THF,

–78 °C or entries (4–7) 1 eq ketone, 1.8 eq NEt3, 1.2 eq TfOSiR4
3, CH2Cl2, rt. Isolated yields after

column chromatography

Table 2.3 Scope with aromatic di-substituted silyl enol ethers

PhthN
CO2Me

CO2Me

R4
3SiO

5 mol% SnCl4

NPhth

R1 CO2Me

CO2Me

R1

223 219a-i,q 220a-k

R3R2
R3

R2

CH2Cl2 -78°C

R4
3SiO

,

Entry Substrate Product Yield (%)a

1 OTIPS 219a NPhth

TIPSO

Ph CO2Me

CO2Me

220b 95
(>20:1 dr)

2 OTBS 219b NPhth

TBSO

CO2Me

CO2Me

220c 98
(>20:1 dr)

3 OTES 219c NPhth

TESO

CO2Me

CO2Me

220d 99
(>20:1 dr)

4 OTMS 219q NPhth

TMSO

CO2Me

CO2Me

220e 95
(>20:1 dr)

(continued)
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However, it was possible with ourmethod to react tri-and even tetrasubstituted olefins
in very good yields and with high diastereospecificity (entries 1–3, Table 2.4).

X-ray analysis showed that the relative stereochemistry in 220m was opposite to
the one observed in other products (Fig. 2.3).4 Again, the diastereoselectivity

Table 2.3 (continued)

Entry Substrate Product Yield (%)a

5 OTIPS 219a NPhth

TIPSO

Ph CO2Et

CO2Et

220a 98b

(>20:1 dr)

6 OTIPS

E
E = CO2Me

219f

E = CO2Me

NPhth

TIPSO

CO2Me

CO2Me

E

220f 95
(>20:1 dr)

7 OTIPS

F

219g NPhth

TIPSO

CO2Me

CO2Me

F

220g 91
(>20:1 dr)

8 OTIPS

NC

219h NPhth

TIPSO

CO2Me

CO2Me

NC

220h 70
(>20:1 dr)

9 OTIPS

O

219i NPhth

TIPSO

CO2Me

CO2Me

MeO

220i 99
(>20:1 dr)

10 OTIPS

Br

219d NPhth

TIPSO

CO2Me

CO2Me

Br
220j 92

(>20:1 dr)

11 TIPSO 219e NPhth

TIPSO

CO2Me

CO2Me

220k 91
(>20:1 dr)

aReaction conditions: 0.45 mmol enol ether, 0.30 mmol cyclopropane, 0.015 mmol SnCl4, in 2 mL
CH2Cl2, 1 h, –78 °C. Isolated yields after column chromatography
bCyclopropane 217 was used

4The diastereospecificity of the reaction will be discussed in the mechanism part of this chapter.
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remained high, even if an erosion could be noticed in the case of hindered tetra-
substituted enol ether.

Replacing the aryl substituent of the silyl enol ether by an alkyl group did not
decrease the reactivity nor the stereoselectivity (entries 1–3, Table 2.5). As the
reaction is highly diastereospecific, the products 220o and 220p were isolated as
mixture of diastereoisomers due to the difficulty to obtain the pure isomeric enol
ethers (entries 1, 2).

Simple silyl and alkyl enol ethers derived from acetaldehyde gave cyclized
products in excellent yields and diastereoselectivity (entries 4, 5). It is worth to
notice that it is the first time that alkyl enol ethers are used for [3 + 2] annulations
with DA cyclopropanes. Finally, the acid-sensitive dihydropyran 207 was also
successfully reacted in quantitative yield (entry 6).

The relative stereochemistry of 220q was assigned by ROE experiment and the
one of 220t by X-ray analysis (Fig. 2.4).

Pyridine derived silyl enol ether 219n and vinyl acetate 224 did not react under
these conditions (Fig. 2.5). The former is probably deactivating the catalyst while
the latter is not nucleophilic enough.

Table 2.4 Scope with substituted silyl enol ethers

PhthN
CO2

223 219j,l,m 220l-n

CO2Me

R4
3SiO

5 mol% SnCl4

NPhth

R1 CO2Me

CO2Me

R1

R3R2
R3

R2

CH2Cl2 ,-78°C

R4
3SiO

Entry Substrate Product Yield (%)a

1 OTIPS 219l NPhth

TIPSO

Ph CO2Me

CO2Me

Me

220l 92
(20:1 dr)

2 OTIPS 219j NPhth

CO2Me

CO2MeO
TIPS

H
220m 91

(10:1 dr)

3 OTIPS 219m NPhth

TIPSO
Ph

CO2Me

CO2Me

Me

Me

220n 81
(4:1 dr)

aReaction conditions: 0.45 mmol enol ether, 0.30 mmol cyclopropane, 0.015 mmol SnCl4, in 2 mL
CH2Cl2, 1 h, –78 °C. Isolated yields after column chromatography
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Fig. 2.3 Structure of 220m
determined by X-ray
diffraction analysis

Table 2.5 Scope with alkyl-substituted silyl and alkyl enol ethers

PhthN
CO2Me

CO2Me

R4O

5 mol% SnCl4

NPhth

R1 CO2Me

CO2Me

R1

223 219k,o,p,r
197, 207

220o-t

R3R2
R3

R2

CH2Cl2,-78°C

R4O

Entry Substrate Product Yield (%)a

1 OTIPS 219ob NPhth

TIPSO

Et CO2Me

CO2Me

Me

220o 96
(11:4:1 dr)

2

nBu

OTIPS 219pc NPhth

TIPSO

nBu CO2Me

CO2Me

220p 98d

(17:1 dr)

3 OTIPS 219k NPhth

CO2Me

CO2MeO

H

TIPS

220q 90
(4:1 dr)

4 OTMS 219r NPhth

TMSO
CO2Me

CO2Me

220r 77
(20:1 dr)

5 OnBu 197 NPhth

nBuO
CO2Me

CO2Me

220s 99
(20:1 dr)

(continued)

2.1 [3 + 2] Annulation with Enol Ethers [1] 73



2.1.3 Mechanism

In order to determine if our system was reacting in a similar SN
2 type mechanism as

described by Johnson and co-workers [40], we decided to investigate the enan-
tiospecificity of the [3 + 2] annulation. In this context, we isolated one of the
enantiomers of the starting aminocyclopropane 217. We had to use chiral phase
chromatography separation for this purpose as asymmetric synthesis of such

Table 2.5 (continued)

Entry Substrate Product Yield (%)a

6 O 207 NPhth

CO2Me

CO2MeO

H

H

220t 99
(2:1 dr)

aReaction conditions: 0.45 mmol enol ether, 0.30 mmol cyclopropane, 0.015 mmol SnCl4, in 2 mL
CH2Cl2, 1 h, –78 °C. Isolated yields after column chromatography
bUsed as a 8:1 mixtures of Z/E isomers
cUsed as a 10:1.3:0.3 mixture of the di- and Z/E trisubstituted isomers respectively
dMixture of regioisomers. NMR yield of major product = 60 %

Fig. 2.4 Structure of 220t determined by X-ray diffraction analysis

N

O
Si

O

O

219n 224

Fig. 2.5 Unreactive enol ethers
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aminocyclopropanes was not reported and using chiral rhodium complex did not
lead to promising results (Scheme 2.9).

With enough enantiomerically enriched material in hand, we submitted various
silyl enol ethers to the reaction conditions. Except for the slow reacting o-
bromo-substituted enol ether 219d, all the products were obtained with complete
transfer of the stereogenic information (Scheme 2.10). This information allowed us
to propose that the reaction mechanism involves a SN

2 type substitution on the
aminocyclopropane with transfer of the stereogenic information [40].

The tin catalyst is very effective to promote stereospecific substitution/ring
closure sequence. However, in the case of a more hindered nucleophile such as
219d, racemization of the starting aminocyclopropane is occurring, probably via an
open zwitterionic intermediate. More studies have been undertaken to determine if
the reaction occurred with retention or inversion of the absolute stereochemistry.
However, it was not possible to obtain so far the crystalline material required for the
analysis.

Based on these result, a catalytic cycle of the reaction is presented in
Scheme 2.11. Aminocyclopropane 223 is first activated by chelation with the tin
catalyst, resulting in the formation of intermediate I presenting a stable intimate ion
pair between the two substituted carbons. The silyl enol ether attacks at the elec-
trophilic center with inversion of the absolute configuration via a SN

2 type process.
The cyclopropyl strain is released by C–C bond fragmentation which leads to the
formation of zwitterionic intermediate II. C–C bond rotation allows the good
alignment between the malonic negative charge and the silyl-oxonium moiety in III
and further ring closure to give the desired product.

In the case where the nucleophilic attack is slower (for example with hindered
silyl enol ether 219d), the C–C bond fragmentation occurs without nucleophilic

N

O

O

N

O

O

CO2Et

183 217
100% conv

60:40 er

+

201

CO2EtEtO2C

N2

0.01 % Rh2(L9)4

CH2Cl2, rt

CO2Et

N
O

OHS O
O

CH3(CH2)9-11CH2

S-DOSP
L9

Scheme 2.9 Attempt towards enantioselective synthesis of 217
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NPhth

TIPSO

CO2Me

CO2Me

NPhth

TIPSO

CO2Me

CO2Me

Br
NPhth

TIPSO

Ph CO2Me

CO2Me

Me

NPhth

TMSO

CO2Me

CO2Me

220r
>97:3 er

NPhth

O

CO2Me

CO2Me
TIPS

H

220b
>97:3 er

220j
90:10 er

220l
>97:3 er

220q
>97:3 er

PhthN
CO2Me

CO2Me

R4
3SiO

NPhth

R4
3SiO

R1 CO2Me

CO2Me

R1

223
>97:3 er

10 mol% SnCl4

-78°C, CH2Cl2

*

R2

R2

R3
R3

Scheme 2.10 Enantiospecific synthesis of cyclopentylamines

H3CO R

Sn(IV)

H

PhthN

OH3CO

OCH3

O

H

PhthN

OH3CO

OCH3

O
LA

H

PhthN

OH3CO

OCH3

O
LA

SiO

R
120°

H

NPhth

OSi
O

O OCH3
LA

CO2MeMeO2C
SiO

NPhth

R'

R'

R

R'

R'
OSi

R

H

PhthN

OH3CO

OCH3

O
LA

PhthN

H

OH3CO

OCH3

O

racemization IV

E

EO

NPhthR
R'

- Si

I

II

III

223

E

EO

NPhthR
R'

- Si

Scheme 2.11 Speculative catalytic cycle for the [3 + 2] annulation
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attack, resulting in the formation of the zwitterionic intermediate IV.5 This leads to
the loss of the stereogenic information in the starting material and therefore in the
product.

As seen earlier, side product such as 221 are formed due to a retro-aldol frag-
mentation (Scheme 1.15). From the proposed catalytic cycle, another origin for 221
could be the loss of the silicon group directly from intermediate III.

The stereochemistry of the reaction with unsubstituted enol ethers arises at two
different stages (a, Scheme 2.12). At first, the facial selectivity is defined during the
nucleophilic attack by the opposite orientation of the C–N and C–O dipoles.
Following the C–C bond rotation (II to III, Scheme 2.11), the orientation of the
same dipoles in opposite directions in intermediate II positions the phthalimide and
the silyloxy functionalities in trans relationship after ring closure.

When applying the same model to cis-trisubstituted silyl enol ether (R’ ≠ H, b,
Scheme 2.12), the substituent R′ is positioned in front of the small hydrogen. The
reduction of the steric interactions and the dipoles orientation works in a synergistic
manner. However when the silyl enol ether 219j derived from tetralone is used, the
reduction of the steric effects by orientating the R′ substituent, now in trans-position
to the enol ether, in front of the hydrogen is predominant. Therefore the selectivity
is inverted in the product 220m and the cis product is obtained.

N

H

O

O

R

Sn

SiO

NPhth

CO2Me

CO2Me
Ph

TIPSO

C-N

C-O

N

H

O

O

R

Sn

SiO

C-N

C-O

R'

N

H

O

OR

Sn

SiO

R'

NPhth

CO2Me

CO2MeO
TIPS

HNPhth

TIPSO

Ph CO2Me

CO2Me

Me

Sterics

R

H

N

O[Si]
O

O
Sn

C-N

C-O

(a) (b) Non substituted enol ethers Substituted enol ethers

I

II

III IV

220b 220l 220m

Scheme 2.12 Tentative rationalization of the diastereoselectivity

5The same phenomenon was observed in the project with ketones.
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2.1.4 Product Modifications

The linear products resulting from the retro-aldol fragmentation are also valuable
building blocks as nitrogen-substituted homo-Michael adducts. Such products can
be obtained by a Mannich reaction, but high diastereocontrol using substituted enol
ethers is a difficult task to achieve [5]. As we saw during the optimization, indium
triflate was able to deliver only the linear product (Table 2.1). We thus compared
the direct reaction between silyl enol ether and aminocyclopropane 223 with the
two step procedure involving [3 + 2] annulation and subsequent retro-aldol frag-
mentation (Scheme 2.13). In presence of indium and using enantiopure 223 we
could not obtain full transfer of chirality to the linear product. However the
tin-catalyzed annulation followed by indium-mediated fragmentation of 220b
afforded the enantiomerically pure product 225 (a, Scheme 2.13). When the
substituted enol ether 219l was submitted to the indium catalyst, a 4:1 diastereo-
meric ratio was obtained for linear product 226. Again, superiority of the two step
protocol was highlighted by the isolation of only one diastereoisomer of 226 in
78 % yield from 220l (b, Scheme 2.13).

The synthetic versatility of the cyclic product was investigated through different
transformations (Scheme 2.14). The free amine 227 was accessed in good yield by

NPhth

TIPSO

Ph CO2Me

CO2Me

PhthN
CO2Me

CO2Me

MeO2C
CO2Me

Ph

O
PhthN

85%
87:13 er

55%
99:1 er

223
97:3 er

220b
99:1 er

20 mol% In(OTf)3, rt 225

NPhth

TIPSO

Ph CO2Me

CO2Me

PhthN
CO2Me

CO2Me

MeO2C
CO2Me

Ph

O
PhthN

67%
4:1 dr

78%
>20:1 dr

223

220l

20 mol% In(OTf)3, rt
219l

20 mol% In(OTf)3, rt 226

MeMe

20 mol% In(OTf)3, rt
219a

(a)

(b)

Scheme 2.13 Access to linear building blocks
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removal of the phthalimide using ethylene diamine in isopropanol. Under Krapcho
conditions [6], decarboxylation occurred with elimination of the neighboring sila-
nol, affording the corresponding conjugated cyclopentene 228. Another cyclopen-
tenyl amine isomer 229 was obtained in 53 % yield from β-elimination using
TMSOTf. The structural complexity of these building blocks could be potentially
increased via further functionalizations such as oxidation, reduction or conjugate
addition on the double bond for example.

2.2 [3 + 2] Annulation with Aldehydes6

As we saw in the introduction, aldehydes have been very versatile dipolarophiles
for [3 + 2] annulation with DA cyclopropanes. In our hands, such process would
lead to the formation of substituted amino-tetrahydrofurans. This scaffold is the

NPhth

TIPSO

Ph
CO2Me

CO2Me

NH2

TIPSO

Ph CO2Me

CO2Me

NPhth

CO2MePh

220b

iPrOH, reflux
H2N

NH2

227
72%

228
88%

NPhth

CO2Me

CO2MePh

229
53%

NaCl, H2O
DMSO, 170 °C

1.1 eq TMSOTf

Scheme 2.14 Synthetic modification of cyclic products

6The [3 + 2] annulation of aminocyclopropanes with aldehydes has been studied in our group
by Dr Fides Benfatti after preliminary results obtained during my project. Text between quotation
marks (“”) is taken out of our publication: [7].
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central core of natural and synthetic nucleoside analogues, and therefore represents
a very important target for organic synthesis [8].

As the catalytic system developed for the enol ethers was not compatible with
aldehydes, we performed a new optimization of Lewis acid catalysts. Amongst all
the tested combinations, we selected FeCl3–Al2O3,

7 which afforded the product in
quantitative NMR yield and more than 20:1 diastereoselectivity (Scheme 2.15).
Additionally, working with iron had other advantages as it is an abundant and
therefore inexpensive as well as a non-toxic catalyst. Despite its wide use as Lewis
acid, it is the first time that iron was reported to catalyze the [3 + 2] annulation with
DA cyclopropanes [11, 12].

“The scope of the reaction with DA aminocyclopropanes 217 and 223 was
explored, using 5 mol% of iron(III) chloride on alumina, and 1.5 equiv. of alde-
hydes 215a–m at room temperature. In general, excellent yields were obtained in
short reaction time (2 h), while employing aldehydes with diverse steric and
electronic properties.”

First, the use of aromatic aldehydes was investigated (Table 2.6) “No difference
in reactivity/selectivity was observed between the ethyl diester 217 and the methyl
diester 223 in the reaction with benzaldehyde (215a) (entries 1, 2). The electron-rich
para- and ortho-anisaldehydes (215b and 215c) and thiophene-2-carboxaldehyde
(215d) displayed modest stereoselectivities at rt (up to 6:1 dr, entries 3–5), never-
theless increased dr’s were obtained at a lower temperature. Interestingly, no det-
rimental effect on yield and stereoselectivity of ortho versus para substituent was
observed with anisaldehyde 215b versus 215c (entries 3, 4).

In all cases, the two isomers could not be separated by flash chromatography.
However, the pure cis isomer could be obtained by means of a single recrystalli-
zation, except for products 230m and 230n. The X-ray diffraction analysis per-
formed on aminotetrahydrofuran 230c allowed the unambiguous attribution of the
2,5-cis relative stereochemistry (Fig. 2.6).

The annulation reaction was not limited to aromatic aldehydes, and a good yield
was also obtained in the case of cinnamyl aldehyde 215g (entry 1, Table 2.7), albeit

PhthN
CO2Et

CO2Et O 20 mol% FeCl3-Al2O3
O

NPhth

Ph
CO2Et

CO2Et
Ph

217 215a

CH2Cl2, 90 min, rt

230a
100% NMR yield

>20:1 dr

Scheme 2.15 Optimal result for [3 + 2] annulation using iron trichloride

7Iron trichloride gave comparable results, but the alumina-supported reagent was preferred because
it is easier to handle and known to be a scavenger of adventitious traces of water and acid. For
examples on the use of FeCl3–Al2O3, see [9, 10].
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Table 2.6 Scope of the [3 + 2] annulation using aromatic aldehydes

PhthN
CO2R1

CO2R1 O 5 mol% FeCl3-Al2O3
O

NPhth

R2
CO2R1

CO2R1
R2

217, 223 215a-f

CH2Cl2, 90 min, rt

230a-g

Entry Substrate Product Yield (%)a

1 O 215a

O

NPhth

CO2Et

CO2Et

230a 94
(>20:1 dr)

2 O 215a

O

NPhth

CO2Me

CO2Me

230b 95
(>20:1 dr)

3 O

MeO

215b

O

NPhth

CO2Et

CO2Et

MeO

230c 98b

(9:1 dr)
(20:1 dr)c

4 OOMe 215c

O

NPhth

CO2Me

CO2Me

MeO

230d 92b

(17:1 dr)

5 O

S
215d

O

NPhth

CO2Me

CO2Me
S

230e 89b

(>20:1 dr)

6 O

Cl

215e

O

NPhth

CO2Me

CO2Me

Cl

230f 91
(>20:1 dr)

7 O

O2N

215f

O

NPhth

CO2Me

CO2Me

O2N

230g 71
(>20:1 dr)

aReaction conditions: 0.20 mmol cyclopropane, 0.30 mmol aldehyde, 5 mol% FeCl3–Al2O3, in
CH2Cl2, 0.1 M, 2 h, rt. Isolated yields after column chromatography
bYields and diastereoselectivities are reported for the reaction at –10 °C
cDiastereomeric ratio after recrystallization
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Fig. 2.6 Structure of 230c determined by X-ray diffraction analysis

Table 2.7 Scope of the [3 + 2] annulation using alkyl and vinyl aldehydes

PhthN
CO2R1

CO2R1 O 5 mol% FeCl3-Al2O3 O

NPhth

R2

CO2R1

CO2R1

R2

217, 223 215g-m

CH2Cl2, 90 min, rt

230h-o

Entry Substrate Product Yield (%)a

1 O

Ph

215g

O

NPhth

CO2Me

CO2Me

Ph

230h 95b

(10:1 dr)
(>20:1 dr)c

2 O

C3H7

215h

O

NPhth

CO2Me

CO2Me

C3H7

230i 95
(7:1 dr)
(>20:1 dr)c

3 O

C3H7

215h

O

NPhth

CO2Et

CO2Et

C3H7

230j 99
(10:1 dr)
(>20:1 dr)c

4 O

nPr

215i

O

NPhth

nPr
CO2Me

CO2Me

230k 94
(9:1 dr)
(>20:1 dr)c

5 O

PhH2CH2C

215j

O

NPhth

PhH2CH2C
CO2Me

CO2Me

230l 89
(>20:1 dr)

(continued)
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with a low diastereoselectivity. Once again, the cis-selectivity could be increased by
lowering the temperature to –10 °C. The reaction was also successful for unsatu-
rated aldehyde 215h, both with aminocyclopropanes 223 and 217 (entries 2, 3).

Aliphatic aldehydes are generally challenging substrates for Lewis
acid-catalyzed reactions, as they are prone to undergo aldol side reactions.
Gratifyingly, this was not an issue under our mild reaction conditions, and aliphatic
aldehydes with linear (entries 4,5) or branched substituents (entries 6–8) afforded
the corresponding amino tetrahydrofurans in outstanding yields (89–99 %) and
good diastereoselectivities (up to >20:1 cis:trans).

As a further evidence of the efficiency of our methodology, the reaction of
aminocyclopropane 217 with an equimolar amount of benzaldehyde (215a) in the
presence of 1 mol% loading of iron catalyst, afforded compound 230a in 88 % yield
and excellent dr on a 1 mmol scale (Scheme 2.16).

To gain more knowledge on the mechanism of our [3 + 2] annulation, enan-
tioenriched 217 (er = 99:1) was reacted with 215a under the standard reaction

Table 2.7 (continued)

Entry Substrate Product Yield (%)a

6 O

iPr

215k

O

NPhth

iPr
CO2Me

CO2Me

230m 99
(7:1 dr)

7 O 215l

O

NPhth

CO2Me

CO2Me

230n 90
(7:1 dr)

8 O

tBu

215m

O

NPhth

tBu
CO2Me

CO2Me

230o 92
(>20:1 dr)

aReaction conditions: 0.20 mmol cyclopropane, 0.30 mmol aldehyde, 5 mol% FeCl3–Al2O3, in
CH2Cl2, 0.1 M, 2 h, rt. Isolated yields after column chromatography
bYields and diastereoselectivities are reported for the reaction at –10 °C
cDiastereomeric ratio after recrystallization

PhthN
CO2Et

CO2Et O 1 mol% FeCl3-Al2O3
O

NPhth

Ph
CO2Et

CO2Et
Ph

217
1.0 mmol

215a
1.0 mmol

CH2Cl2, 2 h, rt

230a
88%

>20:1 dr

Scheme 2.16 Annulation on 1 mmol scale using 1 mol% catalyst

2.2 [3 + 2] Annulation with Aldehydes 83



conditions. The iron-catalyzed annulation of 217 with benzaldehyde (215a) at rt
resulted in a complete loss of the stereochemical information, as tetrahydrofuran
230a was isolated in a racemic form. This evidence suggests that, upon Lewis acid
activation, the aminocyclopropane undergoes fast racemization via an open, zwit-
terionic species. While the result hampers the synthesis of enantioenriched amino
THFs, it is a potential starting point for the development of a dynamic kinetic
asymmetric transformation (Scheme 2.17).”

2.3 [3 + 2] Annulation with Ketones8

If the [3 + 2] annulation of DA cyclopropanes with aldehyde has been widely
explored, the use of ketones has been more limited. Only a few works reported the
use of ketones and in all the cases the lack of diastereoselectivity highlighted the
difficulty of facial discrimination when non-symmetrical ketones were used [14].

The [3 + 2] annulation of DA aminocyclopropanes with ketones would offer a
solution to access aminotetrahydrofurans substituted by a quaternary center at C5.
These scaffolds have been poorly explored as potential bioactive molecules,
probably due to the lack of methods providing an efficient access to them.

The catalytic system implemented for the annulation with aldehydes was not
suitable and had to be re-optimized. A set of condition was tested and it turned out
that the tin-catalyzed protocol that was used with enol ethers was the most efficient
to deliver the products in good yield and selectively. The optimized reaction con-
ditions made use of 5 mol% of SnCl4 at −78 °C in presence of aminocyclopropane
217 and acetophenone 218a to afford the 2,5-cis-aminotetrahydrofuran 231a in
99 % yield (Scheme 2.18).

The diastereoselectivity turned out to be temperature dependent. By using
20 mol% of SnCl4 at –10 °C, only the trans-aminotetrahydrofuran could be

PhthN
CO2Et

CO2Et O 1 mol% FeCl3-Al2O3
O

NPhth

Ph
CO2Et

CO2Et
Ph

217
99:1 er

215a
0.5 eq

CH2Cl2, 2 h, rt

230a
49%

50:50 er

PhthN

EtO2C
CO2Et

217
14%

50:50 er

Scheme 2.17 Annulation using enantiopure 217

8The [3 + 2] annulation of aminocyclopropanes with ketones has been studied in our group by Dr
Fides Benfatti after preliminary results obtained during my project. Text between quotation marks
(“”) is taken out of our publication [13].
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detected in the crude reaction (Scheme 2.19). Although the high catalyst loading
induced significant degradation, the product could be obtain in 19 % yield.

The stereochemistry of the products was confirmed by X-Ray diffraction anal-
ysis (Fig. 2.7).

In order to understand the mechanism behind these results, we treated 231a with
20 mol% SnCl4 at –10 °C. We could observe partial conversion to the starting
cyclopropane 217 via a retro-[3 + 2] annulation. The isomerization might therefore
result from a sequence of retro-[3 + 2]/[3 + 2] annulation where intermediate such
as an intimate ion pair Ia or a zwitterion Ib can be considered. When 231a was
submitted to the reaction condition in presence of 1 equivalent of acetophenone

PhthN
CO2Et

CO2Et O

NPhth

Ph

CO2Et

CO2Et

217

218a

CH2Cl2, 90 min

231a
99% yield

-

Me

O

NPhth

Ph

CO2Et

CO2Et

trans-231a
-

19% yield

Me

5 mol% SnCl4, -78°C
20 mol% SnCl4, -10°C

Scheme 2.19 Temperature-dependent diastereoselectivity

PhthN
CO2Et

CO2Et O 5 mol% SnCl4
O

NPhth

Ph

CO2Et

CO2Et
Ph

217 218a

CH2Cl2, 90 min, -78°C

231a
99% yield
>20:1 dr

Me Me

Scheme 2.18 Optimized catalytic system for the [3 + 2] annulation of ketones

231a                                                                    trans-231a 

Fig. 2.7 Structure of 231a and trans-231a determined by X-ray diffraction analysis
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(218a), trans-231a was isolated in 45 % yield. This result is in agreement with the
previous statement, however it cannot be excluded that the interconversion happens
through direct substitution of intermediates II or III at the aminal center by ace-
tophenone (Scheme 2.20).

The scope and limitations of the reaction were evaluated by submitting aromatic,
heteroaromatic and aliphatic ketones to the optimal reaction conditions. “DA
cyclopropanes 217 and 223 displayed a similar reactivity toward acetophenone
(218a), affording aminotetrahydrofurans 231a and 231b in excellent yields and
diastereoselectivity (entries 1, 2, Table 2.8). A lower yield (79 %, entry 3) was
obtained in the case of 1’-acetonaphthone (218b), most likely due to the unfavorable
ortho substitution. Electron-rich aromatic and heteroaromatic ketones 218c and 218d
showed lower diastereoselectivities for the [3 + 2] annulation (entries 4,5).
Nevertheless, the diastereomeric ratio could be improved through a single recrys-
tallization. Electron-poor aromatic ketones 218e–218fwere also tested, and they gave
the corresponding aminotetrahydrofurans 231f and 231g in high yields, as a single
diastereoisomer (entries 6, 7). Excellent stereochemical discrimination between the
phenyl and the ethyl substituent was observed also with propiophenone (218g),
demonstrating the versatility of our methodology (entry 8). 1-Tetralone (218h) dis-
played excellent reactivity and selectivity, delivering 231i in high yield and diaste-
reoselectivity, but favoring the 2,5-trans isomer for this cyclic system (entry 9).

Aliphatic symmetric ketones (218i and 218j) are more established substrates in
[3 + 2] annulation with DA cyclopropanes. Under our conditions, they cleanly
afforded the corresponding aminotetrahydrofurans 231j–l in nearly quantitative
yields (entries 10–12). In general, obtaining a high degree of diastereocontrol when
employing non-symmetric aliphatic ketones remains a challenge. Gratifyingly,
utilizing our optimized conditions on ketones 218k–218l gave yields and diaste-
reoselectivities comparable to those obtained with aromatic substrates (entries 13,
14). Ketone substrate 218k highlights the efficacy of the developed methodology as
a good diastereomeric ratio (10:1, entry 13) was obtained with two carbonyl sub-
stituents, methyl and ethyl, possessing only a small difference in size.

PhthN
CO2Et

CO2Et

PhthN

O

O

OEt

EtO LA

PhthN
O

O

OEt

EtO LA

δ+ δ-

or

PhthN

O

O

OEt

EtO
LAO+

Ph

Me

PhthN

O

O

OEt

EtO
LAO+

Me

Ph
trans-231a

231a

218a

Ia

Ib

II

III

217

Scheme 2.20 Formation of 231a and trans-231a
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Table 2.8 Scope of [3 + 2] annulations between DA aminocyclopropanes and ketones

PhthN
CO2R1

CO2R1 O 5 mol% FeCl3-Al2O3 O

NPhth

R2
CO2R1

CO2R1

R2

217, 223 218a-l

CH2Cl2, 90 min, rt

231a-n

R3

R3

Entry Substrate Product Yield (%)a

1 O 218a

O

NPhth

CO2Et

CO2Et
Me

231a 99
(>20:1 dr)

2 O 218a

O

NPhth

CO2Me

CO2Me
Me

231b 96
(>20:1 dr)

3 O 218b

O

NPhth

Me

CO2Et
Me

231c 79
(>20:1 dr)

4 O

MeO

218c

O

NPhth

CO2Et

CO2Et
Me

MeO

231d 90
(16:1 dr)
(>20:1 dr)b

5 O

O

218d

O

NPhth

CO2Et

CO2Et
Me

O

231e 95
(4:1 dr)
(14:1 dr)b

6 O

F

218e

O

NPhth

CO2Me

CO2Me
Me

F

231f 93
(>20:1 dr)

(continued)
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Table 2.8 (continued)

Entry Substrate Product Yield (%)a

7 O

MeO2C

218f

O

NPhth

CO2Me

CO2Me
Me

MeO 2C

231g 99
(>20:1 dr)

8 O 218g

O

NPhth

CO2Et

CO2Et
Et

231h 95
(>20:1 dr)

9
O

218h

O

NPhth

CO2Et

CO2Et

231i 94
(>20:1 dr)

10

Me Me

O 218i

O

NPhth

Me

CO2Et

CO2Et
Me

231j 94

11 O 218j

O

NPhth

CO2Et

CO2Et

NPhth

231k 99

12 O 218j
O

CO2Me

CO2Me

231l 99

13

Me

Me

O 218k

O

NPhth

CO2Et

CO2Et
Me

Me

231m 89
(10:1 dr)
(16:1 dr)b

14

Me

O 218l

O
CO2Et

CO2Et
Me

NPhth 231n 96
(>20:1 dr)

aReaction conditions: 0.2 mmol cyclopropane, 0.3 mmol ketone, 5 mol% SnCl4, in CH2Cl2, 0.1 M
at –78 °C. Isolated yields after column chromatography
bObtained after one recrystallization
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To assess the stereospecificity of the tin(IV)-catalysed [3 + 2] annulation, a
selection of ketones was reacted with enantioenriched phthaloyl cyclopropane 217
at –78 °C (Scheme 2.21). Under these conditions, no loss of stereochemical purity
was observed with acetophenone (218a) and ketones 218g–i, while amin-
otetrahydrofuran 231h was isolated with a slightly decreased enantiomeric excess.

Based on the high enantiospecificity and diastereoselectivity of the reaction, we
wondered if the reaction of racemic 217 with a chiral ketone would allow for a
kinetic resolution to take place. For example, the reaction of cyclopropane 217 with
(-)-menthone (232) should in principle favor the formation of the two diastereoi-
somers 233 and 233’, as both have the phthalimide group in cis relationship to the
more bulky group (Scheme 2.22). Both products would be obtained as single
enantiomers, as enantiopure (-)-menthone (232) is used as starting material. The
opposite absolute stereochemistry at the nitrogen center would result from the
enantiospecific reaction of both enantiomers of 217. However, a severe steric
interaction between the ester and the isopropyl group of (-)-menthone (232) is
present only in 233’: the formation of this diastereoisomer is consequently expected
to be slower (mismatched case), allowing a kinetic resolution with re-isolation of

PhthN
CO2Et

CO2Et O 5 mol% SnCl4
O

NPhth

RL

CO2Et

CO2Et
RL

217
98:2 er

CH2Cl2, 90 min, -78°CRS
RS

*
*

*

O

NPhth

CO2Et

CO2Et
Me

O

NPhth

CO2Et

CO2Et
Et

231h
75% yield
90:10 er

O

NPhth

CO2Et

CO2Et

231i
92% yield

98:2 er

O

NPhth

Me

CO2Et

CO2Et
Me

231j
93% yield
97.5:2.5 er

O

NPhth

CO2Et

CO2Et

231k
99% yield

98:2 er

231a
90% yield
97.5:2.5 er

Scheme 2.21 Enantiospecific [3 + 2] annulation. RL = Larger substituent. RS = Smaller
substituent
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enantioenriched 217. Unfortunately, the kinetic resolution of 217 using
sub-stoichiometric amount of (-)-menthone (232) could not be accomplished,
mainly due to the sluggish reactivity observed in this case. When increasing to 3
equivalents the amount of 232, the reaction was accelerated, giving full conversion
after 2 h and the annulation product 233 was isolated as a single diastereoisomer in
88 % yield. Consequently, the reaction was not enantiospecific, but
stereoconvergent.

Different rationales could account for this result: SnCl4 is either active in the
racemization of the DA aminocyclopropane 217 or in the isomerization of the
product 233. To obtain additional clues, the loss of enantiomeric purity of enan-
tioenriched 217 (ee = 94 %) in the presence of 5 mol% SnCl4 was monitored at –
78 °C. After 1 h, 217 was recovered with an ee = 75 %, while after 2.5 h almost all
its stereochemical information was lost (ee = 20 %). This result supports the
hypothesis that the observed dynamic kinetic resolution could take place via
racemization of the aminocyclopropane 217, probably via an open zwitterionic
intermediate Ib (Scheme 2.20) The results obtained with (-)-menthone (232) could
be explained by a limited lifetime for a tight ion-pair Ia: If the following annulation
reaction is fast, an enantiospecific reaction takes place, but if the desired reaction is
slow, as for the mismatched case with (-)-menthone (232), dissociation would have
time to occur, which would lead to racemization even at –78 °C and to the ste-
reoconvergent reaction observed. In contrast, the cis-trans isomerization described
in Table 1.1 would require higher temperature to proceed. We note that further
experiments would be required to confirm this interpretation.”

Expected
KR217

ee = 0

O

232 233
major dia

217
ee > 0

PhthN
CO2Et

CO2Et

Observed
5 mol% SnCl4

217

O

232
3 eq

233
88%

>20:1 dr

CH2Cl2, 2 h, -78°C

233'
minor dia

O NPhth

EtO2C
EtO2C

O NPhth

CO2Et
EtO2C

++ +

O NPhth

EtO2C
EtO2C

Scheme 2.22 [3 + 2] Annulation with menthone (232)
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2.4 Friedel-Craft Alkylation of Indoles9 [15]

After focusing on DA aminocyclopropanes as 1,3 dipoles for [3 + 2] annulations,
we wondered if they could be used as efficient homo-Michael acceptors with aro-
matic nucleophiles. The products resulting from Friedel-Crafts alkylation of am-
inocyclopropanes will possess a structure comparable to γ-aminobutyric acid
(GABA). This motif is found in natural as well as synthetic drugs such as neuro-
transmitters [16, 17], in peptidomimetics [18] or in the core of alkaloid natural
products (Fig. 2.8). Vigabatrin (235) for example is an antiepileptic drug that
inhibits irreversibly GABA transaminase and baclofen (236) is an agonist of
GABAB receptor used to treat spasticity. Alkaloids 237–239 exhibit interesting
bioactivities. For example Arboricine (237) has a moderate ability to reverse MDR
in vincristine resistant cells [19].

The combination of aromatic and heteroaromatic nucleophiles with DA am-
inocyclopropanes represent a straightforward access to GABA analogues via
Umpolung of the reactivity. Compared to other methods that used the nucleophilic
opening of carbo-substituted DA cyclopropanes with amines [20–25], this method
present a strong advantage as it allows the creation of a large diversity of analogues
starting from a single aminocyclopropane.

H2N
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OH
NH2

O

OH

H2N
O

OH

Cl

GABA (234)
Neurotransmitter

Vigabatrin (235)
Antiepileptic

Baclofen (236)
Myorelaxant

N
H

N

O
H

H HN

O

NMe
Et

N

N

O

H

(-)-Arboricine (237) (-)-Eburnamonine (238) Dasycarpidone (239)

Fig. 2.8 GABA and molecules containing the GABA scaffold

9This project has been carried out in collaboration with master student Joachim Loup from EPFL
for his master thesis under my supervision.
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2.4.1 Preliminary Results

The reaction was first tested between N-methyl-indole (32) and aminocyclopropane
223. A range of Lewis acids were screened at 10 mol% loading in dichloromethane
at room temperature (Table 2.9). N-methyl indole (32) was chosen first in order to
rule out the possibility of N-substitution. Under all the tested conditions, full
conversion of starting 223 was observed. In almost all cases, two products could be
identified in the crude reaction mixture: The FC alkylation adduct 240a as well as
product 241a resulting from a [3 + 2] annulation. As the cyclized product could not
be isolated with both chemo- and stereoselectivity (entries 1–5), we focused our
attention on the FC product 240a. Scandium triflate was selected as it gave the best
chemoselectivity for the linear product (entry 6).

Two major issues appeared as we tried to use unprotected indole (211) and
5-chloro indole (242a) for the FC reaction. First, in the crude mixture of the former
(entry 7), the product 243 arising from the bis addition of the indole could be
observed (Fig. 2.9). Then, the use of electron poor 5-chloro indole (242a) afforded a
complex mixture of FC adduct 240c, cyclized product 241c and unidentified side
products (entry 8).

Table 2.9 Optimization of the FC alkylation

N
H

N
H

NPhth

E
E

10 mol% Lewis acid

solvent, rt, 1 h
E = CO2Me

R
R

PhthN E

E

HN

R

32, R = 1-Me
211, R = H

242a, R = 5-Cl

223

240a, R = 1-Me
240b, R = H

240c, R = 5-Cl

241a, R = 1-Me
241b, R = H

241c, R = 5-Cl

Entrya Indole Lewis acid Solvent 240/241 drb

1 32 Cu(OTf)2 DCM 1:19 1.2:1

2 32 FeCl3-Al2O3 DCM 2:1 3.5:1

3 32 Sn(OTf)2 DCM 1:1.4 6:1

4 32 SnCl4-SiO2 DCM 2:1 >20:1

5 32 In(OTf)3 DCM 1:1.3 3.5:1

6 32 Sc(OTf)3 DCM >20:1 nd

7 211 Sc(OTf)3 DCM >20:1 nd

8 242a Sc(OTf)3 DCM complex nd

9 211 Sc(OTf)3 MeNO2 2:1c nd
aReaction conditions: 0.034 mmol cyclopropane, 1.5 eq indole, 10 mol% cat., 0.2 mL solvent,
rt, 1 h
bDetermined by 1H NMR of the crude reaction mixture
cThe cyclized product 241c was not isolated. The NMR ratio was determined by analogy with the
cyclized product 241a
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Solvent screening allowed identifying nitromethane as best solvent to suppress
the formation of the side product 243. However, a 2:1 mixture of cyclized 240b and
FC products 241b was observed (entry 9).

The over-reactivity of the free indole (211) and the poor chemoselectivity of
indole 242a required a new round of optimization. For this purpose, we decided to
investigate the influence of the cyclopropane structure on the outcome of the
reaction.

2.4.2 Synthesis of New Cyclopropane Analogues

We synthesized a range of new aminocyclopropanes having different electronic as
well as steric properties (Fig. 2.10). Both the donor and the acceptor parts would be
modified, requiring the synthesis of the analogues from the starting imides.

We began our investigation by synthetizing new vinyl phthalimide derivatives
that could then be submitted to a rhodium-catalyzed cyclopropanation. Imides
derivatives 245 and 246 were not all commercially available and had to be syn-
thesized from the corresponding phthalic anhydrides in presence of formamide
(244) under microwave heating (Scheme 2.23) [26]. All anhydrides could be
purchased.

We attempted to synthesize the vinyl derivatives using a dibromoethane
addition/elimination sequence [27]. However the reaction was giving poor yields
and was not reproducible. We turned our attention to trans-vinylation using vinyl
acetate (224) catalyzed by sodium-tetrachloropalladate, but poor conversion was
observed when 245 was submitted to the reaction conditions (a, Scheme 2.24). We
attempted to replace the sodium-tetrachloropalladate complex by palladium acetate
and for this purpose, we tested the reaction with phthalimide. The reaction failed
and formation of inactive palladium black was observed. Eventually, we used a
combination of inexpensive PdCl2 with LiCl at 80 °C using vinyl acetate as solvent

NH

CO2Me

CO2Me

HN
243

Fig. 2.9 Side product observed with indole (211)

O

O

N
CO2R

CO2R - electronic properties
- steric hindrance

Fig. 2.10 Structural modifications of aminocyclopropanes
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to access the product 247 in excellent yields (b, Scheme 2.24). These inexpensive
conditions have never been reported before and provided desired product 248–250
in high yields.

New diazomalonate derivatives were prepared using
4-acetamidobenzenesulfonyl azide (p-ABSA) as the diazo transfer reagent
(Scheme 2.25). Benzyl malonate was selected in order to study the influence of the
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O

O

O
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X
NH
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245
79%
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87%
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+

Scheme 2.23 Synthesis of imides
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Scheme 2.25 Synthesis of diazomalonates
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steric interactions induced by the aromatic groups. Trifluoroethyl malonate was
chosen for its lower electron density and therefore more stabilizing capacity of the
negative charge resulting from cyclopropane fragmentation.

The unoptimized cyclopropanation of new vinyl-imides and diazomalonates
using catalytic amount of rhodium(II) afforded aminocyclopropanes 255–259 in
very good yields (65–100 %) and 260 was obtained in 34 % yield (Scheme 2.26).
The synthesis of 259 was performed on a multigram scale affording the cyclo-
propane in 89 % yield.

2.4.3 Optimization of the Reaction

With the aminocyclopropanes in hand, we began to screen various aminocyclo-
propanes in combination with indole (211) in presence of scandium triflate in
nitromethane (Table 2.10). The modification on the nitrogen had no influence on
the selectivity of the reaction (entries 1–4) with a ratio of desired product to
bis-addition of two to one. On the other hand, modification of the acceptor part had
more impact on the chemoselectivity. When benzyl-substituted cyclopropanes 260
was submitted to the reaction conditions, a slight improvement could be observed
(entry 5) and when bis-trifluoroethyl ester-substituted cyclopropane 259 was used, a
complete conversion to the desired product was obtained (entry 7). We thus
selected 259 to continue the study and with this new system, a last round of
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O

N
CO2Me

CO2Me

O

O

N
CO2Me

CO2Me
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O
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CO2Me
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O

O

N
CO2CH2CF3

CO2CH2CF3

O

O

N
CO2Bn

CO2Bn

O

O

N
CO2Me

CO2Me

259
97%

89%, 6.5 g
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Scheme 2.26 Synthesis of aminocyclopropanes
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optimization10 was performed. Scandium turned out to be the best catalyst and we
managed to replace toxic nitromethane by diethyl ether as solvent. During the
optimization, the formation of compound 267 due to the presence of water

Table 2.10 Screening of aminocyclopropanes in the Friedel-Crafts reaction with indole (211)

N

211

10 mol% Sc(OTf)3

MeNO2, rt, 1 h
E = CO2R2

CO2R2

CO2R2

N

O

O
R1

255-260 261-266
Ind =

Me

Ind
E

E

N

O

O

R1

Entrya Cyclopropane Product Mono/Bisb,c

1 255

Ind
CO2Me

CO2Me

N

O

O

Br
261 2.4:1

2 256

Ind
CO2Me

CO2Me

N

O

O

Cl

Cl
262 2:1

3 257

Ind
CO2Me

CO2Me

N

O

O 263 2:1

4 258

!
Ind

CO2Me

CO2Me

N

O

O 264 2:1

5 260

Ind
CO2Bn

CO2Bn

N

O

O

265 4:1

6 259

Ind
CO2CH2CF3

CO2CH2CF3

N

O

O

266a >20:1

aReaction conditions: 1 eq cyclopropane, 1.5 eq 211, 10 mol% Sc(OTf)3, 0.2 mL nitromethane, rt, 1 h
bDetermined by 1H NMR of the crude reaction mixture. The products 261–265 were not isolated and
solely identified in the 1H crude NMR
cThe bis-indole adducts were not isolated. The NMR ratios were determined by analogy with 243

10See supporting information.
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(Fig. 2.11) could be observed. It is therefore important to run the reaction under
anhydrous conditions (dry solvent, N2 atmosphere).

2.4.4 Scope of the Reaction

With these conditions in hand, we evaluated the scope and the limitations of the
reaction. For this purpose, indole 242gwas prepared byN-alkylation and indoles 242j
[28] and 242 l [29]were prepared via direct and selectiveC–Halkynylation developed
in our lab. We first tested various unprotected indoles (Table 2.11). The reaction
tolerated electron-poor as well as electron-rich substitution on the arene part,
affording the products in very good yields (70–85 %, entries 1–6). Important func-
tionalities such as halide (entries 2, 5) or a sensitive boronic ester (entry 4) that would
allow further elaboration of the products were tolerated under the reaction conditions.
The reaction could be scaled up to gram scale with indole (32) and 43 and no erosion
of the yield was observed (entries 1, 7). The product resulting from the reaction with
the deactivated nitro indole 242e had to be trans-esterified in situ to the dimethyl ester
as otherwise degradation occurred during purification. Therefore the product 266f is
obtained with a slightly lower yield of 58 % over the two steps (entry 6).

N-Methyl substitution of the indole was tolerated and afforded 266g in almost
quantitative yield (entry 7). Adding an ester on the C6 position on 242f only
lowered the yield to 86 % (entry 8) despite its deactivating effect and using a
silyloxyethyl substituent on the nitrogen afforded the product 266i in a good 80 %
yield (entry 9).

Substitution on the C2 position with methyl and phenyl substituents provided the
FC products 266j and 266k in very good yields (entries 10, 11). The product 266l
containing an alkyne functionality could be obtained in 52 % yield (entry 12). This
sensitive product is similar to the one used previously by Kerr and co-workers for
Conia-ene cyclization [41]. As for Kerr, Pagenkopf and co-workers, substituents in
C3 position promoted the selective C2 alkylation of indole derivatives. It can be
assumed that the reaction occurs via a C3 to C2 1,2 shift but the products resulting
from the migration of the initial C3 substituents were never observed. This could be
explained by the stabilizing effect of a positive charge by the nitrogen during the
alkyl group migration. If the product 266m substituted with a methyl was obtained
in good yield (entry 13), the alkynyl product 266n was obtained in a lower 49 %
yield (entry 14). It has to be mentioned that for these substrates, the temperature of

O
NPhth

NPhth

CO2CH2CF3

CO2CH2CF3

CO2CH2CF3

CO2CH2CF3

267

Fig. 2.11 Side product 267
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Table 2.11 Scope of the FC with unprotected indoles

N
R2R3

R1

PhthN
E

E +
5 mol% Sc(OTf)3

Et2O, rt
E = CO2CH2CF3

N

PhthN

E

E

R2

R3

R1

259 32, 43, 211, 242a-m 266 a-o

Entry Substrate Product Yield
(%)a

1

N
H

32 PhthN E

E

HN

266a 85
87b

2

N
H

Cl 242a
PhthN E

E

HN

Cl 266b 82

3

N
H

MeO 242b
PhthN E

E

HN

MeO 266c 68

4

N
H

B

O

O

242c

PhthN E

E

HN

B
O

O

266d 63

5

N
H

Br

242d PhthN E

E

HN
Br

266e 70

6

N
HO2N

242e PhthN CO2Me

CO2Me

HN

O2N
266f 58c

7

N
Me

43 PhthN E

E

N
Me

266g 94
83d

8

N
Me

MeO 2C

242f PhthN E

E

N
Me

MeO2C
266h 86

(continued)
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the reaction had to be increased (35 °C for 266m and 60 °C in toluene for 266n) and
therefore substantial degradation occurred. The product 266o was obtained from the
TMS protected tryptophol 242m and had to be isolated after trans-esterification

Table 2.11 (continued)

Entry Substrate Product Yield
(%)a

9

N

TIPSO

242g PhthN E

E

NTIPSO

266i 80

10

HN Me

242h PhthN E

E

HN Me

266j 97

11

HN Ph

242i

HN

PhthN

E

E

Ph

266k 93

12

N

MeO

Me
TIPS

242j
PhthN E

E

N

MeO

Me
TIPS

266l 52

13

N
H

Me 242k

N
H

Me
NPhth

E

E

266m 60
82e

67f

14

N
H

TIPS 242l

N
H

NPhth
E

E

TIPS 266n 49f

15

N
H

OTMS 242m

N
H

NPhth
CO2Me

CO2Me

OH 266o 72c

aReaction conditions: 0.20 mmol cyclopropane, 0.22 mmol indole, 5 mol% Sc(OTf)3, 1.2 mL
Et2O, rt. Isolated yields after column chromatography
bYield over two steps after transesterification (K2CO3, MeOH, 0 °C)
cReaction in Et2O at 35 °C
dReaction in toluene at 60 °C
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(entry 15). The reactivity of the C2 and the C3 substituted indoles allows a com-
plementary solution to access regioisomers of structurally related products such as
266l and 266n.

The FC alkylation of DA aminocyclopropanes was extended to other aromatic
nucleophiles (Table 2.12). Unprotected pyrrole 268 could be reacted in good yield,
affording the products 272a and 272b with a poor C2/C3 selectivity in favor of C2
(entry 1). The use of the bulky N-protecting group TIPS allowed inverting the
regioselectivity with a ratio of 7:1 for the C3 position without erosion of the yield
(entry 2). When anisole was tested, a 1:1 mixture of C2 and C4 alkylation could be
obtained in 60 % yield (entry 3). The use of phenol afforded a 6:1 mixture of O-
alkylation product 274a and C-alkylation 274b (entry 4). The fact that a poor
regioselectivity is observed for pyrrole and the preference for hard O-nucleophiles
indicates the presence of a hard reactive electrophilic intermediate.

Table 2.12 Scope of other aromatics and heteroaromatics

PhthN
E

E +
5 mol% Sc(OTf)3

Et2O, rt
E = CO2CH2CF3

Nu

PhthN

E

E

259 268-271 272-275

NuH

Entry Substrate Product Yield (%)a

1
NH

268 PhthN E

E +

NH

PhthN E

E

HN
272a/272b

61/30

2

N
TIPS

269 PhthN E

E +

N

PhthN E

E

N
TIPS TIPS

273a/273b

88b

3

OMe

270 PhthN E

E +

PhthN E

E

OMe MeO
274a/274b

60c

4

OH

271 PhthN

O

E

E
+

PhthN E

E

OH

275a/275b

74/12

aReaction conditions: 0.20 mmol cyclopropane, 0.22 mmol NuH, 5 mol% Sc(OTf)3, 1.2 mL Et2O,
rt. Isolated yields after column chromatography
b7:1 mixture of inseparable isomers
c1:1 mixture of inseparable isomers
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2.4.5 Product Transformations

In order to highlight the synthetic versatility of the FC adducts, chemical trans-
formations were performed with various substrates (Scheme 2.27). Phthalimide
could be deprotected using the dimethyl ester 276 or 278 in presence of ethy-
lenediamine in isopropanol. The deprotected nitrogen spontaneously cyclized to
form the lactam, affording a mixture of diastereoisomers in 76 % yield for
unprotected indole and 80 % yield for the N-methyl derivative. Krapcho decar-
boxylation of the FC adducts had to be optimized as standard conditions (NaCl,
DMSO, 150 °C) were not effective11. Using lithium iodide in collidine at 130 °C
afforded the product 280 in quantitative yield. To the best of our knowledge, this
constitutes the first report of a Krapcho decarboxylation on a trifluoroethyl ester.
When using the C2 substituted analogue 266j, cyclized product 281 was obtained in
73 % yield together with 24 % of linear product 282. Extended reaction time did not
increase the ratio of the two products toward the cyclized product, probably because
cyclization had occurred before decarboxylation.

H2N
NH2

iPrOH, 70°C

N
R

HN

O
CO2Me

R = H, 277, 76%, dr = 1:1
R = Me, 279, 80%, dr = 1:1

PhthN CO2Me

CO2Me

N
R

PhthN E

E

N N

NPhth
ELiI, H2O

2,4,6-collidine, 130°C
E = CO2CH2CF3

280
99%

N
H

NPhth
E

E

N

O

Nphth

N
H

NPhth

E

+

R = H, 276
R = Me, 278

266g

LiI, H2O

2,4,6-collidine, 130°C
E = CO2CH2CF3

282
24%

266j 281
73%

Scheme 2.27 Product transformations

11See experimental part for more details.
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2.5 Dynamic Kinetic Asymmetric [3 + 2] Annulation
of DA Aminocyclopropanes12

We have shown in Sect. 2.1 that the reaction between enol ethers and enantiopure
aminocyclopropane 223 afforded the cyclopentylamines with transfer of stereogenic
information. From the work of Johnson and co-workers, this result can be attributed
to the presence of a tight ion pair intermediate reacting in a SN

2 -type fashion.
However, in our case the difficult access to enantiopure starting material limits
considerably the applications of the method. By developing an enantioselective
method that would allow the complete conversion of a racemic mixture of am-
inocyclopropanes to an enantiopure cyclopentylamine in a single step would be
therefore highly valuable. This would be possible in the case of a dynamic kinetic
asymmetric transformation (DyKAT) involving aminocyclopropanes
(Scheme 2.28).

In this hypothesis, the use of a chiral Lewis acid complex would play two roles:
First, to promote the interconversion of the two enantiomers of the aminocyclo-
propanes. Second, to differentiate the reactivity between the two substrate enanti-
omers with an appropriate dipolarophile. In the case of a reaction occurring via a
tight ion pair intermediate such as I or III, the DyKAT involved would therefore be
of type one (Scheme 1.37 and 2.29).

NPhth

TIPSO

CO2Me

CO2Me

220b
max 50% yield

>94% ee

PhthN
CO2Me

CO2Me

223
ee = 0

10 mol% SnCl4

219a

NR2

RO

CO2Me

CO2Me

max 100% yield
ee > 0

R2N
CO2Me

CO2Me

RO Ph

ee = 0

Cat*

Conditions ?

PhthN
CO2Me

CO2Me

223
ee > 0

*
HPLC*

Scheme 2.28 DyKAT for the enantioselective synthesis of cyclopentylamines

12Text in quotation marks ‘’ has been taken from our publication [30].
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2.5.1 DyKAT: 1st Generation

Initial optimization was performed on the method described for the racemic [3 + 2]
annulation using aminocyclopropane 223 and silyl enol ether 219a. The crude
reaction was analyzed by 1H-NMR to calculate the ratio of generated product over
the remaining starting material and the open by-product 225 resulting from
retro-aldol. In a first time various reported combinations of chiral Lewis acid
complexes were tested (Fig. 2.12).13

From this first broad screening, copper(II)/bisoxazoline complexes were the
most promising. Therefore, a more in depth screening of ligands and conditions was
investigated using various copper sources and ligands (Table 2.13, Fig. 2.13).

Copper triflate/BOX complexes using ligands L10, L16, L17 were evaluated
first and the best result was obtained with 60 % ee of the desired product using the
iPr-BOX ligand L10 (entries 1–3) but the crude reaction contained a mixture of the
product and the undesired side product 225. Other ligands L12, L18–L20 were
tested, however either poor conversion or racemic products were obtained (entries
4–7). We supposed that the open product could arise from acidic or water traces
present during the reaction. Thus, drying agents such as molecular sieves or salts
were tested, unfortunately with no improvement of the reaction outcome (entries

PGN

CO2Me

CO2Me

PGN CO2Me

CO2Me

H

PGN

OMe

O

O
MeO

LA
L

L

PGN

H

OMe

O

OMeO

LA
L

L

PGN

O

MeO
O

MeO

LA
L

L

PGN R2

MeO2C

OR1
CO2Me

cat*

PGN R2

MeO2C

OR1

CO2Me

I

II

III

DyKAT type I

DyKAT type II

cat*

OR1

R2

OR1

R2

Scheme 2.29 Type 1 and 2 DyKat using DA aminocyclopropanes

13See supporting information for more details.
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8–11). Using the proton scavenger di-tert-butyl pyridine (entry 12) did not change
the selectivity. In contrary, adding Lewis acid (entry 13) or water (entry 14)
completely shut down the reaction. Lowering the temperature or the catalyst
loading resulted in uncompleted conversion (entries 15, 16). Screening counter ions
allowed to identifying SbF6

− as a way to suppress formation of the side product,
however, without improvement of the enantiomeric excess (entries 17–21). Finally,
the other BOX ligands were tested with this new Lewis acid and except the CH2-
indaBOX ligand L21 that matched the selectivity of the iPr-BOX L10, no
improvement was obtained.

As we went forward in the optimization, we noticed that some results turned out
to be irreproducible. The color of the copper complex was an indication of the
presence of water in the media. A deep green color was observed for the dry
complex, whereas blue was observed when two molecules of water were present in
the metal coordination sphere [31]. Formation of the bis(aquo) complex was
obtained despite the use of anhydrous conditions and hampered the reactivity as
well as the enantioselectivity.

After some investigations, we found that running the complex formation and the
reaction in presence of pre-activated 3 Å molecular sieves produced reproducible
results.

MeMe
O

N N

O

BOX: Cu(I), Cu(II), Zn(II),
Sn(IV), Sn(II), Ni(II)

O

N N

ON

Me
Me

Me
Me

pyBOX: Ni(II), Sc(III), In(III),
Yb(III), Hf(IV), Mg(II)

PAr2

PAr2

Ar :

Me

Me

OH
OH

BINOL: Sn(IV), Al (III)

O

O

Me
Me

Ph

Ph

OH
Ph

OH
Ph

TADDOL: Zn(II), Sn(IV), Ti(IV)

OH

N N

HO

But

tBu

tBu

But

SALEN: Al(III)

L11

L12

L14

L13

L15

L10

BINAP: Cu(I)

Fig. 2.12 Metal-ligand complexes tested for the DyKAT
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With this problem solved, we could begin to study the effect of the solvent and
the temperature on the reaction using Cu(iPrBOX)(SbF6)2 as chiral Lewis acid
(Table 2.14).

Table 2.13 Copper catalyst optimization

OTIPS

+ +
PhthN

E

E

E
ETIPSO

Ph PhO

E

E
NPhth

PhthN

Lewis acid/Ligand

CH2Cl2 ,rt
E = CO2Me

225220b219a223

Entrya Lewis acid Ligand Conv.b er (%)c 220b/225d

1 Cu(OTf)2
iPr-BOX L10 100 80:20 Mixture

2 Cu(OTf)2 Ph-BOX L16 100 75:25 Mixture

3 Cu(OTf)2
tBuBOX L17 100 – 225

4 Cu(OTf)2 SPRIX L18 <100 rac Mixture

5 Cu(OTf)2
tBu-QUINOX L19 <100 rac Mixture

6 Cu(OTf)2
iPr-PyBOX L12 0 – –

7 Cu(OTf)2 PHOX L20 0 – –

8 Cu(OTf)2 + 4 Å MS iPr-BOX L10 100 80:20 Mixture

9 Cu(OTf)2 + 3 Å MS iPr-BOX L10 100 80:20 Mixture

10 Cu(OTf)2 + K2CO3
iPr-BOX L10 0 – –

11 Cu(OTf)2 + MgSO4
iPr-BOX L10 100 80:20 Mixture

12 Cu(OTf)2 +
tBupyridine iPr-BOX L10 100 80:20 Mixture

13 Cu(OTf)2 + TIPSOTf iPr-BOX L10 0 – –

14 Cu(OTf)2 + H2O
iPr-BOX L10 0 – –

15 Cu(OTf)2
e iPr-BOX L10 0 – –

16 Cu(OTf)2
f iPr-BOX L10 <100 80:20 Mixture

17 Cu(PF6)2
iPr-BOX L10 0 – –

18 Cu(BF4)2
iPr-BOX L10 0 – –

19 Cu(BARF)2
iPr-BOX L10 0 – –

20 Cu(NTf2)2
iPr-BOX L10 100 80:20 Mixture

21 Cu(SbF6)2
iPr-BOX L10 100 80:20 220b

22 Cu(SbF6)2 CH2-indaBOX L21 100 80:20 220b
23 Cu(SbF6)2 Ph-BOX L16 100 60:40 220b
24 Cu(SbF6)2

tBu-BOX L17 100 78:22 220b
aReaction conditions: 1 eq 223, 1.2 eq 219a, 20 mol% catalyst, 22 mol% ligand, 1.0 mL CH2Cl2,
1 h, rt
bConversion of 220b determined by 1H-NMR as the ratio in % of product over the remaining
starting material
cDetermined by Chiral HPLC
dDetermined by 1H-NMR in the crude mixture
e
–78 to –10 °C
f5 mol% cat. are used
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MeMe
O

N N

O

R R

HH
O

N N

O

CH2-indaBOX
L21

N

O

Me Me

Me

Me

PPh2

PHOX
L20

O N N O

N
N

O

Me Me
Me

BOX
R = iPr, L10
R = Ph, L16
R = tBu, L17

SPRIX
L18

tBu-QUINOX
L19

Fig. 2.13 Screened ligands

Table 2.14 Solvent optimization

OTIPS

+
PhthN

E

E

20 mol% Cu(iPrBOX)(SbF6)

rt
E = CO2Me

220b219a223

E
ETIPSO

Ph

NPhth

Entry Solventa 220bb (%) er 220b ee 223c

1 Toluene 0 – rac

2 Et2O 0 – 58:42

3 THF 0 – 54:46

4 CH3CN 0 – Rac

5 CH3NO2 100 67:33 –

6 CCl4 20 92:8 59:41

7 CHCl3 77 75:25 92:8

8 DCE 86 75:25 rac

9 Trifluorotoluene 100 79:21 –

10 CH2Cl2 100 80:20 –
aReaction conditions: 1 eq 223, 1.2 eq 219a, 20 mol% Cu(iPrBOX)(SbF6)2, 1.0 mL solvent, 1 h, rt,
MS 3Å beads 10 % w/v
bRatio of product/(starting material left + open product 225), determined by 1H-NMR in the crude
mixture
cDetermined by Chiral HPLC
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Switching the solvent from dichloromethane to toluene shut down the reaction
(entry 1). Polar solvents such as diethyl ether, tetrahydrofuran or acetonitrile were
not compatible with the reaction (entries 2–4). Nitromethane and halogenated
solvents were compatible with the reaction. However, the outcome of the reaction
was not improved compared with dichloromethane (entries 5–10). When carbon
tetrachloride was employed (entry 6), the enantiomeric excess increased to 84 %.
However, the reaction was very slow and the product was obtained with a low
yield.

The reaction was then run at different temperature, from –20 to 40 °C
(Table 2.15). At 0 and –20 °C, the reaction was slower and starting material could
be detected. In light of the enantiomeric excess and conversion of the starting
material and the product, it seems that the reaction exhibited a kinetic resolution
profile at –20 °C. When heating at 40 °C, the degradation of the catalyst might
explain the lower conversion as we observed a change of the solution color to dark
yellow.

2.5.2 DyKAT: 2nd Generation

So far, the different parameters of the reaction that were evaluated did not lead to
sufficient stereoselectivity. In this context, we decided to investigate the use of
aminocyclopropanes that were synthesized during the project on FC alkylation and
to synthesize new ones.

For the diester part, methyl (223), benzyl (260) and trifluoroethyl (259) ana-
logues were chosen to study the influence of their steric and electronic effects. We
also extended the range of structures for the donating part by preparing new

Table 2.15 Temperature optimization

OTIPS

+
PhthN

E

E

20 mol% Cu(iPrBOX)(SbF6)

rt
E = CO2Me

220b219a223

E
ETIPSO

Ph

NPhth

Entry Ta 220bb (%) er 220bc er 223c

1 –20 °C 65 75:25 79:21

2 0 °C 74 77:23 52:48

3 rt 100 80:20 rac

4 40 °C 79 71:29 87:13
aReaction conditions: 1 eq 223, 1.2 eq 219a, 20 mol% Cu(iPrBOX)(SbF6)2, 1.0 mL solvent, 1 h, rt,
MS 3 Å beads 10 % w/v
bRatio of product/(starting material left + open product 225), determined by 1H-NMR in the crude
mixture
cDetermined by Chiral HPLC
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imide-substituted cyclopropyl derivatives (a, Scheme 2.30). Electron-poor nitro and
tetrafluoro phthalimide as well as electron-rich methoxy-substituted phthalimide
derivatives were chosen to study the influence of the electronic density on the
phthalimide moiety. The saturated succinimide was also considered in order to
study its influence in comparison to the “flat” phthalimide.

As for the project concerning the FC alkylation, the synthesis of new amino-
cyclopropanes requires vinyl enimides and diazomalonates derivatives that were
synthesized using the same methods than previously. The electron-rich phthalimide
derivative 5-methoxyisoindoline-1,3-dione (288), was prepared in five steps from
the corresponding diacid 287 (b, Scheme 2.30).

New cyclopropanes were also prepared using the same rhodium catalyst,
affording the products in very good yields. Electron poor nitro-289 and tetrafluoro
290 phthalimide analogues were prepared in good yields as well as the succinimide
and methoxy derivative 291 and 292 (Scheme 2.31).

With the new analogues in hand, we evaluated the influence of the ester sub-
stituents on the outcome of the reaction. Compared to the previous screening, two
new ligands deriving from the inda-BOX skeleton were integrated to the study (L22
and L23, Fig. 2.14) as well as the Bn-BOX L24. L22 and L23 were prepared from
alkylation of the methylene carbon of L21.

NH

O

O

MeOCO2H

CO2HHO

1. MeOH, H2SO4
2. MeI, K2CO3

288
51% (5 steps)

287

3. NaOH
4. Ac2O
5. 244, MW

N

O

O

O

285
74%

10 mol% PdCl2, 1 eq LiCl

sealed tube, 80°C
NH

O

O

O

O
N

O

O

224

+

N

O

O

284
97%a

O

O

N N

O

O

286
54%

283
100%

F

F
F

F

O2N

(a)

(b)

R R

Scheme 2.30 Synthesis of enimides. a Na2PdCl4 was used
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The results are summarized in Fig. 2.15.14 As we can see, aminocyclopropane
223 afforded excellent conversion with all the ligands and best enantioselectivity
was obtained with tBuBOX L17. The benzyl substituted aminocyclopropanes 260
turned out to be more sensitive to steric hindrance of the ligand as lower conversion
was observed using tBuBOX. Enantiomeric excess were generally lower compared

O2N

O

O

N
CO2Me

CO2Me

O

O

N
CO2Me

CO2Me

O

O

N
CO2Me

CO2Me

289
89%

291
79%

292
83%

N

O

O

MeO2C

O

CO2Me

O

N2

CO2Me

CO2Me0.1 mol% Rh2(esp)2
R1 +

CH2Cl2

N

O

O
R1

MeO

199

O

O

N
CO2Me

CO2Me

290
75%

F

F

F F

Scheme 2.31 Synthesis of aminocyclopropanes

O

N N

O

Cyclopropayl-IndaBOX
L23

O

N N

O

diBenzyl-IndaBOX
L22

O

N N

O

Bn Bn

Bn-BOX
L24

Fig. 2.14 BOX Ligands

14See experimental part for the full table of results
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to 223. Aminocyclopropane 259 did not bring improvement and the results could be
analyzed with only two ligands as unidentified side products were formed during
the reaction.

Next, the modification of the imide part was investigated. In the first series of
analogue tested, different electron-withdrawing functionalities were present on the
phthalimide moiety (Fig. 2.16). The use of the tBuBOX ligand gave better e-
nantioselectivities than with aminocyclopropane 223 for all the tested derivatives.
The best selectivities were obtained in the case of the nitro substituted phthalimide
289 with a peak at 83 % ee. However, incomplete conversion was observed.

Finally, imides substituents having different steric properties were tested
(Fig. 2.17). In all the cases, conversion was equal or superior to 80 %.
Naphthyl-substituted aminocyclopropane 257 afforded the product with lower
enantiomeric excess than the two others. The structural difference betweenmaleimide
and succinimide lies in one unsaturation, however, this small difference has a great

OTIPS

PhthN
CO2R

CO2R
CO2R

CO2RTIPSO
Ph

NPhth

20 mol% Cu(SbF6)2/Ligand*

rt

219aR = Me, 223
R = Bn, 260

R = CH2CF3, 259

+

R = Me, 220b
R = Bn, 293

R = CH2CF3, 294

10
0

92

55

51

16

56

92

38

68

50

10
0

10
0

10
0

33

17

5

10
0

10
0

50

18

10
0

62

10
0

92

54

34

223 260 259 223 260 259

CONVERSION (%) EE (%)

iPrBOX (L10) tBuBOX (L17) PhBOX (L16)

BnBOX (L24) diBn-IndaBOX (L22) Cyclopropyl-IndaBOX (L23)

Fig. 2.15 Screening of ligands with different ester-substituted aminocyclopropanes. a Reaction
conditions: 1 eq cyclopropane, 1.2 Eq 219a, 20 mol% Cu(ligand)(SbF6)2, 1.0 mL CH2Cl2, MS 3 Å
beads 10 % w/v, 1 h, rt. ee: Determined by chiral HPLC
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influence on the selectivity. Indeed, succinimide afforded the best enantioselectivity
so far with 88 % (vs. 76 % with maleimide) obtained in presence of the tBuBOX
ligand.

From this study on the influence of the structure of aminocyclopropanes, it
resulted that the nitro-phthalimide and succinimide derivatives 289 and 291 were
the two most promising precursors. Compared to the initial test conducted with
phthalimido aminocyclopropane 223, it is interesting to notice that the nitroph-
thalimide derivative 302 possess a lower pKa of 8.5 (Fig. 2.18). This difference can
have influence on the rate of the interconversion between enantiomers due to a
poorer stabilization of the zwitterionic intermediate II (Scheme 2.29) as well as on

OTIPS

R2N
CO2Me

CO2Me
CO2Me

CO2MeTIPSO
Ph

NR2

20 mol% Cu(SbF6)2/Ligand*
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+
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O
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iPrBOX (L10) tBuBOX (L17) PhBOX (L16)

BnBOX (L24) diBn-IndaBOX (L22) Cyclopropyl-IndaBOX (L23)

Fig. 2.16 Screening of ligands with different imide-substituted aminocyclopropanes. a Reaction
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Fig. 2.17 Screening of ligands with different imide-substituted aminocyclopropanes. a Reaction
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their reactivity with the nucleophilic partner. Succinimide (303) has a smaller pKa
difference with phthalimide than nitrophthalimide. Even if it cannot be excluded
that it has some impact on the reactivity, the difference of enantioselectivity can
most probably be imputed to the fact that succinimide possesses a different tridi-
mensional structure due to its sp3 carbons.

When performed on a 0.2 mmol scale, the reaction with 289 and 291 afforded
the products in 40 and 34 % yield respectively. The reaction did not go to full
conversion for both and more problematic was the large amount of open side
product. It was hypothesized that degradation of silyl enol ethers or silicon impu-
rities resulting from a retro-aldol reaction inhibited the catalyst. Unfortunately,
further optimization of counter anions, temperature and additives with 289 and 291
did not led to any improvement.

To summarize this section, the [3 + 2] annulation between aminocyclopropanes
and silyl enol ether afforded promising enantioselectivities up to 88 % using suc-
cinimide derivative 291. However, irreproducibility of the reaction on preparative
scale hampered the development of a useful method. Consequently, the use of silyl
enol ethers was abandoned for this reaction.

2.5.3 DyKAT: 3rd Generation

As the main issue identified for the [3 + 2] annulation of aminocyclopropanes was
the lability of the silicon group, we investigated the use of alkyl enol ethers as
dipolarophiles. Alkyl enol ethers were successfully used for the racemic reaction
and possess a more robust C–O bond which should prevent retro aldol side-reaction
during the annulation. If the products are expected to be more stable, the access to
alkyl enol ethers is less straightforward than the silylated equivalents as they are
more sensitive to hydrolysis.

The reaction was optimized using enol ether 305a. The benzylated analogue of
219a was prepared using the Petasis reagent [32] and evaluated in combination with
various aminocyclopropanes (Table 2.16). We selected four different precursors in
order to cover the reactivity range in a minimum of experiment. Phthalimido
substituted cyclopropane 223 was used as reference. The two previously successful
succinimide 291 and nitro-phthalimide 289 as well as the electron rich
methoxy-phthalimide 292 analogues were screened. The work of Tang and
co-workers on annulation of silyl enol ethers [39] was reported during this time
using a copper(II) perchlorate complex, we began our investigation using this
catalyst in combination with the tBuBOX ligand that gave the best result with silyl
enol ethers.

The reaction afforded the desired cyclopentylamines with full conversion,
however, an undesired side product (310–313) resulting from the attack of the
benzyl alcohol was observed in different ratios. Except for the nitrophthalimide
derivative, 289 (entry 3), good diastereoselectivity could be achieved (entries 1–4).
The stereoselectivity was in accordance with the previous results we had obtained

2.5 Dynamic Kinetic Asymmetric [3 + 2] Annulation … 113



with silyl enol ethers as nitrophthalimide and succinimide derivatives afforded the
best enantioselection (entries 3, 4).

Following these results, succinimide derivative 291 and enol ether 305a were
selected to continue the optimization. Counter-ions, ligands, solvents and temper-
ature were evaluated (Fig. 2.19).15

Amongst the tested counterions and BOX ligands, the combination of tBu-BOX
with [ClO4

−] stayed the most promising. Modification of the solvent did not
improve the outcome of the reaction. Using carbon tetrachloride had the same effect
than described previously and shut down the reaction. The influence of the tem-
perature was also examined. By performing the reaction at 0 °C, similar enantio-
meric and diastereomeric ratios were observed. However, the yield dropped to
80 %. When the reaction was run at 40 °C, the yield and enantiomeric excess stayed

Table 2.16 Screening of aminocyclopropane

R2N
E

E
E

EBnO
Ph

R2N

20 mol% Cu(ClO4)2
tBuBOX

rt
E = CO2Me305a OBn

E

E

R2N

+
Ph

OBn
+

306-309 310-313

Entrya Imide (SM/Product/O-alk) C: Ob d.r.b erc

1

O

O

N

223/306/
310

4.6:1.0 >10:1 77:23

2

MeO

O

O

N

292/307/
311

5.4:1.0 10:1 74:26

3

O2N

O

O

N

289/308/
312

3.4:1.0 4:1 92:8

4

O

O

N

291/309a/313 7.3:1.0 >10:1 95:5

aReaction conditions: 1 eq aminocyclopropane, 2.5 eq 305a, 20 mol% Cu(tBuBOX)(ClO4))2,
1.0 mL DCM, MS 3 Å beads 10 % w/v, rt, two steps formation of the catalyst
bRatio determined by 1H-NMR
cDetermined by Chiral HPLC, in %

15See experimental part for full tables of optimization. Concentration and stoichiometry were
tested without significant improvements.
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similar, but this time the diastereomeric ratio decreased to 8:1. Finally, the best
system was found using copper(II) perchlorate complex, with tBu-BOX as ligand,
in dichloromethane at room temperature. The aminocyclopropane was reacted with
two equivalents of enol ether with 10 mol% of the catalyst and 3 ÅMS under argon
atmosphere to afford the product in a 95:5 enantiomeric ratio, 10:1 diastereomeric
ratio and 94 % NMR yield (Scheme 2.32). The relative anti stereochemistry was
confirmed by 2D NMR experiments. It was found that strict exclusion of water was

N
CO2Me

CO2Me

CO2Me
CO2MeBnO

Ph

N20 mol% Cu(X)2/L*

305a+

O

O

O O

309a291

Temperature, solvent

Fig. 2.19 Optimization of the DyKAT parameters. tBuBox was used for counterions screening
and Cu(ClO4)2 was used for ligand screening
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CH2Cl2, rt
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O

O O

309a
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95:5 er
10:1 dr

291

BnO

305a

+

Scheme 2.32 Optimized conditions for the [3 + 2] annulation
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necessary to avoid a diminution of the enantioselectivity due to the formation of
bis-aquo copper complex. For this reason, the starting materials were dried by
dissolution in benzene followed by evaporation under high vacuum just before their
use and the atmosphere was replaced by argon from gas tank instead of N2 from
general lines which was not dry enough.

2.5.4 Scope of the Reaction

Two methods were implemented in order to synthesize the desired enol ethers
analogues: a palladium-catalyzed trans-vinylation [33] and the use of the Petasis
reagent [32]. These two protocols allowed us to access mono- and di-substituted
alkyl enol ethers with modifications of the alkyl part. These would allow us to
investigate the influence of both the electron density on the aromatic substituents
and of the alkoxy functionality in the annulation reaction.

The trans-vinylation protocol allowed fast access to monosubstituted benzyl enol
ethers analogues starting from the corresponding alcohol, and using butyl-vinyl
ether as vinyl source (Scheme 2.33).

The ester required for the formation of enol ethers using Petasis reagent were
synthesized starting from the corresponding acyl chloride (Scheme 2.34).

The Petasis reagent 318 was prepared via treatment of titanium dichloride
complex with methyl Grignard and used as a solution with different esters
(Scheme 2.35) [34]. The products were obtained after a first purification on basic
alumina in good yields. Nevertheless, a second purification was always performed
prior to the [3 + 2] annulation in order to eliminate traces of acetophenone.

“On preparative scale, cyclopentylamine 309a could be obtained in quantitative
yield with a 96:4 er and 7:1 dr (entry 1, Table 2.17). Variation of the oxygen
substituent was examined first: A methyl enol ether (entry 2) and a more
electron-withdrawing trifluoroethyl group (entry 3) both worked in the annulation
reaction, but for the latter the diastereoselectivity of the reaction was lost. Variation

OH

R

O

R
O+

Pd(TFA)2
dppp

Et3N

197

O

O

Br

O

O2N

305b
63%

305c
80%

305d
83%

Scheme 2.33 Synthesis of benzyl mono-substituted enol ethers
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of the aromatic substituent on the olefin gave comparable enantioinduction for both
a meta methyl-substituted phenyl ring (entry 4) and a thiophene heterocycle (entry
5). The annulation reaction was not limited to the synthesis of tertiary ethers:
unsubstituted benzyl ethers 305b–d also gave the desired products 309f–h with
useful selectivity (entries 6–8). On a 1 mmol scale, product 309a was obtained in
80 % yield and a 95.5:4.5 er (entry 6).
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O O
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(Cp)2TiMe2

R1

O
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O

O
F3C O

O O

S

305a
58%
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54%
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318317
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MeMgCl

Scheme 2.35 Synthesis of disubstituted enol ethers using Petasis reagent
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Scheme 2.34 Synthesis of ester precursors
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Table 2.17 Scope of alkyl enol ethers for the [3 + 2] annulation of aminocyclopropanes

N
CO2Me

CO2Me

CO2Me
CO2Me

R1O
R2

N
10 mol% Cu(ClO4)2

tBuBOX

CH2Cl2 ,rt

O

O

O O

291

R1O R2
+

Entry Substrate Product Yield (%)a

erb

drc

1 OBn 205a

CO2Me
CO2Me

OBn

NSucc 309a 97
96:4 er
7:1 dr

2 OMe

Me

305e

CO2Me
CO2Me

OMe

NSucc 309b 95
94.5:5.5 er
20:1 dr

3 OCH2CF3 305f

CO2Me

CO2Me

F3CH2CO
Ph

NSucc 309c 88
95.5:4.5 erd

1.5:1 dr

4 OBn
Me

305g

CO2Me
CO2Me

OBn

NSucc 309d 99
95:5 er
>20:1 dr

5 OBn

S
305h

CO2Me
CO2Me

OBn

NSucc

S

309e 94
94:6 er
8:1 dr

6 OBn 305b

CO2Me
CO2Me

BnO

NSucc 309f 96 (80)e

96.5:3.5 (95.5:4.5) er
4:1 (4:1) dr

7

O

Br 305c

CO2Me
CO2Me

O

NSucc
Br 309g 73

94.5:5.5 er
5:1 dr

(continued)
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Achieving high selectivity in DYKAT processes is challenging and the catalytic
system often has to be optimized for each class of substrates. Nevertheless, when
benzaldehyde (215a) was used in the [3 + 2] annulation process with aminocy-
clopropane 291, the DYKAT process was successful and gave the desired tetra-
hydrofurylamine 319a with a 92:8 er and a 13:1 dr (entry 1, Table 2.18). Even

Table 2.17 (continued)

Entry Substrate Product Yield (%)a

erb

drc

8

O

NO2 305d

CO2Me
CO2Me

O

NSucc
O2N 309h 82

98:2 er
5:1 dr

aReaction conditions: 0.20 mmol cyclopropane, 0.40 mmol enol ether, 0.02 mmol catalyst, 3Å MS
in dichloromethane, rt, under argon. Isolated yields after column chromatography
bDetermined by chiral phase HPLC
cDetermined by analysis of crude 1H NMR
dValue for major anti diastereoisomer, syn diastereoisomer: er = 96.5:3.5
eValues in brackets correspond to the result on 1 mmol scale

Table 2.18 Scope of aldehydes for the [3 + 2] annulation of aminocyclopropanes

N
CO2Me

CO2Me O

CO2Me
CO2Me

R

N
10 mol% Cu(ClO4)2

tBuBOX

CH2Cl2 ,rt

O

O

O O

291

+
O

R

Entry Substrate Product Yield (%)a/erb/drc

1 O 215a

O

CO2Me
CO2Me

NSucc 319a 82
92:8 er
13:1 dr

2 O

MeO

215b

O

CO2Me
CO2Me

NSucc

MeO

319b 69
96:4 er
>20:1 dr

(continued)
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though the observed enantioselectivity is lower than for enol ethers, it is already
impressive considering that no optimization of the reaction conditions was con-
ducted. The annulation reaction was successful for both electron-rich (entries 2 and
3) and electron-poor (entry 4) aromatic aldehydes, as well as for thiophene car-
boxaldehyde (entry 5). The best enantiomeric ratio (96:4) was observed for the
para-methoxy substituted benzene ring (entry 2). The reaction was not limited to
aromatic aldehydes: both cinnamaldehyde (215g) and aliphatic aldehyde 215j could
be used (entries 6, 7).”

Table 2.18 (continued)

Entry Substrate Product Yield (%)a/erb/drc

3 O

OMe

215c

O

CO2Me
CO2Me

NSucc

MeO

319c 84
93:7 er
10:1 dr

4 O

Cl

215e

O

CO2Me
CO2Me

NSucc

Cl

319d 90
91:9 er
14:1 dr

5 O

S
215d

O

CO2Me
CO2Me

NSucc

S

319e 97
95:5 er
>20:1 dr

6 O

Ph

215g

O

CO2Me
CO2Me

NSucc

Ph

319f 96
94:6 er
14:1 dr

7 O

Ph

215j

O

CO2Me
CO2Me

NSucc

Ph

319g 85
91.5:8.5 er
13:1 dr

aReaction conditions: 0.20 mmol cyclopropane, 0.40 mmol aldehyde, 0.02 mmol catalyst, 3Å MS
in dichloromethane, rt, under argon. Isolated yields after column chromatography
bDetermined by chiral phase HPLC
cDetermined by analysis of crude 1H NMR
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2.5.5 Origin of Asymmetric Induction

X-Ray diffraction analysis allowed us to confirm the absolute S configuration of the
center bearing the nitrogen (Fig. 2.20). It also confirmed the trans relationship of
the imide and the benzyloxy substituent in 309f.

In order to get information on the selectivity, a crystal of the copper/ligand
complex 320 has been analyzed. In this system, two molecules of water are present
at the coordination site (Fig. 2.21). It has been shown that 1,3-dicarbonyl com-
pounds position their oxygen at a similar place when chelated to the complex [35].
It can therefore be proposed that the active catalyst presents a distorted square
planar geometry with an angle value of ca 30° which influences the position of the
cyclopropane relatively to the tert-butyl substituents.

The trajectory of the nucleophilic attack is deviated from the C–C bond tra-
jectory in order to get a better overlap with the σ* orbital of 291 [40]. Due to the

Fig. 2.20 Structure of 309f
determined by X-ray
diffraction analysis, with
determination of absolute
configuration
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geometry distortion of the complex, the reactive center on the aminocyclopropane is
oriented in a way which prevents the attack from the lower quadrants (a, Fig. 2.22).
Two productive models are left where the position of the succinimide group is
either in a free quadrant (Ia) or in an hindered one (Ib) (b, Fig. 2.22). Nucleophilic
attack will therefore be favored on the less destabilized diastereomeric complex Ia.
The discrimination is also accentuated from the fact that the complex Ia leaves the
“north east quadrant” free for nucleophilic attack as opposed to the complex Ib
where both “north-east” and “north-west” are blocked. This model differs from the
one of Johnson and co-workers as the productive complex is not the one that
requires that the bulky group faces the ligand substituent (such as in Ib). Instead in
Ia, the phthalimide is positioned in an empty quadrant. This “matching” system
might be the reason why our annulation requires a few hours compared to days with
the system of Johnson and co-workers.

So far, it has been possible to observe the product 321 via reduction of the
benzyl group (Scheme 2.36). Due to decomposition during isolation process, the
product was not isolated pure so far. The removal of the succinimide has been more
challenging and is still under investigation.

Fig. 2.21 Structure of
complex 320 determined by
X-ray diffraction analysis
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2.6 Conclusion

To conclude this first part, we have developed the first [3 + 2] annulation of DA
cyclopropanes involving nitrogen substituents as donating group. The reaction was
catalyzed by tin tetrachloride and afforded the cyclopentylamines in excellent yields
and diastereoselectivities. The reaction tolerated a broad scope of silyl as well as
alkyl enol ethers and the reaction was both diastereo- and enantiospecific. The
success of the [3 + 2] annulation of phthalimido-substituted DA cyclopropanes with
silyl enol ethers to deliver selectively cyclopentylamines prompted us to study the
behaviour of this system with other dipolarophiles.

The first iron-catalyzed [3 + 2] annulation of aldehydes and tin-catalyzed [3 + 2]
annulation of ketones with aminocyclopropanes was developed. These methods
afford aminotetrahydrofurans in excellent yields and diastereoselectivity. They have
a strong potential to develop libraries of structures that can be found in DNA or
RNA and for this purpose, the substitution of the protecting group by a DNA
carbo-base is currently investigated in our group [36].

We then reported for the first time the FC alkylation of aminocyclopropanes with
electron-rich aromatics. The reaction afforded GABA analogues in very good yields
and with broad diversity of tolerated functionalities. The functionalization of C2
and C3-substituted indoles offers a complementary solution to access products with
structural diversity. The reaction could be scaled-up to afford gram quantities of FC
adducts. Various modifications of the products revealed their synthetic potential for
the construction of polycyclic structures.

Finally, we managed to develop a new enantioselective method involving [3 + 2]
annulation of DA aminocyclopropanes. The reaction is based on the use of a chiral
copper-bisoxazoline catalyst and can be applied for the first time to the formation of
both aminocyclopentanes and aminotetrahydrofurans, keeping high levels of reac-
tivity and selectivity.
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Chapter 3
Synthesis and [4 + 2] Annulation
of Aminocyclobutanes

In comparison to the cyclopropanes, the reactivity of DA cyclobutanes has been
less explored. It is probably because the methods to access DA cyclobutanes are
scarce, as explained in the introduction chapter 1.4.5.1 [1].

After discovering the reactivity of DA aminocyclopropanes as 1,3 formal
dipoles, we were wondering whether aminocyclobutanes would provide in a similar
fashion the corresponding 1,4 formal dipoles and react with a dipolarophile to
afford the corresponding six-membered rings. In order to test this hypothesis, it was
necessary first to find a synthetic access to such DA cyclobutanes as there was no
precedent in the literature.

3.1 Discovery of the [2 + 2] Cycloaddition

A few methods have been reported to access DA cyclobutanes, making use of an
electron-rich olefin and an electrophilic alkylidene malonates in presence of a Lewis
acid (Sect. 1.4.5.1). This method seemed appropriate for our system as it allows
modulating the structure of each partner (Scheme 3.1).

3.1.1 Synthesis of Methylidene Malonates

Methylidenes malonates (R4 = H, Scheme 3.1) are very unstable building blocks.
They are highly electrophilic and traces of nucleophiles such as water or alcohols
promote their polymerization. De Keyser and co-workers reported a method for
their synthesis involving a multi-step protocol (Scheme 3.2) [2]. The reaction
involves a copper-catalyzed Knoevenagel condensation, followed by in situ trap-
ping of the product by anthracene via a Diels-Alder reaction. The stable adduct is
separated from copper salts and unreacted anthracene by crystallization and cracked
at 225 °C in paraffin oil with maleic anhydride to trap anthracene. A distillation is
then performed in acid-washed glassware to afford the methylidene malonate 323a
in 30 % yield. This very tedious/low-yielding protocol was performed once. It was
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found that the product is not stable for more than 2 weeks when stored at −20 °C
and therefore had to be distilled every time before use. Considering the key role of
this building block in our methodology, and the large quantities required, we
decided to improve its synthesis.

After some unfruitful experimentations, we found that adapting the simple
method developed by Connel and co-workers [3], it was possible to obtain the
product 323a in 68 % yield on multigram scale in a single step after distillation
(Scheme 3.3).

3.1.2 Discovery and Optimization of the [2 + 2]
Cycloaddition

Based on our results with cyclopropanes, we expected that deactivation of the
donating nitrogen would be necessary. We then began our investigations by sub-
mitting vinyl phthalimide (183) and vinylidene malonate (323a) to known condi-
tions for [2 + 2] cycloaddition (entries 1–5, Table 3.1) [2, 4]. Using zinc, ytterbium
or scandium Lewis acids at low temperatures did not afford any desired product

1R2RN
CO2R5

CO2R5
Lewis acid 1R2RN CO2R5R5O2C

+

R3 R4
R3 R4

Scheme 3.1 Retrosynthesis of DA aminocyclobutanes

CO2MeMeO2C

Anthracene

(CH2O)n

0.5 eq CuOAc
AcOH

Xylenes

CO2MeMeO2C

recristalization

paraffin
225°C

CO2MeMeO2C

323a
30%

Maleic anhydride

198

322

Scheme 3.2 Synthesis of 323a reported by De Keyser and co-workers

CO2MeMeO2C (CH2O)n+
CO2MeMeO2C

323a
68%
14 g

iPr2NH•TFA, 1eq
TFA, 0.1 eq

THF, reflux, 6h
198 324

Scheme 3.3 Single-step synthesis of 323a
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(entries 1–4). It was possible to detect traces of product when scandium triflate was
used at −30 °C (entry 4) and full conversion to the cyclobutane was obtained at 0 °
C (entry 5). We tested less reactive alkylidene malonate 323b with this protocol and
we found that reactivity was shut down in this case (entry 6). We tested another
series of Lewis acids and found that indium was able to catalyze the reaction but
starting material was left (entry 7). We eventually found that the same iron salt
FeCl3–Al2O3 that catalyzed the annulation between aminocyclopropanes and
aldehydes (Sect. 2.2) was very efficient to deliver the substituted cyclobutane 325b
(entry 8). A control experiment confirmed that iron was the active catalyst, as only
alumina did not afford any traces of product.

3.2 Scope and Limitations

3.2.1 Synthesis of Alkylidene Malonates

Using the method developed for vinylidene malonate 323a, it was possible to easily
access vinylidene derivatives such as 323c in good yields (Scheme 3.4).

Substituted alkylidene malonates are more stable and therefore their synthesis is
more straightforward. In most of the cases, heating the aldehydes and the dicar-
bonyl compounds in acetic anhydride or acetic acid afforded the products in useful
yields (a, Scheme 3.5). It is worth to notice that the synthesis of trifluoro-substituted
analogue 323f was reported before and required three steps and multiple

Table 3.1 Optimization of the Lewis acid

CO2R
1

CO2R
1

PhthN
Catalyst 
CH2Cl2PhthN

R2

R1O2C CO2R
1

R2

+

183 325a R1=Me, R2=H 
325b R1=Et, R2=Me

323a R1=Me, R2=H 
323b R1=Et, R2=Me

Entry Substrate Catalyst (mol%) t (h) T (°C) Ratio 325/183a

1 323a ZnBr2 (100)
b 1 −78 0:1

2 323a Yb(OTf)3 (10)
b 0.75 −78 0:1

3 323a Sc(OTf)3 (10)
b 0.75 −78 0:1

4 323a Sc(OTf)3 (10)
b 0.75 −30 tr. of 325a

5 323a Sc(OTf)3 (10)
b 0.75 0 1:0

6 323b Sc(OTf)3 (20)
c 0.5 rt 0:1

7 323b In(OTf)3 (20)
c 12 rt 1.5:1

8 323b FeCl3–Al2O3 (20)
c 12 rt 1:0

aMonitored by 1H NMR spectroscopy
bKnown procedures were followed. See Experimental part
c0.2 eq Lewis acid, 1 eq alkylidene malonate and 1.2 eq 183 added dropwise, CH2Cl2, 0.1 mM.
tr. = traces
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purifications [5]. This protocol allows a simple access to 323f in 40 % yield. For the
synthesis of cyclohexyl derivative 323g, another method using an ammonium salt
as catalyst was used (b, Scheme 3.5).

3.2.2 Synthesis of Enimides

In order to investigate their influence in the reaction, various vinyl imides were
prepared. Modification of the imide part by different deactivating groups would
give information on the influence of electronic density on the nitrogen. The sub-
stitution on the olefin part with alkyl and aryl groups would give information on the
stereoselectivity as well as on the tolerance of the reaction. For this purpose, dif-
ferent synthetic methods were required for each type of substrate. Vinyl imides 183,
185, 249, 284 were already synthesized while studying the reactivity of aminocy-
clopropanes. Protected vinyl thymine 327 was synthesized in two steps, affording
the product in 33 % overall yield (Scheme 3.6) [6].

CO2Et (CH2O)n+ CO2Et

323c
66%

1.75 g

iPr2NH•TFA, 1 eq
TFA, 0.1 eq

THF, reflux, 6 h

O

Ph

O

Ph

326 324

Scheme 3.4 Synthesis of 323c

R1O2C CO2R1

R2

R1O2C CO2R1

R2

Acetic Anhydride

100-110°C
+

O

BnO2C CO2Bn BnO2C CO2Bn

CF3

MeO2C CO2Me
AcOH/NH4OAc

60 °C, 20 h

O

MeO2C CO2Me +

MeO2C CO2Me

Ph

323d
56%

323e
50%

323f
40%a

323g
76%

215l198

(b)

(a)

Scheme 3.5 Synthesis of alkylidene malonates. a The ethyl hemiacetal of the aldehyde was used
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Substituted vinyl phthalimides 331 and 334 were prepared according to reported
procedures (Scheme 3.7) [7, 8]. Allylation followed by isomerization using a
ruthenium catalyst afforded the methyl substituted analogue 331. Chan-Lam cou-
pling between phthalimide (332) and boronic acid 333 afforded the substituted
product 334 in 33 % yield.

Diverse (E)-alkyl and (Z)-aryl and alkyl enimides were synthesized selectively
using a method developed by Gooßen and co-workers [9]. Changing the substit-
uents on the phosphine from butyl to isopropyl allowed complete inversion of
stereoselectivity (a and b, Scheme 3.8). This method proved to be very useful for
this project as it provides a stereoselective access to enimides and requires only
simple starting materials and catalyst. The products 335–340 bearing aryl or alkyl
substituents could be obtained with yields ranging from 13 to 87 %.

Aryl-substituted enimides were synthesized using a palladium-catalyzed Heck
reaction between vinyl phthalimide (183) and aryl iodides (Scheme 3.9) [10]. The
method afforded the product in useful yields and tolerated a large array of func-
tionalities such as halides that would allow efficient post-modification of the
products as well as electron—withdrawing and donating groups. Bromo derivatives
were obtained with a lower yield, probably due to side-reactivity with palladium.

O

O

BocN

N

O

O

HN

N
H

1) 4 mol% Pd(OAc)2
2.4 eq TMSOTf 

DMF, 70 °C

2) 2 eq Boc2O
2 eq DMAP
CH3CN, rt

OAc

327
33%

326 224

+

Scheme 3.6 Synthesis of 327

N

O

O

N

O

O

NK

O

O

Br nBu4NI

DMF
20 h

[RuCI2(PPh3)2]

150 °C
+

328 330
68%

331
58%

N

O

O

nhex
NH

O

O

(HO)2B
nhex

Cu(OAc)2,
NEt3

CH2Cl2
rt

+

332 333 334
36%

329

Scheme 3.7 Synthesis of substituted vinyl phthalimides
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3.2.3 Scope of the Reaction

With the various enimides and alkylidenes malonates in hand, we tested different
combinations. ‘On preparative scale using 10 mol% of iron trichloride on alumina
was also a good catalyst for the reaction between vinylphthalimide (183) and
unsubstituted methylidene malonate 325a (entry 1, Table 3.2).1 Variation of the
nitrogen substituent was first examined. Succinimide as well as maleimide were
tolerated, giving the cyclobutanes 347a and 348 in 91 and 48 % yield respectively
(entries 2, 3).’ Having a maleimide heterocycle on the product offers the possibility
to efficiently couple a molecule possessing a thiol functionality via Michael addi-
tion. This “click” reaction has been often use for the engineering of biomolecules

N

O

O R

NH

O

O

R

6 mol% nBu3P
4 mol% Sc(OTf)3

2 mol% [Ru]

DMF
60 °C

+

N

O

O

Ph Ph
O

O

N

N

O

O
R

NH

O

O

R

15 mol% iPr3P
4 mol% Sc(OTf)3

5 mol% [Ru]

DMF
60 °C

+

(a)

(b)

335
13%

336
87%

N

O

O

N

O

O

nBu

Ph
O

O

N N

O

O
Cl

337
37%

338
67%

340
15%

339
46%

Scheme 3.8 Stereoselective synthesis of (Z) and (E)-enimides

1Text in quotation marks ‘’ is taken form our publication [1].
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[11]. The maleimide functionality has also been widely used as dipolarophile in
cycloadditions. ‘The reaction also allowed the formation of Boc protected thymine
cyclobutane 349 in 76 % yield (entry 4).’ Accessing such structure was important to
us as it belongs to the family of carbocyclic analogues [12]. ‘The use of a
N-vinyl-oxazolidinone failed to deliver product 350 due to decomposition of the
starting material (entry 5).’

‘At this point, we turned to the synthesis of multi-substituted aminocyclobu-
tanes. The use of (E)-enimides, was examined first. Enimides substituted with a

N

O

O
Ar

N

O

O

I

R

1 mol% Pd(OAc)2

1.5 eq Cy2NMe
nBu4NBr

DMF
120 °C

+

PhthN
Ph

PhthN
Br

PhthN
Br

PhthN
CF3

PhthN PhthN
OMe

341
69%

342
25%

343
24%

344
54%

345
69%

346
69%

183

Scheme 3.9 Synthesis of aryl-substituted vinyl phthalimides

PhthN E
EPhthN

p-Tol

E
Ep-Tol

PhthN
CH2Cl2, rt

E = CO2Me
p-Tol

325k
69%

>20:1 dr

351a
28%

>20:1 dr

10 mol% FeCl3•Al2O3EE
+ +

345 323a

PhthN E
Ep-MeOPh

PhthN
CH2Cl2, rt

E = CO2Me
p-MeOPh

351b
81%

>20:1 dr

10 mol% FeCl3•Al2O3EE
+

346 323a

(a)

(b)

Scheme 3.10 Inverted regioselectivity with electron-rich substituents
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Table 3.2 Scope and limitations of the [2 + 2] cycloaddition: variation of the enimide

CO2MeMeO2CN
R2

R1

R3

E
E

NR2

R1

R3

10 mol% FeCl3•Al2O3
+

323a

CH2Cl2
E = CO2Me

Entry Substrate Product Yield (%)a

1 PhthN
183 E

EPhthN
325a

96

2 SuccN
284 E

ESuccN
347a

91

3

N

O

O

249 E
EN

O

O
348

48

4

NN

Me
O

O
Boc

327
N E

E
N

Me
O

O

Boc 349

76

5

N

O
O

185 N

O O

E
E 350

0

6 PhthN

Me
331

E
EPhthN

Me

325c

83 (>20:1 dr)

7 PhthN

nHex
334

E
EPhthN

nHex

325d

85 (>20:1 dr)

8 PhthN

337
E

EPhthN

325e

74 (>20:1 dr)

9 PhthN

Cl
3

340
E

EPhthN

Cl
3

325f

95 (>20:1 dr)

10 SuccN

nBu
338 E

ESuccN

nBu

347b

81 (>20:1 dr)

(continued)
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methyl, a hexyl or a cyclopropyl group afforded the corresponding cyclobutanes
325c, 325d and 325e in 74–85 % yield (entries 6–8). An aliphatic chloro substituent
was also compatible with the reaction conditions (entry 9). Succinimide substituted
cyclobutanes 347b, 347c could also be obtained in 81–83 % yield (entries 10, 11).
Importantly, in all the experiments involving (E)-enimides except for the formation
of cyclobutane 347c, only one cyclobutane diastereoisomer could be detected in the
crude mixture of the reaction. Aromatic substitution of the enimide was next
investigated. The reaction delivered a single diastereoisomer of cyclobutane 325g
bearing a phenyl substituent in 90 % yield (entry 12). Adding a para-bromo sub-
stituent on the benzene ring slowed down the reaction and no full conversion to
cyclobutane 325h was observed (entry 13). However, decreasing the conjugation of
the benzene ring with the enimide by moving the bromine atom to the ortho
position [13] restored the reactivity and product 325i could be obtained in 93 %
yield (entry 14). Finally, in the presence of a trifluoromethyl group, the reaction was
slower, but cyclobutane 325j could still be obtained in 45 % yield based on
recovered starting material (entry 15). X-Ray analysis confirmed the trans-rela-
tionship between the phthalimide group and the methyl substituent in product 325c
(Fig. 3.1).

Table 3.2 (continued)

Entry Substrate Product Yield (%)a

11 SuccN

(CH2)2Ph
339

E
ESuccN

Ph

347c

83 (8:1 dr)

12 PhthN

Ph
341 E

EPhthN

Ph

325g

90 (>20:1 dr)

13 PhthN

4-Br-C6H4
342

E
EPhthN

4-Br-C6H4

325h

65b, c (>20:1 dr)

14 PhthN

2-Br-C6H4
343

E
EPhthN

2-Br-C6H4

325i

93 (>20:1 dr)

15 PhthN

4-CF3-C6H4
344

E
EPhthN

4-CF3-C6H4

325j

45b, d (>20:1 dr)

aReaction conditions: 1 eq Enimide, 2 eq alkylidene malonate, 0.1 eq Fe catalyst (1 mmol/g) in
CH2Cl2 (1 mL) for 0.2–5 h. Yields after purification on column chromatography
b4 equivalents of methylidene malonate were used
cBased on recovered starting material, 50 % isolated yield
dBased on recovered starting material, 38 % isolated yield
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When we switched to electron-rich aromatic rings as substituents, we observed a
different regioselectivity (Scheme 1.3). When tolyl-substituted enimide 345 was
used, a 2.5:1 mixture of “normal” and “inverted” products 325k and 351a was
obtained (a, Scheme 3.10). p-Methoxy benzene-substituted substrate 346 gave only
the “inverted” product 351b (b). This switch in regioselectivity is interesting as it
gives access to equally important γ-amino acid cyclobutane derivatives [14].
Additionally, it allowed assigning the relative donating ability of the phthaloyl
compared to electron-rich aromatic groups in the [2 + 2] cycloaddition, which may
be also useful in the future for the design of other transformations.

Next, we investigated the modifications of the electron-poor partner (Table 3.3).
Modification of the ester substituents afforded isopropyl analogue 325l and allyl
analogue 325m in 66 and 49 % yield respectively (entries 1, 2). Cycloaddition of
keto ester substrates was possible, affording cyclobutane 325n in 62 % yield (entry
3, Table 3.3). ‘Less reactive substituted alkylidene malonates also afforded cyc-
lobutanes 325b, o, p in 59–71 % yields, but usually without diastereoselectivity
when using alkyl ester substrates (entries 4–6). The use of benzyl substituted
alkylidene malonates 323e allowed the formation of the product 325q in a better 3:1
diastereomeric ratio and 62 % yield (entry 7). In the case of
trifluoromethyl-substituted aminocyclobutane 325r only the trans-diastereoisomer
was obtained in 76 % yield (entry 8). This is an important result, as methods for the
synthesis of trifluoromethyl substituted aminocyclobutanes are rare, require
numerous steps and usually lack diastereoselectivity [15–17]. No reaction was
observed when both the enimide and the alkylidene malonate were β-substituted.’

As explained previously, methylidene malonate 323a is difficult to access very
unstable and had to be re-purified before each use. We therefore implemented a
sequential protocol that would avoid the sensitive distillation and afford the product
on larger scale. By simply performing a mild acidic workup after the condensation
reaction, the crude solution could be used directly to generate the desired amino-
cyclobutanes (Scheme 3.11). The reaction works with simple methyl malonate

Fig. 3.1 Structure of 325c
determined by X-ray
diffraction analysis
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derivatives to afford products 325a or 325s in yields superior than 85 % on mul-
tigram scales. Another advantage is the possibility to use benzyl malonates deriv-
atives, for which the corresponding vinylidene malonates decomposed either during
column chromatography or distillation. Vinyl phthalimide (183) and substituted
analogue 331 reacted with the crude mixture of benzyl-substituted vinylidene
malonate to afford aminocyclobutanes in good yields and selectivity. It is important
to access substituted substrates on a larger scale as they can be interesting pre-
cursors for the [4 + 2] annulation, giving information on the stereochemical out-
come of such reaction. The benzyl substrate is also an important precursor of β–
amino acids as we will see in the next part of this chapter.

Table 3.3 Scope and limitations: variation of the alkylidene malonate

EEPhthN E
E

PhthN10 mol% FeCl3•Al2O3
+

CH2Cl2
183

Entry Substrate Product Yield (%)a

1 CO2
iPriPrO2C 323h PhthN CO2

iPr
CO2

iPr 325l
66b

2 O

OAllylAllylO

O

323i

PhthN CO2allyl
CO2allyl 325m

49b

3 COPhEtO2C
323c COPh

CO2EtPhthN
325n

62 (2.5:1 dr)

4 CO2EtEtO2C

Me
323b CO2Et

CO2EtPhthN

Me

325b

63 (1.2:1 dr)

5 CO2MeMeO2C

(CH2)2-Ph
323d

CO2Me
CO2MePhthN

(CH2)2-Ph

325o

71 (1.3:1 dr)

6 CO2MeMeO2C

Cy
323g CO2Me

CO2MePhthN

Cy

325p

59 (1.2:1 dr)

7 CO2BnBnO2C

Me
323e CO2Bn

CO2BnPhthN

Me

325q

62 (3:1 dr)

8 CO2BnBnO2C

CF3

323f CO2Bn
CO2BnPhthN

CF3

325r

76 (dr > 20:1)

aReaction conditions: 1 eq 183, 2 eq alkylidene malonate, 0.1 eq Fe catalyst (1 mmol/g) in 1 mL
CH2Cl2. Yields after purification on column chromatography
b10 mol%, Sc(OTf)3 were used

3.2 Scope and Limitations 137



‘In order to better understand the reaction mechanism, it would be important to
know if the reaction is stereospecific in relation to the geometry of the enamide or if
the observed high trans-diastereoselectivity is due only to thermodynamic control.
When subjecting (Z)-substituted enimides 335 and 336 to the reaction conditions,
no conversion was detected, even after prolonged reaction time (Scheme 3.12). The
lack of reactivity in the case of the (Z) isomer could be tentatively attributed to the
loss of hyperconjugation between the nitrogen p orbital electrons and the anti-
bonding π* of the olefin.’ The lower nucleophilicity of the system is a direct
consequence of the allylic strain contained in these molecules.

‘To answer the question of stereospecificity, deuterated enimide 355 was con-
sequently synthesized through a three step protocol (Scheme 3.13).’ First, synthesis
of the phthalimide ynimide 353 was performed via a reported oxidative coupling
affording the product in 68 % (a) [18]. The deuterium atom was inserted by transfer
from deuterium oxide during alkyne desilylation (b). In order to obtain a good ratio
of deuterated alkyne, it was necessary to premix the TBAF with D2O and to add it

CO2RMeO2C (CH2O)n+

1) iPr2NH•TFA,
TFA, 0.1 eq

then HCl workup

2) 5 mol% FeCl3•Al2O3
183

CO2Me
CO2RPhthN

R = Me, tBu R = Me, 325a, 85%, 1.5 g
R = tBu, 325s, 95%, 1.7:1 dr, 2.0 g

324

CO2BnBnO2C (CH2O)n+

1) iPr2NH•TFA,
TFA, 0.1 eq

then HCl workup

2) 5 mol% FeCl3•Al2O3
183 or 331

CO2Bn
CO2BnPhthN

250 R = H, 325t, 96%, 2.6 g
R = Me, 325q, 86%, >20:1 dr, 1.5 g

324

R

Scheme 3.11 Gram-scale synthesis of aminocyclobutanes

DCM, 0°C-rt

N

O

O

N

O

O

Ph

323a
10 mol% FeCl3•Al2O3

336 335

Ph
2

Scheme 3.12 Unreactive (Z)-enimides
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dropwise to a cold solution of the ynamide in THF/D2O. Reduction with Lindlar
catalyst afforded the product with a 3.3:1 selectivity for the cis-product (c).

The deuterated enimide 355 was submitted to the reaction conditions
(Scheme 3.14). ‘Only a slight loss of stereoinformation was observed during the
reaction. This result supported a stepwise mechanism via a zwitterionic interme-
diate I, but also indicated a fast ring-closure, which could compete with single bond
rotation.’

N

O

O

TMSNH

O

O

TMS

20 mol% Cu(OAc)2
Na2CO3, Pyridine

O2, Toluene, 70 °C
+

332 352 353
68%

N

O

O

TMS

N

O

O

D5 mol% Lindlar cat.
15 mol% Quinoline

TBAF, D2O
THF, 10 min, 0 °C

N

O

O

D

N

O

O

D

353
354
65%

88% D

355
80%

3.3:1 cis/trans
75 % D incorporation

354

CH2Cl2, H2, 1 h, rt

(a)

(b)

(c)

Scheme 3.13 Synthesis of deuterated analogue 355
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H
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CH2Cl2, 0 °C, 1 h
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75% D
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75% D

O O
Fe

MeO
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via:

Scheme 3.14 Reaction with deuterated enimide 355
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Proof of concept for enantioselective cycloaddition of the cyclobutane was
obtained when vinyl phthalimide (183) and 225a were combined in presence of a
chiral copper complex (Scheme 3.15). The crude mixture was submitted to HPLC
analysis and enantioenrichment of the product was observed. This preliminary
result is very encouraging in the optic of developing an enantioselective version of
this method.

3.2.4 Product Modification

In order to show that the synthetized aminocyclobutanes can be used as β-amino
acid surrogates, the synthesis of dipeptide 357 was realized (Scheme 3.16).
Debenzylation of 325t occurred very smoothly under hydrogenolysis conditions.
Further decarboxylation of the formed diacid was performed using a copper catalyst
affording the trans-product with a 5:1 diastereomeric ratio. Amide coupling affor-
ded the cyclobutane-glycine dipeptide 357 in very good yield and same dr than for
the starting material. This protocol offers a very efficient and straightforward
method to access peptidic analogues that can be further exploited for applications in
peptidomimetics. So far, it was not possible to remove the phthalimide on the
dipeptide 357. However preliminary studies showed that it is possible to remove it
on other intermediates. This is currently studied in our group and will be reported in
due time. It is also interesting to notice that amide substituted cyclobutanes have
found more recently applications in total synthesis of natural products as directing
groups for CH activation [19, 20].

PhthN MeO2C CO2Me

20 mol% Cu(OTf)2

22 mol% iPr-BOX PhthN
CO2Me

CO2Me
+

183 323a 325a

CH2Cl2, rt

Scheme 3.15 Proof of concept for enantioselective [2 + 2]

PhthN CO2Bn
CO2Bn PhthN

O

N
H

CO2Me

325t 357
78% (3 steps)

5:1 dr

1) 10 mol% Pd/C, H2
2) Cu2O, CH3CN, 80°C

3) EDCl, HOBt, DIPEA,
glycine ethyl ester

Scheme 3.16 Transformation of cyclobutane 325t
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3.3 [4 + 2] Annulation of Aminocyclobutanes

In a similar manner than for aminocyclopropanes, we wanted to test the potential of
aminocyclobutanes to react as formal 1,4 dipoles in annulation reactions. On the
basis of the excellent results obtained with aminocyclopropanes, and from the
observation that no [4 + 2] annulation using anolefin as dipolarophile were reported,
we decided to use silyl enol ethers as partners.

3.3.1 Optimization of the Reaction

Aminocyclobutane 325a and TIPS silyl enol ether 219a were combined in presence
of a catalytic amount of Lewis acids (Table 3.4). Metal chloride salts were unable to
deliver the product and only starting material was observed in the crude reaction
(entries 1–3). Copper (I) and (II) complexes as well as ytterbium triflate were also

Table 3.4 Catalyst optimization for the [4 + 2] annulation

PhthN E
E

Ph

OTIPS Lewis acid PhthN

E
E

Ph
OTIPS

+
CH2Cl2

358a219a325a

PhthN

E E

Ph

O

359

+

E = CO2Me

Entrya Lewis acid (20 mol%) Temperature Time 358a/cis-358a/359

1 InCl3 rt 1 h 0/0/1

2 AuCl rt 1 h 0/0/1

3 FeCl3 rt 1 h 0/0/1

4 CuOTf rt 1 h 0/0/1

5 Cu(OTf)2 rt 1 h 0/0/1

6 Yb(OTf)3 rt 1 h 0/0/1

7 Hf(OTf)4 rt 1 h 0/1/10

8 Sn(OTf)2 rt 1 h 0/1/10

9 In(OTf)3 rt 1 h 1/3/10

10 Sc(OTf)3 rt 1 h 1/4/10

11 SnCl4 −78 °C 1 h 0/0/1

12 SnCl4 −50 °C 1 h 1/0/0b

13 SnCl4 −20 °C 30 min 7/5/1c

14 SnCl4 0 °C 30 min 1/3/0c

15 SnCl4 −40 °C 1 h 1/0/0d

aReaction conditions: 1 eq cyclobutane, 1.5 eq enol ether, 20 mol% catalyst, 1 mL CH2Cl2
b1:1 mixture 325a/358a
cVinyl phthalimide 183 resulting from retro [2 + 2] cycloaddition was present as the major product
dWith 4 Å MS
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unable to promote the annulation (entries 4–6). When hafnium or tin (II) catalysts
were used, low conversion to the ring-opened side product 359 was observed
(entries 7, 8). The product 359 result in a similar manner than in the case of the
[3 + 2] annulation from a retro aldol fragmentation or silyl-oxonium hydrolysis
after addition of silyl enol ether on the cyclobutane. Indium triflate as well as
scandium triflate were more promising as the desired product 358a could be
detected, however as mixtures with 359 (entries 9, 10). The successful conditions
for the reaction with aminocyclopropanes (SnCl4, −78 °C) were then tested for this
system (entry 11). However, no conversion was observed. It was expected that the
reactivity of cyclobutane would be lowered compared to cyclopropane and there-
fore experiments at higher temperature were done (entries 12–14). At −50 °C, the
reaction afforded a clean 1:1 mixture of starting material 325a and one diastereo-
isomer of the product 358a (entry 12). At −20 and 0 °C, the conversion increased
but open side product 359 began to appear and diastereoselectivity decreased
(entries 13, 14). It is important to notice that in these last two experiments, vinyl
phthalimide 183 was detected in amounts superior that 50 %, resulting from the
Lewis acid catalyzed retro [2 + 2] reaction. It was later found that in order to
prevent ring-opening, 4 Å molecular sieves were required. The reaction was finally
performed at −40 °C and full conversion could be observed (entry 15).

Tin tetrachloride was selected as catalyst for the [4 + 2] annulation of cyclob-
utanes. Compared to the cyclopropanes, the reaction required higher temperatures
and catalyst loading. This is probably coming from the fact that the cyclobutanes
are less electrophilic due to the lower strain in their carbon skeleton and that the
ring closure occurs with one more degree of freedom due to the extra CC bond.

3.3.2 Synthesis of Substrates

Silyl enol ethers having different electronic densities were synthesized using
common procedure. It involved deprotonation with NaHMDS and quenching with
corresponding silyl chloride (Scheme 3.17). Acetophenone derived enol ethers
360a–360d were obtained in yields ranging from 22 to 71 % after Kugelrohr
distillation.

3.3.3 Scope and Limitations

Using the optimized conditions, we submitted the aminocyclobutanes and various
enol ethers to catalytic amounts of tin tetrachloride (Table 3.5). On a preparative
scale, the reaction with TIPS enol ether afforded one diastereoisomer of the product
358a in 82 % yield (entry 1). Changing the ester groups to benzyl on the cyclo-
butane afforded 358b in 64 % yield (entry 2). Switching to TBS enol ether 219b
allowed us to isolate the product 358c with a better yield (entry 3). In this case, the
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OTBS

MeO2C

OTBS

F

OTBS

MeO

R Me

O

R

TBSONaHMDS/TBSCl, THF, -78°C

360a
31%

360b
71%

360c
22%

OTBS

360d
27%

Me

Scheme 3.17 Synthesis of enol ethers

Table 3.5 [4 + 2] annulation of aminocyclobutanes

PhthN CO2R
1

CO2R
1

R2

OSiR3
3 20 mol% SnCl4

CH2Cl2, 4Å MS, - 40°C

PhthN

CO2R
1

CO2R
1

R2
OSiR3

3

+

Entry Substrate Product Yield (%)a

1 325a 219a PhthN

CO2Me
CO2Me

Ph
OTIPS

358a

82 (dr > 20:1)

2 325u 219a PhthN

CO2Bn
CO2Bn

Ph
OTIPS

358b

64 (dr > 20:1)

3 325a 219b PhthN

CO2Me
CO2Me

Ph
OTBS

358c

95 (dr > 20:1)

4 325a 360b

PhthN

CO2Me
CO2Me

TBSO

OMe

358d

90 (dr > 20:1)

5 325a 360c

PhthN

CO2Me
CO2Me

TBSO

F

358e

99 (dr > 20:1)

(continued)
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reaction tolerated electron-rich and -poor substituents on the aromatic part of the
enol ether: Aminocyclohexanes 358d–358f were obtained in excellent yields (90–
99 %) as a single diastereoisomer (entries 4–6). Changing the ester substituents to
isopropyl or benzyl afforded one diastereoisomer of the corresponding
six-membered rings 358g and 358h in good yields (entries 7, 8). In contrast to the
[3 + 2] annulation, the reaction with a trisubstituted enol ether proceeded with good
stereoselectivity for the β-substituent but with scrambling during the ring closure
(entry 9). The product 358i was thus obtained in good yield as a 2:1 mixture of
diastereoisomers at the center in α-position to the malonate. The relative stereo-
chemistry was established as trans for all products using 2D-NMR analysis except
for 358f and 358i. In these two cases the major diastereoisomers possessed a cis
relationship between phthalimide and the silanol. At this stage of the project it is
difficult to rationalize these results. The two diastereoisomers represent the kinetic
and thermodynamic products but more experimentation will be required to find a
mechanistic explanation.

Deprotection of the phthalimide was possible under aminolysis conditions.
Using ethylene diamine in isopropanol/toluene mixture, the free amine was
obtained in 87 % yield (Scheme 3.18).

The annulation of aminocyclobutane and silyl enol ether was successfully
implemented in order to access selectively cyclohexanes substituted with nitrogen.
So far, the reaction tolerated variation on the enol ether substituent and on the esters
of the cyclobutanes. Current investigations in our group are done toward the use of

Table 3.5 (continued)

Entry Substrate Product Yield (%)a

6 325a 360a

PhthN

CO2Me
CO2Me

TBSO

CO2Me

358f

82 (dr = 2:1)

7 325u 219b PhthN

CO2Bn
CO2Bn

Ph
OTBS

358g

72 (dr > 20:1)

8 325l 219b PhthN

CO2
iPr

CO2
iPr

Ph
OTBS

358h

55 (68 brsm)
(dr > 20:1)

9 325a 360d
PhthN

CO2Me
CO2Me

Ph
OTBS

Me

358i

90 (dr = 2:1)

aReaction conditions: 0.20 mmol cyclobutane, 0.30 mmol enol ether, 0.04 mmol catalyst, 4 Å MS
in dichloromethane, −40°C, under nitrogen. Isolated yields after column chromatography.
Brsm = based on recovered starting material
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polysubstituted aminocyclobutanes as 1,4 dipoles which should extend the struc-
tural diversity accessed by these reactions.

During the optimization of the reaction, side product 362 was observed and
identified as the result of [2 + 2 + 2] cycloaddition (a, Scheme 3.19). Such process
has been rarely observed but would be very valuable as it gives a direct access to
polysubstituted diaminocyclohexanes [21, 22]. Preliminary results indicate that the
use of carbonyls as dipolarophiles is able to deliver the corresponding aminotet-
rahydropyran (b and c) and that [2 + 2 + 2] cycloaddition seems also possible (d).
The development of these methods is currently studied in our group.

PhthN

CO2Me
CO2Me

Ph
OTBS NH2

CO2Me
CO2Me

Ph
OTBSNH2CH2CH2NH2

iPrOH/toluene, 2:1
80°C

358c 361
87%

Scheme 3.18 Phthalimide deprotection of 358c

PhthN CO2Me
CO2Me

20 mol% FeCl3•Al2O3

CH2Cl2, rt

PhthN

CO2Me
CO2Me

O Ph
O

Ph
+

PhthN CO2MeMeO2C 20 mol% FeCl3•Al2O3

CH2Cl2, rt

PhthN

CO2Me
CO2Me

O Ph
O

Ph
++

PhthN CO2MeMeO2C 20 mol% FeCl3•Al2O3

CH2Cl2, 0°C

PhthN

CO2Me
CO2Me

Nphth

+

183
2 eq

225a 215a 363
observed by NMR

363
observed by NMR

215a223a

223a 362
isolated

183

(b)

(d)

(a)

PhthN CO2Me
CO2Me

40 mol% SnCl4

CH2Cl2, rt

PhthN

CO2Me
CO2Me

O PhO

Ph
+

225a 218a 364
observed by NMR

(c)
Me

Me

Scheme 3.19 Preliminary results of annulations with enimides and carbonyls
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3.4 Conclusion

In this chapter, we have described the iron catalyzed [2 + 2] cycloaddition of
enimides and vinylidene malonates. The reaction tolerated various substituents on
both partners and afforded the products in yields ranging from 45 to 96 % and
diastereoselectivity up to 20:1. A carbonucleoside analogue could be directly
synthesized using a thymine derivative. The synthesis of very reactive methylidene
malonates was improved, and simplified. A sequential procedure was developed to
access the aminocyclobutanes on a multigram scale. Following a three step
sequence, it was shown that aminocyclobutanes can be integrated into peptides. The
aminocyclobutanes could efficiently react as formal 1,4 dipoles with silyl enol
ethers. The tin-catalyzed [4 + 2] annulation that was developed allowed the syn-
thesis of diverse cyclohexylamine analogues.
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Chapter 4
Conclusions and Outlook

The research work presented in this thesis was aimed at the development of
intermolecular ring-opening reaction of donor-acceptor amino-substituted cycloal-
kanes. In this context, the use of aminocyclopropanes as reactive formal 1,3 dipoles
was studied first. It was shown that the structure of both the donor and the acceptor
sides had to be finely tuned, in order to generate a stable yet reactive formal 1,3
dipole precursor. A first generation of cyclopropanes bearing a phthalimide pro-
tecting group on the nitrogen and a vicinal malonic ester was used for this purpose
(Fig. 4.1).

With these substrates, we managed to develop the first diastereo—and enan-
tiospecific [3 + 2] annulation with silyl and alkyl enol ethers as dipolarophiles. The
reaction was catalyzed by a tin-based Lewis acid. The cyclopentylamines were
obtained in high yields and stereoselectivity. The reaction tolerated a wide range of
electron-poor and—rich aromatic and alkyl-substituted silyl enol ethers. Hindered
tetrasubstituted olefins could react stereoselectively under these conditions. Alkyl
enol ethers were also successfully used for the first time as partner in [3 + 2]
annulation with DA cyclopropanes. Deprotection of the phthalimide protecting
group and access to cyclopentenylamines were successfully implemented.

In order to expand the diversity of accessible chemical space using [3 + 2]
annulations, we then used carbonyls as dipolarophiles. We developed two protocols
for the annulation between aminocyclopropanes and aldehydes or ketones. The
resulting aminotetrahydrofurans, which are found in numerous natural molecules,
were obtained in very good yields and diastereoselectivity. Aldehydes could be
reacted stereoselectively using a user-friendly iron catalyst. Ketones required a
different set of conditions (SnCl4, −78 °C) in order to achieve a very high degree of
facial selectivity. As in the case of aldehydes, racemization of the cyclopropane
occurred in presence of the Lewis acid, the products could not be accessed enan-
tiospecifically. In contrast, enantiopure aminotetrahydrofurans bearing quaternary
centers could be obtained when ketones were employed.

The reaction between aminocyclopropanes and indoles in presence of a Lewis
acid afforded the linear ring-opened products. The reaction required a modified
acceptor functionality on the cyclopropane: The alkyl esters had to be changed to
trifluoroethyl esters in order to access the GABA analogues in good yields. The
reaction tolerated a wide range of indoles derivative as well as carbo—and

© Springer International Publishing Switzerland 2016
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heteroaromatics as nucleophiles. The synthetic modifications of the products
afforded building blocks that can provide a useful platform for the construction of
bio-relevant molecules.

The use of cyclopropanes bearing a succinimide protecting group on the nitrogen
allowed us to develop a DyKAT for the enantioselective synthesis of cyclopen-
tylamines and aminotetrahydrofurans. Both products were obtained with an enan-
tiomeric ratio up to 98:2 using a commercially available tBu-BOX ligand and a
copper-perchlorate salt. As silyl enol ethers were not effective for this process, they
were replaced by alkyl enol ethers.

In a second project, the reactivity of strained aminocycloalkanes was extended to
aminocyclobutanes. At the beginning of this study, it became obvious that a new
synthetic method had to be developed to access DA aminocyclobutanes analogues.
We discovered that using again an iron catalyst, the reaction between vinyl imides
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Fig. 4.1 Products obtained by intermolecular ring-opening reaction of donor-acceptor
amino-substituted cycloalkanes
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and alkylidene malonates afforded the aminocyclobutanes in very good yields up to
96 %. The reaction tolerated substitution on each position of the cyclobutane and
afforded stereospecifically the four-membered rings. Carbonucleoside analogues
could be directly accessed using vinyl thymine derivatives as starting materials. In
order to understand more precisely the selectivity, the [2 + 2] cycloaddition out-
come was studied using a labelled compound. This experiment highlighted the
stereospecificity of the reaction as the product was obtained with retention of the
stereogenic information. Important efforts were focused on simplifying the access to
the starting materials and to provide multigram quantities of the products. The
protocols involved the formation of sensitive alkylidene malonates and its
sequential reaction as a crude mixture with the catalyst and the vinyl imide.

Similarly to aminocyclopropanes, the cyclobutane analogues reacted in presence
of a Lewis acid and a nucleophilic olefin via [4 + 2] annulation to afford the
corresponding six-membered rings. The reaction tolerated silyl enol ethers derived
from acetophenone with electron-rich as well as electron-poor functionalities on the
aromatic ring.

In conclusion, through these 4 years of Ph.D., I managed to design and optimize
a toolbox of reactions making use of strained amino substituted carbocycles. It was
the first time that DA aminocyclopropanes and aminocyclobutanes were used as
formal dipoles in intermolecular [n + 2] annulations to access cyclopentylamines
and cyclohexylamines. The reactions developed allowed so far the efficient and
stereoselective synthesis of nitrogen substituted four-, five- and six-membered
rings. These methods are currently finding applications in diverse projects that are
ongoing in our group.

Outlook:
This work has set the base for several projects inside as well as outside our group.

• A chemical diversity project has been funded by the NCCR (National Center of
Competence in Research) in order to expand the methodology of [3 + 2] ann-
ulations to the synthesis of carba—and heteronucleoside analogues. By using
the protocols developed for the annulations with silyl enol ethers, aldehydes and
ketones, it was possible to access a range of promising DNA-based scaffolds
such as 365–366 (Fig. 4.2) [1].

• A Ph.D. grant has been funded by the SNSF (Swiss National Science
Foundation) in order to continue the studies on [4 + 2] as well as [2 + 2 + 2]
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Fig. 4.2 Synthesis of nucleoside analogues
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annulations. The scope of the silyl enol ether should be extended to polysub-
stituted aminocyclobutanes in order to study amongst other the stereoselectivity
of the reaction. The reaction with aldehydes, ketones and enimides have to be
optimized as they provide efficient access to bio-relevant scaffolds. Finally, the
development of [2 + 2 + 2] annulations would represent a very efficient way to
synthesize small libraries of amino substituted six-membered rings.

• In 2013, two methods appeared consecutively reporting the [8 + 3] annulations
of DA cyclopropanes. The first study conducted by Fernandez, Sierra and
co-workers is using the first generation aminocyclopropane 217 in combination
with substituted tropones (Scheme 4.1) [2]. The reaction requires catalytic
amounts of tin and afforded regio—and diastereoselectively the cyclized product
in good yields. The second report by Carretero and co-workers is studying
various DA cyclopropanes with unsubstituted tropones in presence of a Nickel
Lewis acid [3]. They also successfully included the phthalimide substituted
cyclopropane 217 in their study (Scheme 4.1) and obtained a different isomer as
they used a non-substituted tropone.

• Johnson and co-workers have shown that cyclopropane 217 did not react under
their conditions for the FC alkylation of indoles (Scheme 1.42).

Due to their specific structures, the synthetic potential of DA aminocyclopro-
panes and aminocyclobutanes is very high and many strategies can be explored
based on their reactivity. In the future, I can envisage the use of transition metal
catalysts, the development of enantioselective synthesis of amino substituted cyclic
structures, the synthesis of peptidomimetics or natural products as examples where
aminocyclopropanes and aminocyclobutanes could find applications. The field of
annulations with aminocyclopropanes and aminocyclobutanes could be enlarge by
the use of new partners such as imines or alkynes, which would give access to
important molecular scaffolds.
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Scheme 4.1 [8 + 3] annulations with aminocyclopropanes
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Chapter 5
Experimental Part

5.1 General Methods

All reactions were carried out in oven-dried glassware under nitrogen or argon
atmosphere with magnetic stirring, unless stated otherwise. THF, Et2O, CH3CN,
toluene, hexane and dichloromethane were dried by passage over activated alumina
under nitrogen atmosphere (water content <30 ppm, Karl-Fischer titration) on an
Innovative Technology Solvent Delivery System. All chemicals were purchased
from Strem, Acros, Aldrich, Fluka, VWR, Aplichem or Merck and used as such
unless stated otherwise. Chromatographic purification was performed as flash
chromatography using Macherey-Nagel silica 40–63, 60 Å or using aluminium
oxide, basic, Brockmann I purchased from Acros, using the solvents indicated as
eluent with 0.1–0.5 bar pressure. For flash chromatography, previously distilled
technical grade solvents were used. TLC was performed on Merck silica gel 60
F254 TLC glass plates or aluminium plates and visualized with UV light, and by
permanganate stain, CAN stain or p-anisaldehyde stain followed by heating.
Melting points were measured on a calibrated Büchi B-540 melting point apparatus
using open glass capillaries. 1H-NMR spectra were recorded on a Brucker DPX-400
400 MHz spectrometer in CDCl3, DMSO-d6, CD2Cl2 or CD3OD, all signals are
reported in ppm with the internal chloroform signal at 7.26 ppm, the internal DMSO
signal at 2.50 ppm, the internal CD2Cl2 signal at 5.31 ppm, or the internal MeOD
signal at 3.30 ppm as standard. The data are reported as follows: (s = singlet,
d = doublet, t = triplet, q = quadruplet, qi = quintet, m = multiplet or unresolved,
br = broad signal, coupling constant(s) in Hz, integration, interpretation) or
(s = singlet, d = doublet, t = triplet, q = quadruplet, qi = quintet, m = multiplet or
unresolved, br = broad signal, integration, coupling constant(s) in Hz, interpreta-
tion). 13C-NMR spectra were recorded with 1H-decoupling on a Brucker DPX-400
100 MHz spectrometer in CDCl3, DMSO-d6, CD2Cl2 or CD3OD, all signals are
reported in ppm with the internal chloroform signal at 77.0 ppm, the internal DMSO
signal at 39.5 ppm, the internal CD2Cl2 signal at 53.5 ppm or the internal MeOD
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signal at 49.0 ppm as standard. Infrared spectra were recorded on a JASCO FT-IR
B4100 spectrophotometer with an ATR PRO410-S and a ZnSe prisma and are
reported as cm−1 (w = weak, m = medium, s = strong, sh = shoulder). High
resolution mass spectrometry measurements were performed by the mass spec-
trometry service of ISIC at the EPFL on a MICROMASS (ESI) Q-TOF Ultima API.
HPLC measurements were done on a JASCO HPLC system with an AS2055
Autosampler, a PU 2089 Pump, a UV 2075 detector using a CHIRALPAK IC, IB,
IF or IA column from DAICEL Chemical. Optical rotations were measured on a
polarimeter using a 10 cm cell with a Na 589 nm filter. The specific solvents and
concentrations (in g/100 mL) are indicated.

5.2 [3 + 2] Annulation with Enols Ethers

Benzyl vinylcarbamate (195)

H
N

O

O Ph
Cl

O

N3

ONaN3

BnOH, K2CO3, 
Hydroquinone, pyridine

toluene, 100°CToluene/water, 0°C

193 194 195

Following a reported procedure [1], a solution of acryloyl chloride 193 (8.97 mL,
110 mmol, 1.00 equiv) and TBAI (2.04 g, 5.52 mmol, 0.05 equiv) in toluene
(100 mL) was added dropwise to a solution of sodium azide (8.60 g, 132 mmol,
1.20 equiv) in H2O (100 mL) at 0 °C. The biphasic reaction was stirred at 0 °C for
5 h then the layers were separated. The organic layer was dried over Na2SO4 and
filtered. The filtrate was added carefully into a solution of benzyl alcohol (120 g,
1.10 mol, 10 equiv), pyridine (523 mg, 6.63 mmol, 0.06 equiv) and hydroquinone
(607 mg, 5.52 mmol, 0.05 equiv) at 85 °C. The reaction was stirred for 1 h at 100 °
C then distilled under reduced pressure. The crude distillate (140 °C, 0.13 mmHg)
was recrystallized in cyclohexane to give benzyl-vinylcarbamate (195) as colorless
crystals (4.82 g, 27.2 mmol, 25 %).

Rf 0.7 (1:9 AcOEt/PET).
1H NMR (400 MHz, CDCl3) δ 7.39–7.31 (m, 5 H, Ar),

6.78–6.64 (m, 1 H, CH vinyl), 6.52–6.36 (m, 1 H, NH), 5.15 (s, 2 H, CH2 benzyl),
4.48 (d, 1 H, J = 15.7 Hz, CH2 vinyl), 4.30 (d, 1 H, J = 8.6 Hz, CH2 vinyl).

The characterization data for 195 corresponded to the reported values [1].
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3-Vinyloxazolidin-2-one (185)

NHO

O

BuOn
5 mol% (DPP)Pd(TFA)2

75°C
NO

O

+

185197196

Following a reported procedure [2], oxazolidinone 196 (2.00 g, 23.0 mmol,
1 eq), butyl vinyl ether 197 (30 mL, 10 eq) and palladium
trifluoroacetate-phenanthroline complex (609 mg, 1.15 mmol, 0.05 eq) were added
in a flask under air. The reaction is heated without condenser at 75 °C for 4 h and
concentrated under reduced pressure in order to remove the major part of butyl
vinyl ether. Purification by column chromatography (9:1 diethyl ether/petroleum
ether) afforded 3-Vinyloxazolidin-2-one (185) (2.42 g, 21.4 mmol, 93 %) as a
yellow oil.

Rf 0.43 (1:9 PET/Et2O).
1H NMR (400 MHz, CDCl3) δ 6.85 (dd, 1 H, J = 15.8,

9.0 Hz, CH vinyl), 4.48–4.39 (m, 3 H, CH2 + CH2 vinyl), 4.28 (dd, 1 H, J = 15.8,
1.1 Hz, CH2 vinyl), 3.73–3.66 (m, 2 H, CH2).

The characterization data for 185 corresponded to the reported values [3].

Dimethyl 2-diazomalonate (199)

TsN3
MeO OMe

OO NEt3
MeO OMe

OO

N2

198 199370

Following a reported procedure [4], dimethylmalonate 198 (7.93 mL,
69.7 mmol, 1 eq), triethylamine (10.6 mL, 76.6 mmol, 1.1 eq) and tosyl azide 370
(15.1 g, 76.6 mmol, 1.1 eq) were dissolved in acetonitrile (100 mL). The solution
was stirred at 23 °C for 20 h. The solution was concentrated under reduced pressure
and partitioned between dichloromethane and water. The layers were separated and
the aqueous layer was extracted with dichloromethane (x1). The organic layers
were combined and dried over MgSO4. The crude was first filtered over a plug of
silica gel (PET/Et2O 1/1) to remove most of the tosylamide formed during the
reaction. Then, purification by column chromatography (PET/Et2O 1/1) afforded
dimethyl 2-diazomalonate (199) (10.4 g, 65.5 mmol, 94 %) as a yellow oil which
solidified under storage at 4 °C.
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Rf 0.32 (1:1 PET/Et2O).
1H NMR (400 MHz, CDCl3) δ 3.87 (s, 1 H). 13C NMR

(101 MHz, CDCl3) δ 161.2, 52.4.1

The characterization data for 199 corresponded to the reported values [4].

Diethyl 2-diazomalonate (201)

TsN3
EtO OEt

OO NEt3
EtO OEt

OO

N2

200 201370

Following a reported procedure [4], diethylmalonate 200 (2.17 mL, 14.3 mmol,
1 eq), triethylamine (2.18 mL, 15.7 mmol, 1.1 eq) and tosyl azide 370 (3.09 g,
15.7 mmol, 1.1 eq) were dissolved in acetonitrile (20 mL). The solution was stirred
at 23 °C for 20 h. The solution was concentrated under reduced pressure and
partitioned between DCM and water. The layers were separated and the aqueous
layer was extracted with dichloromethane (x1). The organic layers were combined
and dried over MgSO4. The crude was first filtered over a plug of silica gel
(PET/Et2O 1/1) to remove most of the tosylamide formed during the reaction. Then,
purification by column chromatography (PET/Et2O 1/1) afforded dimethyl
2-diazomalonate (201) (2.3 g, 12 mmol, 86 %) as a yellow oil which solidified
under storage at 4 °C.

Rf 0.48 (1:1 PET/Et2O).
1H NMR (400 MHz, CDCl3) δ 4.27 (q, 4 H,

J = 7.1 Hz), 1.28 (t, 6 H, J = 7.1 Hz). 13C NMR (101 MHz, CDCl3) δ 161.0, 61.5,
14.3 (See footnote 1).

The characterization data for 201 corresponded to the reported values [5].

General procedure 1 (GP1) for Rhodium catalyzed cyclopropanation

N
N2

CO2R2

N
R1

R1

Rh(esp)2 or CuOTf•Tol
+

R1

R1

R2O2C

CO2R2

CO2R2

Following a modified procedure [6], bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (0.1 mol%) is weighted in the glovebox.
The flask is closed with a septum and put under N2 atmosphere. A solution of vinyl
imide (1 eq) in dry dichloromethane is added and the resulting green suspension is
cooled down to 0 °C with an ice/water bath. A solution of diazo compound (1.1 eq)

1The diazo carbon could not be detected.
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in dichloromethane is added over 5 min. When the addition is complete, the
reaction is allowed to warm to room temperature. After 5 h at room temperature, the
solvent is removed under reduced pressure and the crude is directly purified by
column chromatography.

GP2 for Copper catalyzed cyclopropanation

Copper-(I)-trifluoromethanesulfonate-toluene complex (2.5 mol%) is weighted in
the glovebox. The flask is closed with a septum, protected from light and put under
N2 atmosphere. A solution of vinyl imide (1 eq) in dry dichloromethane is added.
The diazo compound (4 eq) is added via a syringe pump over 18 h. When the
addition is complete, the solvent is removed under reduced pressure and the crude is
directly purified by column chromatograpy.

Trans-ethyl 2-((benzyloxy)carbonyl)amino)cyclopropanecarboxylate (203)

Following GP1, using N-Vinyl-O-benzyl Urethane (50 mg, 0.28 mmol, 1 eq),
ethyl-diazoacetate (64 mg, 0.56 mmol, 2 eq) and 2.1 mg (0.0028 mmol, 1 mol%) of
bis[rhodium(α,α,α′,α′-tetramethyl-1,3-benzenedipropionic acid)]. After column
chromatography (100 % Heptane + 1 % NEt3 to 9:1 Heptane/Ethyl Acetate + 1 %
NEt3), trans-ethyl 2-((benzyloxy)carbonyl)amino)cyclopropanecarboxylate (203)
(27 mg, 0.10 mmol, 36 % yield) is obtained as a colorless oil.

NO

O

Ph
H

CO2Et

Rf 0.5 (7:3 Petroleum ether/Ethyl Acetate) 1H NMR (400 MHz, CDCl3) δ 7.42–
7.32 (m, 5 H, Ar), 5.13 (m, 2 H, Ar–CH2), 4.16 (m, 2 H, O–CH2–CH3, 3.12
(m, 1 H, N–C–H), 1.79 (m, 1 H, CH2), 1.45 (m, 1 H, CH2), 1.31–1.25 (t, 3 H,
J = 7.5 Hz, O–CH2–CH3), 1.14–1.19 (m, 1 H, CH2).

The characterization data for 203 corresponded to the reported values [7].

Ethyl 2-(2-oxooxazolidin-3-yl)cyclopropanecarboxylate (204)

Following GP2, using N-vinyl-oxazolidinone (2.42 g, 21.4 mmol, 1 eq), ethyl
diazoacetate (9.0 mL, 86 mmol, 4 eq) and copper-(I)-trifluoromethanesulfonate-
toluene complex (277 mg, 0.534 mmol, 2.5 mol%). After purification by column
chromatography (9/1 Petroleum Ether/Ethyl Acetate to 100 Ethyl Acetate), ethyl 2-
(2-oxooxazolidin-3-yl)cyclopropanecarboxylate (204) (3.21 g, 16.1 mmol, 75 %
yield) was obtained as a yellow oil.

1:1 Mixture of cis and trans non-separable diastereoisomers.

NO

O

CO2Et
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Rf 0.3 (98:2 DCM/MeOH). 1H NMR (400 MHz, CDCl3) δ 4.35–4.26 (m, 4 H,
CH2 oxazolidinone), 4.19–4.11 (m, 4 H, O–CH2–CH3), 3.74 (dd, 1 H, J = 7.9,
7.9 Hz, N–C–H), 3.60–3.50 (m, 3 H, N–C–H and CH2 oxazolidinone), 3.07–3.00
(m, 2 H, CH2 oxazolidinone), 2.02 (m, 1 H, CHCO2Et), 1.90 (m, 1 H, CHCO2Et),
1.55 (q, 1 H, J = 6.0 Hz, CH2), 1.52–1.43 (m, 2 H, CH2), 1.38–1.31 (m, 1 H, CH2),
1.30–1.24 (m, 6 H, O–CH2–CH3).

13C NMR (101 MHz, CDCl3) δ 171.9, 170.5,
158.5, 157.9, 62.3, 61.9, 61.0, 61.0, 45.7, 45.7, 34.4, 33.0, 20.7, 20.6, 15.0, 14.2,
12.8.2 IR 2986 (w), 2985 (w), 2917 (w), 1751 (s), 1723 (s), 1722 (s), 1426 (m),
1409 (m), 1185 (s), 1040 (m). HRMS (ESI) calcd for C9H14NO4

+ [M + H]+

200.0917; found 200.0908.

Trans-ethyl 2-(2-oxopyrrolidin-1-yl)cyclopropanecarboxylate (205)

Following GP2, using commercially available N-vinyl-pyrrolidone, (250 mg,
2.25 mmol, 1 eq), ethyl diazoacetate (0.95 mL, 8.9 mmol, 4 eq) and copper-(I)-
trifluoromethanesulfonate-toluene complex (29 mg, 0.056 mmol, 2.5 mol%). After
purification by column chromatography (9/1 Petroleum Ether/Ethyl Acetate to 100
Ethyl Acetate), trans-ethyl 2-(2-oxopyrrolidin-1-yl)cyclopropanecarboxylate (205)
(240 mg, 1.22 mmol, 54 % yield) is obtained as a yellow oil.

N

O

CO2Et

Rf 0.2 (Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 4.15 (qd, 2 H, J = 7.2,
1.5 Hz, O–CH2–CH3), 3.31 (t, 2 H, J = 7.2 Hz, CH2 pyrrolidone), 3.20–3.15 (m, 1
H, N–C–H), 2.39 (t, 2 H, J = 8.0 Hz, CH2 pyrrolidone), 2.05–1.96 (m, 2 H, CH2

pyrrolidone), 1.88–1.82 (m, 1 H, CHCO2Et), 1.51–1.38 (m, 2 H, CH2), 1.27 (t, 3 H,
J = 7.1 Hz, O–CH2–CH3).

13C NMR (101 MHz, CDCl3) δ 175.9, 172.3, 60.9, 47.2,
34.1, 31.7, 19.7, 18.0, 14.2, 14.1.

The characterization data for 205 corresponded to the reported values [8].

Trans-ethyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropanecarboxylate (206)

Following GP2, using N-vinyl-phthalimide (500 mg, 2.04 mmol, 1 eq), ethyl
diazoacetate (0.860 mL, 8.16 mmol, 4 eq) and copper-(I)-
trifluoromethanesulfonate-toluene complex (26.4 mg, 0.0510 mmol, 2.5 mol%).
After column chromatograpy (8:2 Petroleum Ether/Ethyl Acetate) a yellow solid is
obtained and recrystallized in Petroleum Ether/Ethyl Acetate to give trans-ethyl 2-
(1,3-dioxoisoindolin-2-yl)cyclopropanecarboxylate (206) (205 mg, 0.791 mmol,
40 % yield) as a colorless solid.

2One carbon aliphatic of one diastereoisomer could not be resolved.
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N

O

O

CO2Et

Rf 0.36 (8:2, Petroleum Ether/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ
7.87–7.81 (m, 2 H, Phth), 7.77–7.71 (m, 2 H, Phth), 4.22 (q, 2 H, J = 7.2 Hz,
O–CH2–CH3), 3.35–3.28 (m, 1 H, N–C–H), 2.25–2.20 (m, 1 H, CHCO2Et), 1.76
(dt, 1 H, J = 9.3, 5.5 Hz, CH2), 1.65 (dt, 1 H, J = 8.1, 5.9 Hz, CH2), 1.32 (t, 3 H,
J = 7.2 Hz, O–CH2–CH3).

13C NMR (101 MHz, CDCl3) δ 172.1, 168.0, 134.3,
131.6, 123.4, 61.1, 29.5, 20.0, 14.2, 13.6.

The characterization data for 206 corresponded to the reported values [8].

Diethyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (217)

Following GP1, using commercially available N-vinyl-phthalimide (3.0 g, 18 mmol,
1 eq) diethyl-2-diazomalonate (4.0 g, 21 mmol, 1.2 eq) and bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (14 mg, 0.018 mmol, 0.1 mol%).
After column chromatography (100 % Heptane + 1 % NEt3 to 9:1 Heptane/
Ethyl Acetate + 1 % NEt3) diethyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,
1-dicarboxylate (217) (5.4 g, 16 mmol, 90 % yield) is obtained as a white solid.

N

O

O

CO2Et

CO2Et

Rf 0.36 (6:4, Hexane/Ethyl acetate) Mp 93.1 °C. 1H NMR (400 MHz, CDCl3) δ
7.85 (m, 2 H, Phth), 7.74 (m, 2 H, Phth), 4.30 (m, 2 H, OCH2), 4.07 (m, 2 H,
OCH2), 3.71 (dd, 1 H, J = 8.5, 6.6 Hz, N–C–H), 2.74 (t, 1 H, J = 6.5 Hz, CH2), 2.02
(dd, 1 H, J = 8.5, 6.4 Hz, CH2), 1.34 (t, 3 H, J = 7.1 Hz, CH3), 1.12 (t, 3 H,
J = 7.1 Hz, CH3).

13C NMR (101 MHz, CDCl3) δ 168.2, 167.8, 166.4, 134.3,
131.6, 123.4, 62.0, 61.8, 34.7, 33.5, 19.2, 14.1, 13.8. IR 2985 (w), 2938 (w), 2907
(w), 1783 (m), 1719 (s), 1614 (w), 1393 (s), 1321 (m), 1218 (s), 1133 (m), 719 (s).
HRMS (ESI) calcd for C17H18NO6

+ [M + H]+ 332.1129; found 332.1135.

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (223)

Following GP1, using commercially available N-vinyl-phthalimide (2.5 g,
14 mmol, 1 eq) diethyl-2-diazomalonate (2.5 g, 15 mmol, 1.1 eq) and bis[rhodium
(α,α,α′,α′-tetramethyl-1,3-benzenedipropionic acid)] (10.9 mg, 0.014 mmol,
0.1 mol%). After column chromatography (9:1 Hexane/Ethyl Acetate to 7:3
Hexane/Ethyl Acetate) diethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclopropane-1,1-dicarboxylate (223) (3.40 g, 11.2 mmol, 78 % yield) is obtained
as a white solid.

5.2 [3 + 2] Annulation with Enols Ethers 159



The two enantiomers were separated by HPLC using Chiralpack IA column
(0.46 × 25 cm), 95:5 Hexane/Isopropanol, 1 mL/min. tr1 = 23.9 min, [α]D

25.0 122
(c = 0.69, CHCl3). tr2 = 27.1 min,

[α]D
25.0 − 122 (c = 0.1, CHCl3)

Preparative HPLC: Column IA 20 × 250 mm, 98:2 Hexane/Isopropanol,
16 mL/min. tr1 = 45 min, tr2 = 75 min.

N

O

O

CO2Me

CO2Me

Rf 0.27 (6:4, Hexane/Ethyl acetate). Mp 124.6 – 125 °C. 1H NMR (400 MHz,
CDCl3) δ 7.86 (m, 2 H, Phth), 7.75 (m, 2 H, Phth), 3.85 (s, 3 H, OMe), 3.72 (dd, 1
H, J = 8.5, 6.6 Hz, N–CH), 3.64 (s, 3 H, OMe), 2.73 (dd, 1 H, J = 6.5, 6.5 Hz,
CH2), 2.06 (dd, 1 H, J = 8.5, 6.4 Hz, CH2).

13C NMR (101 MHz, CDCl3) δ 168.5,
167.8, 166.9, 134.3, 131.4, 123.5, 53.1, 53.0, 34.9, 33.1, 19.6. IR 2956 (w), 1783
(w), 1727 (s), 1468 (w), 1439 (w), 1399 (m), 1329 (m), 1294 (m), 1222 (m), 1134
(w), 909 (w), 876 (w), 720 (m). HRMS (ESI) calcd for C15H14NO6

+ [M + H]+

304.0816; found 304.0804.

General procedures for the synthesis of Silyl Enol Ethers

R1

O

R3

H

R2

R1

O

R3

R2

R3Si
method A or B

GP3

The ketone (1 eq) in anhydrous THF is added in an oven-dried flask sealed with a
septum and under N2 atmosphere. The solution is cooled down to −78 °C and a 2 M
solution of NaHMDS (1.22 eq) is added dropwise. The cold bath is removed and the
pale yellow solution is stirred for 1 h at room temperature. The reaction is cooled
again at −78 °C and the corresponding silyl chloride (1.2 eq) is added dropwise. The
reaction is stirred at room temperature for 5 h after what the solvent is directly
removed under reduced pressure. The resulting orange oil is purified by plug or by
column chromatography on triethylamine-deactivated silica (100 % Hexane).

GP4

The ketone (1 eq) in anhydrous dichloromethane is added in an oven-dried flask
sealed with a septum and under N2 atmosphere. Triethylamine (1.8 eq) and then
triisopropylsilyl-trifluoromethanesulfonate (1.2 eq) are added at room temperature.
After 2 h, the reaction is diluted with dichloromethane and washed with a solution of
sat. NH4Cl. The aqueous layer is extracted three times with ethyl acetate. The organic
layers are collected, washed with brine, dried over anhydrous sodium sulfate, filtered
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and concentrated under reduced pressure. The crude oil is purified by plug or column
chromatography on triethylamine deactivated silica (100 % Hexane).

Triisopropyl(1-phenylvinyl)oxy)silane (219a)

Following GP3, starting from 580 mg of acetophenone (4.82 mmol), 1.03 g
(3.72 mmol, 77 % yield) of a colorless oil was obtained.

OTIPS

1H NMR (400 MHz, CDCl3) δ 7.69–7.65 (m, 2 H, Ar), 7.38–7.29 (m, 3 H, Ar),
4.85 (d, 1 H, J = 1.8 Hz, C=CH2), 4.41 (d, 1 H, J = 1.8 Hz, C=CH2), 1.39–1.27 (m,
3 H, SiCH(CH3)2), 1.19–1.13 (m, 18 H, SiCH(CH3)2).

13C NMR (101 MHz,
CDCl3) δ 156.2, 138.0, 128.2, 128.1, 125.4, 90.0, 18.2, 12.9.

The characterization data for 219a corresponded to the reported values [9].

Tert-butyldimethyl(1-phenylvinyl)oxy)silane (219b):

Following GP3, starting from 580 mg of acetophenone (4.82 mmol), 960 mg
(4.10 mmol, 85 % yield) of a colorless oil was obtained.

OTBS

1H NMR (400 MHz, CDCl3) δ 7.65–7.60 (m, 2 H, Ar), 7.39–7.29 (m, 3 H, Ar),
4.89 (d, 1 H, J = 1.7 Hz, C=CH2), 4.42 (d, 1 H, J = 1.7 Hz, C=CH2), 1.00 (s, 9 H, Si
(CH3)2C(CH3)3), 0.21 (s, 5 H, Si(CH3)2C(CH3)3).

13C NMR (101 MHz, CDCl3) δ
156.0, 137.8, 128.2, 128.1, 125.3, 90.9, 25.9, 18.4, −4.6.

The characterization data for 219b corresponded to the reported values [9].

Triethyl(1-phenylvinyl)oxy)silane (219c):

Following GP3, starting from 580 mg of acetophenone (4.82 mmol), 869 mg
(3.71 mmol, 77 % yield) of a colorless oil were obtained.

OTES

1H NMR (400 MHz, CDCl3) δ 7.62 (m, 2 H, Ar), 7.31 (m, 3 H, Ar), 4.88 (d, 1
H, J = 1.7 Hz, C=CH2), 4.43 (d, 1 H, J = 1.7 Hz, C=CH2), 1.01 (m, 9 H,
SiCH2CH3), 0.77 (m, 6 H, SiCH2CH3).

13C NMR (101 MHz, CDCl3) δ 156.0,
137.8, 128.2, 128.1, 125.3, 90.4, 6.8, 5.1.
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The characterization data for 219c corresponded to the reported values [9].

(1-(2-Bromophenyl)vinyl)oxy)triisopropylsilane (219d)

Following GP3, starting from 0.50 mL of 2′-bromoacetophenone (3.7 mmol),
1.15 g (3.26 mmol, 88 % yield) of a colorless oil were obtained.

OTIPS

Br

Rf 0.80 (9:1, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.60 (ddd, 1
H, J = 8.0, 1.2, 0.2 Hz, Ar), 7.46 (dd, 1 H, J = 7.6, 1.8 Hz, Ar), 7.29 (td, 1 H,
J = 7.4, 1.3 Hz, Ar), 7.16 (ddd, 1 H, J = 8.0, 7.4, 1.8 Hz, Ar), 4.63 (d, 1 H,
J = 1.5 Hz, C=CH2), 4.55 (d, 1 H, J = 1.5 Hz, C=CH2), 1.32–1.21 (m, 3 H, SiCH
(CH3)2), 1.16–1.11 (m, 18 H, SiCH(CH3)2).

13C NMR (101 MHz, CDCl3) δ 156.2,
140.5, 133.3, 130.3, 129.1, 126.9, 121.5, 95.4, 18.1, 12.7. IR 2945 (w), 2891 (w),
2866 (m), 1705 (w), 1626 (w), 1589 (w), 1466 (m), 1317 (s), 1024 (s), 883 (m).
HRMS (ESI) calcd for C17

79BrH28OSi
+ [M + H]+ 355.1087; found 355.1075.

Triisopropyl(1-(naphthalen-1-yl)vinyl)oxy)silane (219e)

Following GP4, starting from 500 mg of 1′-acetonaphthone (2.94 mmol), 865 mg
(2.65 mmol, 91 % yield) of a colorless oil were obtained.

TIPSO

Rf 0.66 (100 % Hexane). 1H NMR (400 MHz, CDCl3) δ 8.42–8.37 (m, 1 H, Ar),
7.88–7.80 (m, 2 H, Ar), 7.59–7.40 (m, 4 H, Ar), 4.76 (d, 1 H, J = 0.8 Hz, C=CH2),
4.63 (d, 1 H, J = 0.8 Hz, C=CH2), 1.30–1.17 (m, 3 H, SiCH(CH3)2), 1.12–1.05 (m,
18 H, SiCH(CH3)2).

13C NMR (101 MHz, CDCl3) δ 157.6, 137.7, 133.7, 131.0,
128.4, 128.1, 126.6, 125.9, 125.8, 125.7, 125.0, 95.9, 18.0, 12.7. IR 2944 (m),
2892 (w), 2866 (m), 1626 (w), 1615 (w), 1464 (w), 1304 (s), 1016 (s), 778 (s).
HRMS (ESI) calcd for C21H31OSi

+ [M + H]+ 327.2139; found 327.2132.

Methyl 4-(1-(triisopropylsilyl)oxy)vinyl)benzoate (219f)

Following GP4, starting from 500 mg of methyl 4-acetylbenzoate (2.81 mmol),
856 mg (2.56 mmol, 91 % yield) of a colorless oil were obtained.

OTIPS

MeO2C
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Rf 0.5 (9:1, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 8.00 (m, 2 H,
Ar), 7.70 (m, 2 H, Ar), 4.96 (d, 1 H, J = 2.0 Hz, C=CH2), 4.53 (d, 1 H, J = 2.0 Hz,
C=CH2), 3.92 (s, 3 H, CO2CH3), 1.37–1.26 (m, 3 H, SiCH(CH3)2), 1.18–1.12 (m,
18 H, SiCH(CH3)2).

13C NMR (101 MHz, CDCl3) δ 166.9, 155.3, 142.3, 129.6,
129.5, 125.2, 92.1, 52.1, 18.1, 12.8. IR 3669 (w), 3522 (w), 2959 (m), 2955 (m),
2943 (m), 2867 (m), 1722 (s), 1679 (m), 1282 (s), 1113 (s). HRMS (ESI) calcd for
C19H31O3Si

+ [M + H]+ 335.2037; found 335.2032.

(1-(4-Fluorophenyl)vinyl)oxy)triisopropylsilane (219g)

Following GP4, starting from 500 mg of 4′-fluoroacetophenone (3.62 mmol),
776 mg (2.64 mmol, 73 % yield) of a colorless oil were obtained.

OTIPS

F

1H NMR (400 MHz, CDCl3) δ 7.61 (m, 2 H, Ar), 7.00 (m, 2 H, Ar), 4.77 (d, 1
H, J = 2.0 Hz, C=CH2), 4.39 (d, 1 H, J = 1.9 Hz, C=CH2), 1.43–1.29 (m, 3 H, SiCH
(CH3)2), 1.22–1.14 (m, 18 H, SiCH(CH3)2).

13C NMR (101 MHz, CDCl3) δ 162.8
(d, J = 248 Hz), 155.3, 134.1 (d, J = 3 Hz), 127.1 (d, J = 8.1 Hz), 114.9 (d,
J = 21.5 Hz), 89.7 (d, J = 2 Hz), 18.1, 12.8.

The characterization data for 219g corresponded to the reported values [9].

4-(1-(Triisopropylsilyl)oxy)vinyl)benzonitrile (219h)

Following GP4, starting from 0.50 mg of 4-acetylbenzonitrile (3.4 mmol), 1.0 g
(3.3 mmol, 97 % yield) of a pale orange oil were obtained.

OTIPS

NC

Rf 0.55 (9:1, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.73 (m, 2
H, Ar), 7.62 (m, 2 H, Ar), 4.96 (d, 1 H, J = 2.3 Hz, C=CH2), 4.57 (d, 1 H,
J = 2.3 Hz, C=CH2), 1.39–1.26 (m, 3 H, SiCH(CH3)2), 1.18–1.12 (m, 18 H, SiCH
(CH3)2).

13C NMR (101 MHz, CDCl3) δ 154.5, 142.2, 132.0, 125.8, 119.0, 111.5,
92.8, 18.1, 12.7. IR 2946 (m), 2945 (m), 2892 (w), 2868 (m), 2229 (w), 1614 (w),
1464 (w), 1317 (s), 1302 (m), 1111 (s), 1015 (s). HRMS (ESI) calcd for
C18H28NOSi

+ [M + H]+ 302.1935; found 302.1935.

Triisopropyl(1-(4-methoxyphenyl)vinyl)oxy)silane (219i)

Following GP3starting from 724 mg of 4′-methoxyacetophenone (4.82 mmol),
1.3 g (4.2 mmol, 87 % yield) of a colorless oil were obtained.
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OTIPS

O

Rf 0.75 (9:1, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.65 (m, 2
H, Ar), 6.92 (m, 2 H, Ar), 4.81 (d, 1 H, J = 1.8 Hz, C=CH2), 4.39 (d, 1 H,
J = 1.8 Hz, C=CH2), 3.86 (s, 3 H, OCH3), 1.43–1.31 (m, 3 H, SiCH(CH3)2), 1.23–
1.17 (m, 18 H, SiCH(CH3)2).

13C NMR (101 MHz, CDCl3) δ 159.7, 155.9, 130.7,
126.7, 113.4, 88.4, 55.2, 18.2, 12.9. IR 2944 (w), 2891 (w), 2867 (m), 2838 (w),
1608 (m), 1510 (s), 1464 (m), 1249 (s), 1175 (s), 1014 (s), 734 (s). HRMS (ESI)
calcd for C18H31O2Si

+ [M + H]+ 307.2088; found 307.2076.

(3,4-Dihydronaphthalen-1-yl)oxy)triisopropylsilane (219j)

Following GP3, starting from 540 mg of alpha-tetralone (3.69 mmol), 973 mg
(3.22 mmol, 87 % yield) of a colorless oil were obtained.

OTIPS

1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 7.4, 1.0 Hz, Ar), 7.29–7.12 (m, 3 H,
Ar), 5.18 (t, 1 H, J = 4.6 Hz, C=CH), 2.76 (t, 2 H, J = 7.7 Hz, Ar–CH2), 2.37–2.29
(m, 2 H, Ar–CH2–CH2), 1.37–1.26 (m, 3 H, SiCH(CH3)2), 1.19–1.13 (m, 18 H,
SiCH(CH3)2).

13C NMR (101 MHz, CDCl3) δ 148.5, 137.2, 133.8, 127.2, 126.9,
126.2, 122.0, 103.8, 28.3, 22.3, 18.2, 12.9.

The characterization data for 219j corresponded to the reported values [10].

(Cyclohex-1-en-1-yloxy)triisopropylsilane (219k)

Following GP3, starting from 474 mg of cyclohexanone (4.82 mmol), 1.22 g
(4.82 mmol, 99 % yield) of a colorless oil were obtained.

OTIPS

1H NMR (400 MHz, CDCl3) δ 4.88 (m, 1 H, C=CH), 2.11–1.99 (m, 4 H, –CH2–),
1.72–1.64 (m, 2 H, –CH2–), 1.57–1.50 (m, 2 H, –CH2–), 1.22–1.04 (m, 21 H, TIPS).
13C NMR (101 MHz, CDCl3) δ 150.6, 103.6, 30.0, 23.9, 23.3, 22.4, 18.0, 12.7.

The characterization data for 219k corresponded to the reported values [11].

(Z)-Triisopropyl(1-phenylprop-1-en-1-yl)oxy)silane (219l)

Following GP3, starting from 500 mg of propiophenone (11.2 mmol), 3.2 g
(11 mmol, 98 % yield) of a colorless oil were obtained.
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OTIPS

Rf 0.85 (9:1, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.53–7.47
(m, 2 H, Ar), 7.36–7.25 (m, 3 H, Ar), 5.06 (q, 1 H, J = 6.9 Hz, C=CH2), 1.85–1.80
(d, 3 H, J = 6.9 Hz, CH3), 1.19–1.05 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3)
δ 151.3, 140.4, 127.9, 127.3, 126.0, 105.2, 18.0, 13.6, 11.8. IR 3058 (w), 2945 (s),
2918 (m), 2867 (s), 1694 (m), 1653 (w), 1464 (m), 1325 (s), 1080 (s), 1064 (s),
883 (s). HRMS (ESI) calcd for C18H31OSi

+ [M + H]+ 291.2139; found 291.2145.

Triisopropyl(2-methyl-1-phenylprop-1-en-1-yl)oxy)silane (219m)

Following GP3, starting from 548 mg of propiophenone (3.70 mmol), 1.1 g
(3.6 mmol, 98 % yield) of a colorless oil were obtained.

OTIPS

Rf 0.85 (9:1, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.39–7.25
(m, 5 H, Ar), 1.88 (s, 3 H, CH3), 1.63 (s, 3 H, CH3), 1.08–0.96 (m, 21 H, TIPS).
13C NMR (101 MHz, CDCl3) δ 144.2, 139.4, 129.5, 127.6, 127.2, 111.6, 20.0,
18.2, 17.9, 13.2. IR 2966 (m), 2962 (m), 2960 (m), 2945 (m), 2924 (m), 2867 (m),
1671 (w), 1464 (w), 1162 (s), 832 (s). HRMS (ESI) calcd for C19H33OSi

+ [M + H]+

305.2295; found 305.2308.

2-(1-(Triisopropylsilyl)oxy)vinyl)pyridine (219n)

Following GP3, starting from 448 mg of 1-(pyridin-2-yl)ethan-1-one (3.70 mmol),
600 mg (2.16 mmol, 58 % yield) of a colorless oil were obtained.

N

OTIPS

1H NMR (400 MHz, CDCl3) δ 8.57 (m, 1 H, Ar), 7.71 (m, 2 H, Ar), 7.19
(m, 1 H, Ar), 5.67 (m, 1 H, C=CH2), 4.58 (m, 1 H, C=CH2), 1.35 (m, 3 H, TIPS),
1.16 (m, 18 H, TIPS).

The characterization data for 219n corresponded to the reported value [12].

Triisopropyl(pent-2-en-3-yloxy)silane (219o)

Following GP3, starting from 318 mg of 3-pentanone (3.69 mmol), 549 mg
(2.26 mmol, 61 % yield) of a colorless oil were obtained containing a 8.3:1 mixture
of Z/E isomers.
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OTIPS

1H NMR (400 MHz, CDCl3) δ 4.56 (q, 0.12 H, J = 6.9 Hz, C=CH E isomer),
4.46 (qt, J = 6.5, 1.0 Hz, C=CH Z isomer), 2.16–2.07 (m, 2.2 H, CH2 Z + E
isomers), 1.64–1.59 (m, 3 H, CHCH3 Z isomer), 1.57–1.54 (d, 0.4 H, J = 6.8 Hz, E
isomer), 1.25–1.02 (m, 27 H, TIPS + CH2CH3 Z + E isomers). 13C NMR
(101 MHz, CDCl3) (only Z isomer) δ 153.2, 99.4, 29.4, 18.1, 13.3, 11.8, 10.7.

The characterization data for 219o corresponded to the reported values [13].

(Hex-1-en-2-yloxy)triisopropylsilane (219p)

Following GP3, starting from 370 mg of 2-hexanone (3.69 mmol), 873 mg
(3.40 mmol, 92 % yield) of a colorless oil were obtained containing a 10:1.3:0.3
mixture of the di- and Z/E trisubstituted isomers.

Major Isomer

Bun

OTIPS

Rf 0.75 (9:1, Hexane/Ethyl acetate).
1H NMR (400 MHz, CDCl3) δ 4.03 (s, 1 H,

C=CH2), 4.00 (s, 1 H, C=CH2), 2.08 (m, 2 H, C–CH2), 1.51 (m, 2 H, –CH2–), 1.37
(m, 2 H, –CH2–), 1.27–1.16 (m, 3 H, SiCH(CH3)2), 1.16–1.08 (m, 18 H, SiCH
(CH3)2), 0.93 (t, 3 H, J = 7.3 Hz, –CH3).

13C NMR (101 MHz, CDCl3) δ 159.9,
88.6, 36.4, 29.2, 22.3, 18.0, 14.0, 12.7. IR 2945 (s), 2895 (w), 2868 (s), 1674 (w),
1657 (w), 1617 (w), 1464 (m), 1272 (s), 1020 (s), 883 (s). HRMS (ESI) calcd for
C15H33OSi

+ [M + H]+ 257.2295; found 257.2308.

GP5 Lewis acid optimization (Table 2.1)

PhthN
CO2Et

CO2Et

TIPSO

20 mol% Lewis acid
NPhth

TIPSO

Ph CO2Et

CO2Et

Ph

217 219a

CH2Cl2, 1 h, rt

PhthN

O
Ph

CO2Et
EtO2C

220a 221

In a microwave vial, under nitrogen atmosphere are added cyclopropane 217
(13 mg, 0.040 mmol, 1 eq), enol ether 219a (17 mg, 0.060 mmol, 1.5 eq) and
20 mol% Lewis acid in 0.5 mL dichloromethane at the indicated temperature. The
reaction is quenched by filtration on silica or by adding 0.1 mL of triethylamine for
Sn catalyzed reaction. Crude mixture is then analyzed by 1H NMR.
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GP6 for the SnCl4-catalyzed synthesis of N-phthalimide aminocyclopentane

PhthN
CO2Me

CO2Me

R4
3SiO

5 mol% SnCl4

NPhth

R1 CO2Me

CO2Me

R1

223

R3R2
R3

R2

CH2Cl2, -78°C

R4
3SiO

In an oven-dried flask sealed with a septum and under N2 atmosphere is added
the N-phthalimide aminocyclopropane (0.3 mmol, 1 eq) and the silyl-enol ether
(1.5 eq) in dry dichloromethane (0.15 M). The solution is cooled down to −78 °C
and a 0.43 M solution of tin tetrachloride (5 mol%) in dry dichloromethane is
added. The reaction is stirred for 1 h at −78 °C. Triethylamine (0.2 mL) is then
added in one portion at −78 °C. The reaction is warmed at room temperature and
stirred for 15 min. Dichloromethane is removed under reduced pressure and the
crude is directly purified by column chromatography (8:2 Hexane/Ethyl Acetate).

Control experiments

PhthN
CO2Me

CO2Me

TIPSO

5 mol% SnCl4

NPhth

TIPSO

Ph CO2Me

CO2Me

Ph -78°C, CH2Cl2

223 219a 220b

To a solution of aminocyclopropane 223 (50 mg, 0.17 mmol, 1 eq) and silyl enol
ether 219a (68 mg, 0.25 mmol, 1.5 eq) in 1 mL of dry dichloromethane under
nitrogen, is added a tin tetrachloride solution (0.43 M, 19.2 µl, 0.00826 mmol,
5 mol%) at room temperature. The reaction is stirred 1 h at room temperature after
what 0.1 mL of triethylamine is added. The solution is concentrated under reduced
pressure and purified by column chromatography (9:1–8:2 Hexane/Ethyl Acetate).
69 mg (0.12 mmol, 72 %) of 220b and 16.4 (0.04 mmol, 24 %) of 225 are isolated
as a solid and an oil respectively.

DCM, rt, 1 h

4M HCl in dioxane

no conversion

PhthN
CO2Me

CO2Me

TIPSO

NPhth

TIPSO

Ph CO2Me

CO2Me

Ph

223 219a 220b
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To a solution of aminocyclopropane 223 (30 mg, 0.098 mmol, 1 eq) and silyl
enol ether 219a (41 mg, 0.15 mmol, 1.5 eq) in dry dichloromethane (0.30 mL)
under nitrogen, is added an HCl solution (4 M, 5.0 µL, 0.019 mmol, 20 mol%) in
dioxane at room temperature. The reaction is stirred at room temperature for 12 h
and no conversion of the starting material could be observed.

DCM, -78 °C, 1 h

SnCl4 5 mol%
di-tBu-pyridine 10 mol%

PhthN
CO2Me

CO2Me

TIPSO

NPhth

TIPSO

Ph CO2Me

CO2Me

Ph

223 219a 220b

In an oven-dried flask sealed with a septum and under N2 atmosphere is added
50 mg of N-phthalimide aminocyclopropane 223 (0.16 mmol, 1 eq), silyl-enol ether
219a (68 mg, 0.25 mmol, 1.5 eq) and 2,6-di-tert-butylpyridine (3.1 mg,
0.016 mmol, 10 mol%) in dry dichloromethane (0.5 mL). The solution is cooled
down to −78 °C and a solution of tin tetrachloride (0.43 M, 19.2 µL, 5 mol%) in
dry dichloromethane is added. The reaction is stirred for 1 h at −78 °C.
Triethylamine (0.1 mL) is then added in one portion at −78 °C. The reaction is
warmed at room temperature and stirred for 15 min. Dichloromethane is removed
under reduced pressure and the crude is analyzed by 1H NMR. Ratio of starting
material/product = 2.5:1.

Trans-diethyl-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (220a)

Following GP6, 180 mg (0.296 mmol, 98 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TIPSO

Ph CO2Et

CO2Et

Rf 0.54 (7:3, Hexane/Ethyl acetate). Mp 113.4 °C. 1H NMR (400 MHz, CDCl3)
δ 7.90–7.81 (m, 4 H, Phth + Ar), 7.74 (m, 2 H, Phth), 7.33–7.26 (m, 3 H, Ar), 5.30
(m, 1 H, N–C–H), 4.33 (m, 2 H, CO2CH2), 4.00–3.81 (m, 3 H, CO2CH2 + CH2),
3.42 (ddd, 1 H, J = 13.6, 9.5, 1.1 Hz, CH2), 2.89 (dd, 1 H, J = 13.7, 8.9 Hz, CH2),
2.46 (ddd, 1 H, J = 12.3, 6.0, 1.0 Hz, CH2), 1.36 (t, 3 H, J = 7.1 Hz, CH3), 1.03–
0.92 (m, 24 H, CH3 + TIPS). 13C NMR (101 MHz, CDCl3) δ 170.6, 168.4, 168.3,
142.0, 134.0, 132.0, 128.6, 127.9, 127.1, 123.2, 87.5, 70.1, 61.5, 61.0, 47.9, 41.8,
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36.3, 18.2, 18.2, 13.7.3 IR 2944 (w), 2868 (w), 2258 (w), 1775 (w), 1734 (m), 1712
(s), 1377 (s), 1253 (m), 1128 (s), 981 (m). HRMS (ESI) calcd for C34H46NO7Si

+

[M + H]+ 608.3038; found 608.3050.

Recrystallized in ethanol. The crystal structure has been deposited at the Cambridge
Crystallographic Data Centre and allocated the deposition number: CCDC 842232.

Trans-dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (220b)

Following GP6, 165 mg (0.284 mmol, 95 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TIPSO

Ph CO2Me

CO2Me

The two enantiomers were separated by HPLC using Chiralpack IA column
(0.46 × 25 cm), 95:5 Hexane/Isopropanol, 0.5 mL/min. tr1 = 20.0 min,
[α]D

25.0 − 40.3 (c = 1, CHCl3). tr2 = 21.4 min.
Rf 0.55 (6:4, Hexane/Ethyl acetate). Mp 134.5 °C. 1H NMR (400 MHz, CDCl3)

δ 7.87 (m, 2 H, Phth), 7.80–7.72 (m, 4 H, Phth + Ar), 7.34–7.25 (m, 3 H, Ar), 5.29
(m, 1 H, N–C–H), 3.86 (s, 3 H, OMe), 3.81 (t, 1 H, J = 12.2 Hz, CH2), 3.47–3.39
(m, 4 H, OMe + CH2), 2.91 (dd, 1 H, J = 13.7, 8.7 Hz, CH2), 2.46 (dd, 1 H,
J = 12.4, 6.2 Hz, CH2), 1.01–0.92 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ
171.0, 168.7, 168.4, 141.8, 134.1, 132.0, 128.4, 128.0, 127.1, 123.2, 87.6, 70.1,
52.4, 52.1, 47.8, 41.7, 36.2, 18.2, 18.2, 13.7. IR 2952 (w), 2868 (w), 2259 (w),
1738 (m), 1712 (s), 1378 (m), 1129 (s), 981 (m). HRMS (ESI) calcd for
C32H42NO7Si

+ [M + H]+ 580.2725; found 580.2717.

3The CH3 carbons of TIPS are splitting.
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Trans-dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclopentane-1,1-dicarboxylate (220c)

Following GP6, 157 mg (0.293 mmol, 98 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TBSO

CO2Me

CO2Me

Rf 0.38 (7:3, Hexane/Ethyl acetate). Mp 162.9 °C. 1H NMR (400 MHz, CDCl3)
δ 7.86 (m, 2 H, Phth), 7.79–7.68 (m, 4 H, Phth + Ar), 7.36–7.26 (m, 3 H, Ar), 5.27
(m, 1 H, N–C–H), 3.87 (s, 3 H, OMe), 3.78 (dd, 1 H, J = 12.2, 12.2 Hz, CH2), 3.47
(s, 3 H, OMe), 3.41 (ddd, 1 H, J = 13.5, 9.3, 1.2 Hz, CH2), 2.93 (dd, 1 H, J = 13.6,
8.9 Hz, CH2), 2.36 (dd, 1 H, J = 12.0, 5.0 Hz, CH2), 0.95 (s, 9 H, TBS), 0.04 (s, 3
H, TBS), −0.47 (s, 3 H, TBS). 13C NMR (101 MHz, CDCl3) δ 170.9, 168.7, 168.3,
141.3, 134.1, 132.0, 128.4, 127.9, 127.2, 123.2, 87.1, 69.8, 52.4, 52.1, 47.7, 41.7,
36.2, 25.8, 18.5, −2.5, −3.5. IR 2953 (w), 2932 (w), 2887 (w), 2857 (w), 2258 (w),
1737 (m), 1712 (s), 1378 (m), 1128 (m), 909 (s). HRMS (ESI) calcd for
C29H36NO7Si

+ [M + Na]+ 560.2075; found 560.2012.

Trans-dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triethylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (220d)

Following GP6, 160 mg (0.298 mmol, 99 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TESO

CO2Me

CO2Me

Rf 0.42 (7:3, Hexane/Ethyl acetate). Mp 109.4 °C. 1H NMR (400 MHz, CDCl3)
δ 7.87 (m, 2 H, Phth), 7.75 (m, 2 H, Phth), 7.70 (m, 2 H, Ar), 7.31 (m, 3 H, Ar),
5.24 (m, 1 H, N–C–H), 3.86 (s, 3 H, OMe), 3.78 (t, 1 H, J = 12.2 Hz, CH2), 3.49
(m, 3 H, OMe), 3.37 (ddd, 1 H, J = 13.5, 9.2, 0.9 Hz, CH2), 2.92 (dd, 1 H, J = 13.6,
8.9 Hz, CH2), 2.31 (ddd, 1 H, J = 12.0, 6.0, 1.0 Hz, CH2), 0.87 (m, 9 H, TES), 0.44
(m, 6 H, TES). 13C NMR (101 MHz, CDCl3) δ 170.8, 168.8, 168.4, 141.6, 134.1,
132.0, 128.1, 127.9, 127.2, 123.2, 87.0, 69.8, 52.2, 52.1, 47.8, 41.8, 36.0, 6.9, 6.1.
IR 2956 (w), 2927 (w), 2915 (w), 2878 (w), 2855 (w), 2842 (w), 2365 (w), 1739
(s), 1714 (s), 1379 (m), 1131 (m). HRMS (ESI) calcd for C29H36NNaO7Si

+

[M + Na]+ 560.2075; found 560.3220.
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Trans-dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(trimethylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (220e)

Following GP6, 141 mg (0.285 mmol, 95 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TMSO

CO2Me

CO2Me

Rf 0.35 (7:3, Hexane/Ethyl acetate). Mp 139.5 °C. 1H NMR (400 MHz, CDCl3)
δ 7.87 (m, 2 H, Phth), 7.76 (m, 2 H, Phth), 7.69–7.65 (m, 2 H, Ar), 7.35–7.27 (m, 3
H, Ar), 5.23 (m, 1 H, N–C–H), 3.85 (s, 3 H, OMe), 3.80 (t, 1 H, J = 12.2 Hz, CH2),
3.49 (s, 3 H, OMe), 3.36 (ddd, 1 H, J = 13.5, 9.3, 1.4 Hz, CH2), 2.93 (dd, 1 H,
J = 13.6, 9.0 Hz, CH2), 2.28 (ddd, 1 H, J = 12.2, 5.9, 1.2 Hz, CH2), −0.03 (s, 9 H,
TMS). 13C NMR (101 MHz, CDCl3) δ 170.7, 168.9, 168.4, 141.3, 134.1, 132.0,
128.2, 127.8, 127.2, 123.2, 87.2, 69.8, 52.2, 52.1, 47.9, 41.6, 35.8, 1.6. IR 2953
(w), 2924 (w), 2850 (w), 1773 (w), 1738 (s), 1712 (s), 1379 (m), 1253 (m), 1131
(m), 985 (m), 845 (s). HRMS (ESI) calcd for C26H30NO7Si

+ [M + H]+ 496.1786;
found 496.1800.

Trans-dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-(4-(methoxycarbonyl)phenyl)-2-
(triisopropyl-silyl)oxy) cyclopentane-1,1-dicarboxylate (220f)

Following GP6, 181 mg (0.284 mmol, 95 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TIPSO

CO2Me

CO2Me

MeO2C

Rf 0.5 (6:4, Hexane/Ethyl acetate).Mp 151.5 °C. 1H NMR (400 MHz, CDCl3) δ
7.99 (m, 2 H, Ar), 7.88–7.82 (m, 4 H, Ar + Phth), 7.75 (m, 2 H, Phth), 5.28 (m, 1 H,
N–C–H), 3.92 (s, 3 H, OMe), 3.85 (s, 3 H, OMe), 3.81 (dd, 1 H, J = 12.4 Hz, CH2),
3.52–3.42 (m, 4 H, OMe + CH2), 2.88 (dd, 1 H, J = 13.9, 8.1 Hz, CH2), 2.47 (dd, 1
H, J = 12.4, 6.2 Hz, CH2), 1.03–0.91 (m, 21 H, TIPS). 13C NMR (101 MHz,
CDCl3) δ 170.7, 168.5, 168.3, 166.9, 146.7, 134.1, 131.9, 129.5, 128.7, 128.3,
123.3, 87.2, 70.0, 52.5, 52.3, 52.1, 47.4, 41.7, 36.1, 18.2, 18.1, 13.7 (See footnote
3). IR 2953 (w), 2870 (w), 2256 (w), 1712 (m), 1283 (w), 908 (s), 731 (s). HRMS
(ESI) calcd for C34H43NNaO9Si

+ [M + Na]+ 660.2599; found 660.2604.

5.2 [3 + 2] Annulation with Enols Ethers 171



Trans-dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-(4-fluorophenyl)-2-(triisopropyl-
silyl)oxy)cyclo-pentane-1,1-dicarboxylate (220g)

Following GP6, 163 mg (0.273 mmol, 91 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TIPSO

CO2Me

CO2Me

F

Rf 0.6 (6:4, Hexane/Ethyl acetate).Mp 152.5 °C. 1H NMR (400 MHz, CDCl3) δ
7.86 (m, 2 H, Phth), 7.79–7.73 (m, 4 H, Phth + Ar), 7.00 (t, 2 H, J = 8.7 Hz, Ar),
5.27 (m, 1 H, N–C–H), 3.86 (s, 3 H, OMe), 3.79 (dd, 1 H, J = 12.2, 12.2 Hz, CH2),
3.51 (s, 3 H, OMe), 3.44 (ddd, 1 H, J = 13.8, 9.7, 0.9 Hz, CH2), 2.89 (dd, 1 H,
J = 13.9, 8.4 Hz), CH2, 2.44 (dd, 1 H, J = 12.5, 6.3 Hz, CH2), 1.03–0.93 (m, 21 H,
TIPS). 13C NMR (101 MHz, CDCl3) δ 170.9, 168.6, 168.3, 162.4 (d, J = 247 Hz),
137.7 (d, J = 4 Hz), 134.1, 132.0, 130.4 (d, J = 8 Hz), 123.2, 113.9 (d, J = 21 Hz),
87.1, 70.0, 52.4, 52.3, 47.6, 41.9, 36.1, 18.2, 18.1, 13.7 (See footnote 3). IR 2951
(w), 2894 (w), 2869 (w), 1775 (w), 1739 (m), 1714 (s), 1514 (w), 1379 (m), 1129
(m). HRMS (ESI) calcd for C32H41FNO7Si [M + H]+ 598.2631; found 598.2708.

Trans-dimethyl-2-(4-cyanophenyl)-4-(1,3-dioxoisoindolin-2-yl)-2-(triisopropyl-
silyl)oxy)cyclo-pentane-1,1-dicarboxylate (220h)

Following GP6, 127 mg (0.210 mmol, 70 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TIPSO

CO2Me

CO2Me

NC

Rf 0.42 (6:4, Hexane/Ethyl acetate). Mp 116.5 °C. 1H NMR (400 MHz, CDCl3)
δ 7.93–7.84 (m, 4 H, Ar + Phth), 7.76 (m, 2 H, Phth), 7.63 (m, 2 H, Ar), 5.27 (m, 1
H, N–C–H), 3.85 (s, 3 H, OMe), 3.77 (dd, 1 H, 12.2, 12.2 Hz, CH2), 3.55 (s, 3 H,
OMe), 3.50 (dd, 1 H, J = 14.1, 10.2 Hz, CH2), 2.86 (dd, 1 H, J = 14.1, 7.8 Hz,
CH2), 2.46 (dd, 1 H, J = 12.5, 6.5 Hz, CH2), 1.04–0.91 (m, 21 H, TIPS). 13C NMR
(101 MHz, CDCl3) δ 170.6, 168.3, 168.2, 146.9, 134.2, 131.9, 130.8, 129.5, 123.3,
118.9, 111.8, 86.9, 69.9, 52.6, 52.5, 47.0, 41.5, 36.0, 18.2, 18.1, 13.8 (See footnote
3). IR 2951 (w), 2869 (w), 2230 (w), 1739 (m), 1712 (s), 1380 (m), 1136 (m), 1124
(m), 983 (m), 912 (m), 735 (s), 727 (s). HRMS (ESI) calcd for C33H40N2NaO7Si

+

[M + Na]+ 627.2497; found 627.2499.
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Trans-dimethyl4-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)-2-(triisopro-
pylsilyl)-oxy)cyclo-pentane-1,1-dicarboxylate (220i)

Following GP6, 182 mg (0.298 mmol, 99 %) of a single diastereoisomer as a
colorless solid was obtained.

NPhth

TIPSO

CO2Me

CO2Me

MeO

Rf 0.48 (6:4, Hexane/Ethyl acetate). Mp 142.3 °C. 1H NMR (400 MHz, CDCl3)
δ 7.86 (m, 2 H, Phth), 7.74 (m, 2 H, Phth), 7.69 (d, J = 9.0 Hz, 2 H, Ar), 6.83 (d,
J = 9.0 Hz, 2 H, Ar), 5.27 (m, 1 H, N–C–H), 3.86 (s, 3 H, OMe), 3.83 (s, 3 H, OMe),
3.78 (dd, 1 H, J = 12.2, 12.2 Hz, CH2), 3.51 (s, 3 H, OMe), 3.42 (ddd, 1 H, J = 13.6,
9.7, 0.7 Hz, CH2), 2.89 (dd, 1 H, J = 13.8, 8.6 Hz, CH2), 2.43 (dd, 1 H, J = 12.3,
6.2 Hz, CH2), 1.04–0.93 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ 171.1,
168.8, 168.3, 159.1, 134.0, 133.99, 132.0, 129.7, 123.2, 112.3, 87.4, 70.0, 55.2,
52.3, 52.2, 47.8, 41.9, 36.2, 18.2, 18.2, 13.7 (See footnote 3). IR 2949 (w), 2868 (w),
1776 (w), 1737 (m), 1712 (s), 1378 (m), 1255 (m), 1125 (m), 981 (m), 722 (s).
HRMS (ESI) calcd for C33H43NNaO8Si

+ [M + Na]+ 632.2650; found 632.2651.

Trans-dimethyl-2-(2-bromophenyl)-4-(1,3-dioxoisoindolin-2-yl)-2-(triisopro-
pylsilyl)oxy)cyclo-pentane-1,1-dicarboxylate (220j)

Following GP6, 183 mg (0.277 mmol, 92 %) of a single diastereoisomer as a
colorless solid was obtained.

The two enantiomers were separated by HPLC using Chiralpack IC column
(0.46 × 25 cm), 95:5 Hexane/Isopropanol, 1 mL/min. tr1 = 20.9 min. tr2 = 24.9 min,
[α]D

25.0 − 43.0 (c = 1, CHCl3).

NPhth

TIPSO

CO2Me

CO2Me

Br

Rf 0.46 (6:4, Hexane/Ethyl acetate). Mp 155.7 °C. 1H NMR (400 MHz, CDCl3)
δ 7.88–7.81 (m, 3 H, Phth + Ar), 7.71 (m, 2 H, Phth), 7.57 (dd, 1 H, J = 8.0, 1.4 Hz,
Ar), 7.24 (m, 1 H, Ar), 7.06 (m, 1 H, Ar), 5.22 (m, 1 H, N–C–H), 4.40 (dd, 1 H,
J = 12.8, 12.8 Hz, CH2), 3.79 (s, 3 H, OMe), 3.60 (s, 3 H, OMe), 3.35 (dd, 1 H,
J = 13.5, 10.0 Hz, CH2), 2.78 (dd, 1 H, J = 13.7, 7.4 Hz, CH2), 2.60 (dd, 1 H,
J = 12.9, 6.0 Hz, CH2), 1.04–0.94 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ
174.4, 172.0, 171.6, 143.1, 137.1, 135.8, 135.2, 133.7, 130.8, 127.3, 124.6, 123.2,
89.0, 70.3, 50.4, 50.4, 45.7, 40.8, 33.5, 14.9, 14.7, 10.3 (See footnote 3). IR 2949
(w), 2868 (w), 2259 (w), 2255 (w), 1774 (w), 1758 (m), 1737 (s), 1712 (s), 1378
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(m), 913 (m), 734 (s), 722 (s). HRMS (ESI) calcd for C32
79BrH41NO7Si

+ [M + H]+

658.1830; found 658.1835.

Trans-dimethyl4-(1,3-dioxoisoindolin-2-yl)-2-(naphthalen-2-yl)-2-(triisopropyl-
silyl)oxy)cyclo-pentane-1,1-dicarboxylate (220k)

Following GP6, 171 mg (0.272 mmol, 91 %) of a single diastereoisomer as a
colorless solid were obtained.

NPhth

TIPSO

CO2Me

CO2Me

Rf 0.6 (6:4, Hexane/Ethyl acetate).Mp 193.8 °C. 1H NMR (400 MHz, CDCl3) δ
8.39 (d, 1 H, J = 8.4 Hz, Ar), 7.90–7.79 (m, 5 H, Phth + Ar), 7.75 (m, 2 H, Phth), 7.45
(t, 1 H, J = 7.8 Hz, Ar), 7.42–7.33 (m, 2 H, Ar), 5.42 (m, 1 H, N–C–H), 3.90 (dd, 1 H,
J = 12.5, 1.5 Hz, CH2), 3.76 (dd, 1 H, J = 14.3, 11.7 Hz, CH2), 3.63 (s, 3 H, OMe),
3.43 (s, 3 H, OMe), 2.95 (dd, 1 H, J = 14.4, 4.7 Hz, CH2), 2.67 (dd, 1 H, J = 12.5,
7.3 Hz, CH2), 1.08–1.03 (m, 12 H, TIPS), 0.73–0.68 (m, 9 H, TIPS). 13C NMR
(101 MHz, CDCl3) δ 171.0, 169.8, 168.3, 136.4, 134.5, 134.0, 132.4, 132.0, 129.7,
128.8, 128.5, 124.7, 124.0, 123.6, 123.3, 90.9, 68.6, 52.4, 52.2, 45.5, 43.7, 37.8, 18.5,
17.9, 14.3 (See footnote 3). IR 3050 (w), 2949 (w), 2894 (w), 2868 (w), 2258 (w),
1775 (w), 1762 (w), 1734 (s), 1712 (s), 1378 (m), 1123 (m), 970 (m), 910 (m), 732 (s).
HRMS (ESI) calcd for C36H44NO7Si

+ [M + H]+ 630.2882; found 630.2876.

Dimethyl 4-(1,3-dioxoisoindolin-2-yl)-3-methyl-2-phenyl-2-(triisopropylsilyl)
oxy)cyclo-pentane-1,1-dicarboxylate (220l)

Following GP6, 164 mg (0.275 mmol, 92 %) of two diastereoisomers (20:1) as a
colorless solid was obtained.

Major diastereoisomer:

NPhth

TIPSO

Ph CO2Me

CO2Me

Me

The two enantiomers were separated by HPLC using Chiralpack IA column
(0.46 × 25 cm), 93:7 Hexane/Isopropanol, 1 mL/min. tr1 = 7.5 min, [α]D

25.0 48.4
(c = 1, CHCl3). tr2 = 12.8 min.

Rf 0.52 (6:4, Hexane/Ethyl acetate). Mp 120 °C. 1H NMR (400 MHz, CDCl3) δ
7.84 (m, 2H, Phth), 7.73 (m, 2H, Phth), 7.69–7.65 (m, 2H,Ar), 7.36–7.27 (m, 3H,Ar),
4.90 (td, 1 H, J = 11.1, 6.9 Hz, N–C–H), 3.99 (m, 1 H, CHCH3), 3.78 (s, 3 H, OMe),
3.53 (s, 3 H, OMe), 3.45 (dd, 1 H, J = 14.3, 11.0 Hz, CH2), 2.72 (dd, J = 14.3, 6.9 Hz, 1
H, CH2), 1.25–1.07 (m, 15 H, TIPS + Me), 0.99–0.95 (m, 9 H, TIPS). 13C NMR
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(101 MHz, CDCl3) δ 170.8, 168.7, 168.5, 139.6, 134.0, 131.9, 129.6, 127.8, 126.7,
123.2, 90.6, 70.1, 53.1, 52.3, 43.4, 34.1, 18.8, 18.7, 15.1, 11.9 (See footnote 3). IR2950
(w), 2869 (w), 1758 (w), 1739 (s), 1739 (s), 1717 (s), 1381 (m), 1126 (m), 735 (m), 724
(s). HRMS (ESI) calcd for C33H43NNaO7Si

+ [M + Na]+ 616.2701; found 616.2717.

Dimethyl-3-(1,3-dioxoisoindolin-2-yl)-9b-(triisopropylsilyl)oxy)-3,3a,4,5-
tetrahydro-1H-cyclopenta[a]naphthalene-1,1(2 H,9bH)-dicarboxylate (220m)

Following GP6, 166 mg (0.274 mmol, 91 %) of two diastereoisomers (10:1) as a
colorless solid were obtained.

NPhth

CO2Me

CO2MeO
TIPS

H

Rf 0.50 (6:4, Hexane/Ethyl acetate). Mp 179.1 °C. 1H NMR (400 MHz, CDCl3)
δ 8.20 (d, 1 H, J = 7.0 Hz, Ar), 7.88 (m, 2 H, Phth), 7.76 (m, 2 H, Phth), 7.22 (dd, 1
H, J = 7.2, 7.2 Hz, Ar), 7.16 (dd, 1 H, J = 7.4, 7.0 Hz, Ar), 7.07 (d, 1 H, J = 7.6 Hz,
Ar), 5.17 (m, 1 H, N–C–H), 3.98 (dd, 1 H, J = 12.9, 12.9 Hz, CH2–C(CO2Me)2),
3.88 (s, 3 H, OMe), 3.32 (m, 1 H, –CH–), 3.26 (s, 3 H, OMe), 3.04 (m, 1 H, Ar–
CH2), 2.63 (m, 1 H, Ar–CH2), 2.16 (dd, 1 H, J = 12.6, 5.6 Hz, CH2–C(CO2Me)2),
1.87 (m, 1 H, Ar–CH2–CH2), 1.66 (m, 1 H, Ar–CH2–CH2), 1.10–0.87 (m, 21 H,
TIPS). 13C NMR (101 MHz, CDCl3) δ 170.8, 168.5, 168.3, 140.2, 138.2, 134.1,
131.9, 129.2, 127.5, 127.3, 126.1, 123.3, 83.4, 71.0, 52.5, 52.1, 50.3, 49.8, 34.3,
25.3, 21.2, 18.4, 18.0, 14.0 (See footnote 3). IR 2950 (w), 2868 (w), 2256 (w),
1773 (w), 1715 (s), 1381 (m), 1128 (m), 908 (s), 731 (s). HRMS (ESI) calcd for
C34H43NNaO7Si

+ [M + Na]+ 628.2701; found 628.2722.

The major diastereoisomer was recrystallized from isopropanol. The crystal
structure has been deposited at the Cambridge Crystallographic Data Centre and
allocated the deposition number: CCDC 842233.
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Dimethyl-4-(1,3-dioxoisoindolin-2-yl)-3,3-dimethyl-2-phenyl-2-(triisopropylsi-
lyl)oxy)cyclopen-tane-1,1-dicarboxylate (220n)

Following GP6, 147 mg (0.242 mmol, 81 %) of two non-separable diastereoisomers
(4:1) as a colorless solid were obtained.

NPhth

TIPSO

Ph CO2Me

CO2Me

Me
Me

NPhth

TIPSO

Ph CO2Me

CO2Me

Me
Me

Isomer 1

Isomer 2

Rf 0.52 (6:4, Hexane/Ethyl acetate)
1H NMR (400 MHz, CDCl3) δ 7.93 (m, 2 H,

Ar, Isomer 1 & 2), 7.84 (m, 2.5 H, Phth, Isomer 1 & 2), 7.79–7.72 (m, 3 H, Phth + Ar,
Isomer 1 & 2), 7.51 (m, 0.5 H, Ar, Isomer 2), 7.34–7.24 (m, 4 H, Ar, Isomer 1 & 2),
5.12 (dd, 1 H, J = 13.0, 7.3 Hz, N–C–H, Isomer 1), 4.77 (m, 0.25 H, N–C–H, Isomer
2), 4.48 (dd, 0.25 H, J = 13.4, 13.4 Hz, CH2, Isomer 2), 3.86 (s, 3 H, OMe, Isomer 1),
3.78 (s, 0.75 H, OMe, Isomer 2), 3.69–3.61 (m, 1.75 H, OMe, Isomer 2, CH2, Isomer
1), 3.55 (s, 3 H, OMe, Isomer 1), 3.02 (dd, 1 H, J = 13.4, 7.4 Hz, CH2, Isomer 1), 2.40
(dd, 0.25H, J = 13.3, 7.4 Hz, CH2, Isomer 2), 1.52 (s, 3 H,Me, Isomer 1), 1.41 (s, 0.75
H, Me, Isomer 2), 1.31 (s, 3 H, Me, Isomer 1), 1.04 (s, 0.75 H, Me, Isomer 2), 1.02–
0.98 (m, 12 H, TIPS, Isomer 1 & 2), 0.97–0.92 (m, 10 H, TIPS, Isomer 1 & 2), 0.90–
0.80 (m, 4 H, TIPS, Isomer 1 & 2). 13C NMR (101 MHz, CDCl3) δ 172.2, 170.2,
169.7, 169.3, 141.8, 141.4, 134.1, 134.0, 131.8, 129.5, 128.5, 127.7, 127.4, 127.2,
126.9, 123.2, 93.3, 69.6, 58.8, 57.8, 53.3, 52.9, 52.7, 52.5, 52.4, 32.9, 32.5, 29.0, 25.2,
23.6, 21.4, 19.0, 18.8, 18.8, 15.0, 14.6 (See footnote 3).4 IR 2949 (w), 2869 (w), 1777
(w), 1735 (m), 1716 (s), 1373 (m), 1034 (m), 911 (m), 731 (s).HRMS (ESI) calcd for
C34H46NO7Si

+ [M + H]+ 608.3038; found 608.3010.

Dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-ethyl-3-methyl-2-(triisopropylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (220o)
Following GP6, 157 mg (0.288 mmol, 96 %) of a colorless oil were obtained.
Starting from a 1:8 mixture of Z:E silyl enol ether, a mixture of 3 diastereoisomer
with a ratio of 11:4:1 was identified by 2D NMR.

NPhth

TIPSO

Et CO2Me

CO2Me

Me

4Not all the signals of the minor diastereoisomer were resolved by 13C.
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Rf 0.7 (6:4, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.88–7.81
(m, 2 H), 7.69–7.76 (m, 3 H), 4.86–4.73 (m, 1 H), 4.55–4.43 (m, 0.28 H), 3.81–
3.69 (m, 8 H), 3.54–3.40 (m, 1 H), 3.39–3.31 (m, 1 H), 3.08 (dd, 1 H, J = 14.3,
10.6 Hz), 2.72–2.58 (m, 2 H), 2.36–2.20 (m, 1 H), 1.99–1.88 (m, 1 H), 1.88–1.80
(m, 0.26 H), 1.23 (t, 1 H, J = 7.0 Hz), 1.20–1.09 (m, 29 H), 1.09–0.96 (m, 9 H). 13C
NMR (101 MHz, CDCl3) δ 171.6, 171.3, 169.6, 169.5, 168.6, 168.3, 133.9, 132.0,
131.8, 123.2, 123.1, 89.9, 87.8, 67.6, 67.2, 54.0, 52.6, 52.4, 52.4, 52.3, 48.5, 42.6,
35.1, 34.8, 30.5, 29.7, 29.4, 18.7, 18.6, 18.5, 18.4, 18.0, 14.6, 14.1, 13.4, 13.3,
11.3, 9.9, 9.7 (See footnote 3). IR 2951 (w), 2869 (w), 1737 (m), 1715 (s), 1378
(m), 1266 (w), 1249 (w), 1127 (m). HRMS (ESI) calcd for
C29H44NO7Si + [M + H]+ 546.2882; found 546.2870.

Trans-dimethyl2-butyl-4-(1,3-dioxoisoindolin-2-yl)-2-(triisopropylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (220p)

Following GP6, 164 mg (0.293 mmol, 98 %) of a colorless oil were obtained.
A mixture of 4 diatereo- and regioisomers in the crude NMR with a ratio of
16.6:5:5:1 were identified by 2D NMR.

NPhth

TIPSO

Bun CO2Me

CO2Me

Rf 0.25 (9:1, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.88–7.80
(m, 3 H), 7.76–7.69 (m, 3 H), 5.34 (q, 0.1 H, J = 9.8 Hz), 5.12 (m, 1 H), 4.76 (m,
0.25 H), 4.46 (m, 0.06 H), 3.85–3.82 (m, 3.5 H), 3.80–3.74 (m, 4.6 H), 3.39 (t, 0.05
H, J = 12.7 Hz), 3.38–3.26 (m, 1.30 H), 2.95 (dd, 1 H, J = 12.7, 11.3 Hz), 2.75 (m,
0.06 H), 2.64 (dd, 1 H, J = 14.5, 7.0 Hz), 2.57–2.47 (m, 0.9 H), 2.47–2.40 (dd, 0.2
H, J = 14.6, 5.7 Hz), 2.10 (dd, 1 H, J = 12.8, 7.3 Hz), 1.91 (m, 1 H), 1.57 (m, 0.3
H), 1.53–1.26 (m, 8 H), 1.06–1.21 (m, 30 H), 0.90 (t, 4 H, J = 7.3 Hz), 0.75 (t, 0.9
H, J = 7.2 Hz), 0.67 (t, 0.3 H, J = 7.3 Hz). 13C NMR (101 MHz, CDCl3) δ 171.5,
169.3, 168.3, 133.9, 132.0, 123.2, 123.1, 88.6, 68.9, 52.5, 52.4, 50.8, 47.4, 41.2,
36.6, 35.1, 34.6, 29.6, 28.1, 23.4, 22.3, 21.3, 18.6, 18.5, 18.4, 18.3, 14.4, 14.1,
13.9, 13.8 (See footnote 3). IR 2952 (w), 2895 (w), 2868 (w), 1776 (w), 1741 (s),
1714 (s), 1377 (m), 1129 (m). HRMS (ESI) calcd for C29H44NO7Si

+ [M + H]+

560.3038; found 560.3030.

Dimethyl-3-(1,3-dioxoisoindolin-2-yl)-7a-(triisopropylsilyl)oxy)
octahydro-1H-indene-1,1-dicarboxylate (220q)

Following GP6, 159 mg (0.285 mmol, 90 %) of two diastereoisomers (4:1,
determined by integration of peaks at 4.40 and 4.80 ppm in crude 1H-NMR) as a
colorless oil were obtained. The major diastereoisomer was separated from others
by column chromatography.
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NPhth

CO2Me

CO2MeO

H

TIPS

The two enantiomers were separated by HPLC using Chiralpack IB column
(0.46 × 25 cm), 98:2 Hexane/Isopropanol, 0.6 mL/min. tr1 = 20.0 min, [α]D

25.0 20.1
(c = 0.5, CHCl3). tr2 = 24.4 min.

Rf 0.70 (6:4, Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.82 (m, 2
H, Phth), 7.71 (m, 2 H, Phth), 5.25 (ddd, 1 H, J = 10.1, 10.1, 7.1 Hz, N–C–H), 4.04
(dd, 1 H, J = 14.4, 10.5 Hz, CH2 cyclopentane), 3.78 (s, 3 H, OMe), 3.74 (s, 3 H,
OMe), 3.03 (dd, 1 H, J = 14.4, 9.8 Hz, CH2 cyclopentane), 2.91 (m, 1 H, CH2),
2.38 (m, 1 H, –CH–), 1.80–1.54 (m, 4 H, CH2), 1.54–1.41 (m, 1 H, CH2), 1.39–
1.28 (m, 1 H, CH2), 1.23–1.09 (m, 22 H, TIPS + CH2).

13C NMR (101 MHz,
CDCl3) δ 170.2, 169.3, 169.2, 133.9, 131.9, 123.1, 87.1, 68.0, 52.8, 52.8, 52.6,
52.5, 34.4, 29.9, 23.9, 23.3, 23.2, 18.4, 18.6, 13.7 (See footnote 3). IR 2949 (w),
2867 (w), 1774 (w), 1739 (m), 1715 (s), 1373 (w), 1133 (w). HRMS (ESI) calcd
for C30H44NO7Si + [M + H] + 558.2882; found 558.2892.

Trans-dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-(trimethylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (220r)

Following GP6, 97.0 mg (0.231 mmol, 77 %) of a single diastereoisomer as a
colorless solid was obtained.

The two enantiomers were separated by HPLC using Chiralpack IA column
(0.46 × 25 cm), 98:2 Hexane/Isopropanol, 1 mL/min. tr1 = 19.8 min. tr2 = 24.0 min,
[α]D

25.0 − 51 (c = 0.68, CHCl3).

NPhth

TMSO
CO2Me

CO2Me

Rf 0.40 (6:4, Hexane/Ethyl acetate). Mp 120.6 °C. 1H NMR (400 MHz, CDCl3)
δ 7.80 (m, 2 H, Phth), 7.69 (m, 2 H, Phth), 5.11 (m, 1 H, N–C–H), 4.99 (dd, 1 H,
J = 4.1, 1.8 Hz, O–C–H), 3.82 (s, 3 H, OMe), 3.72 (s, 3 H, OMe), 3.14 (dd, 1 H,
J = 14.4, 10.7 Hz, CH2), 2.55 (m, 1 H, CH2), 2.46 (dd, 1 H, J = 14.5, 6.6 Hz, CH2),
1.98 (ddd, 1 H, J = 12.9, 7.9, 1.9 Hz, CH2), 0.11 (m, 9 H, TMS). 13C NMR
(101 MHz, CDCl3) δ 171.3, 169.0, 168.0, 134.0, 131.9, 123.2, 76.4, 66.0, 52.8,
52.5, 47.6, 38.7, 33.8, 0.0. IR 2955 (w), 1775 (w), 1737 (s), 1710 (s), 1378 (m),
1251 (m), 1124 (m), 844 (s), 720 (s). HRMS (ESI) calcd for C20H26NO7Si

+

[M + H]+ 420.1473; found 420.1483.
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The crystal structure has been deposited at the Cambridge Crystallographic Data
Centre and allocated the deposition number: CCDC 842234.

Trans-dimethyl2-butoxy-4-(1,3-dioxoisoindolin-2-yl)
cyclopentane-1,1-dicarboxylate (220s)

Following GP6, 119 mg (0.296 mmol, 99 %) of two unseparable diastereoisomers
(20:1) as colorless oil were obtained.

Major diastereoisomer:

NPhth

nBuO
CO2Me

CO2Me

Rf 0.5 (6:4 Hexane/Ethyl acetate) 1H NMR (400 MHz, CDCl3) δ 7.84 (m, 2 H,
Phth), 7.72 (m, 2 H, phth), 5.06 (m, 1 H, N–C–H), 4.64 (dd, 1 H, J = 4.2, 2.1 Hz, –
CH–O), 3.87 (s, 3 H, OMe), 3.77 (s, 3 H, OMe), 3.57 (dt, 1 H, J = 9.2, 6.1 Hz,
OCH2

nbutyl), 3.38 (dt, 1 H, J = 9.2, 6.5 Hz, OCH2
nbutyl), 3.14 (dd, 1 H, J = 14.5,

10.7 Hz, CH2–C(CO2Me)2), 2.54–2.42 (m, 2 H, CH2–CH–O–), 2.23 (ddd, 1 H,
J = 13.2, 8.1, 2.1 Hz, CH2–C(CO2Me)2), 1.59–1.45 (m, 2 H, CH2

nbutyl), 1.42–
1.25 (m, 2 H, CH2

nbutyl), 0.92 (t, 4 H, J = 7.4 Hz, CH3).
13C NMR (101 MHz,

CDCl3) δ 171.3, 169.0, 168.0, 134.0, 131.9, 123.2, 83.1, 69.6, 64.9, 52.9, 52.6,
47.4, 34.8, 34.1, 31.8, 19.3, 13.9. HRMS (ESI) calcd for C21H26NO7

+ [M + H]+

404.1704; found 404.1720.

Dimethyl 5-(1,3-dioxoisoindolin-2-yl)hexahydrocyclopenta[b]pyran-7,7(7aH)
dicarboxylate (220t)

Following GP6, 115 mg (0.297 mmol, 99 %) of two diastereoisomers (2:1) as a
colorless solid was obtained. The two isomers were separated by column
chromatography.
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NPhth

CO2Me

CO2MeO

Rf 0.13 (6:4, Hexane/Ethyl acetate). Mp 169.2 °C. 1H NMR (400 MHz, CDCl3)
δ 7.82 (m, 2 H, Phth), 7.72 (m, 2 H, Phth), 4.87 (m, 1 H, N–C–H), 4.29 (d, 1 H,
J = 11.8 Hz, O–C–H), 4.05 (dd, 1 H, J = 11.5, 4.5 Hz, CH2–O), 3.89 (s, 3 H,
OMe), 3.79 (s, 3 H, OMe), 3.51 (dd, 1 H, J = 12.1, 12.1, 3.0 Hz, CH2–O), 3.04 (dd,
1 H, J = 15.2, 9.6 Hz, CH2 cyclopentane), 2.70 (dd, 1 H, J = 15.2, 2.7 Hz, CH2

cyclopentane), 2.25 (m, 1 H, CH cyclopentane), 1.87 (m, 1 H, CH2 pyran), 1.68–
1.49 (m, 2 H, CH2 pyran), 1.14 (qd, 1 H, J = 12.2, 4.3 Hz, CH2 pyran).

13C NMR
(101 MHz, CDCl3) δ 171.8, 171.0, 168.8, 134.2, 131.5, 123.4, 84.2, 69.2, 61.8,
53.1, 53.0, 49.2, 45.0, 35.0, 25.2, 25.0. IR 2951 (w), 2853 (w), 2255 (w), 1779 (w),
1749 (w), 1731 (m), 1708 (m), 1370 (m), 1276 (m), 723 (s), 648 (s), 634 (s).
HRMS (ESI) calcd for C20H22NO7

+ [M + H]+ 388.1391; found 388.1404.

Recrystallized in isopropanol. The crystal structure has been deposited at the
Cambridge Crystallographic Data Centre and allocated the deposition number:
CCDC 842235.

NPhth

CO2Me

CO2MeO

Rf 0.31 (6:4, Hexane/Ethyl acetate). Mp 173.5 °C. 1H NMR (400 MHz, CDCl3)
δ 7.83 (m, 2 H, Phth), 7.72 (m, 2 H, Phth), 5.05 (ddd, 1 H, J = 10.9, 10.9, 6.6 Hz, N–
C–H), 4.47 (d, 1 H, J = 3.0 Hz, O–C–H), 4.00 (dd, 1 H, J = 11.4, 4.4 Hz, CH2–O),
3.88 (s, 3 H, OMe), 3.77 (s, 3 H, OMe), 3.40 (dd, 1 H, J = 12.2, 2.1 Hz, CH2–O),
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3.27 (dd, 1 H, J = 14.6, 11.0 Hz, CH2 cyclopentane), 2.87 (m, 1 H, CH cyclo-
pentane), 2.64 (dd, 1 H, J = 14.6, 6.5 Hz, CH2 cyclopentane), 1.99 (m, 1 H, CH2

pyran), 1.74 (m, 1 H, CH2 pyran), 1.59 (m, 1 H, CH2 pyran), 1.40 (m, 1 H, CH2

pyran). 13C NMR (101 MHz, CDCl3) δ 171.0, 168.8, 168.2, 134.0, 131.9, 123.2,
82.1, 67.9, 63.9, 52.9, 52.9, 49.0, 40.9, 33.0, 21.0, 20.0. IR 2954 (w), 2858 (w),
1736 (s), 1710 (s), 1383 (m), 1108 (m), 912 (m), 719 (s) HRMS (ESI) calcd for
C20H22NO7

+ [M + H]+ 388.1391; found 388.1395.

Diethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-4-oxo-4-phenylbutyl)malonate (221)

PhthN

O
Ph

CO2Et
EtO2C

Rf 0.32 (6:4 Hexane/Ethyl Acetate).1H NMR (400 MHz, CDCl3) δ 7.93 (m, 2
H, Ar), 7.87–7.80 (m, 2 H, Phth), 7.75–7.68 (m, 2 H, Phth), 7.59–7.53 (m, 1 H, Ar),
7.48–7.41 (m, 2 H, Ar), 5.02–4.94 (m, 1 H, N–C–H), 4.29–4.20 (m, 2 H,
CO2CH2CH3), 4.09–3.92 (m, 3 H, CO2CH2CH3 + CH(CO2Et)2), 3.51 (dd, 1 H,
J = 17.7, 5.3 Hz, CH2–CO–Ph), 3.40 (dd, 1 H, J = 8.3, 6.2 Hz, CH2–CO–Ph), 2.79
(ddd, 1 H, J = 14.3, 11.0, 6.2 Hz, CH2), 2.47 (ddd, 1 H, J = 14.3, 8.3, 4.1 Hz, CH2),
1.29 (t, 3 H, J = 7.1 Hz, CO2CH2CH3), 1.17 (t, 3 H, J = 7.1 Hz, CO2CH2CH3).

13C
NMR (101 MHz, CDCl3) δ 196.7, 168.7, 168.4, 168.2, 136.5, 134.0, 133.4, 131.8,
128.7, 128.1, 123.3, 61.8, 61.6, 49.6, 45.6, 40.7, 31.6, 14.0, 13.9. IR 2983 (w),
1776 (w), 1748 (m), 1731 (s), 1711 (s), 1687 (w), 1393 (w), 1373 (m). HRMS
(ESI) calcd for C25H26NO7

+ [M + H]+ 452.1704; found 452.1708.

Dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-4-oxo-4-phenylbutyl)malonate (225)

CO2Me

CO2Me

NPhth

O Ph

The two enantiomers were separated by HPLC using Chiralpack IA column
(0.46 × 25 cm), 75:25 Hexane/Isopropanol, 1 mL/min.

87:13 er tr1 = 26.5 min [α]D
25.0 − 7.3 (c = 1, CHCl3). tr2 = 28.2 min.

99:1 er tr1 = 26.5 min. tr2 = 28.2 min. [α]D
25.0 + 41 (c = 0.6, CHCl3).

Rf 0.45 (6:4 Hexane/Ethyl Acetate). 1H NMR (400 MHz, CDCl3) δ 7.96–7.90
(m, 2 H, Ar), 7.87–7.81 (m, 2 H, Phth), 7.76–7.70 (m, 2 H, Phth), 7.59–7.54 (m, 1
H, Ar), 7.49–7.43 (m, 2 H, Ar), 5.02–4.92 (m, 1 H, N–C–H), 4.02 (dd, 1 H,
J = 17.9, 8.7 Hz, CH(CO2Et)2), 3.80 (s, 3 H, CO2CH3), 3.57 (s, 3 H, CO2CH3),
3.51 (dd, 1 H, J = 17.8, 5.3 Hz, CH2–CO–Ph), 3.45 (dd, 1 H, J = 8.5, 6.1 Hz, CH2–

CO–Ph), 2.80 (ddd, 1 H, J = 14.3, 11.2, 6.1 Hz, CH2), 2.48 (ddd, 1 H, J = 14.3, 8.6,
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3.9 Hz, CH2).
13C NMR (101 MHz, CDCl3) δ 196.7, 169.1, 168.8, 168.2, 136.4,

134.1, 133.5, 131.7, 128.7, 128.1, 123.4, 52.9, 52.7, 49.2, 45.5, 40.7, 31.7. IR 2956
(w), 1774 (w), 1753 (m), 1734 (s), 1709 (s), 1687 (w), 1373 (m), 1372 (m), 724
(m). HRMS (ESI) calcd for C23H22NO7 + [M + H] + 424.1391; found 424.1386.

Enantiospecific reactions

In an oven-dried flask sealed with a septum and under N2 atmosphere is added the
chiral N-phthalimide aminocyclopropane 223 (16–26 mg, 0.053–0.062 mmol, 1 eq)
and the silyl-enol ether (1.5 eq) in dry dichloromethane (0.15 M). The solution is
cooled down to −78 °C and a 0.43 M solution of tin tetrachloride (10 mol%) in dry
dichloromethane is added. The reaction is stirred for 1 h at −78 °C. Triethylamine
(0.1 mL) is then added in one portion at −78 °C. The reaction is warmed at room
temperature and stirred for 15 min. Dichloromethane is removed under reduced
pressure and the crude is directly purified by column chromatography (8:2
Hexane/Ethyl Acetate) (Table 5.1).

Access to linear building blocks

Table 5.1 Enantiospecific reaction of aminocyclopropanes

PhthN
CO2Me

CO2Me

R4
3SiO

NPhth

R4
3SiO

R1 CO2Me

CO2Me

R1

223
>94%ee

10 mol% SnCl4

-78°C, CH2Cl2

*

R2

R2

R3
R3

Entry er 223 219 220 Yield %a dra er 220

1 98.5:1.5 219a 220b 82 >20:1 99:1

2 99.5:0.5 219d 220j 73 >20:1 90.5:9.5

3 97.5:2.5 219l 220l 76 3:1 97:3

4 99.5:0.5 219k 220q 77.5 3:1:1 97:3

5 99:1 219r 220r 74 >20:1 98:2
aDue to the small scale for these experiments, product of retroaldol was detected, affecting the
yield and dr

NPhth

TIPSO

Ph CO2Me

CO2Me

PhthN
CO2Me

CO2Me

MeO2C
CO2Me

Ph

O
PhthN

223

220b

20 mol% In(OTf)3, rt 225

20 mol% In(OTf)3, rt
219a
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Indium (III) trifluoromethanesulfonate (17.0 mg, 0.026 mmol, 20 mol%) is
weighted in the glovebox. The flask is closed with a septum and put under N2

atmosphere. A solution of aminocyclopropane 223 (50 mg, 0.15 mmol, 1 eq) and
silyl enol ether 219a (50 mg, 0.18 mmol, 1.2 eq) in 1 mL of dry dichloromethane is
added. The reaction is stirred overnight at room temperature. The reaction is filtered
through a plug of silica in order to remove the catalyst and concentrated under
reduced pressure. Purification by column chromatograpy (6:4 Hexane/Ethyl
Acetate) furnished 58 mg (0.13 mmol, 85 % yield) of the desired product 225 as
a colorless oil.

er 220b Yield % er 225

97:3 85 87:13

Indium (III) trifluoromethanesulfonate (3.5 mg, 0.0062 mmol, 20 mol%) is
weighted in the glovebox. The flask is closed with a septum and put under N2

atmosphere. A solution of 220b (18.1 mg, 0.031 mmol, 1 eq) in 0.3 mL of dry
dichloromethane (0.15 M) is added. The reaction is stirred overnight at room
temperature. The reaction is filtered through a plug of silica in order to remove the
catalyst and concentrated under reduced pressure. Purification by column chro-
matography (6:4 Hexane/Ethyl Acetate) furnished 7.2 mg (0.017 mmol, 55 % yield)
of the desired product 225 as a colorless oil.

er 220b Yield % er 225

99:1 55 99:1

Dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-3-methyl-4-oxo-4-phenylbutyl)malon-
ate (226)

NPhth

TIPSO

Ph CO2Me

CO2Me

PhthN
CO2Me

CO2Me

MeO2C
CO2Me

Ph

O
PhthN

223

220l

20 mol% In(OTf)3, rt
219l

20 mol% In(OTf)3, rt 226

MeMe
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Following the same procedure described above, using 50 mg (0.17 mmol, 1 eq)
of aminocyclopropane 223, 72 mg (0.25 mmol, 1.5 eq) of silyl enol ether 219l and
18.5 mg (0.033 mmol, 20 mol%) of indium (III) trifluoromethanesulfonate, 49 mg
(0.11 mmol, 67 % yield) of a colorless oil is obtained after purification by column
chromatography (9:1 Hexane/Ethyl Acetate to 8:2 Hexane/Ethyl Acetate). 4:1
Mixture of syn/anti diastereoisomers of 226.

Indium (III) trifluoromethanesulfonate (5 mg, 0.009 mmol, 20 mol%) is
weighted in the glovebox. The flask is closed with a septum and put under N2

atmosphere. A solution of 220l (26 mg, 0.044 mmol, 1 eq) in 0.5 mL of dry
dichloromethane is added. The reaction is stirred overnight at room temperature.
The reaction is filtered through a plug of silica in order to remove the catalyst and
concentrated under reduced pressure. Purification by column chromatography (6:4
Hexane/Ethyl Acetate) furnished 15 mg (0.043 mmol, 78 % yield) of the desired
product 226 as a colorless oil.

dr > 20:1 syn/anti Rf 0.29 (6:4 Hexane/Ethyl Acetate). 1H NMR (400 MHz,
CDCl3) δ 8.07 (d, 2 H, J = 7.4 Hz, Ar), 7.91 (m, 2 H, Phth), 7.79 (m, 2 H, Phth),
7.64 (m, 1 H, Ar), 7.54 (t, 2 H, J = 7.8 Hz, Ar), 4.84 (ddd, 1 H, J = 10.9, 10.9,
3.1 Hz, N–C–H), 4.48 (m, 1 H, Me–CH–CO–Ph), 3.76 (s, 3 H, CO2CH3), 3.47 (s, 3
H, CO2CH3), 3.39 (dd, 1 H, J = 7.2, 7.2 Hz, CH(CO2Et)2), 2.77 (ddd, 1
H, J = 14.4, 11.4, 6.8 Hz, CH2), 2.24 (ddd, 1 H, J = 14.4, 7.9, 3.2 Hz, CH2), 1.10
(d, 3 H, J = 7.1 Hz,, CH3).

13C NMR (101 MHz, CDCl3) δ 201.2, 169.1, 168.6,
168.4, 136.1, 134.3, 133.6, 131.5, 128.9, 128.6, 123.5, 52.8, 52.5, 51.9, 49.8, 42.3,
30.0, 16.0. IR 2955 (w), 1754 (m), 1736 (s), 1712 (s), 1388 (m), 1368 (m), 723 (s).
HRMS (ESI) calcd for C24H24NO7

+ [M + H]+ 438.1547; found 438.1505.

Trans-dimethyl4-amino-2-phenyl-2-(triisopropylsilyl)oxy)cyclopentane-1,1-
dicarboxylate (227)

NPhth

TIPSO

Ph
CO2Me

CO2Me

NH2

TIPSO

Ph CO2Me

CO2Me

NH2H2N

iPrOH
Reflux, 8 h

220b 227

Following a modified procedure [14], 100 mg of 220b (0.172 mmol, 1 eq) is
added in an oven dried flask with 52 mg (0.86 mmol, 5 eq) of ethylenediamine.
Isopropanol is added and the white suspension is refluxed. After a few minutes, the
starting material is completely solubilized and the reaction is heated during 8 h. The
solvent is then removed under reduced pressure and the crude oil is purified by
column chromatography (9:1 Ethyl Acetate/Hexane + 1 % NEt3). 55 mg
(0.12 mmol, 72 %) of a colorless oil corresponding to the free cyclopentylamine
227 is isolated.

184 5 Experimental Part



Rf 0.2 (100 % Ethyl Acetate). Mp 200 °C decomposition. 1H NMR (400 MHz,
CDCl3) δ 7.78–7.74 (m, 2 H, Ar), 7.32–7.24 (m, 3 H, Ar), 3.82–3.82 (m, 1 H,
N–C–H), 3.77 (s, 3 H, CO2CH3), 3.31 (s, 3 H, CO2CH3), 3.17 (dd, 1 H, J = 13.9,
8.7 H, CH2), 2.73 (dd, 1 H, J = 13.5, 9.3 Hz, CH2), 2.61 (dd, 1 H, J = 13.4, 6.9 Hz,
CH2), 1.99 (dd, 1 H, J = 14.0, 6.2 Hz, CH2), 1.76 (br s, 2 H, NH2), 0.98–0.91 (m,
21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ 172.1, 169.2, 142.0, 128.0, 127.8,
127.2, 89.0, 71.3, 52.1, 49.4, 49.0, 44.6, 29.7, 18.2, 13.8. IR 2949 (w), 2949 (w),
2949 (w), 2949 (w), 2868 (w), 1752 (s), 1736 (s), 1717 (s), 1448 (w), 1263 (m),
1106 (s), 1077 (s). HRMS (ESI) calcd for C24H40NO5Si

+ [M + H]+ 450.2670;
found 450.2660.

Methyl 4-(1,3-dioxoisoindolin-2-yl)-2-phenylcyclopent-1-enecarboxylate (228)

NPhth

TIPSO

Ph
CO2Me

CO2Me

NPhth

CO2MePh

NaCl, DMSO, H2O
170 °C, 6 h

220b 228

Following a modified procedure [15], 220b (90 mg, 0.15 mmol, 1 eq) is dis-
solved in 2 mL dimethylsulfoxide and 5 µl (0.3 mmol, 2 eq) of water. The solution
is stirred for 6 h at 170 °C. After cooling to room temperature, the reaction mixture
is extracted three times with 5 mL of diethyl ether, washed three times with 5 mL of
water, three times with 5 mL brine dried over magnesium sulfate and filtered
through a cotton plug. The solvents are evaporated under reduced pressure and the
crude is purified by column chromatography (8:2 Hexane/Ethyl Acetate). 47 mg
(0.14 mmol, 88 % yield) of 228 as a white solid are isolated.

Rf 0.51 (6:4 Hexane/Ethyl Acetate). Mp 165 °C. 1H NMR5 (400 MHz, CDCl3)
δ 7.88 (m, 2 H, Phth), 7.75 (m, 2 H, Phth), 7.44–7.31 (m, 5 H, Ar), 5.14 (m, 1 H,
N–C–H), 3.66 (s, 3 H, CO2CH3), 3.50 (m, 1 H, CH2), 3.35 (m, 1 H, CH2), 3.19 (m,
2 H, CH2).

13C NMR (101 MHz, CDCl3) δ 171.5, 168.6, 154.4, 138.0, 135.9,
133.7, 129.8, 129.4, 129.3, 128.1, 124.6, 49.3, 44.5, 41.3, 36.5. IR 2949 (w), 1773
(w), 1710 (s), 1393 (m), 1378 (m), 1236 (m), 722 (m). HRMS (ESI) calcd for
C21H17NNaO4

+ [M + Na]+ 370.1050; found 370.1063.

Dimethyl 4-(1,3-dioxoisoindolin-2-yl)-2-phenylcyclopent-2-ene-1,1-dicarboxyl
ate (229)

220b 229

NPhth

TIPSO

Ph
CO2Me

CO2Me

NPhth

CO2Me

CO2MePh

TMSOTf

0°C

5Peaks are splitting due to conformers of methyl ester.
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220b (80 mg, 0.14 mmol, 1 eq) is added in an oven dried flask, under nitrogen.
1 mL of dry dichloromethane is added and the solution is cooled to 0 °C with an
ice/water bath. TMSOTf (28 µl, 0.15 mmol, 1.1 eq) is added and the reaction is
stirred for 10 min at 0 °C. The solvent is evaporated under reduced pressure and the
crude is purified by column chromatography (8:2 Hexane/Ethyl Acetate). 229 is
isolated as a colorless solid (30 mg, 0.074 mmol, 53 % yield).

Rf 0.43 (6:4 Hexane/Ethyl Acetate). Mp 132 °C. 1H NMR (400 MHz, CDCl3) δ
7.90–7.83 (m, 2 H, Phth), 7.79–7.72 (m, 2 H, Phth), 7.51–7.46 (m, 2 H, Ar), 7.37–
7.29 (m, 3 H, Ar), 6.25 (d, 1 H, J = 2.3 Hz, C=CH), 5.65–5.58 (m, 1 H, N–C–H),
3.82 (s, 3 H, CO2CH3), 3.72 (s, 3 H, CO2CH3), 3.15 (m, 2 H, CH2).

13C NMR
(101 MHz, CDCl3) δ 171.6, 170.5, 167.9, 143.9, 134.6, 134.1, 131.9, 131.3, 128.0,
128.0, 127.7, 123.4, 53.5, 53.1, 52.8, 40.3, 29.7. IR 1773 (w), 1732 (m), 1715 (s),
1391 (w), 1368 (w), 1273 (w), 1124 (w), 720 (m). HRMS (ESI) calcd for
C23H20NO6

+ [M + H]+ 406.1285; found 406.1295.

5.3 [3 + 2] Annulation with Aldehydes

The experiments of this project were carried out by Dr. Fides Benfatti and therefore
the experimental part will not be included in this thesis. It can be found in the
supporting information of our publication: Benfatti, F. de Nanteuil, F. Waser,
J. Org. Lett. 2011, 14, 386, which will be added in the appendix of this thesis.

5.4 [3 + 2] Annulation with Ketones

The experiments of this project were carried out by Dr. Fides Benfatti and therefore
the experimental part will not be included in this thesis. It can be found in the
supporting information of our publication: Benfatti, F. de Nanteuil, F. Waser,
J. Chem. Eur. J. 2012, 18, 4844, which will be added in the appendix of this thesis.

5.5 Friedel-Craft Alkylation with Indoles

Starting material synthesis
Bis(2,2,2-trifluoroethyl) malonate (252)

HO OH

OO
F3C OH

O O

OO

F3C CF3

+
H2SO4

371 372 252
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Following a reported procedure [16], a 250 mL round-bottom flask equipped
with a condenser was charged with malonic acid (372) (8.00 g, 77.0 mmol, 1
equiv), 2,2,2-trifluoroethanol (371) (29.6 mL, 412 mmol, 5.4 equiv), benzene
(40.0 mL) and sulfuric acid (1.00 mL, 19.0 mmol, 0.25 equiv). The flask was
flushed with nitrogen and the reaction mixture refluxed overnight under nitrogen
atmosphere. Afterwards, the reaction mixture was allowed to cool to room tem-
perature, diluted with additional benzene (80 mL), and washed sequentially with
10 % sodium carbonate (3 × 80 mL), water (80 mL), and brine (80 mL). The
organic layer was dried over anhydrous sodium sulfate and concentrated under
reduced pressure to afford bis(2,2,2-trifluoroethyl) malonate (252) (7.19 g,
26.8 mmol, 35 %) as a colorless oil.

1H NMR (400 MHz, CDCl3) δ 4.54 (q, 4 H, J = 8.3 Hz, CH2–CF3), 3.60 (s, 2 H,
CH2–(CO)2).

13C NMR (101 MHz, CDCl3) δ 164.1, 122.5 (q, JC-F = 277 Hz), 61.1
(q, JC-F = 37 Hz), 40.0. 19F NMR (376 MHz, CDCl3) δ −74.11 (t, J = 8.3 Hz).

The characterization data correspond to the reported values [16].

Dibenzyl 2-diazomalonate (253)

OBnBnO

O O

HN S
O

O
N3

OBnBnO

O O

N2

Et3N
O

+

251 253373

Dibenzyl malonate (251) (2.00 g, 7.03 mmol, 1 equiv), triethylamine (1.10 mL,
7.70 mmol, 1.1 equiv) and 4-acetamidobenzenesulfonyl azide (373) (1.81 g,
7.53 mmol, 1.1 equiv) were dissolved in acetonitrile (70.0 mL) at room tempera-
ture. After stirring the resulting mixture overnight, the suspension was filtered
through a plug of cotton wool and the solvent was removed under reduced pressure.
The crude was partitioned between dichloromethane (100 mL) and water (100 mL),
and filtered through a plug of cotton wool. The two layers were separated and the
aqueous layer was extracted with dichloromethane (100 mL). The combined
organic layers were dried over MgSO4, concentrated under reduced pressure and
dried under vacuum. Filtration over a plug of silica (Diethyl ether/hexane 1/1,
150 mL) afforded dibenzyl 2-diazomalonate (253) (2.03 g, 6.53 mmol, 93 % yield)
as a yellow solid.

Rf 0.69 (6:4 Hexane/AcOEt). Mp 48.2–51.1 °C. 1H NMR (400 MHz, CDCl3) δ
7.38–7.32 (m, 10 H, Ar), 5.28 (s, 4 H, CH2).

13C NMR (101 MHz, CDCl3) δ 160.9,
135.4, 128.8, 128.6, 128.4, 67.2, 41.7. IR 3064 (w), 3035 (w), 2950 (w), 2888 (w),
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2140 (s), 1756 (s), 1732 (s), 1692 (m), 1456 (w), 1385 (m), 1315 (s), 1268 (m),
1087 (s). HRMS (ESI) calcd for C17H15N2O4

+ [M + H]+ 311.1026; found
311.1016.

Bis(2,2,2-trifluoroethyl) 2-diazomalonate (254)

OO

O O

CF3F3C HN S
O

O
N3

OO

O O

CF3F3C
N2

Et3N
O

+

252 373 254

Bis(2,2,2-trifluoroethyl) malonate (252) (5.00 g, 18.7 mmol, 1 equiv), triethyl-
amine (2.84 mL, 20.5 mmol, 1.1 equiv) and 4-acetamidobenzenesulfonyl azide
(373) (4.93 g, 20.5 mmol, 1.1 equiv) were dissolved in acetonitrile (180 mL) at
room temperature. After stirring the resulting mixture overnight, the suspension was
filtered through a plug of cotton wool and the solvent was removed under reduced
pressure. The crude was dissolved in dichloromethane (200 mL), filtered through a
plug of cotton wool, and partitioned between dichloromethane and water (200 mL).
The two layers were separated and the aqueous layer was extracted with dichlo-
romethane (2 × 150 mL). The combined organic layers were dried over MgSO4,
concentrated under reduced pressure and dried under vacuum. Filtration through a
plug of silica (AcOEt/hexane 1/1 + 1 % NEt3, 500 mL) afforded bis
(2,2,2-trifluoroethyl) 2-diazomalonate (254) (5.44 g, 18.5 mmol, 99 % yield) as a
yellow oil which was not further purified.

Rf 0.67 (6:4 hexane/ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 4.62 (q, 4 H,
J = 8.2 Hz, CH2).

13C NMR (101 MHz, CDCl3) δ 158.7, 122.6 (q, JC-F = 277 Hz),
60.9 (q, JC-F = 37 Hz).6 IR 2985 (w), 2154 (m), 1777 (s), 1715 (m), 1417 (m), 1357
(m), 1280 (s), 1168 (s), 1102 (s). HRMS (ESI) calcd for C7H4F6N2NaO4

+

[M + Na]+ 316.9967; found 316.9972.

Dimethyl 2-(5-bromo-1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate
(245)

NH

O

O

O

O

O

Br O

NH2

Br
+

374 244 245

Following a modified procedure [17], 5-bromoisobenzofuran-1,3-dione (374)
(500 mg, 2.20 mmol, 1 equiv) and formamide (244) (8.82 mL, 220 mmol, 100

6The diazo carbon could not be detected.
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equiv) were added in a 20 mL microwave vial and sealed with a microwave
cap. The mixture was stirred until the product was completely dissolved. The
mixture was heated twice at 200 °C for 30 with 10 s pre-stirring, using Biotage
Initiator 2.0 microwave reactor. The product crystallized spontaneously as colorless
needles in the pale yellow solution. The mixture was cooled to 0 °C and cold water
(10 mL) was added into the tube. The solid was filtrated over a filter paper, washed
with water (15 mL) and hexane (20 mL) and dried under reduced pressure to afford
5-bromoisoindoline-1,3-dione (245) (394 mg, 1.75 mmol, 79 % yield) as a colorless
solid which was used without further purification.

1H NMR (400 MHz, DMSO) δ 11.4 (s, 1 H, NH), 8.04–7.99 (m, 2 H, Ar), 7.76
(d, 1 H, J = 7.7 Hz, Ar).

NH

O

O

O

O
N

O

O

PdCl2, LiClBr Br
+

245 224 247

Following a modified procedure [18], 5-bromoisoindoline-1,3-dione (245)
(1.50 g, 6.64 mmol, 1 equiv), palladium(II) chloride (118 mg, 0.664 mmol, 0.1
equiv), lithium chloride (28.0 mg, 0.660 mmol, 0.1 equiv) and vinyl acetate (224)
(16.5 mL, 178 mmol, 27 equiv) were added in a microwave tube sealed with a
microwave cap. The mixture was stirred for 28 h at 80 °C, and then cooled down to
room temperature. The solvent was removed under reduced pressure. Purification
by silica gel chromatography (hexane/ethyl acetate 20/1 to 15/1) afforded
5-bromo-2-vinylisoindoline-1,3-dione (247) (1.66 g, 6.59 mmol, 99 % yield) as a
yellow solid.

Rf 0.47 (9:1 hexane/ethyl acetate). Mp 74.9–75.6 °C. 1H NMR (400 MHz,
DMSO) δ 8.11 (d, 1 H, J = 1.4 Hz, Ar), 8.07 (dd, 1 H, J = 8.0, 1.8 Hz, Ar), 7.84 (d,
1 H, J = 7.9 Hz, Ar), 6.81 (dd, 1 H, J = 16.3, 9.8 Hz, =CH), 5.93 (d, 1 H,
J = 16.3 Hz, =CH), 5.08 (d, 1 H, J = 9.8 Hz, =CH). 13C NMR (101 MHz, CDCl3)
δ 165.7, 165.1, 138.6, 133.3, 130.1, 129.5, 127.0, 125.0, 123.7, 105.1. IR 2927 (w),
2854 (w), 2361 (m), 1728 (s), 1640 (w), 1377 (s), 1303 (w), 1169 (m). HRMS
(ESI) calcd for C10

79BrH7NO2
+ [M + H]+ 251.9655; found 251.9656.

OMeMeO

O O

N2

N

O

O

N

O

O

Rh2(esp)2
+

Br
Br

O
O

O

O

247 199 255
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Following a modified procedure [6], a solution of dimethyl 2-diazomalonate
(199) (0.05 g, 0.3 mmol, 1.5 equiv) in dichloromethane (0.4 mL) was added
dropwise over 5 min to a solution of 5-bromo-2-vinylisoindoline-1,3-dione (247)
(0.05 g, 0.2 mmol, 1 equiv) and bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (0.3 mg, 0.4 µmol, 0.2 mol%) in
dichloromethane (0.6 mL) at 0 °C. After stirring the resulting mixture overnight at
room temperature, the solution was concentrated under reduced pressure.
Purification by silica gel chromatography (hexane/ethyl acetate 75/25–70/30)
afforded dimethyl 2-(5-bromo-1,3-dioxoisoindolin-2-yl)
cyclopropane-1,1-dicarboxylate (255) (0.08 g, 0.2 mmol, 100 %) as a colorless oil.

Rf 0.30 (hexane/ethyl acetate 3/1). Mp 114.8–117.5 °C. 1H NMR (400 MHz,
CDCl3) δ 7.99–7.95 (m, 1 H, Ar), 7.86 (dd, 1 H, J = 7.9, 1.6 Hz, Ar), 7.70 (d, 1 H,
J = 7.9 Hz, Ar), 3.82 (s, 3 H, Me–O), 3.70–3.64 (m, 1 H, CH–NPhth), 3.62 (s, 3 H,
Me–O), 2.66 (dd, 1 H, J = 6.5, 6.5 Hz, CH2), 2.06–2.01 (m, 1 H, CH2).

13C NMR
(101 MHz, CDCl3) δ 168.4, 167.0, 167.0, 166.5, 137.4, 133.1, 130.0, 129.4, 126.9,
124.9, 53.2, 53.0, 34.9, 33.1, 19.6. IR 2956 (w), 2855 (w), 2361 (w), 1782 (w),
1730 (s), 1605 (w), 1439 (w), 1397 (m), 1331 (m), 1295 (w), 1223 (m), 1134 (w).
HRMS (ESI) calcd for C15

79BrH13NO6
+ [M + H]+ 381.9921; found 381.9920.

Dimethyl 2-(5,6-dichloro-1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarbo
xylate (256)

NH

O

O

O

O
N

O

O

Na2PdCl4
Cl Cl

+

ClCl

375 224 250

Following a modified procedure [18], Na2PdCl4 (27.0 mg, 0.0930 mmol, 2 mol
%) was added to a stirred solution of 4,5-dichlorophthalimide (375) (1.00 g,
4.63 mmol, 1.00 equiv) in vinyl acetate (224) (11.5 mL, 124 mmol, 26.8 equiv),
and the mixture was heated under reflux for 48 h. After solvent evaporation, the
crude was purified by Biotage (SNAP Cartridge KP-Sil 25 g, 8:2 Hexane/AcOEt) to
obtain5,6-dichloro-2-vinylisoindoline-1,3-dione (250) (1.12 g, 4.63 mmol, 46 %
yield) as a yellow solid.

Rf 0.53 (6:4 Hexane/AcOEt).Mp 164.7–166.6 °C. 1H NMR (400 MHz, CDCl3)
δ 7.96 (s, 2 H, Ar), 6.84 (dd, 1 H, J = 16.4, 9.8 Hz, =CH), 6.09 (dd, 1 H, J = 16.4,
0.3 Hz, =CH), 5.10 (dd, 1 H, J = 9.8, 0.3 Hz, =CH). 13C NMR (101 MHz, CDCl3)
δ 164.6, 139.7, 130.8, 125.8, 123.7, 105.6. IR 3065 (w), 3034 (w), 2952 (w), 1726
(s), 1392 (m), 1322 (m), 1288 (m), 1217 (m), 1194 (m), 1131 (m). HRMS (APPI
ionization) calcd for C10

35Cl2H6NO2
+ [M + H]+ 241.9770; found 241.9771.
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Following a modified procedure [6], a solution of dimethyl 2-diazomalonate
(199) (0.70 g, 4.4 mmol, 1.5 equiv) in dichloromethane (8.0 mL) was added
dropwise over 5 min to a solution of 5,6-dichloro-2-vinylisoindoline-1,3-dione
(250) (72 mg, 3.0 mmol, 1 equiv) and bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (4.5 mg, 5.9 µmol, 0.2 mol%) in
dichloromethane (4.0 mL) at 0 °C. After stirring the resulting mixture overnight at
room temperature, the solution was concentrated under reduced pressure.
Purification by Biotage (SNAP cartridge KP-Sil 25 g, hexane/AcOEt 95/5 to 60/40)
afforded dimethyl 2-(5,6-dichloro-1,3-dioxoisoindolin-2-yl)
cyclopropane-1,1-dicarboxylate (256) (0.81 g, 2.2 mmol, 77 % yield) as a colorless
solid.

Rf 0.27 (8:2 hexane/ethyl acetate). Mp 145.9–148.1 °C. 1H NMR (400 MHz,
CDCl3) δ 7.92 (s, 2 H, Ar), 3.82 (s, 3 H, Me–O), 3.66 (dd, 1 H, J = 8.5, 6.7 Hz,
CH–Phth), 3.63 (s, 3 H, Me–O), 2.64 (dd, 1 H, J = 6.5. 6.5 Hz, CH2), 2.07–2.01
(m, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 168.4, 167.1, 166.0, 139.5, 130.6,
125.7, 53.3, 53.2, 35.0, 33.1, 19.8. IR 3096 (w), 3033 (w), 2955 (w), 2851 (w),
1787 (m), 1725 (s), 1438 (m), 1398 (s), 1308 (m), 1222 (m), 1134 (m). HRMS
(ESI) calcd for C15

35Cl2H12NO6
+ [M + H]+ 372.0036; found 372.0022.

Dimethyl 2-(1,3-dioxo-1H-benzo[f]isoindol-2(3H)-yl)cyclopropane-1,1-dicar
boxylate (257)

NH

O

O

O

O

O

O

NH2

+

376 244 246

Following a modified procedure [17], naphtho[2,3-c]furan-1,3-dione (376)
(500 mg, 2.52 mmol, 1 equiv) and formamide (244) (10.0 mL, 252 mmol, 100
equiv) were added in a 20 mL microwave vial and sealed with a microwave
cap. The mixture was stirred until the product was completely dissolved. The
mixture was heated twice at 200 °C for 30 s with 10 s pre-stirring, using Biotage
Initiator 2.0 microwave reactor. The mixture was cooled to 0 °C and cold water
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(10 mL) was added into the tube. The solid was filtrated over a filter paper, washed
with water (15 mL) and hexane (20 mL) and dried under reduced pressure to afford
1H-benzo[f]isoindole-1,3(2 H)-dione (246) (432 mg, 2.19 mmol, 87 % yield) as a
beige solid which was used without further purification.

Rf 0.44 (6:4Hexane/AcOEt). Mp 267°C decomp. 1H NMR (400 MHz, DMSO)
δ 11.5 (s, 1 H, NH), 8.45 (s, 2 H, Ar), 8.26 (dd, 2 H, J = 6.1, 3.3 Hz, Ar), 7.76 (dd, 2
H, J = 6.6, 3.3 Hz, Ar). 13C NMR (101 MHz, DMSO) δ 168.9, 135.1, 130.2, 129.1,
128.7, 124.2. IR 3224 (w), 3071 (w), 2925 (w), 2852 (w), 1707 (s), 1447 (w), 1316
(m), 1113 (m), 1012 (w), 905 (w). HRMS (ESI) calcd for C12H7NNaO2

+

[M + Na]+ 220.0369; found 220.0380.

NH

O

O

O

O
N

O

O

PdCl2, LiCl
+

246 224 248

Following a modified procedure [18], 1H-benzo[f]isoindole-1,3(2 H)-dione
(246) (1.70 g, 8.62 mmol, 1 equiv), palladium(II) chloride (0.150 g, 0.860 mmol,
0.1 equiv), lithium chloride (0.0370 g, 0.860 mmol, 0.1 equiv) and vinyl acetate
(224) (21.4 mL, 231 mmol, 27 equiv) were added in a microwave tube sealed with a
microwave cap. After stirring for 31 h at 80 °C, the resulting mixture was cooled
down to room temperature. Purification by silica gel chromatography (hexane/ethyl
acetate 17/1 to 10/1) afforded 2-vinyl-1H-benzo[f]isoindole-1,3(2 H)-dione (248)
(1.26 g, 5.66 mmol, 66 % yield) as a colorless solid.

Rf 0.51 (8:2 hexane/ethyl acetate). Mp 201.9–202.8 °C. 1H NMR (400 MHz,
CDCl3) δ 8.37 (s, 2 H, Ar), 8.07 (dd, 2 H, J = 6.1, 3.4 Hz, Ar), 7.72 (dd, 2 H,
J = 6.3, 3.3 Hz, Ar), 6.97 (dd, 1 H, J = 16.4, 9.7 Hz, =CH), 6.20 (d, 1 H,
J = 16.4 Hz, =CH), 5.12 (d, 1 H, J = 9.9 Hz, =CH). 13C NMR (101 MHz, CDCl3) δ
166.4, 135.9, 130.5, 129.6, 127.3, 125.4, 124.3, 105.3. IR 3029 (w), 2949 (w),
1704 (s), 1379 (w), 1303 (w), 1218 (w), 1139 (m), 1012 (w), 975 (w), 882 (w).
HRMS (ESI) calcd for C14H10NO2

+ [M + H]+ 224.0706; found 224.0710.
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OMeMeO

O O
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N

O

O

N

O

O OO

Rh2(esp)2

+

O

O

199 257

Following a modified procedure [6], a solution of dimethyl 2-diazomalonate
(199) (0.20 g, 1.3 mmol, 1.5 equiv) in dichloromethane (2.0 mL) was added
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dropwise over 5 min to a solution of 2-vinyl-1H-benzo[f]isoindole-1,3(2 H)-dione
(248) (0.19 g, 0.85 mmol, 1 equiv) and bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (1.3 mg, 1.7 µmol, 0.2 mol%) in
dichloromethane (3.0 mL) at 0 °C. After stirring the resulting mixture for 26 h at
room temperature the solution was concentrated under reduced pressure.
Purification by silica gel chromatography (8:2 hexane/ethyl acetate to 6/4) afforded
dimethyl 2-(1,3-dioxo-1H-benzo[f]isoindol-2(3 H)-yl)
cyclopropane-1,1-dicarboxylate (257) (0.28 g, 0.80 mmol, 94 % yield) as a col-
orless solid.

Rf 0.39 (6:4 hexane/ethyl acetate). Mp 165.6–167.5 °C. 1H NMR (400 MHz,
CDCl3) δ 8.34 (s, 2 H, Ar), 8.06 (dd, 2 H, J = 6.0, 3.3 Hz, Ar), 7.70 (dd, 2 H,
J = 6.3, 3.3 Hz, Ar), 3.84 (s, 3 H, Me–O), 3.77 (dd, 1 H, J = 8.5, 6.7 Hz, CH–N),
3.60 (s, 3 H, Me–O), 2.78 (dd, 1 H, J = 6.5, 6.5 Hz, CH2), 2.08 (dd, 1 H, J = 8.5,
6.4, CH2).

13C NMR (101 MHz, CDCl3) δ 168.7, 167.7, 167.0, 135.7, 130.4,
129.4, 127.2, 125.1, 53.2, 53.1, 35.3, 33.3, 19.8. IR 3034 (w), 2955 (w), 1720 (s),
1439 (m), 1393 (m), 1332 (m), 1292 (m), 1222 (m), 1134 (m), 912 (m). HRMS
(ESI) calcd for C19H16NO6

+ [M + H]+ 354.0972; found 354.0968.

Dimethyl 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)cyclopropane-1,1-dicarbo
xylate (258)

NH

O

O

O

O
N

O

O

PdCl2, LiCl
+

377 224 249

Following a modified procedure, maleimide (377) (1.30 g, 13.4 mmol, 1 equiv),
palladium (II) chloride (0.237 g, 1.34 mmol, 0.1 equiv), lithium chloride (57.0 mg,
1.34 mmol, 0.1 equiv) and vinyl acetate (224) (33.2 mL, 359 mmol, 27 equiv) were
added in a microwave tube sealed with a microwave cap. After stirring at 80 °C for
23 h, the resulting mixture was cooled down to room temperature. Purification by
Biotage (SNAP cartridge KP-Sil 50 g, hexane/AcOEt 93/7–40/60) afforded
1-vinyl-1H-pyrrole-2,5-dione (249) (1.74 g, 14.1 mmol, quantitative) as a bright
yellow oil.

Rf 0.54 (7:3 hexane/ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 6.74 (s, 2 H,
CH–C=O), 6.67 (dd, 1 H, J = 16.4, 9.8 Hz, CH–N), 5.87 (d, 1 H, J = 16.3 Hz,
=CH2), 4.94 (d, 1 H, J = 9.8 Hz, =CH2).

13C NMR (101 MHz, CDCl3) δ 168.7,
134.5, 123.1, 103.4. IR 3087 (w), 2359 (w), 2113 (w), 1716 (s), 1641 (m), 1384 (s),
1307 (w), 1221 (w), 1130 (w), 896 (w), 845 (m). HRMS (APPI) calcd for
C6H5NO2 [M

+] 123.0320; found 123.0323.
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Following a modified procedure [6], a solution of dimethyl 2-diazomalonate
(199) (96 mg, 0.61 mmol, 1.5 equiv) in dichloromethane (1.0 mL) was added
dropwise over 5 min to a solution of 1-vinyl-1H-pyrrole-2,5-dione (249) (50 mg,
0.41 mmol, 1 equiv) and bis[rhodium(α,α,α′,α′-tetramethyl-1,3-benzenedipropionic
acid)] (0.7 mg, 0.9 µmol, 0.2 mol%) in dichloromethane (2.0 mL) at 0 °C. The
resulting mixture was stirred for 5 h at room temperature and finally concentrated
under reduced pressure. Purification by Biotage (SNAP cartridge KP-Sil 10 g,
hexane/AcOEt 95/5 to 70/30) afforded dimethyl 2-(2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)cyclopropane-1,1-dicarboxylate (258) (66.9 mg, 0.264 mmol, 65 %
yield) as a colorless oil.

Rf 0.38 (6:4 hexane/ethyl acetate). Mp 78.4–80.7 °C. 1H NMR (400 MHz,
CDCl3) δ 6.67 (s, 2 H, CH–C=O), 3.79 (s, 3 H, Me–O), 3.66 (s, 3 H, Me–O), 3.56–
3.51 (m, 1 H, CH–N), 2.56 (dd, 1 H, J = 6.4, 6.5 Hz, CH2), 1.96–1.91 (m, 1 H,
CH2).

13C NMR (101 MHz, CDCl3) δ 170.0, 168.4, 167.0, 134.1, 53.1, 53.0, 34.3,
32.9, 19.3. IR 2363 (w), 1727 (s), 1437 (w), 1332 (w), 1296 (w), 1220 (w), 1135
(w). HRMS (ESI) calcd for C11H11NNaO6

+ [M + Na]+ 276.0479; found 276.0485.

Bis(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarbox
ylate (259)

OO

O O

CF3F3C
N2

N

O

O
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O
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CF3

+
Rh2(esp)2

259183 254

Following a modified procedure [6], a solution of bis(2,2,2-trifluoroethyl)
2-diazomalonate (254) (1.0 g, 3.4 mmol, 1.1 equiv) in dichloromethane (4.0 mL)
was added dropwise over 5 min to a solution of 2-vinylisoindoline-1,3-dione (183)
(540 mg, 3.10 mmol, 1 equiv) and bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (4.7 mg, 6.2 µmol, 0.2 mol%) in
dichloromethane (6.0 mL) at 0 °C. After stirring the resulting mixture overnight at
room temperature, the solution was concentrated under reduced pressure.
Purification by silica gel chromatography (hexane/AcOEt 95/5–75/25) afforded bis
(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate
(259) (1.3 g, 3.0 mmol, 97 % yield) as a colorless solid.
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Rf 0.61 (6:4 hexane/ethyl acetate). Mp 76.3–78.0 °C. 1H NMR (400 MHz,
CDCl3) δ 7.87–7.82 (m, 2 H, Phth), 7.77–7.72 (m, 2 H, Phth), 4.61 (q, 2 H,
J = 8.2 Hz, CH2–CF3), 4.50–4.30 (m, 2 H, CH2–CF3), 3.83 (dd, 1 H, J = 8.6,
6.9 Hz, CH–Phth), 2.90 (dd, 1 H, J = 6.8, 6.8 Hz, CH2), 2.19 (dd, 1 H, J = 8.6,
6.6 Hz, CH2).

13C NMR (101 MHz, CDCl3) δ 167.7, 166.4, 164.5, 134.7, 131.4,
123.8, 122.7 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 61.7 (q, JC-F = 37 Hz),
61.5 (q, JC-F = 37 Hz), 36.4, 32.7, 21.0. IR 3495 (w), 3121 (w), 3037 (w), 2981
(w), 1724 (s), 1397 (m), 1277 (s), 1163 (s), 1116 (s), 975 (m). HRMS (ESI) calcd
for C17F6H12NO6

+ [M + H]+ 440.0563; found 440.0555.

Dibenzyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (260)
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Following a modified procedure [6], a solution of dibenzyl 2-diazomalonate
(253) (2.0 g, 6.5 mmol, 1.10 equiv) in dichloromethane (12.0 mL) was added
dropwise over 5 min to a solution of 2-vinylisoindoline-1,3-dione (183)
(1.0 g, 5.9 mmol, 1.00 equiv) and bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (9.0 mg, 0.012 mmol, 0.2 mol%) in
dichloromethane (10.0 mL) at 0 °C. After stirring the resulting mixture overnight at
room temperature, the solution was concentrated under reduced pressure.
Purification by Biotage (SNAP cartridge KP-Sil 50 g, hexane/AcOEt
90/10 to 20/80) afforded dibenzyl 2-(1,3-dioxoisoindolin-2-yl)
cyclopropane-1,1-dicarboxylate (260) (0.91 g, 2.0 mmol, 34 % yield) as a colorless
oil.

Rf 0.60 (6:4 hexane/ethyl acetate).
1H NMR (400 MHz, CDCl3) δ 7.78–7.73 (m,

2 H, Phth), 7.72–7.67 (m, 2 H, Phth), 7.36–7.28 (m, 5 H, Ar), 7.20–7.13 (m, 5 H,
Ar), 5.29–5.19 (m, 2 H, CH2–Ph), 5.04–4.95 (m, 2 H, CH2–Ph), 3.73 (dd, 1 H,
J = 8.5, 6.7 Hz, CH–Phth), 2.79 (dd, 1 H, J = 6.5, 6.5 Hz, CH2), 2.02 (m, 1 H,
CH2).

13C NMR (101 MHz, CDCl3) δ 168.1, 167.8, 166.2, 135.4, 135.1, 134.3,
131.5, 128.7, 128.4, 128.4, 128.3, 128.1, 123.6, 67.8, 67.7, 35.3, 33.5, 19.8.7 IR
3063 (w), 3034 (w), 2954 (w), 1722 (s), 1388 (m), 1319 (m), 1285 (m), 1215 (m),
1128 (m), 980 (w). HRMS (ESI) calcd for C27H21NNaO6

+ [M + Na]+ 478.1261;
found 478.1262.

7One of the aromatic carbons is overlapping.
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GP7: Optimization of FC alkylation Table 2.11

N
H

N
H

NPhth

cat. 10 mol%

solvent, rt, 1 h
E = CO2Me

R'
R'

+

PhthN

HN

+

R'

E
E

E

E223

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (223)
(10 mg, 0.034 mmol, 1 equiv) and indole (0.051 mmol, 1.5 equiv) were dissolved in
solvent (0.20 mL) and added to the Lewis acid (3.4 µmol, 0.1 equiv) in a sealed
tube closed with a septum. The mixture was stirred at room temperature for 1 h. The
mixture was then filtered through a short plug of silica gel (AcOEt/hexane 1/1,
deactivated with 2 % NEt3, 1 mL) and concentrated under reduced pressure to
remove volatiles. The by 1H NMR.

Dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1-methyl-1H-indol-3-yl)ethyl)mal-
onate (240a)

N

O

O O

O

NO O

Rf 0.40 (6:4 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3) δ 7.82–7.77 (m, 2 H,

Phth), 7.75–7.71 (m, 1 H, ArH), 7.71–7.65 (m, 2 H, Phth), 7.41 (s, 1 H, ArH),
7.32–7.27 (m, 1 H, ArH), 7.26–7.19 (m, 1 H, ArH), 7.16–7.09 (m, 1 H, ArH), 5.79
(dd, 1 H, J = 9.7, 6.5 Hz, N–C–H), 3.80 (s, 3 H, Me), 3.76 (s, 3 H, Me), 3.68 (s, 3
H, Me), 3.53–3.47 (m, 1 H, CH), 3.30–3.20 (m, 1 H, CH2), 3.09–3.00 (m, 1 H,
CH2).

13C NMR (101 MHz, CDCl3) δ 169.2, 169.2, 168.1, 136.5, 133.9, 131.9,
128.7, 126.9, 123.2, 121.9, 119.6, 119.0, 111.6, 109.3, 52.8, 52.7, 49.6, 44.5, 33.0,
30.9. IR 2953 (w), 2365 (w), 1753 (m), 1736 (s), 1711 (s), 1614 (w), 1543 (w),
1469 (w), 1436 (w), 1383 (m), 1355 (w), 1329 (m), 1275 (w), 1158 (w), 913 (w),
739 (m), 728 (s). HRMS (ESI) calcd for C24H23N2O6

+ [M + H]+ 435.1551; found
435.1548.
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Dimethyl-1-(1,3-dioxoisoindolin-2-yl)-4-methyl-1,3a,4,8b-tetrahydrocyclopenta
[b]indole-3,3(2H)-dicarboxylate (241a)

Diastereomer 1:

N

NPhth

CO2Me
CO2Me

Rf 0.50 (6:4 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3) δ 7.90–7.85 (m, 2 H,

Phth), 7.78–7.72 (m, 2 H, Phth), 7.10–7.04 (m, 1 H, ArH), 6.87–6.83 (m, 1 H,
ArH), 6.59 (td, 1 H, J = 7.4, 0.9 Hz, ArH), 6.41 (d, 1 H, J = 7.9 Hz, ArH), 5.26 (dt,
1 H, J = 11.3, 7.4 Hz, CH), 4.96 (d, 1 H, J = 11.2 Hz, CH), 4.44 (dd, 1 H, J = 11.0,
8.1 Hz, CH), 3.80 (s, 3 H, CH3), 3.58 (s, 3 H, CH3), 2.92 (s, 3 H, CH3), 2.79 (dd, 1
H, J = 12.9, 11.3 Hz, CH2), 2.57 (dd, 1 H, J = 12.9, 7.0 Hz, CH2).

13C NMR
(101 MHz, CDCl3) δ 171.5, 170.1, 168.2, 152.0, 134.3, 131.9, 129.9, 128.5, 123.5,
123.3, 118.3, 107.5, 74.8, 65.4, 56.9, 53.0, 52.5, 49.1, 36.2, 35.9. IR 2954 (w),
2257 (w), 1731 (s), 1710 (s), 1378 (m), 1256 (m), 719 (s). HRMS (ESI) calcd for
C24H23N2O6

+ [M + H]+ 435.1551; found 435.1567.

Diastereomer 2:

Rf 0.50 (6:4 Hexane/AcOEt). 1H NMR (400 MHz, CDCl3) δ 7.92–7.56 (m, 4 H,
Phth), 7.08–7.01 (m, 1 H, ArH), 6.52 (d, 1 H, J = 7.9 Hz, ArH), 6.45–6.41 (m, 1 H,
ArH), 6.32 (td, 1 H, J = 7.4, 0.7 Hz, ArH), 4.76-4.66 (m, 1 H, CH), 4.64 (dd, 1 H,
J = 8.1, 0.8 Hz, CH), 4.27 (t, 1 H, J = 8.9 Hz, CH), 3.98 (t, 1 H, J = 13.4 Hz, CH2),
3.84 (s, 3 H, CH3), 3.83 (s, 3 H, CH3), 2.76 (s, 3 H, CH3), 2.34 (dd, 1 H, J = 13.0,
6.4 Hz, CH2).

13C NMR (101 MHz, CDCl3) δ 171.2, 168.8, 155.4, 134.3 (br),
128.9, 127.5, 124.2, 123.3, 118.6, 109.4, 76.1, 64.0, 53.7, 53.3, 52.7, 48.5, 38.8,
30.8.8 IR 2955 (w), 2924 (w), 1732 (s), 1714 (s), 1375 (m), 1268 (w), 1130 (w),
719 (s). HRMS (ESI) calcd for C24H23N2O6

+ [M + H]+ 435.1551; found 435.1533.

Dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-indol-3-yl)ethyl)malonate (240b)

HN

N OO

O

O O

O

8Some phthalimide peaks could not be resolved.
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Rf 0.19 (6:4 Hexane/AcOEt). Mp 78.2–82.9 °C. 1H NMR (400 MHz, CDCl3) δ
8.41 (s, 1 H, NH), 7.80–7.73 (m, 2 H, Phth), 7.71 (d, 1 H, J = 7.9 Hz, ArH), 7.68–
7.62 (m, 2 H, Phth), 7.50 (d, 1 H, J = 1.9 Hz, ArH), 7.34 (d, 1 H, J = 8.0 Hz, ArH),
7.19–7.14 (m, 1 H, ArH), 7.13–7.08 (m, 1 H, ArH), 5.79 (dd, 1 H, J = 9.8, 6.4 Hz,
PhthN–CH), 3.74 (s, 3 H, CH3), 3.65 (s, 3 H, CH3), 3.50 (t, 1 H, J = 7.4 Hz, CH–
(CO)2), 3.26 (ddd, 1 H, J = 14.2, 9.9, 6.9 Hz, CH2), 3.09–3.00 (m, 1 H, CH2).

13C
NMR (101 MHz, CDCl3) δ 169.4, 169.3, 168.2, 135.8, 134.1, 131.8, 126.4, 124.3,
123.3, 122.5, 120.1, 118.9, 113.2, 111.3, 53.0, 52.9, 49.7, 44.6, 30.8. IR 3403 (w),
2954 (w), 2865 (w), 2363 (w), 2093 (w), 1753 (m), 1733 (s), 1710 (s), 1358 (m).
HRMS (ESI) calcd for C23H20N2NaO6

+ [M + Na]+ 443.1214; found 443.1216.

Dimethyl 2-(2,2-di(1H-indol-3-yl)ethyl)malonate (243)

NH

CO2Me

CO2Me

HN

Rf 0.54 (1:1 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3)

9 δ 7.97 (s, 2 H, NH),
7.63 (d, 2 H, J = 7.9 Hz, ArH), 7.36–7.32 (m, 2 H, ArH), 7.19–7.14 (m, 2 H, ArH),
7.07–7.03 (m, 2 H, ArH), 7.02 (d, 2 H, J = 1.7 Hz, ArH), 4.55 (t, 1 H, J = 7.8 Hz,
CH), 3.67 (s, 6 H, CH3), 3.53 (t, 1 H, J = 7.4 Hz, CH), 2.85 (t, 2 H, J = 7.5 Hz,
CH2).

10 13C NMR (101 MHz, CDCl3) δ 170.1, 136.7, 126.9, 122.0, 121.8, 119.7,
119.3, 118.5, 111.1, 52.5, 50.4, 34.5, 32.3. IR 3414 (m), 3056 (w), 2952 (w), 2865
(w), 2360 (w), 1731 (s), 1458 (m), 1437 (m), 1342 (m), 1269 (m), 1229 (m), 1159
(m). HRMS (ESI) calcd for C23H22N2NaO4

+ [M + Na]+ 413.1472; found 413.1468.

GP8: Screening of aminocyclopropanes (Table 2.12)

N

211

10 mol% Sc(OTf)3

MeNO2, rt, 1 h
E = CO2R2

CO2R2

CO2R2

N

O

O
R1

255-260 261-266
Ind =

Ind
E

E

N

O

O

R1

Cyclopropane (0.034 mmol, 1 equiv) and indole (211) (6.0 mg, 0.051 mmol, 1.5
equiv) were dissolved in nitromethane (0.20 mL) and added to the catalyst (3.4 µmol,

9Measured at 268 K.
10An impurity is present in approx. 5 % in 1H NMR spectrum.
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0.100 equiv) in a tube sealed with a septum. The mixture was stirred at room tem-
perature for 1 h. The mixture was then filtered through a short plug of silica gel
(AcOEt/hexane 1/1, deactivated with 2 % NEt3, 1 mL) and concentrated under
reduced pressure to remove volatiles and the crude was analyzed by 1H NMR. The
products 261-265 were not isolated and solely identified in the 1H crude NMR

Ratios of Friedel-Crafts products and side products were obtained by integrating
the doublet of doublet at 5.7–5.9 ppm for mono-addition and the triplet at 4.55 ppm
for 243. For entry 6 of the Table 2.12 with 266a, absence of bis-addition side
product was confirmed by checking the crude at 2.75 ppm (Figs. 5.1 and 5.2).

GP9: Last optimization (not described in main part).

N
HNPhth E

E

N
H

NPhth

E
E

 rt, 1 h
E = CO2CH2CF3

cat. 10 mol%

HN

NPhth

E E

+ +

259 32 266a 266a'

Bis(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)
cyclopropane-1,1-dicarboxylate 259 (15.0 mg, 0.0340 mmol, 1.00 equiv) and 1H-

Fig. 5.1 Crude 1H NMR of entries 1–6, Table 2.10
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indole (6.00 mg, 0.0510 mmol, 1.50 equiv) were dissolved in the solvent (0.20 mL)
and added to the Lewis acid (3.40 µmol, 0.100 equiv) (weighted in a glovebox) in a
tube sealed with a septum. The mixture was stirred at room temperature for 1 h. The
mixture was then filtered through a short plug of silica gel (AcOEt/hexane 1/1,
deactivated with 2 % NEt3, 1 mL) and concentrated under reduced pressure to
remove volatiles and the crude was analyzed by 1H NMR (Table 5.2).

Bis(2,2,2-trifluoroethyl)-1-(1,3-dioxoisoindolin-2-yl)-1,3a,4,8b-tetrahydrocyclo-
penta-[b]indole-3,3(2 H)-dicarboxylate (266a′)

NH

N

CO2CH2CF3

CO2CH2CF3

O

O

Rf 0.56 (6:4 Hexane/AcOEt). Mp 59.2–63.5 °C. 1H NMR (400 MHz, CDCl3)
11

δ 7.88 (d, 1 H, J = 7.3 Hz, Phth), 7.70 (dt, 2 H, J = 19.7, 7.3 Hz, Phth), 7.59 (d, 1 H,

Fig. 5.2 Expanded crude 1H NMR of entry 6, Table 2.10

11Measured at 268 K.
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J = 7.1 Hz, Phth), 7.00 (t, 1 H, J = 7.6 Hz, ArH), 6.65 (d, 1 H, J = 7.8 Hz, ArH),
6.50 (d, 1 H, J = 7.4 Hz, ArH), 6.38 (t, 1 H, J = 7.4 Hz, ArH), 5.07–4.95 (m, 2 H,
CH–NH + PhthN–CH), 4.87–4.43 (m, 5 H, CF3–CH2 + NH), 4.30 (t, 1 H,
J = 9.0 Hz, Ar–CH), 4.08 (t, 1 H, J = 13.3 Hz, CH2), 2.41 (dd, 1 H, J = 13.3,
6.9 Hz, CH2).

13C NMR (101 MHz, CDCl3)
12 δ 168.9, 168.3, 167.9, 166.5, 151.3,

134.4, 134.0, 132.0, 130.6, 128.9, 127.4, 124.7, 123.4, 122.7 (q, JC-F = 277 Hz),
122.4 (q, JC-F = 278 Hz), 119.5, 110.2, 67.6, 64.6, 61.2 (q, JC-F = 37 Hz), 61.2 (q,
JC-F = 37 Hz), 53.4, 48.9, 30.3. IR 3375 (w), 3057 (w), 1754 (m), 1713 (s), 1376
(m), 1284 (s), 1163 (s), 1125 (s). HRMS (ESI) calcd for C25F6H19N2O6

+ [M + H]+

557.1142; found 557.1147.

NH

N

CO2CH2CF3

CO2CH2CF3

O

O

1H NMR (400 MHz, CDCl3) (3:1 mixture with the trans diastereomer) δ 7.91–
7.86 (m, 2 H, Phth, cis diastereomer), 7.79–7.74 (m, 2 H, Phth, cis diastereomer),
7.09–7.04 (m, 1 H, ArH, cis diastereomer), 7.01–6.96 (m, 1 H, ArH, trans dia-
stereomer) 6.99 (d, 1 H, J = 7.3 Hz, ArH, cis diastereomer), 6.72 (td, 1 H, J = 7.5,
0.6 Hz, ArH, cis diastereomer), 6.65 (d, 1 H, J = 7.8 Hz, ArH, trans diastereomer)
6.61 (d, 1 H, J = 7.8 Hz, ArH, cis diastereomer), 6.50 (d, 1 H, J = 7.8 Hz, ArH,
trans diastereomer), 6.39–6.34 (m, 1 H, ArH, trans diastereomer), 5.32 (d, 1 H,
J = 9.8 Hz, CH–NH, cis diastereomer), 5.15–5.08 (m, 1 H, PhthN–CH, cis dia-
stereomer), 5.07–4.98 (m, 2 H, CH–NH + PhthN–CH, trans diastereomer), 4.84–

Table 5.2 Optimization of the Friedel-Crafts

Entry Catalyst Solvent 266a/266a′ dr Conv. (%)

1 Cu(OTf)2 ACN >20:1 nd 100

2 Cu(OTf)2 Toluene 1:5.4 1:2.2 100

3 Cu(OTf)2 DCM 1:3.2 1:1.7 100

4 Cu(OTf)2 Et2O >20:1 nd 100

5 Cu(OTf)2 THF 1:0.45 <20:1 15

6 Sc(OTf)3 ACN >20:1 nd 100

7 Sc(OTf)3 Toluene 1:0.3 <1:20 100

8 Sc(OTf)3 DCM 1:0.6 13:1 100

9 Sc(OTf)3 Et2O >20:1 nd 100

10 Sc(OTf)3 THF 1:0.4 <1:20 40

12Measured at 268 K. The carbon atoms of the phthalimide group are not equivalent.
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4.73 (m, 1 H, CF3–CH2, trans diastereomer), 4.69–4.45 (m, 6 H, CF3–CH2,
cis + trans diastereomers), 4.40 (dd, 1 H, J = 9.7, 7.3 Hz, Ar–CH, cis diastereomer),
4.34–4.23 (m, 2 H, CF3–CH2 (cis diastereomer) + Ar–CH (trans), 4.10 (t, 1 H,
J = 13.3 Hz, CH2 trans diastereomer) 2.91–2.81 (m, 2 H, CH2, cis diastereomer),
2.44 (dd, 1 H, J = 13.3, 7.2 Hz, CH2, trans diastereomer).13 13C NMR (101 MHz,
CDCl3) (from the mixture with the other diastereomer) δ 168.6, 168.1, 167.0, 148.9,
134.4, 131.9, 129.5, 128.7, 124.1, 123.6, 122.7 (q, JC-F = 277 Hz), 122.7 (q, JC-
F = 277 Hz), 120.2, 110.2, 68.5, 65.1, 61.6 (q, JC-F = 37 Hz), 61.5 (q, JC-F = 37 Hz),
56.6, 50.9, 35.9. IR (2.5:1 mixture with the other diastereomer) 1758 (m), 1716 (s),
1613 (w), 1381 (m), 1288 (m), 1239 (m), 1174 (s).

Tetrakis(2,2,2-trifluoroethyl) 2,2′-(oxybis(2-(1,3-dioxoisoindolin-2-yl)ethane-
2,1-diyl)dimalonate (267)

O
NPhth

NPhth

CO2CH2CF3

CO2CH2CF3

CO2CH2CF3

CO2CH2CF3

Rf 0.31 (6:4 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3) δ 7.65–7.60 (m, 4 H,

Phth), 7.58–7.53 (m, 4 H, Phth), 5.65 (dd, 2 H, J = 8.3, 5.7 Hz, PhthN–CH), 4.69–
4.49 (m, 8 H, CF3–CH2), 3.82 (m, 2 H, CH–(CO)2), 3.16–3.08 (m, 2 H, CH2),
2.66–2.57 (m, 2 H, CH2).

13C NMR (101 MHz, CDCl3) δ 166.7, 166.3, 166.1,
134.4, 131.2, 123.4, 122.5 (q, JC-F = 277 Hz), 78.2, 61.5 (q, JC-F = 37 Hz), 47.5,
31.1. IR 2984 (w), 2957 (w), 2927 (w), 2854 (w), 1776 (m), 1758 (s), 1730 (s),
1375 (m), 1286 (s), 1172 (s). HRMS (ESI) calcd for C34F12H25N2O13

+ [M + H]+

897.1160; found 897.1148.

Synthesis of indoles
1-(2-(Triisopropylsilyl)oxy)ethyl)-1H-indole (242 g)

N
H

N

OTIPS

OTIPS
I

NaH

32 242g

1H-indole (32) (0.843 g, 7.20 mmol, 1.2 equiv) was dissolved in N,
N-dimethylformamide (6 mL) and NaH (60 % in mineral oil, 0.360 g, 9.00 mmol,
1.33 equiv, 1.25 equiv compared to indole) was added at rt under strong stirring and
the reaction mixture was stirred for 1 h. N,N-Dimethylformamide (18 mL) was

13The phthalimide peaks of the trans diastereomer could not be resolved due to NMR exchange.
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added to dissolve the white precipitate and to give a greenish solution. The reaction
was cooled to 0 °C and (2-iodoethoxy)triisopropylsilane (1.97 g, 6.00 mmol, 1
equiv) was added dropwise. The reaction was stirred overnight and let to slowly
warm up to rt. The reaction was then quenched with water (20 mL) and the reaction
mixture was extracted with EtOAc (3 × 25 mL). The combined organic layers were
washed with water (10 mL), brine (3 × 10 mL) and dried over MgSO4. The solvent
was evaporated and the crude product was dried under vacuum with stirring. The
crude NMR did not show the presence of the alkylating agent. TLC (10:1 hexanes:
EtOAc, Rf prod.: 0.7). Purification by flash chromatography (SiO2, 1–10 % EtOAc
in hexane) gave 1-(2-(triisopropylsilyl)oxy)ethyl)-1H-indole (242 g) (1.56 g,
4.91 mmol, 82 % yield) as a colorless oil.

Rf 0.65 (10:1 Hexane/AcOEt). 1H NMR (400 MHz, CDCl3) δ 7.66 (m, 1 H,
ArH), 7.38 (dd, 1 H, J = 8.2, 0.8 Hz, ArH), 7.25–7.19 (m, 2 H, ArH) 7.13 (m, 1 H,
ArH), 6.52 (dd, 1 H, J = 3.1, 0.8 Hz, ArH), 4.30 (t, 2 H, J = 6.0 Hz, CH2), 4.04 (t, 2
H, J = 5.8 Hz, CH2), 1.17–0.85 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ
136.1, 128.7, 128.6, 121.3, 120.9, 119.2, 109.3, 101.0, 62.8, 48.8, 17.9, 11.9. IR
3056 (w), 2942 (m), 2891 (m), 2865 (s), 1514 (w), 1464 (s), 1439 (w), 1400 (w),
1387 (w), 1360 (w), 1334 (w), 1317 (m), 1250 (w), 1200 (w), 1115 (s), 1077 (m),
1013 (m), 997 (w), 923 (m), 883 (s), 819 (w). HRMS (ESI) calcd for C19H32NOSi

+

[M + H]+ 318.2248; found 318.2236.
The characterization data correspond to the reported values [19].

1-Methyl-2-(triisopropylsilyl)ethynyl)-1H-indole (242j)

N

TIPS-EBX

Pd(MeCN)4(BF4)2

CH2Cl2/H2O, rt N
TIPS

211 242j

In a 10 mL round bottom-flask, 1-methyl-1H-indole (211) (64 µl, 66 mg,
0.50 mmol, 1 equiv) and 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one
(TIPS-EBX) (0.64 g, 1.5 mmol, 3 equiv) were dissolved in DCM (5 mL) under air,
then water was added (0.10 mL). Lastly Pd(MeCN)4(BF4)2 (4.4 mg, 10 µmol, 2 %)
was added with strong stirring. The flask was closed and the reaction mixture was
stirred overnight, when it became brownish. The solvent was evaporated under
reduced pressure. EtOAc (25 mL) was added to the crude product, and the solution
was washed with NaOHaq (0.1 M, 25 mL), conc. NaHCO3 (2 × 25 mL) and brine
(25 mL). The organic layer was dried over MgSO4, filtered and the solvent was
evaporated under reduced pressure. Purification by column chromatography (SiO2,
hexane to hexane/DCM 90/10) gave 1-methyl-2-(triisopropylsilyl)ethynyl)-1H-
indole (242j) (102 mg, 0.33 mmol, 66 %) as a pale yellow oil.

Rf 0.75 (10:1 Hexanes:EtOAc). 1H NMR (400 MHz, CDCl3) δ 7.63 (dt, 1
H, J = 8.0, 0.9 Hz, ArH), 7.33–7.28 (m, 2 H, ArH), 7.16 (q, 1 H, J = 4 Hz, ArH),
6.86 (s, 1 H, ArH), 3.78 (s, 3 H, Me), 1.30–1.09 (m, 21 H, TIPS). 13C NMR
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(101 MHz, CDCl3) δ 137.1, 127.1, 123.1, 122.3, 121.1, 120.1, 109.4, 107.7, 98.2,
97.8, 30.6, 18.8, 11.4. IR 3058 (w), 2942 (s), 2891 (m), 2864 (s), 2150 (s), 1463
(s), 1429 (w), 1383 (m), 1364 (m), 1339 (s), 1317 (m), 1238 (m), 1170 (w), 1152
(w), 1073 (w), 1012 (m), 997 (m), 920 (m), 883 (s), 854 (m). HRMS (ESI) calcd.
for C20H30NSi

+ [M + H]+ 312.2142; found 312.2147.
The characterization data correspond to the reported values [19].

3-(Triiso-propylsilyl)ethynyl)-1H-indole (242l)

N
H

TIPS

N
H

TIPS EBX

AuCl

32 242l

1-[(Triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (206 mg,
0.480 mmol, 1.2 equiv) was added to a stirring solution of AuCl (4.6 mg,
0.020 mmol, 0.05 equiv) and N–H indole (32) (0.400 mmol, 1.0 equiv) in Et2O
(8 mL) under air. The reaction was sealed and stirred at room temperature for 12 h.
Et2O (10 mL) was added, the organic layer was washed twice with 0.1 M NaOH
(15 mL). The aqueous layers were combined and extracted with Et2O (20 mL). The
organic layers were combined, washed with saturated NaHCO3 (20 mL), brine
(20 mL), dried with MgSO4 and concentrated under reduced pressure. Purification
by flash chromatography (PET/Et2O 8/2) afforded 3-(Triiso-propylsilyl)ethynyl)-
1H-indole (242l) (102 mg, 0.342 mmol, 86 %) as brown solid.

Rf 0.4 (7:3 PET/Et2O). Mp 55–58 °C. 1H NMR (CDCl3, 400 MHz) δ 8.11 (br s,
1 H NH), 7.79 (m, 1 H. ArH), 7.40 (d, J = 2.7 Hz, 1 H ArH), 7.36 (m, 1 H, ArH),
7.26 (m, 2 H ArH), 1.22 (m, 21 H TIPS). 13C NMR (CDCl3, 100 MHz) δ 135.1,
128.9, 128.3, 123.1, 120.8, 120.1, 111.4, 100.4, 99.3, 92.19, 18.8, 11.5. IR ν 3407
(m), 3062 (w), 2942 (s), 2891 (m), 2864 (s), 2152 (s), 1620 (w), 1532 (w), 1457 (s),
1416 (m), 1383 (w), 1341 (w), 1325 (m), 1239 (s), 1128 (m), 1071 (m), 996 (m),
910 (m), 883 (s), 774 (s), 742 (s), 676 (s), 658 (s), 628 (s). HRMS(ESI) calcd for
C19H28NSi

+ [M + H]+ 298.1991, found 298.2001.
The characterization data correspond to the reported values [20].

3-(2-(Trimethylsilyl)oxy)ethyl)-1H-indole (242m)

N
H

OH

N
H

OTMS
TMSCl

NEt3, NaI
+

378 379 242m
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Sodium iodide (581 mg, 3.88 mmol, 1.25 equiv), 2-(1H-indol-3-yl)ethanol (378)
(500 mg, 3.10 mmol, 1 equiv), acetonitrile (5.00 mL) and hexane (5.00 mL) were
mixed in a 25 mL flask. Triethylamine (0.537 mL, 3.88 mmol, 1.25 equiv) followed
by chlorotrimethylsilane (379) (0.496 mL, 3.88 mmol, 1.25 equiv) were added in
one portion with efficient stirring of the bi-phasic mixture. The mixture was then
stirred for 1 h at room temperature. The two immiscible layers were separated with
a separatory funnel. The organic layer was filtered through a plug of silica gel
(hexane/AcOEt 8/2, deactivated with 2 % NEt3, 30 mL) and concentrated under
reduced pressure to afford 3-(2-(trimethylsilyl)oxy)ethyl)-1H-indole (242m)
(131 mg, 0.560 mmol, 18 % yield) as a colorless solid. The product was used
without further purification.

Rf 0.49 (8:2 hexane/ethyl acetate).
1H NMR (400 MHz, CDCl3) δ 7.99 (br s, 1 H,

NH), 7.63 (dd, 1 H, J = 7.9, 0.6 Hz, ArH), 7.38–7.34 (m, 1 H, ArH), 7.23–7.18 (m, 1
H, ArH), 7.16–7.11 (m, 1 H, ArH), 7.05–7.02 (m, 1 H, ArH), 3.87 (t, 2 H, J = 7.4 Hz,
CH2), 3.03 (td, 2 H, J = 7.7, 0.6 Hz, CH2), 0.12 (s, 9 H, TMS). 13C NMR (101 MHz,
CDCl3) δ 136.3, 127.8, 122.1, 122.0, 119.4, 119.0, 113.1, 111.2, 63.4, 29.1, −0.3.
HRMS (APPI) calcd for C13H20NOSi

+ [M + H]+ 234.1309; found 234.1300.

Synthesis of bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(1H-indol-3-yl)ethyl)malonates

E

E

O

O

N
N

R1

R2

R3
5 mol % Sc(OTf)3

Solvent, Temperature
E = CO2CH2CF3

N

N OO

E
R2

R1

R3

E

+

GP10

Bis(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)
cyclopropane-1,1-dicarboxylate (259) (0.088 g, 0.20 mmol, 1 equiv) and the cor-
responding indole (0.22 mmol, 1.1 equiv) were dissolved in diethyl ether (1.2 mL)
and added to Sc(OTf)3 (4.9 mg, 10 µmol, 5.0 %) in a tube sealed with a septum.
The mixture was stirred at room temperature until full conversion was observed by
TLC (6:4 Hexane/EtOAc, Anisaldehyde). The mixture was then filtered over a short
plug of silica gel (AcOEt/hexane 1/1, 5 mL). The crude was concentrated under
reduced pressure to remove volatiles. Purification by Biotage (SNAP cartridge
KP-Sil 10 g) afforded the desired product.

GP11

Bis(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxyl
ate (259) (0.088 g, 0.20 mmol, 1 equiv) and the corresponding indole
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(0.22 mmol, 1.1 equiv) were dissolved in diethyl ether (1.2 mL) and added to Sc
(OTf)3 (4.9 mg, 10 µmol, 5.0 %) in a tube sealed with a septum. The mixture was
stirred at 35 °C until full conversion was observed by TLC (6:4 Hexane/EtOAc,
Anisaldehyde). The mixture was then filtered over a short plug of silica gel
(AcOEt/hexane 1/1, 5 mL). The crude was concentrated under reduced pressure to
remove volatiles. Purification by Biotage (SNAP cartridge KP-Sil 10 g,
hexane/AcOEt) afforded the desired product.

GP12

Bis(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarbox
ylate (259) (0.088 g, 0.20 mmol, 1 equiv) and the corresponding indole
(0.22 mmol, 1.1 equiv) were dissolved in toluene (1.2 mL) and added to Sc(OTf)3
(4.9 mg, 10 µmol, 5.0 %) in a tube sealed with a septum. The mixture was stirred at
60 °C until full conversion was observed by TLC (6:4 Hexane/EtOAc,
Anisaldehyde). The mixture was then filtered over a short plug of silica gel
(AcOEt/hexane 1/1, 5 mL). The crude was concentrated under reduced pressure to
remove volatiles. Purification by Biotage (SNAP cartridge KP-Sil) afforded the
desired product.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-indol-3-yl)ethyl)
malonate (266a)

Following GP10 and starting from 1H-indole (32) (26 mg, 0.22 mmol, 1.1 equiv),
bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-indol-3-yl)ethyl)
malonate (266a) (95 mg, 0.17 mmol, 85 % yield) was obtained as a colorless solid
after a reaction time of 1 h and purification by Biotage (SNAP cartridge KP-Sil
10 g, hexane/AcOEt 98/2 to 75/25 + 1 % AcOH).

Large scale procedure:
Bis(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarbox

ylate (259) (1.40 g, 3.19 mmol, 1 equiv) and indole (32) (411 mg, 3.51 mmol, 1.1
equiv) were dissolved in diethyl ether (19 mL) and added to Sc(OTf)3 (78.0 mg,
159 µmol, 5.0 mol%) in a one neck flask sealed with a septum under nitrogen
atmosphere. The mixture was stirred at room temperature for 50 min, when full
conversion was observed by TLC (6:4 Hexane/EtOAc, Anisaldehyde). The mixture
was then filtered over a short plug of silica gel (AcOEt/hexane 1/1, 5 mL). The
crude was concentrated under reduced pressure to remove volatiles. Purification by
column chromatography (silica gel, hexane:AcOEt 95:5–70:30) afforded bis
(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-indol-3-yl)ethyl)mal-
onate (266a) (1.54 g, 2.77 mmol, 87 % yield).

NH

N

O

O
OO

O

O

CF3

CF3
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Rf 0.49 (1:1 hexane/ethyl acetate). Mp 69.3–72.6 °C. 1H NMR (400 MHz,
CDCl3) δ 8.26 (s, 1 H, NH), 7.81–7.75 (m, 2 H, Phth), 7.72 (d, 1 H, J = 8.0 Hz,
ArH), 7.70–7.65 (m, 2 H, Phth), 7.52 (d, 1 H, J = 2.5 Hz, ArH), 7.37–7.33 (m, 1 H,
ArH), 7.21–7.16 (m, 1 H, ArH), 7.15–7.10 (m, 1 H, ArH), 5.81 (dd, 1 H, J = 9.4,
6.9 Hz, PhthN–CH), 4.65–4.36 (m, 4 H, CF3–CH2), 3.71–3.66 (m, 1 H, CH–
(CO)2), 3.32–3.23 (m, 1 H, CH2), 3.18–3.10 (m, 1 H, CH2).

13C NMR (101 MHz,
CDCl3) δ 168.2, 166.7, 166.6, 135.8, 134.2, 131.8, 126.3, 124.3, 123.4, 122.7,
122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 120.4, 118.9, 112.8, 111.4, 61.5
(q, JC-F = 37 Hz), 61.4 (q, JC-F = 37 Hz), 49.0, 44.3, 30.7. IR 3412 (w), 3061 (w),
2979 (w), 1757 (m), 1708 (s), 1381 (m), 1357 (m), 1330 (m), 1283 (s), 1166 (s),
975 (m). HRMS (ESI) calcd for C25H18F6N2NaO6

+ [M + Na]+ 579.0961; found
579.0964.

Bis(2,2,2-trifluoroethyl) 2-(2-(5-chloro-1H-indol-3-yl)-2-(1,3-dioxoisoindolin-2-
yl)ethyl)malonate (266b)

Following GP10 and starting from 5-chloro-1H-indole (242a) (33 mg, 0.22 mmol,
1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(5-chloro-1H-indol-3-yl)-2-(1,3-dioxoisoin
dolin-2-yl)ethyl)malonate (266b) (97 mg, 0.16 mmol, 82 % yield) was obtained as a
colorless solid after a reaction time of 1.5 h and purification by Biotage (SNAP
cartridge KP-Sil 10 g, hexane/AcOEt 98/2 to 75/25 + 1 % AcOH).

NH

N

O

O
OO

O

O

CF3

CF3

Cl

Rf 0.40 (6:4 hexane/ethyl acetate). Mp 98.7–102.0 °C. 1H NMR (400 MHz,
CDCl3) δ 8.29 (s, 1 H, NH), 7.83–7.78 (m, 2 H, Phth), 7.72–7.67 (m, 2 H, Phth),
7.67 (d, 1 H, J = 2.0 Hz, ArH), 7.55 (d, 1 H, J = 2.6 Hz, ArH), 7.26 (dd, 1 H,
J = 8.7, 0.4 Hz, ArH), 7.14 (dd, 1 H, J = 8.5, 1.9 Hz, ArH), 5.72 (dd, 1 H, J = 9.6,
6.7 Hz, PhthN–CH), 4.66-4.37 (m, 4 H, CF3–CH2), 3.67–3.62 (m, 1 H, CH–(CO)2),
3.30–3.21 (m, 1 H, CH2), 3.12–3.03 (m, 1 H, CH2).

13C NMR (101 MHz, CDCl3)
δ 168.1, 166.6, 166.5, 134.4, 134.1, 131.8, 127.4, 126.3, 125.7, 123.6, 123.2, 122.6
(q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 118.4, 112.7, 112.4, 61.6 (q,
J = 37 Hz), 61.4 (q, J = 37 Hz), 48.9, 44.0, 30.7. IR 3419 (w), 1757 (m), 1709 (s),
1464 (w), 1384 (m), 1286 (s), 1170 (s), 973 (w), 724 (m). HRMS (ESI) calcd for
C25
35ClF6H18N2O6

+ [M + H]+ 591.0752; found 591.0761.

Bis(2,2,2-trifluoroethyl) 2-(2-(5-methoxy-1H-indol-3-yl)-2-(1,3-dioxoisoindolin-
2-yl)ethyl)malonate (266c)

Following GP10 and starting from 5-methoxy-1H-indole (242b) (32 mg,
0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(5-methoxy-1H-indol-3-yl)-2-
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(1,3-dioxoisoindolin-2-yl)ethyl)malonate (266c) (79 mg, 0.14 mmol, 68 % yield)
was obtained as a colorless solid after a reaction time of 0.5 h and purification by
Biotage (SNAP cartridge KP-Sil 10 g, hexane/AcOEt 97/3 to 75/25 + 1 % AcOH).

NH

N

O

O
OO

O

O

CF3

CF3

MeO

Rf 0.41 (6:4 hexane/ethyl acetate). Mp 92.6–96.8 °C. 1H NMR (400 MHz,
CDCl3) δ 8.17 (s, 1 H, NH), 7.81–7.76 (m, 2 H, Phth), 7.70–7.65 (m, 2 H, Phth),
7.48 (d, 1 H, J = 2.6 Hz, ArH), 7.23 (d, 1 H, J = 8.8 Hz, ArH), 7.18 (d, 1 H,
J = 2.4 Hz, ArH), 6.84 (dd, 1 H, J = 8.8, 2.4 Hz, ArH), 5.76 (dd, 1 H, J = 9.4,
6.9 Hz, PhthN–CH), 4.65–4.38 (m, 4 H, CF3–CH2), 3.84 (s, 3 H, OMe), 3.71–3.66
(m, 1 H, CH–(CO)2), 3.31–3.23 (m, 1 H, CH2), 3.17–3.09 (m, 1 H, CH2).

13C
NMR (101 MHz, CDCl3) δ 168.2, 166.7, 166.6, 154.6, 134.3, 131.8, 130.8, 126.8,
124.9, 123.4, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 113.2, 112.6,
112.1, 100.4, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-F = 37 Hz), 55.9, 49.0, 44.4, 30.6.
IR 3414 (w), 2949 (w), 2840 (w), 1758 (m), 1708 (s), 1490 (w), 1284 (s), 1170 (s),
975 (m), 721 (m). HRMS (ESI) calcd for C26F6H21N2O7

+ [M + H]+ 587.1247;
found 587.1252.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(5-(4,4,5,5-tetramet
hyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-yl)ethyl)malonate (266d)

Following GP10 and starting from 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-indole (242c) (54 mg, 0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
indol-3-yl)ethyl)malonate (266d) (86 mg, 0.13 mmol, 63 % yield) was obtained as
an colorless solid after a reaction time of 1 h and purification by Biotage (SNAP
cartridge KP-Sil 10 g, hexane/AcOEt 97/3–75/25).

NH

N

O

O
OO

O

O

CF3

CF3

B
O

O

Rf 0.47 (6:4 hexane/ethyl acetate). Mp 83.6–87.2 °C. 1H NMR (400 MHz,
CDCl3) δ 8.31 (s, 1 H, NH), 8.16 (s, 1 H, ArH), 7.82–7.77 (m, 2 H, Phth), 7.70–
7.65 (m, 2 H, Phth), 7.63 (d, 1 H, J = 8.2 Hz, ArH), 7.57 (d, 1 H, J = 2.5 Hz, ArH),
7.34 (d, 1 H, J = 8.2 Hz, ArH), 5.89–5.84 (m, 1 H, PhthN–CH), 4.65–4.36 (m, 4 H,
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CF3–CH2), 3.63 (t, 1 H, J = 7.4 Hz, CH–(CO)2), 3.24–3.06 (m, 2 H, CH2), 1.35 (s,
6 H, CH3), 1.35 (s, 6 H, CH3).

13C NMR (101 MHz, CDCl3) δ 168.1, 166.7, 166.6,
137.6, 134.2, 131.9, 128.9, 126.1, 124.6, 123.5, 122.6 (q, JC-F = 277 Hz), 122.6 (q,
JC-F = 277 Hz), 120.3 (br), 113.4, 110.8, 83.7, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-
F = 37 Hz), 49.0, 44.2, 31.6, 25.1, 24.9. IR 3405 (w), 2982 (w), 2934 (w), 1759
(m), 1712 (s), 1357 (s), 1286 (s), 1170 (s), 969 (w), 723 (m). HRMS (ESI) calcd for
C31H29

11BF6N2NaO8
+ [M + Na]+ 705.1813; found 705.1801.

Bis(2,2,2-trifluoroethyl) 2-(2-(7-bromo-1H-indol-3-yl)-2-(1,3-dioxoisoindolin-2-
yl)ethyl)malonate (266e)

Following GP10 and starting from 7-bromo-1H-indole (242d) (43 mg, 0.22 mmol,
1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(7-bromo-1H-indol-3-yl)-2-(1,3-dioxoiso
indolin-2-yl)ethyl)malonate (266e) (89 mg, 0.14 mmol, 70 % yield) was obtained as
a pale yellow solid after a reaction time of 50 min and purification by Biotage
(SNAP cartridge KP-Sil 25 g, hexane/AcOEt 90/10–45/55).

NH

N

O

O
OO

O

O

CF3

CF3

Br

Rf 0.52 (6:4 hexane/ethyl acetate). Mp 182.9–184.2 °C. 1H NMR (400 MHz,
CDCl3) δ 8.32 (s, 1 H, NH), 7.75–7.67 (m, 2 H, Phth), 7.65–7.60 (m, 2 H, Phth),
7.58 (d, 1 H, J = 8.0 Hz, ArH), 7.52 (d, 1 H, J = 2.4 Hz, ArH), 7.34 (d, 1 H,
J = 7.6 Hz, ArH), 7.01 (t, 1 H, J = 7.8 Hz, ArH), 5.69 (dd, 1 H, J = 9.5, 6.8 Hz,
PhthN–CH), 4.61–4.48 (m, 1 H, CF3–CH2), 4.47–4.28 (m, 3 H, CF3–CH2), 3.62–
3.55 (m, 1 H, CH–(CO)2), 3.26–3.15 (m, 1 H, CH2), 3.09–2.99 (m, 1 H, CH2).

13C
NMR (101 MHz, CDCl3) δ 168.1, 166.63, 166.61, 134.5, 134.4, 131.8, 127.4,
125.1, 124.8, 123.5, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 121.6, 118.2,
114.2, 105.0, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-F = 37 Hz), 48.9, 44.3, 30.6. IR 3387
(w), 1774 (m), 1759 (m), 1712 (s), 1386 (w), 1333 (m), 1286 (m), 1173 (s). HRMS
(ESI) calcd for C25

79BrF6H18N2O6
+ [M + H]+ 635.0247; found 635.0240.

Dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(6-nitro-1H-indol-3-yl)ethyl)malon-
ate (266f)

GP10 was followed using 6-nitro-1H-indole (242e) (36 mg, 0.22 mmol, 1.1 equiv).
The mixture was stirred at room temperature for 30 min and then filtered over a
short plug of silica gel (AcOEt/hexane 1/1). The crude was concentrated under
reduced pressure to remove volatiles. Potassium carbonate (2.77 mg, 0.0200 mmol,
0.100 equiv) was added to a solution of the crude in MeOH (2.00 mL) at 0 °C. The
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resulting suspension was stirred for 40 min. The mixture was then partitioned
between dichloromethane (5 mL) and saturated aqueous ammonium chloride-brine
(1:2) (5 mL). The aqueous layer was extracted two times with dichloromethane
(5 mL) and the combined organic layers were washed with brine (5 mL) and dried
over anhydrous magnesium sulfate. Volatiles were removed under reduced pres-
sure. The crude was then purified by Biotage (SNAP cartridge KP-Sil 10 g,
pentane/AcOEt 87/13–1/99) to afford dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(3-(2-hydroxyethyl)-1H-indol-2-yl)ethyl)malonate (266f) (53.7 mg, 0.115 mmol,
58 % yield) as a yellow solid.

NH

N

O

O CO2Me

CO2Me

O2N

Rf 0.21 (6:4 hexane/ethyl acetate). Mp 171.3–174.2 °C. 1H NMR (400 MHz,
CDCl3) δ 8.84 (s, 1 H, NH), 8.32 (d, 1 H, J = 1.9 Hz, ArH), 8.00 (dd, 1 H, J = 8.9,
2.0 Hz, ArH), 7.84–7.78 (m, 3 H, Phth + ArH), 7.75 (d, 1 H, J = 8.9 Hz, ArH),
7.73–7.67 (m, 2 H, Phth), 5.78 (dd, 1 H, J = 10.1, 6.0 Hz, PhthN–CH), 3.75 (s, 3 H,
OMe), 3.65 (s, 3 H, OMe), 3.49–3.44 (m, 1 H, CH–(CO)2), 3.31–3.22 (m, 1 H,
CH2), 3.04–2.96 (m, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 169.2, 169.1,
168.1, 143.8, 134.4, 134.2, 131.7, 131.0, 129.9, 123.6, 119.1, 115.8, 114.6, 108.3,
53.1, 53.0, 49.5, 44.1, 30.7. IR 3367 (w), 2359 (w), 1734 (s), 1712 (s), 1513 (m),
1338 (s). HRMS (ESI) calcd for C23H19N3NaO8

+ [M + Na]+ 488.1064; found
488.1059.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1-methyl-1H-
indol-3-yl)ethyl)malonate (266g)

Following GP10 and starting from 1-methyl-1H-indole (43) (29 mg, 0.22 mmol, 1.1
equiv), bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1-methyl-1H-
indol-3-yl)ethyl)malonate (266g) (108 mg, 0.188 mmol, 94 % yield) was obtained
as a colorless solid after a reaction time of 0.5 h and purification by Biotage (SNAP
cartridge KP-Sil 10 g, hexane/AcOEt 97/3–85/15 + 1 % AcOH).

Larger scale procedure:
Bis(2,2,2-trifluoroethyl) 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarbox

ylate (259) (1.25 g, 2.85 mmol, 1 equiv) and 1-methyl-1H-indole (43) (411 mg,
3.13 mmol, 1.1 equiv) were dissolved in diethyl ether (17 mL) and added to Sc
(OTf)3 (70.0 mg, 142 µmol, 5.0 mol%) in a one neck flask sealed with a septum
under nitrogen atmosphere. The mixture was stirred at room temperature for
50 min, when full conversion was observed by TLC (6:4 Hexane/EtOAc,
Anisaldehyde). The mixture was then filtered over a short plug of silica gel
(AcOEt/hexane 1/1, 5 mL). The crude was concentrated under reduced pressure to
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remove volatiles. Purification by column chromatography (silica gel, hexane:AcOEt
95:5–70:30) afforded bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(1H-indol-3-yl)ethyl)malonate (266g) (1.34 g, 2.35 mmol, 83 % yield).

N

N

O

O
OO

O

O

CF3

CF3

Rf 0.49 (6:4 hexane/ethyl acetate). Mp 47.8–49.5 °C. 1H NMR (400 MHz,
CDCl3) δ 8.06–8.01 (m, 1 H, ArH), 7.94–7.89 (m, 1 H, ArH), 7.81–7.74 (m, 2 H,
Phth), 7.69–7.63 (m, 2 H, Phth), 7.26–7.22 (m, 1 H, ArH), 7.16–7.09 (m, 2 H,
ArH), 5.80 (dd, 1 H, J = 9.3, 7.1 Hz, PhthN–CH), 4.65–4.37 (m, 4 H, CF3–CH2),
3.78 (s, 3 H, CH3), 3.70–3.65 (m, 1 H, CH–(CO)2), 3.30–3.21 (m, 1 H, CH2), 3.18–
3.09 (m, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 168.1, 166.7, 166.6, 136.6,
134.2, 131.9, 128.9, 126.9, 123.4, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-
F = 277 Hz), 122.2, 119.9, 119.0, 111.1, 109.5, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-
F = 37 Hz), 49.0, 44.3, 33.1, 30.9. IR 3059 (w), 2921 (w), 1758 (m), 1712 (s), 1382
(m), 1327 (m), 1284 (s), 1169 (s), 977 (m), 724 (m). HRMS (ESI) calcd for
C26H20F6N2NaO6

+ [M + Na]+ 593.1118; found 593.1136.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(6-(methoxycar-
bonyl)-1-methyl-1H-indol-3-yl)ethyl)malonate (266h)

Following GP10 and starting from methyl 1-methyl-1H-indole-6-carboxylate (242f)
(38 mg, 0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(6-(methoxycarbonyl)-1-methyl-1H-indol-3-yl)ethyl)
malonate (266 h) (0.11 g, 0.17 mmol, 86 % yield) was obtained as a colorless solid
after a reaction time of 1.5 h and purification by Biotage (SNAP cartridge KP-Sil
10 g, hexane/AcOEt 94/6–68/32).

N

N

O

O
OO

O

O

CF3

CF3
MeO2C

Rf 0.26 (6:4 hexane/ethyl acetate). Mp 69.2–73.0 °C. 1H NMR (400 MHz,
CDCl3) δ 8.05 (d, 1 H, J = 0.6 Hz, ArH), 7.81–7.76 (m, 3 H, Phth + ArH), 7.72–
7.65 (m, 3 H, Phth + ArH), 7.55 (s, 1 H, ArH), 5.79 (dd, J = 9.5, 6.9 Hz, PhthN–
CH), 4.66–4.36 (m, 4 H, CF3–CH2), 3.92 (s, 3 H, CH3), 3.84 (s, 3 H, CH3), 3.68–
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3.62 (m, 1 H, CH–(CO)2), 3.31–3.21 (m, 1 H, CH2), 3.14–3.04 (m, 1 H, CH2).
13C

NMR (101 MHz, CDCl3) δ 168.1, 168.0, 166.6, 166.5, 136.0, 134.3, 132.1, 131.7,
130.3, 123.9, 123.5, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 121.0,
118.6, 112.0, 111.7, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-F = 37 Hz), 52.1, 48.9, 44.0,
33.3, 30.8. IR 3406 (w), 2954 (w), 2867 (w), 2094 (w), 1774 (m), 1713 (s), 1474
(w), 1439 (w), 1385 (m), 1278 (s), 1174 (s). HRMS (ESI) calcd for
C28F6H23N2O8

+ [M + H]+ 629.1353; found 629.1347.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1-(2-(triisopropylsi-
lyl)oxy)ethyl)-1H-indol-3-yl)ethyl)malonate (266i)

Following GP10 and starting from 1-(2-(triisopropylsilyl)oxy)ethyl)-1H-indole
(242g) (64 mg, 0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(1-(2-(triisopropylsilyl)oxy)ethyl)-1H-indol-3-yl)
ethyl)malonate (266i) (0.12 g, 0.16 mmol, 80 % yield) was obtained as an colorless
solid after a reaction time of 45 min and purification by Biotage (SNAP cartridge
KP-Sil 10 g, hexane/AcOEt 95/5–78/22).

N

N

O

O
OO

O

O

CF3

CF3

OTIPS

Rf 0.68 (6:4 hexane/ethyl acetate). Mp 68.8–72.3 °C. 1H NMR (400 MHz,
CDCl3) δ 7.81–7.75 (m, 2 H, Phth), 7.71 (d, 1 H, J = 8.1 Hz, ArH), 7.69–7.65 (m, 2
H, Phth), 7.48 (s, 1 H, ArH), 7.32–7.29 (m, 1 H, ArH), 7.18 (t, 1 H, J = 7.2 Hz,
ArH), 7.10 (t, 1 H, J = 7.4 Hz, ArH), 5.78 (dd, 1 H, J = 9.8, 6.7 Hz, PhthN–CH),
4.67–4.55 (m, 1 H, CF3–CH2), 4.54–4.36 (m, 3 H, CF3–CH2), 4.30–4.18 (m, 2 H,
CH2), 3.99 (t, 2 H, J = 5.6 Hz, CH2), 3.68–3.63 (m, 1 H, CH–CO)2), 3.34–24 (m, 1
H, CH2), 3.12–3.03 (m, 1 H, CH2), 1.06–0.85 (m, 21 H, TIPS). 13C NMR
(101 MHz, CDCl3) δ 168.1, 166.7, 166.6, 136.1, 134.2, 131.9, 128.6, 127.0, 123.4,
122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 122.0, 119.8, 119.0, 111.4,
109.7, 62.7, 61.5 (q, JC-F = 37 Hz), 61.3 (q, JC-F = 37 Hz), 49.1, 49.0, 44.4, 30.9,
17.9, 17.9, 11.9. IR 2946 (w), 2868 (w), 1775 (m), 1760 (m), 1714 (s), 1469 (w),
1286 (m), 1173 (s). HRMS (ESI) calcd for C36H42F6N2NaO7Si

+ [M + Na]+

779.2563; found 779.2548.
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Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(2-methyl-1H-
indol-3-yl)ethyl)malonate (266j)

Following GP10 and starting from 2-methyl-1H-indole (242h) (29 mg, 0.22 mmol,
1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(2-methyl-
1H-indol-3-yl)ethyl)malonate (266j) (0.11 g, 0.19 mmol, 97 % yield) was
obtained as an colorless solid after a reaction time of 0.5 h and purification by
Biotage (SNAP cartridge KP-Sil 10 g, hexane/AcOEt 97/3–85/15 + 1 % AcOH).

HN

NO O
O O

CF3

O

O CF3

Rf 0.52 (6:4 hexane/ethyl acetate). Mp 49.4–52.3 °C. 1H NMR (400 MHz,
CDCl3) δ 7.80–7.75 (m, 2 H, Phth), 7.72 (dt, J = 8.0, 1.0 Hz, 1 H, ArH), 7.69–7.64
(m, 2 H, Phth), 7.40 (s, 1 H, NH), 7.28 (dt, J = 8.3, 1.0 Hz, 1 H, ArH), 7.22 (ddd,
J = 8.2, 6.9, 1.2 Hz, 1 H, ArH), 7.12 (ddd, J = 8.0, 6.9, 1.2 Hz, 1 H, ArH), 5.80 (dd,
J = 9.3, 7.1 Hz, 1 H, NCH), 4.67–4.53 (m, 1 H, CH2CF3), 4.53–4.36 (m, 3 H,
CH2CF3), 3.78 (s, 3 H, Me), 3.68 (dd, J = 7.9, 6.9 Hz, 1 H, CH), 3.26 (ddd,
J = 14.0, 9.3, 6.9 Hz, 1 H, CH2), 3.13 (ddd, J = 14.1, 8.0, 7.1 Hz, 1 H, CH2).

13C
NMR (101 MHz, CDCl3) δ 168.0, 166.5, 166.5, 136.5, 134.1, 131.8, 128.8, 126.7,
123.3, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz), 122.1, 119.8, 118.9,
111.0, 109.4, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-F = 37 Hz), 48.9, 44.2, 33.0, 30.7.
IR 3396 (w), 3060 (w), 2974 (w), 2949 (w), 2872 (w), 1759 (m), 1711 (s), 1463
(w), 1356 (m), 1287 (m), 1174 (s). HRMS (ESI) calcd for C26F6H21N2O6

+

[M + H]+ 571.1298; found 571.1303.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(2-phenyl-1H-
indol-3-yl)ethyl)malonate (266k)

Following GP10 and starting from 2-methyl-1H-indole (242i) (42 mg, 0.22 mmol,
1.1 equiv), bis(2,2,2-trifluoroethyl)2-(2-(1,3-dioxoisoindolin-2-yl)-2-(2-methyl-1H-
indol-3-yl)ethyl)-malonate (266k) (118 mg, 0.187 mmol, 93 % yield) was obtained
as a colorless solid after a reaction time of 45 min and purification by Biotage
(SNAP cartridge KP-Sil 10 g, hexane/AcOEt 98/2–70/30).

HN

NO O

Ph

O O

CF3

O

O CF3
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Rf 0.56 (6:4 hexane/ethyl acetate). Mp 81.6–84.9 °C. 1H NMR (400 MHz,
CDCl3) δ 8.18 (s, 1 H, NH), 8.14–8.10 (m, 1 H, ArH), 7.79–7.74 (m, 2 H, Phth),
7.69–7.62 (m, 4 H, Phth + ArH), 7.52–7.43 (m, 3 H, ArH), 7.37–7.33 (m, 1 H,
ArH), 7.25–7.16 (m, 2 H, ArH), 5.80–5.73 (m, 1 H, PhthN–CH), 4.48–4.36 (m, 1
H, CF3–CH2), 4.35–4.19 (m, 3 H, CF3–CH2), 3.58–3.53 (m, 1 H, CH–(CO)2),
3.40–3.31 (m, 1 H, CH2), 3.27–3.17 (m, 1 H, CH2).

13C NMR (101 MHz, CDCl3)
δ 168.6, 166.6, 166.5, 138.0, 135.8, 134.2, 132.4, 131.9, 129.8, 128.9, 128.8,
126.6, 123.4, 122.7, 122.5 (q, JC-F = 277 Hz), 121.2, 120.6, 111.0, 109.6, 61.2 (q,
JC-F = 37 Hz), 61.2 (q, JC-F = 37 Hz), 49.0, 47.1, 30.7. IR 3395 (w), 3063 (w), 2977
(w), 1757 (m), 1709 (s), 1454 (w), 1356 (m), 1284 (s), 1168 (s), 977 (m), 720 (m).
HRMS (ESI) calcd for C31F6H23N2O6

+ [M + H]+ 633.1455; found 633.1476.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1-methyl-2-(triiso-
propylsilyl)ethynyl)-1H-indol-3-yl)ethyl)malonate (266l)

Following GP10 and starting from 1-methyl-2-(triisopropylsilyl)ethynyl)-1H-indole
(242j) (62 mg, 0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(1-methyl-2-(triisopropylsilyl)ethynyl)-1H-indol-3-yl)
ethyl)malonate (266l) (78 mg, 0.10 mmol, 52 % yield) was obtained as a colorless
solid after a reaction time of 1 h and purification by Biotage (SNAP cartridge
KP-Sil 10 g, hexane/AcOEt 95/5–75/25).

N

NO O
O O

CF3

O

O CF3

TIPS

Rf 0.56 (7:3 hexane/ethyl acetate). Mp 71.6–74.0 °C. 1H NMR (400 MHz,
CDCl3) δ 7.93 (d, 1 H, J = 8.1 Hz, ArH), 7.80–7.75 (m, 2 H, Phth), 7.68–7.63 (m, 2
H, Phth), 7.28–7.21 (m, 2 H, ArH), 7.17–7.12 (m, 1 H, ArH), 5.97–5.92 (m, 1 H,
PhthN–CH), 4.54–4.31 (m, 4 H, CF3–CH2), 3.79 (s, 3 H, CH3), 3.70–3.64 (m, 1 H,
CH–(CO)2), 3.54–3.45 (m, 1 H, CH2), 3.40–3.31 (m, 1 H, CH2), 1.32–1.13 (m, 21
H, TIPS). 13C NMR (101 MHz, CDCl3) δ 167.8, 166.6, 166.5, 137.0, 134.0, 132.0,
125.6, 123.6, 123.4, 122.7, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz),
120.9, 120.6, 115.5, 109.6, 103.3, 96.6, 61.3 (q, JC-F = 37 Hz), 61.3 (q, JC-
F = 37 Hz), 49.2, 46.2, 30.8, 30.1, 18.8, 11.5. IR 2944 (w), 2867 (w), 2153 (w),
1776 (m), 1761 (m), 1718 (s), 1286 (m), 1173 (s). HRMS (ESI) calcd for
C37F6H41N2O6Si

+ [M + H]+ 751.2633; found 751.2633.
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Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(3-methyl-1H-
indol-2-yl)ethyl)malonate (266m)

Following GP10 and starting from 3-methyl-1H-indole (242k) (29 mg, 0.22 mmol,
1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(3-methyl-1H-indol-2-yl)ethyl)malonate (266m) (68 mg, 0.12 mmol, 60 % yield)
was obtained as a colorless solid after a reaction time of 1.5 h and purification by
Biotage (SNAP cartridge KP-Sil 10 g, hexane/dichloromethane 80/20–2/98).

Following GP11 and starting from 3-methyl-1H-indole (242k) (29 mg,
0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(3-methyl-1H-indol-2-yl)ethyl)malonate (266m) (94 mg, 0.16 mmol, 82 % yield)
was obtained as a colorless solid after a reaction time of 1.5 h and purification by
Biotage (SNAP cartridge KP-Sil 10 g, hexane/dichloromethane 80/20–2/98).

Following GP12 and starting from 3-methyl-1H-indole (242k) (29 mg,
0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(3-methyl-1H-indol-2-yl)ethyl)malonate (266m) (76 mg, 0.13 mmol, 67 % yield)
was obtained as a colorless solid after a reaction time of 1.5 h and purification by
Biotage (SNAP cartridge KP-Sil 10 g, hexane/dichloromethane 80/20–2/98).

H
N

NO O
O O

CF3

O

O CF3

Rf 0.50 (7:3 hexane/ethyl acetate). Mp 59.9–64.0 °C. 1H NMR (400 MHz,
CDCl3) δ 9.08 (s, 1 H, NH), 7.88–7.83 (m, 2 H, Phth), 7.77–7.71 (m, 2 H, Phth),
7.52 (d, 1 H, J = 7.9 Hz, ArH), 7.36 (d, 1 H, J = 8.2 Hz, ArH), 7.21 (td, 1 H, J = 7.1,
0.8 Hz, ArH), 7.13–7.08 (m, 1 H, ArH), 5.85 (dd, 1 H, J = 9.5, 6.5 Hz, PhthN–CH),
4.57–4.36 (m, 3 H, CF3–CH2), 4.25–4.15 (m, 1 H, CF3–CH2), 3.49 (t, 1 H,
J = 7.3 Hz, CH–(CO)2), 3.26–3.17 (m, 1 H, CH2), 2.92–2.83 (m, 1 H, CH2), 2.34 (s,
3 H, CH3).

13C NMR (101 MHz, CDCl3) δ 168.6, 166.4, 166.2, 136.1, 134.6, 131.6,
129.5, 127.9, 123.8, 123.2, 122.5 (q, JC-F = 277 Hz), 119.7, 119.3, 111.4, 61.5 (q,
JC-F = 37 Hz), 48.6, 44.0, 31.2, 8.4.14 IR 1773 (m), 1713 (s), 1288 (m), 1176 (s), 978
(w). HRMS (ESI) calcd for C26F6H21N2O6

+ [M + H]+ 571.1298; found 571.1307.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(3-(triisopropylsilyl)
ethynyl)-1H-indol-2-yl)ethyl)malonate (266n)

Following GP12 and starting from 3-(triisopropylsilyl)ethynyl)-1H-indole (242l)
(66 mg, 0.22 mmol, 1.1 equiv), bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoind

14Only one CF3 peak could be detected.
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olin-2-yl)-2-(3-(triisopropylsilyl)ethynyl)-1H-indol-2-yl)ethyl)malonate (266n)
(71 mg, 0.097 mmol, 49 % yield) was obtained as a colorless solid, after a reaction
time of 6 h and purification by Biotage (SNAP cartridge KP-Sil 10 g,
hexane/toluene 6/4–9/1).

H
N

NO O
O O

CF3

O

O CF3

TIPS

Rf 0.60 (6:4 hexane/ethyl acetate). Mp 49.2–51.8 °C. 1H NMR (400 MHz,
CDCl3) δ 9.51 (s, 1 H, NH), 7.91–7.86 (m, 2 H, Phth), 7.78–7.73 (m, 2 H, Phth),
7.64 (d, 1 H, J = 7.8 Hz, ArH), 7.40–7.36 (m, 1 H, ArH), 7.27–7.22 (m, 1 H, ArH),
7.19–7.14 (m, 1 H, ArH), 6.13–6.08 (m, 1 H, PhthN–CH), 4.53–4.28 (m, 3 H, CF3–
CH2), 3.97–3.87 (m, 1 H, CF3–CH2), 3.63 (dd, 1 H, J = 8.2, 2.3 Hz, CH–(CO)2),
3.14 (dt, 1 H, J = 14.1, 8.8 Hz, CH2), 2.87 (ddd, 1 H, J = 13.9, 7.8, 5.9 Hz, CH2),
1.22 (s, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ 168.3, 166.2, 165.8, 137.1,
135.5, 134.7, 131.6, 128.1, 124.1, 123.9, 122.5 (q, JC-F = 275 Hz), 121.1, 120.4,
111.8, 100.1, 98.3, 96.0, 61.5 (q, JC-F = 37 Hz), 61.3 (q, JC-F = 37 Hz), 48.5, 45.3,
31.5, 18.9, 11.5. IR 3394 (w), 2151 (w), 1776 (m), 1716 (m), 1277 (s), 1173 (s).
HRMS (ESI) calcd for C36F6H39N2O6Si

+ [M + H]+ 737.2476; found 737.2480.

Dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(3-(2-hydroxyethyl)-1H-indol-2-yl)
ethyl)malonate (266o)

GP12 was followed using 3-(2-(trimethylsilyl)oxy)ethyl)-1H-indole (242m)
(51 mg, 0.22 mmol, 1.1 equiv). The mixture was stirred at 60 °C for 25 min and
then filtered over a short plug of silica gel (AcOEt/hexane 1/1). The crude was
concentrated under reduced pressure to remove volatiles. Potassium carbonate
(2.77 mg, 0.0200 mmol, 0.100 equiv) was added to a solution of the crude in
MeOH (2.00 mL) at 0 °C. The resulting suspension was stirred for 30 min. The
mixture was then partitioned between dichloromethane (5 mL) and saturated
aqueous ammonium chloride-brine (1:2) (5 mL). The aqueous layer was extracted
two times with dichloromethane (5 mL) and the combined organic layers were
washed with brine (5 mL) and dried over anhydrous magnesium sulfate. Volatiles
were removed under reduced pressure. The crude was then purified by Biotage
(SNAP cartridge KP-Sil 10 g, pentane/AcOEt 85/15–50/50) to afford dimethyl 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(3-(2-hydroxyethyl)-1H-indol-2-yl)ethyl)malonate
(266o) (67 mg, 0.14 mmol, 72 % yield) as a pale yellow oil.
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H
N

NO O
CO2Me

HO

CO2Me

Rf 0.13 (6:4 hexane/ethyl acetate).
1HNMR (400MHz,CDCl3) δ 9.18 (s, 1 H,NH),

7.88–7.81 (m, 2H, Phth), 7.77–7.70 (m, 2 H, Phth), 7.56 (d, 1 H, J = 8.0 Hz, ArH), 7.36
(d, 1 H, J = 8.1 Hz, ArH), 7.22–7.17 (m, 1 H, ArH), 7.11–7.06 (m, 1 H, ArH), 5.85 (t, 1
H, J = 8.2 Hz, PhthN–CH), 3.90–3.85 (m, 2 H, CH2), 3.69 (s, 3 H, OMe), 3.63 (s, 3 H,
OMe), 3.37 (t, 1 H, J = 7.3 Hz, CH–(CO)2), 3.18–2.90 (m, 4 H, CH2).

13C NMR
(101 MHz, CDCl3) δ 168.9, 168.6, 136.0, 134.5, 131.7, 131.6, 127.3, 123.7, 123.0,
119.7, 119.2, 111.6, 111.4, 62.9, 52.9, 49.1, 44.3, 31.3, 27.9. IR 3550 (w), 3406 (w),
3058 (w), 2954 (w), 2884 (w), 1735 (s), 1708 (s), 1440 (m), 1385 (m), 1333 (m), 1165
(m). HRMS (ESI) calcd for C25H25N2O7

+ [M + H]+ 465.1656; found 465.1661.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-pyrrol-2-yl)ethyl)
malonate (272a)

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-pyrrol-3-yl)ethyl)
malonate (272b)

Following GP10 and using 1H-pyrrole (268) (0.015 mL, 0.22 mmol, 1.1 equiv), bis
(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-pyrrol-2-yl)ethyl)mal-
onate (272a) (62 mg, 0.12 mmol, 61 % yield) and bis(2,2,2-trifluoroethyl) 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(1H-pyrrol-3-yl)ethyl)malonate (272b) (31 mg,
0.059 mmol, 30 % yield) were obtained as colorless solids, after a reaction time of
1.5 h and purification by Biotage (SNAP cartridge KP-Sil 10 g, Hex/AcOEt 96/4–
75/25). The structures were assigned by 2D NMR experiments.

N

CO2CH2CF3O

O

CO2CH2CF3

NH

Rf 0.55 (6:4 hexane/ethyl acetate). Mp 122.2–123.8 °C. 1H NMR (400 MHz,
CDCl3) δ 9.28 (s, 1 H, NH), 7.86–7.80 (m, 2 H, Phth), 7.75–7.70 (m, 2 H, Phth),
6.80–6.77 (m, 1 H, ArH), 6.21–6.17 (m, 1 H, ArH), 6.10–6.07 (m, 1 H, ArH), 5.49
(dd, 1 H, J = 9.2, 7.7 Hz, PhthN–CH), 4.56–4.45 (m, 3 H, CF3–CH2), 4.42–4.31
(m, 1 H, CF3–CH2), 3.47 (t, 1 H, J = 7.3 Hz, CH–(CO)2), 3.04 (ddd, 1 H, J = 14.0,
9.2, 7.4 Hz, CH2), 2.82–2.74 (m, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 168.4,
166.4, 166.3, 134.6, 131.7, 127.0, 123.7, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-
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F = 277 Hz), 119.7, 109.6, 108.0, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-F = 37 Hz),
48.8, 46.4, 31.7. IR 3418 (w), 1760 (m), 1708 (s), 1386 (m), 1359 (m), 1283 (s),
1165 (s), 974 (m), 724 (m). HRMS (ESI) calcd for C21F6H17N2O6

+ [M + H]+

507.0985; found 507.0986.

N

CO2CH2CF3O

O

CO2CH2CF3

NH

Rf 0.48 (6:4 hexane/ethyl acetate). Mp 81.7–84.0 °C. 1H NMR (400 MHz,
CDCl3) δ 8.19 (s, 1 H, NH), 7.83–7.78 (m, 2 H, Phth), 7.72–7.67 (m, 2 H, Phth),
6.92–6.89 (m, 1 H, ArH), 6.73–6.69 (q, 1 H, J = 2.6 Hz, ArH), 6.38–6.34 (m, 1 H,
ArH), 5.38 (t, 1 H, J = 8.2 Hz, PhthN–CH), 4.62–4.38 (m, 4 H, CF3–CH2), 3.58 (t,
1 H, J = 7.6 Hz, CH–(CO)2), 3.04 (t, 2 H, J = 8.1 Hz, CH2).

13C NMR (101 MHz,
CDCl3) δ 168.1, 166.7, 134.2, 132.0, 123.4, 122.6 (q, JC-F = 277 Hz), 122.6 (q, JC-
F = 277 Hz), 120.8, 118.4, 117.3, 108.5, 61.4 (q, JC-F = 37 Hz), 61.3 (q, JC-
F = 37 Hz), 49.0, 46.3, 31.4.15 IR 3405 (w), 2359 (w), 2335 (w), 1774 (w), 1758
(w), 1712 (m), 1384 (w), 1278 (m), 1176 (m), 751 (s). HRMS (ESI) calcd for
C21F6H17N2O6

+ [M + H]+ 507.0985; found 507.0980.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1-(triisopropylsilyl)-
1H-pyrrol-2-yl)ethyl) malonate (273a)

Following GP10 and starting from 1-(triisopropylsilyl)-1H-pyrrole (269) (49 mg,
0.22 mmol, 1.1 equiv), a 7:1 mixture of two regioisomers (273a) was obtained as a
colorless oil (0.12 g, 0.18 mmol, 88 % yield) after a reaction time of 25 min and
purification by Biotage (SNAP cartridge KP-Sil 10 g, hexane/AcOEt 93/7–55/45).
Peaks at 5.47 and 5.36 ppm in the 1H NMR spectrum were integrated to determine
the ratio of regioisomer. The structure of the regioisomers was assigned through 2D
NMR experiments. The major isomer was isolated in pure form after a second
purification by column chromatography for characterization.

N

N

O

O
OO

O

O

CF3

CF3

TIPS

Rf 0.38 (8:2 hexane/ethyl acetate).
1H NMR (400 MHz, CDCl3) δ 7.84–7.78 (m,

2 H, Phth), 7.73–7.66 (m, 2 H, Phth), 6.83 (t, 1 H, J = 1.7 Hz, ArH), 6.67 (t, 1 H,

15Two carbonyls peaks are not overlapping.
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J = 2.5 Hz, ArH), 6.42 (dd, 1 H, J = 2.7, 1.4 Hz, ArH), 5.36 (t, 1 H, J = 8.3 Hz,
PhthN–CH), 4.62–4.39 (m, 4 H, CF3–CH2), 3.53 (t, 1 H, J = 7.7 Hz, CH–(CO)2),
3.08–2.95 (m, 2 H, CH2), 1.41 (hept, 3 H, J = 7.5 Hz, Si–CH), 1.07 (d, 9 H,
J = 2.8 Hz, CH3), 1.05 (d, 9 H, J = 2.8 Hz, CH3).

13C NMR (101 MHz, CDCl3) δ
168.1, 166.7, 134.1, 132.0, 124.8, 123.6, 123.4, 122.9 (q, JC-F = 277 Hz), 122.9 (q,
JC-F = 277 Hz), 122.4, 110.4, 61.4 (q, JC-F = 37 Hz), 61.3 (q, JC-F = 37 Hz), 49.0,
46.4, 31.5, 17.9, 11.7 (See footnote 15). IR 2951 (w), 2869 (w), 1775 (m), 1760
(m), 1715 (s), 1287 (m), 1173 (s). HRMS (ESI) calcd for C30F6H37N2O6Si

+

[M + H]+ 663.2320; found 663.2317.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(2-methoxyphenyl)
ethyl)malonate (274a)

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)
ethyl)malonate (274b)

Following GP10 and starting from anisole (270) (0.024 mL, 0.22 mmol, 1.1 equiv),
an inseparable mixture of bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-
2-(2-methoxyphenyl)ethyl)malonate (274a) and bis(2,2,2-trifluoroethyl) 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)ethyl)malonate (274b) (66 mg,
0.12 mmol, 60 % yield) was obtained as a colorless solid after a reaction time of
45 min and purification by Biotage (SNAP cartridge KP-Sil 10 g, Hex/AcOEt 93/7–
70/30). The integration of the peaks at 5.81 and 5.33 ppm in the 1H NMR spectrum
were used to determine the ratio of regioisomers.

N

CO2CH2CF3

O

O

CO2CH2CF3
O

N

CO2CH2CF3

O

O

CO2CH2CF3

O

Isomer 1

Isomer 2

Rf 0.60 (6:4 hexane/ethyl acetate).
1H NMR (400 MHz, CDCl3) δ 7.83–7.78 (m,

4 H, Phth, Isomer 1 & 2), 7.73–7.68 (m, 4 H, Phth, Isomer 1 & 2), 7.62 (dd, 1 H,
J = 7.7, 1.3 Hz, ArH, Isomer 1), 7.47 (d, 2 H, J = 8.7 Hz, ArH, Isomer 2), 7.30–7.25
(m, 1 H, ArH, Isomer 1), 6.97 (dt, 1 H, J = 7.5, 0.9 Hz, ArH, Isomer 1), 6.88–6.82
(m, 3 H, ArH, Isomer 1 & 2), 5.81 (dd, 1 H, J = 10.1, 5.9 Hz, PhthN–CH, Isomer 1),
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5.33 (dd, 1 H, J = 9.7, 7.0 Hz, PhthN–CH, Isomer 2), 4.66–4.54 (m, 2 H, CF3–CH2,
Isomer 1 & 2), 4.53–4.35 (m, 6 H, CF3–CH2, Isomer 1 & 2), 3.78 (s, 3 H, OMe), 3.77
(s, 3 H, OMe), 3.63 (dd, 1 H, J = 8.5, 6.3 Hz, CH–(CO)2, Isomer 1), 3.55 (dd, 1 H,
J = 8.5, 6.8 Hz, CH–(CO)2, Isomer 2), 3.26–3.13 (m, 2 H, CH2, Isomer 1 & 2),
3.07–2.98 (m, 1 H, CH2, Isomer 2), 2.97–2.89 (m, 1 H, CH2, Isomer 1). 13C NMR
(101 MHz, CDCl3) δ 168.2, 168.2, 166.7, 166.6, 166.5, 159.7, 156.9, 134.3, 134.2,
131.8, 131.8, 130.0, 129.6, 128.6, 126.0, 123.6, 123.5, 122.7 (q, JC-F = 277 Hz),
122.6 (q, JC-F = 277 Hz), 122.6 (q, JC-F = 277 Hz), 120.6, 114.3, 110.8, 61.5
(q, JC-F = 37 Hz), 61.4 (q, JC-F = 37 Hz), 55.7, 55.4, 52.0, 48.9, 46.3, 30.3, 30.1.16 IR
2937 (w), 2846 (w), 1761 (m), 1715 (s), 1361 (m), 1286 (s), 1172 (s). HRMS
(ESI) calcd for C24F6H20NO7

+ [M + H]+ 548.1138; found 548.1119.

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(2-hydroxyphenyl)
ethyl)malonate (275a)

Bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-phenoxyethyl)malon-
ate (275b)

Following GP10 and starting from phenol (271) (21 mg, 0.22 mmol, 1.1 equiv), bis
(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(2-hydroxyphenyl)ethyl)
malonate (275a) (13 mg, 0.024 mmol, 12 % yield) and bis(2,2,2-trifluoroethyl) 2-
(2-(1,3-dioxoisoindolin-2-yl)-2-phenoxyethyl)malonate (275b) (79 mg, 0.15 mmol,
74 % yield) were obtained as colorless solids after a reaction time of 40 min and
purification by Biotage (SNAP cartridge KP-Sil 10 g, Hex/AcOEt 95/5–70/30).

N

CO2CH2CF3

O

O

CO2CH2CF3
OH

Rf 0.46 (6:4 hexane/ethyl acetate). Mp 103.5–106.0 °C. 1H NMR (400 MHz,
CDCl3) δ 7.86–7.81 (m, 2 H, Phth), 7.76–7.70 (m, 2 H, Phth), 7.52 (d, 1 H,
J = 7.7 Hz, ArH), 7.22 (t, 1 H, J = 7.5 Hz, ArH), 6.94 (t, 1 H, J = 7.5 Hz. ArH), 6.89
(d, 1 H, J = 8.1 Hz, ArH), 6.76 (s, 1 H, OH), 5.62 (t, 1 H, J = 8.1 Hz, PhthN–CH),
4.62–4.38 (m, 4 H, CF3–CH2), 3.58 (t, 1 H, J = 7.4 Hz, CH–(CO)2), 3.26–3.09 (m,
2 H, CH2).

13C NMR (101 MHz, CDCl3) δ 168.7, 166.2, 154.0, 134.5, 131.3,
130.2, 129.5, 123.6, 123.3, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-F = 277 Hz),
121.1, 117.9, 61.5 (q, JC-F = 37 Hz), 61.4 (q, JC-F = 38 Hz), 48.6, 47.4, 29.0. IR
3452 (w), 3062 (w), 2932 (w), 1766 (m), 1715 (s), 1378 (m), 1287 (s), 1172 (s).
HRMS (ESI) calcd for C23F6H18NO7

+ [M + H]+ 534.0982; found 534.0989.

16All carbons couldn’t be resolved.
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O
N

CO2CH2CF3

O

O

CO2CH2CF3

Rf 0.63 (6:4 hexane/ethyl acetate). Mp 110.2–111.9 °C. 1H NMR (400 MHz,
CDCl3) δ 7.87–7.81 (m, 2 H, Phth), 7.76–7.70 (m, 2 H, Phth), 7.26–7.20 (m, 2 H,
ArH), 7.02–6.95 (m, 3 H, ArH), 6.32 (dd, 1 H, J = 8.6, 5.1 Hz, PhthN–CH), 4.65–
4.43 (m, 4 H, CF3–CH2), 3.99–3.94 (m, 1 H, CH–(CO)2), 3.43–3.33 (m, 1 H, CH2),
2.80–2.71 (m, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 167.1, 166.4, 155.5,
134.7, 131.4, 129.9, 124.0, 123.2, 122.6 (q, JC-F = 277 Hz), 122.5 (q, JC-
F = 277 Hz), 116.8, 76.6, 61.5 (q, JC-F = 37 Hz), 61.5 (q, JC-F = 37 Hz), 47.7, 31.6.
IR 3068 (w), 2940 (w), 1765 (m), 1723 (s), 1361 (m), 1289 (s), 1174 (s). HRMS
(ESI) calcd for C23H17F6NNaO7

+ [M + Na]+ 556.0801; found 556.0804.

Product modifications
Methyl 5-(1H-indol-3-yl)-2-oxopyrrolidine-3-carboxylate (277)

N
H

PhthN

CO2Me

CO2Me

N
H

HN
O

CO2Me

2) NH2CH2CH2NH2
iPrOH, 70 °C

1) K2CO3, MeOH, 0 °C

N
H

PhthN

CO2CH2CF3

CO2CH2CF3

N
H

PhthN

CO2Me

CO2Me

266a 276

276 277

To a solution of bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-
indol-3-yl)ethyl)malonate (266a) (556 mg, 1.00 mmol, 1 equiv) in MeOH
(10.0 mL) was added potassium carbonate (13.8 mg, 0.100 mmol, 0.1 equiv) at 0 °
C. The resulting suspension was stirred for 30 min and was partitioned between
dichloromethane (20 mL) and saturated aqueous ammonium chloride-brine (1:2)
(20 mL). The aqueous layer was extracted with dichloromethane (20 mL) twice and
the combined organic layers were dried over anhydrous magnesium sulfate. The
solvent was removed under reduced pressure to afford the crude as a yellow solid,
which was purified by Biotage (SNAP cartridge KP-Sil 25 g, pentane/AcOEt
85/15–60/40) to afford dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-2-(1H-indol-3-yl)
ethyl)malonate (276) (302 mg, 0.717 mmol, 72 % yield) as an colorless solid.
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PhthN CO2Me

CO2Me

HN

Rf 0.19 (6:4 Hexane/AcOEt). Mp 78.2–82.9 °C. 1H NMR (400 MHz, CDCl3) δ
8.41 (s, 1 H, NH), 7.80–7.73 (m, 2 H, Phth), 7.71 (d, 1 H, J = 7.9 Hz, ArH), 7.68–
7.62 (m, 2 H, Phth), 7.50 (d, 1 H, J = 1.9 Hz, ArH), 7.34 (d, 1 H, J = 8.0 Hz, ArH),
7.19–7.14 (m, 1 H, ArH), 7.13–7.08 (m, 1 H, ArH), 5.79 (dd, 1 H, J = 9.8, 6.4 Hz,
PhthN–CH), 3.74 (s, 3 H, CH3), 3.65 (s, 3 H, CH3), 3.50 (t, 1 H, J = 7.4 Hz, CH–
(CO)2), 3.26 (ddd, 1 H, J = 14.2, 9.9, 6.9 Hz, CH2), 3.09–3.00 (m, 1 H, CH2).

13C
NMR (101 MHz, CDCl3) δ 169.4, 169.3, 168.2, 135.8, 134.1, 131.8, 126.4, 124.3,
123.3, 122.5, 120.1, 118.9, 113.2, 111.3, 53.0, 52.9, 49.7, 44.6, 30.8. IR 3403 (w),
2954 (w), 2865 (w), 2363 (w), 2093 (w), 1753 (m), 1733 (s), 1710 (s), 1358 (m).
HRMS (ESI) calcd for C23H20N2NaO6

+ [M + Na]+ 443.1214; found 443.1216.
Following a modified procedure [21], dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-

2-(1H-indol-3-yl)ethyl)malonate (276) (84.0 mg, 0.200 mmol, 1 equiv) was added
in a tube sealed with a septum with ethane-1,2-diamine (0.0410 mL, 1.00 mmol, 5
equiv). Isopropanol (1.30 mL) was added and the resulting mixture was stirred at
70 °C for 30 min. The solution was concentrated under reduced pressure and the
crude was purified by Biotage (SNAP cartridge KP-Sil 25 g, pentane/AcOEt 75/25–
0/100) to afford methyl 5-(1H-indol-3-yl)-2-oxopyrrolidine-3-carboxylate (277)
(39.1 mg, 0.151 mmol, 76 % yield) as an inseparable 1:1 mixture of diastereoi-
somers as a colorless solid.

N
H

HN
O

CO2Me

Rf 0.40/0.32 (ethyl acetate). Mp 51.2–53.6 °C. 1H NMR (400 MHz, CDCl3) δ
8.21–8.11 (m, 2 H, NH, Isomer 1 & 2), 7.74 (d, 1 H, J = 7.9 Hz, ArH, Isomer 2),
7.61 (d, 1 H, J = 7.9 Hz, ArH, Isomer 1), 7.42 (s, 1 H, ArH), 7.40 (s, 1 H, ArH),
7.28–7.22 (m, 3 H, ArH), 7.20–7.13 (m, 3 H, ArH), 5.97 (s, 1 H, NH, Isomer 1),
5.90 (s, 1 H, NH, Isomer 2), 5.26 (t, 1 H, J = 6.9 Hz, CH–NH, Isomer 1), 5.05 (t, 1
H, J = 8.0 Hz, CH–NH, Isomer 2), 3.83 (s, 3 H, CH3), 3.83 (s, 3 H, CH3), 3.69–3.60
(m, 2 H, CH–(CO)2, Isomer 1 & 2), 2.98–2.90 (m, 1 H, CH2, Isomer 1), 2.89–2.73
(m, 2 H, CH2, Isomer 2), 2.57–2.47 (m, 1 H, CH2, Isomer 1). 13C NMR (101 MHz,
CDCl3) δ 172.8, 172.6, 170.6, 137.0, 136.9, 125.2, 125.0, 122.7, 122.6, 122.3,
121.6, 120.0, 119.9, 119.1, 118.8, 116.2, 115.3, 111.9, 111.8, 52.9, 52.8, 50.5,
50.1, 48.9, 48.1, 33.5, 33.5.(See footnote 16) IR 3274 (w), 2955 (w), 2361 (w),
1738 (s), 1696 (s), 1438 (w), 1268 (w). HRMS (ESI) calcd for C14H15N2O3

+

[M + H]+ 259.1077; found 259.1086.
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Methyl 5-(1-methyl-1H-indol-3-yl)-2-oxopyrrolidine-3-carboxylate (279)

N

PhthN

CO2Me

CO2Me

N

HN
O

CO2Me

2) NH2CH2CH2NH2
iPrOH, 70 °C

1) K2CO3, MeOH, 0 °C

N

PhthN

CO2CH2CF3

CO2CH2CF3

N

PhthN

CO2Me

CO2Me

266g 278

278 279

To a solution of bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(1-methyl-1H-indol-3-yl)ethyl)malonate (266 g) (570 mg, 1.00 mmol, 1 equiv) in
MeOH (10.0 mL) was added potassium carbonate (13.8 mg, 0.100 mmol, 0.1
equiv) at 0 °C. The resulting suspension was stirred for 30 min. Then, the mixture
was partitioned between dichloromethane (20 mL) and saturated aqueous ammo-
nium chloride-brine (1:2) (20 mL). The aqueous layer was extracted with dichlo-
romethane (20 mL) twice and the combined organic layers were dried over
anhydrous magnesium sulfate. The solvent was removed under reduced pressure to
afford the crude as a yellow solid, which was purified by Biotage (SNAP cartridge
KP-Sil 25 g, pentane/AcOEt 85/15 to 60/40) to afford dimethyl 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(1-methyl-1H-indol-3-yl)ethyl)malonate (278)
(299 mg, 0.688 mmol, 69 % yield) as a colorless solid.

N

PhthN

CO2Me

CO2Me

Rf 0.40 (6:4 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3) δ 7.82–7.77 (m, 2 H,

Phth), 7.75–7.71 (m, 1 H, ArH), 7.71–7.65 (m, 2 H, Phth), 7.41 (s, 1 H, ArH),
7.32–7.27 (m, 1 H, ArH), 7.26–7.19 (m, 1 H, ArH), 7.16–7.09 (m, 1 H, ArH), 5.79
(dd, 1 H, J = 9.7, 6.5 Hz, N–C–H), 3.80 (s, 3 H, Me), 3.76 (s, 3 H, Me), 3.68 (s, 3
H, Me), 3.53–3.47 (m, 1 H, CH), 3.30–3.20 (m, 1 H, CH2), 3.09–3.00 (m, 1 H,
CH2).

13C NMR (101 MHz, CDCl3) δ 169.2, 169.2, 168.1, 136.5, 133.9, 131.9,
128.7, 126.9, 123.2, 121.9, 119.6, 119.0, 111.6, 109.3, 52.8, 52.7, 49.6, 44.5, 33.0,
30.9. IR 2953 (w), 2365 (w), 1753 (m), 1736 (s), 1711 (s), 1614 (w), 1543 (w),
1469 (w), 1436 (w), 1383 (m), 1355 (w), 1329 (m), 1275 (w), 1158 (w), 913 (w),
739 (m), 728 (s). HRMS (ESI) calcd for C24H23N2O6

+ [M + H]+ 435.1551; found
435.1548.

Following a modified procedure [21], dimethyl 2-(2-(1,3-dioxoisoindolin-2-yl)-
2-(1-methyl-1H-indol-3-yl)ethyl)malonate (278) (87.0 mg, 0.200 mmol, 1 equiv)
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was added into a tube sealed with a septum with ethane-1,2-diamine (0.0410 mL,
1.00 mmol, 5 equiv). Isopropanol (1.30 mL) was added and the resulting mixture
was stirred at 70 °C for 30 min. The solution was concentrated under reduced
pressure and the crude was purified by Biotage (SNAP cartridge KP-Sil 25 g,
pentane/AcOEt 75/25–0/100) to afford Methyl 5-(1-methyl-1H-indol-3-yl)-
2-oxopyrrolidine-3-carboxylate (279) (43.7 mg, 0.160 mmol, 80 % yield) as an
inseparable 1:1 mixture of diastereoisomers as a colorless solid.

N

HN
O

CO2Me

Rf 0.42/0.28 (ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.73 (d, 1 H,
J = 8.0 Hz, ArH, Isomer 2), 7.59 (d, 1 H, J = 7.9 Hz, ArH, Isomer 1), 7.36–7.31 (m,
2 H, ArH), 7.30–7.27 (m, 2 H, ArH), 7.19–7.12 (m, 2 H, ArH), 7.09 (s, 1 H, ArH,
Isomer 2), 7.00 (s, 1 H, ArH, Isomer 1), 6.00 (br s, 1 H, NH, Isomer 1), 5.92 (br s, 1
H, NH, Isomer 2), 5.24 (t, 1 H, J = 6.9 Hz, CH–NH, Isomer 1), 5.03 (t, 1 H,
J = 7.9 Hz, CH–NH, Isomer 2), 3.83 (s, 3 H, CH3), 3.82 (s, 3 H, CH3), 3.78 (s, 3 H,
CH3), 3.77 (s, 3 H, CH3), 3.68–3.59 (m, 2 H, CH–(CO)2, Isomer 1 & 2), 2.96–2.88
(m, 1 H, CH2, Isomer 1), 2.87–2.70 (m, 2 H, CH2, Isomer 2), 2.55–2.46 (m, 1 H,
CH2, Isomer 1). 13C NMR (101 MHz, CDCl3) δ 172.3, 172.1, 170.6, 170.5, 137.7,
137.6, 126.9, 126.2, 125.7, 125.5, 122.5, 122.5, 119.8, 119.7, 119.3, 119.0, 114.8,
113.8, 109.9, 109.8, 53.0, 52.9, 50.4, 49.8, 48.8, 48.1, 33.9, 33.7, 33.0 (See
footnote 16). IR 3235 (w), 2953 (w), 1741 (s), 1703 (s), 1475 (w), 1334 (w), 1264
(w), 1168 (w). HRMS (ESI) calcd for C15H16N2NaO3

+ [M + Na]+ 295.1053; found
295.1059.

2,2,2-Trifluoroethyl 4-(1,3-dioxoisoindolin-2-yl)-4-(1-methyl-1H-indol-3-yl)
butanoate (280)

LiI, H2O

PhthN

CO2CH2CF3

N
Me

2,4,6 collidine, 130 °CN

PhthN

CO2CH2CF3

CO2CH2CF3

Me
266g 280

Following a modified procedure [22], a mixture of bis(2,2,2-trifluoroethyl) 2-(2-
(1,3-dioxoisoindolin-2-yl)-2-(1-methyl-1H-indol-3-yl)ethyl)malonate
(266 g) (114 mg, 0.200 mmol, 1 equiv), lithium iodide (40.2 mg, 0.300 mmol, 1.5
equiv) and water (7.20 µl, 0.400 mmol, 2 equiv) in 2,4,6-collidine (2.00 mL) in a
microwave vial sealed with a microwave cap was heated at 130 °C for 3 h. After
cooling down to room temperature, the mixture was diluted with AcOEt (5 mL),
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washed with 1 M HCl (5 mL) four times and sat. NaHCO3-brine (1:3) (5 mL), dried
over MgSO4 and concentrated under reduced pressure to afford 2,2,2-Trifluoroethyl
4-(1,3-dioxoisoindolin-2-yl)-4-(1-methyl-1H-indol-3-yl)butanoate (280) as a pale
yellow solid (90.3 mg, 0.200 mmol, 99 % yield).

Rf 0.58 (6:4 hexane/AcOEt). Mp 54.6–57.0 °C. 1H NMR (400 MHz, CDCl3) δ
7.81–7.76 (m, 2 H, Phth), 7.74 (d, 1 H, J = 8.1 Hz, ArH), 7.69–7.63 (m, 2 H, Phth),
7.39 (s, 1 H, ArH), 7.31–7.26 (m, 1 H, ArH), 7.22 (t, 1 H, J = 7.5 Hz, ArH), 7.15–
7.09 (m, 1 H, ArH), 5.77 (dd, 1 H, J = 9.1, 7.1 Hz, PhthN–CH), 4.52–4.38 (m, 2 H,
CF3–CH2), 3.79 (s, 3 H, CH3), 2.98–2.76 (m, 2 H, CH2), 2.63–2.49 (m, 2 H, CH2).
13C NMR (101 MHz, CDCl3) δ 171.2, 168.3, 136.6, 134.0, 132.0, 128.8, 127.0,
123.3, 123.0 (q, JC-F = 277 Hz), 122.0, 119.7, 119.1, 111.9, 109.4, 60.5 (q, JC-
F = 37 Hz), 45.9, 33.1, 31.4, 26.9. IR 3061 (w), 2941 (w), 1761 (m), 1711 (s), 1473
(w), 1384 (m), 1330 (m), 1285 (m), 1171 (s). HRMS (ESI) calcd for
C23F3H20N2O4

+ [M + H]+ 445.1370; found 445.1356.

2-(10-Methyl-6-oxo-6,7,8,9-tetrahydropyrido[1,2-a]indol-9-yl)
isoindoline-1,3-dione (281)

N
H

NPhth
E

E

N

O

Nphth

N
H

NPhth

E

+
LiI, H2O

2,4,6-collidine, 130 °C
E = CO2CH2CF3

266j 281 282

A suspension of bis(2,2,2-trifluoroethyl) 2-(2-(1,3-dioxoisoindolin-2-yl)-2-
(3-methyl-1H-indol-2-yl)ethyl)malonate 266j (122 mg, 0.214 mmol, 1equiv), lith-
ium iodide (42.9 mg, 0.321 mmol, 1.5 equiv) and water (7.71 µl, 0.428 mmol, 2
equiv) in 2,4,6-collidine (2.10 mL) in a microwave vial sealed with a microwave
cap was heated at 130 °C for 18.5 h and then at 140 °C for 5.5 h. After cooling
down to room temperature, the mixture was diluted with AcOEt (5 mL), washed
with 1 M HCl (5 mL) four times and sat. NaHCO3-brine (1:3) (5 mL) twice, dried
over MgSO4, and concentrated under reduced pressure to afford the crude as a light
brown solid. The crude was purified by Biotage (SNAP cartridge KP-Sil 25 g,
pentane/AcOEt 90/10–61/39) to afford 2-
(10-methyl-6-oxo-6,7,8,9-tetrahydropyrido[1,2-a]indol-9-yl)isoindoline-1,3-dione
(281) (53.4 mg, 0.155 mmol, 73 % yield) as a colorless solid and
2,2,2-trifluoroethyl 4-(1,3-dioxoisoindolin-2-yl)-4-(3-methyl-1H-indol-2-yl)but-
anoate (282) (23.2 mg, 0.0520 mmol, 24 % yield).

N

O

Me

NPhth
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Rf 0.40 (6:4 hexane/AcOEt). Mp 177.5–180.8 °C. 1H NMR (400 MHz, CDCl3)
δ 8.54 (d, 1 H, J = 8.2 Hz, ArH), 7.87–7.81 (m, 2 H, Phth), 7.78–7.71 (m, 2 H,
Phth), 7.43 (d, 1 H, J = 7.7 Hz, ArH), 7.40–7.34 (m, 1 H, ArH), 7.31–7.27 (m, 1 H,
ArH), 5.85 (t, 1 H, J = 4.9 Hz, PhthN–CH), 3.12–3.01 (m, 1 H, CH2), 2.83 (dt, 1 H,
J = 17.4, 5.1 Hz, CH2), 2.54–2.37 (m, 2 H, CH2),2.09 (s, 3 H). 13C NMR
(101 MHz, CDCl3) δ 168.5, 167.8, 134.9, 134.5, 131.6, 130.4, 129.2, 125.6, 123.9,
123.7, 118.5, 116.8, 115.4, 42.0, 31.6, 27.3, 8.5. IR 3068 (w), 1773 (w), 1713 (s),
1458 (m), 1388 (m), 1366 (m), 1326 (m). HRMS (ESI) calcd for C21H16N2NaO3

+

[M + Na]+ 367.1053; found 367.1037.

N
H

NPhth

E

Rf 0.65 (6:4 hexane/AcOEt). Mp 47.7–48.8 °C. 1H NMR (400 MHz, CDCl3) δ
9.08 (br s, 1 H), 7.88–7.81 (m, 2 H, Phth), 7.77–7.69 (m, 2 H, Phth), 7.52 (d, 1 H,
J = 7.9 Hz, ArH), 7.35 (d, 1 H, J = 8.2 Hz, ArH), 7.19 (t, 1 H, J = 7.3 Hz, ArH),
7.09 (t, 1 H, J = 7.5 Hz, ArH), 5.82–5.76 (m, 1 H, PhthN–CH), 4.48–4.28 (m, 2 H,
CF3–CH2), 2.89–2.77 (m, 1 H, CH2), 2.64–2.52 (m, 1 H, CH2), 2.42 (t, 2 H,
J = 7.3 Hz, CH2), 2.36 (s, 3 H, CH3).

13C NMR (101 MHz, CDCl3) δ 170.8, 168.8,
136.0, 134.5, 131.7, 130.6, 128.0, 123.7, 122.9 (q, JC-F = 277 Hz), 122.9, 119.5,
119.2, 111.3, 110.7, 60.6 (q, JC-F = 37 Hz), 45.5, 30.8, 27.4, 8.5. IR 3416 (w), 2987
(w), 2361 (w), 1761 (m), 1710 (s), 1461 (w), 1389 (m), 1332 (w), 1283 (w), 1171
(m). HRMS (ESI) calcd for C23F3H20N2O4

+ [M + H]+ 445.1370; found 445.1370.

5.6 Dynamic [3 + 2] Kinetic Asymmetric Annulation
of DA Aminocyclopropanes

Synthesis of N-vinyl-imides
5-Methoxyisobenzofuran-1,3-dione (288)

NH

O

O

MeOCO2H

CO2HHO

1. MeOH, H2SO4
2. MeI, K2CO3

3. NaOH
4. Ac2O
5. 244, MW287 288

Following a modified procedure [23], a solution of 4-hydroxyphthalic acid (287)
(2.00 g, 11.0 mmol, 1.00 eq), catalytic sulfuric acid (0.10 mL, 1.9 mmol, 0.17 eq)
and MeOH (20.0 mL), was stirred at reflux for 7 h. under air. The solvent was
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removed under reduced pressure to afford crude dimethyl 4-hydroxyphthalate. The
crude diester was dissolved in acetone (70 mL) and reacted with potassium car-
bonate (7.40 g, 53.5 mmol, 5.00 eq) at 50 °C for 20 min. Iodomethane (1.47 mL,
23.6 mmol, 2.20 eq) was added, and the mixture was stirred at reflux overnight.
K2CO3 was removed by filtration and the solvent was removed under reduced
pressure to afford a colorless oil.

The crude was dissolved in acetone (16.0 mL) and a 11 M solution of sodium
hydroxide, (6.00 mL, 66.0 mmol, 6.20 eq) was added, and the solution was stirred
for 6 h. under air at rt. The solution was then acidified with 2 M HCl to pH 3, and
concentrated under reduced pressure. Then, the crude 4-methoxyphthalic acid was
dissolved into acetone (50 mL) and dried over MgSO4, filtered through a plug of
cotton wool, and the solvent was removed in vacuo. The crude diacid was parti-
tioned between 2 M NaOH (50 mL) and DCM (50 mL). The organic layer was
extracted with NaOH 2 M (50 mL). The combined aqueous phase was cooled down
to 0 °C and acidified with 37 % HCl % to pH 3. The aqueous layer was then
extracted five times with AcOEt (50 mL). The combined organic layers were dried
over MgSO4 and concentrated under reduced pressure to afford the crude diacid as a
light brown solid (1.82 g).

A solution of crude 4-methoxyphthalic acid (1.82 g, 9.28 mmol, 1.00 eq) in
acetic anhydride (25.0 mL, 266 mmol, 28.7 eq) was stirred at reflux for 21 h.
Volatiles were removed in vacuo to afford a dark brown solid. The crude was
dissolved in DCM (50 mL) and filtered through fritted glass to remove solid
impurities. The solution was concentrated under reduced pressure and dried in
vacuo to afford 5-methoxyisobenzofuran-1,3-dione as a light brown solid (1.62 g,
9.08 mmol, 83 % yield over 4 steps)

1H NMR (400 MHz, CDCl3) δ 7.90 (dd, 1 H, J = 8.5, 0.4 Hz, Ar), 7.41 (d, 1 H,
J = 2.2 Hz, Ar), 7.35 (dd, 1 H, J = 8.5, 2.3 Hz, Ar), 3.98 (s, 3 H, OMe). HRMS
(ESI) calcd for C9H7O4

+ [M + H]+ 179.0339; found 179.0349.
The data for 5-methoxyisobenzofuran-1,3-dione correspond to the reported

values [24].
Following a modified procedure [25], 5-methoxyisobenzofuran-1,3-dione

(1.58 g, 8.84 mmol, 1.00 eq) and formamide (244) (35.0 mL, 880 mmol,
100 eq) were divided between four 20 mL microwave vials sealed with a micro-
wave cap. The mixture was stirred at rt until the product was completely dissolved,
then heated 2 times at 200 °C for 30 s with 10 s pre-stirring, using Biotage Initiator
2.0 microwave reactor. The mixture was cooled to 0 °C to induce crystallization and
cold water (10 mL) was added into each vial. The obtained solid was filtrated over
filter paper, washed with water (15 mL) and hexanes (20 mL) and dried under
reduced pressure to afford 5-methoxyisoindoline-1,3-dione (288) as a beige solid
(982 mg, 5.54 mmol, 63 % yield) which was used without further purification.

1H NMR (400 MHz, CDCl3) δ 7.77 (dd, 1 H, J = 8.3, 0.4 Hz, Ar), 7.59 (br s, 1
H, NH), 7.33 (d, 1 H, J = 2.2 Hz, Ar), 7.20 (dd, 1 H, J = 8.3, 2.3 Hz, Ar), 3.94 (s, 3
H, OMe). 13C NMR (101 MHz, CDCl3) δ 167.8, 167.7, 165.0, 135.2, 125.4, 124.5,
120.4, 108.1, 56.2. HRMS (ESI) calcd for C9H8NO3

+ [M + H]+ 178.0499; found
178.0497.
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5-Nitro-2-vinylisoindoline-1,3-dione (283)

N

O

O

O2N
+

O

O PdCl2/LiCl
NH

O

O

O2N

378 283224

Following a modified procedure [26], 5-nitrosoindoline-1,3-dione (378) (1.00 g,
5.20 mmol, 1.00 eq), PdCl2 (92.0 mg, 0.520 mmol, 0.100 eq), LiCl (0.221 mg,
5.20 mmol, 1.00 eq, weighted in a glovebox) and vinyl acetate (224) (12.9 mL,
139 mmol, 26.8 eq) were heated under reflux for 20 h. The mixture was cooled
down to room temperature and the solvent was evaporated under reduced pressure.
The crude was purified by column chromatography using silica gel (Hexane/AcOEt
8:2–5:5) to afford 5-nitro-2-vinylisoindoline-1,3-dione (283) as a bright yellow
solid (1.14 g, 5.23 mmol, quantitative yield).

Rf 0.32 (9:1 Pentane/AcOEt). Mp 144.3–148.6 °C. 1H NMR (400 MHz,
CDCl3) δ 8.68 (dd, 1 H, J = 2.0, 0.5 Hz, Ar), 8.63 (dd, 1 H, J = 8.1, 2.0 Hz, Ar),
8.08 (m, 1 H, Ar), 6.88 (dd, 1 H, J = 16.4, 9.8 Hz, CH–N), 6.14 (dd, 1 H, J = 16.4,
0.5 Hz, = CH2), 5.16 (dd, 1 H, J = 9.8, 0.4 Hz, =CH2).

13C NMR (101 MHz,
CDCl3) δ 164.5, 164.2, 152.1, 136.1, 133.1, 129.8, 125.0, 123.6, 119.2, 106.3. IR
3101 (w), 3074 (w), 2924 (w), 1709 (s), 1533 (s), 1383 (s), 1341 (s), 1307 (s), 1062
(m), 1024 (s), 915 (s). HRMS (ESI) calcd for C10H6N2O4 [M + H]+ 218.0328;
found 218.0355.

1-Vinylpyrrolidine-2,5-dione (284)

NH

O

O

N

O

O

+
O

O Na2PdCl4

379 224 284

Following a modified procedure [26], succinimide (379) (1.00 g, 10.1 mmol,
1.00 eq), vinyl acetate (224) (25.0 mL, 270 mmol, 26.8 eq) and Na2PdCl4 (59.0 mg,
0.202 mmol, 2.00 mol%) were heated under reflux for 72 h. After solvent evapo-
ration, the crude was purified by Biotage (SNAP Cartridge KP-Sil 50 g, 7:3
Hexane/AcOEt) to obtain 1-Vinylpyrrolidine-2,5-dione (284) as a yellow solid
(1.22 g, 9.78 mmol, 97 % yield).

Rf 0.17 (8:2 Hexane/AcOEt). Mp 47.6–48.9 °C. 1H NMR (400 MHz, CDCl3) δ
6.68 (dd, 1 H, J = 16.4, 9.9 Hz, =CH), 6.08 (d, 1 H, J = 16.4 Hz, =CH), 5.06 (d, 1
H, J = 9.9 Hz, =CH), 2.72 (s, 4 H, CH2).

13C NMR (101 MHz, CDCl3) δ 175.4,
124.3, 106.6, 27.8. IR 2946 (w), 1707 (s), 1382 (s), 1307 (m), 1222 (s), 1113 (s),
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974 (m), 906 (m), 821 (w). HRMS (ESI) calcd for C6H8NO2
+ [M + H]+ 126.0550;

found 126.0621.

5-Methoxy-2-vinylisoindoline-1,3-dione (285)

N

O

O

MeO
+

O

O PdCl2/LiCl
NH

O

O

MeO

288 224 285

Following a modified procedure, 5-methoxyisoindoline-1,3-dione (288)
(980 mg, 5.53 mmol, 1.00 eq), PdCl2 (98.0 mg, 0.553 mmol, 0.100 eq), LiCl
(235 mg, 5.53 mmol, 1.00 eq, weighted in a glovebox) and vinyl acetate (224)
(13.7 mL, 148 mmol, 26.8 eq) were heated under reflux for 24 h. The mixture was
cooled down to room temperature and diluted with DCM/MeOH 4:1 (20 mL).
Activated charcoal was added and the resulting suspension was filtered through a
pad of Celite (DCM/MeOH 4:1 100 mL) and concentrated under reduced pressure.
Purification by silica gel chromatography (pentane/AcOEt 90:10–75:25) afforded
5-methoxy-2-vinylisoindoline-1,3-dione (285) as a colorless solid (828 mg,
4.08 mmol, 74 % yield).

Rf 0.56 (6:4 Hexane/AcOEt).Mp 102.2–105.1 °C. 1H NMR (400 MHz, CDCl3)
δ 7.76 (d, 1 H, J = 8.3 Hz, Ar), 7.32 (d, 1 H, J = 2.2 Hz, Ar), 7.17 (dd, 1 H, J = 8.3,
2.2 Hz, Ar), 6.83 (dd, 1 H, J = 16.4, 9.9 Hz, =CH), 6.03 (d, 1 H, J = 16.4 Hz, =CH),
4.99 (d, 1 H, J = 9.9 Hz, =CH), 3.93 (s, 3 H, OMe). 13C NMR (101 MHz, CDCl3) δ
166.5, 166.3, 165.1, 134.4, 125.5, 124.0, 123.5, 120.6, 108.2, 104.0, 56.3. IR 1779
(w), 1720 (s), 1639 (w), 1619 (w), 1493 (w), 1386 (s), 1307 (w), 1295 (w), 1021
(w). HRMS (ESI) calcd for C11H10NO3

+ [M + H]+ 204.0655; found 204.0662.

4,5,6,7-Tetrafluoro-2-vinylisoindoline-1,3-dione (286)

N

O

O

+
O

O PdCl2/LiCl
NH

O

O

380 224 286

F
F

F
F

F
F

F
F

Following a modified procedure, 4,5,6,7-tetrafluoroisoindoline-1,3-dione
(500 mg, 2.82 mmol, 1.00 eq), PdCl2 (40.0 mg, 0.228 mmol, 0.100 eq), LiCl
(97.0 mg, 2.28 mmol, 1.00 eq, weighted in a glovebox) and vinyl acetate (224)
(5.70 mL, 61.2 mmol, 26.8 eq) were heated under reflux for 48 h. The mixture was
cooled down to room temperature and the solvent was evaporated under reduced
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pressure. The crude was purified by Biotage (SNAP Cartridge KP-Sil 25 g, 8:2
Hexane/AcOEt) to obtain 4,5,6,7-Tetrafluoro-2-vinylisoindoline-1,3-dione (286) as
a colorless solid (302 mg, 1.23 mmol, 79 % b.r.s.m, 54 % yield) and (160 mg,
0.730 mmol, 32 % reisolated yield) of the starting material.

Rf 0.65 (9:1 Pentane/AcOEt). Mp 144.4–146.0 °C. 1H NMR (400 MHz,
CDCl3) δ 6.78 (dd, 1 H, J = 16.4, 9.8 Hz, N–CH), 6.07 (dd, 1 H, J = 16.4, 0.5 Hz,
=CH2), 5.13 (dd, 1 H, J = 9.8, 0.5 Hz, =CH2). IR 1732 (s), 1639 (w), 1515 (s), 1500
(m), 1402 (s), 1369 (m), 1307 (w), 1038 (w), 951 (m), 908 (s). HRMS (ESI) calcd
for C10F4H4NO2

+ [M + H]+ 246.0173; found 246.0174.

Synthesis of Aminocyclopropanes
GP13 for the of Synthesis of Aminocyclopropanes

N
R1

+ OMeMeO

OO

N2

R2
N

R1
O

O R3

O
O

R3

Rh2(esp)2

R2

199

Following a modified procedure [6], the corresponding N-vinyl-imide (1.00 eq)
was dissolved in dry dichloromethane (10.0 mL) and the solution was cooled down
to 0 °C with an ice/water bath. Then, bis[rhodium(α,α,α′, α′-
tetramethyl-1,3-benzenedipropionic acid)] (0.1 mol%) was added in one portion.
A solution in dichloromethane (2.0 mL) of dimethyldiazomalonate (199) (1.20 eq)
was added dropwise over 5 min. After the addition, the mixture was allowed to
warm to room temperature and stirred overnight. The solvent is then removed under
reduced pressure and the crude is directly purified by column chromatography.

Dimethyl 2-(5-nitro-1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate
(289)

GP13 was followed, starting from 5-nitro-2-vinylisoindoline-1,3-dione (283)
(0.500 g, 2.29 mmol, 1.00 eq), dimethyl diazomalonate (199) (0.544 g, 2.75 mmol,
1.20 eq) and bis[rhodium(α,α,α′,α′-tetramethyl-1,3-benzenedipropionic acid)]
(1.7 mg, 2.3 µmol, 0.10 mol%). After solvent evaporation, the crude was purified
by Biotage (SNAP Cartridge KP-Sil 50 g, 7:3 Hexane/AcOEt), to obtain Dimethyl
2-(5-nitro-1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (289) as a col-
orless solid (712 mg, 2.04 mmol, 89 % yield).

N

O

O

O2N
O

O
O

O

Rf 0.19 (8:2 Pentane/AcOEt). Mp 113.0–115.8 °C. 1H NMR (400 MHz,
CDCl3) δ 8.61 (m, 2 H, Ar), 8.03 (d, 1 H, J = 8.1 Hz, Ar), 3.83 (s, 3 H, OMe), 3.70
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(m, 1 H, CH–N), 3.62 (s, 3 H, OMe), 2.63 (m, 1 H, CH2), 2.07 (m, 1 H, CH2).
13C

NMR (101 MHz, CDCl3) δ 168.2, 167.1, 165.9, 165.6, 152.0, 135.9, 132.9, 129.6,
124.9, 119.0, 53.3, 53.2, 35.0, 33.1, 19.7. IR 3110 (w), 2956 (w), 2926 (w), 2853
(w), 1726 (s), 1541 (m), 1400 (m), 1344 (s), 1222 (s), 1130 (m). HRMS (ESI)
calcd for C15H13N2O8

+ [M + H]+ 349.0666; found 349.0664.

Dimethyl 2-(4,5,6,7-tetrafluoro-1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-
dicarboxylate (290)

GP13 was followed, starting from 4,5,6,7-tetrafluoro-2-vinylisoindoline-1,3-dione
(286) (0.260 g, 1.06 mmol, 1.00 eq), dimethyl 2-diazomalonate (199) (0.252 g,
1.27 mmol, 1.20 eq) and bis[rhodium(α,α,α′,α′-tetramethyl-1,3-benzenedipropionic
acid)] (0.80 mg, 1.0 µmol, 0.10 mol%). After solvent evaporation, the crude was
purified by Biotage (SNAP Cartridge KP-Sil 10 g, 7:3 Hexane/AcOEt), to obtain
Dimethyl 2-(4,5,6,7-tetrafluoro-1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxy
late (290) as a colorless solid (0.300 g, 0.801 mmol, 75 % yield).

N

O

O

F
O

O
O

O

F

F
F

Rf 0.42 (8:2 Pentane/AcOEt). Mp 86.2–88.7 °C. 1H NMR (400 MHz, CDCl3) δ
3.80 (s, 3 H, OMe), 3.64 (s, 3 H, OMe), 3.55 (dd, 1 H, J = 8.5, 6.5 Hz, N–CH), 2.50
(t, 1 H, J = 6.6 Hz, CH2), 2.03 (dd, 1 H, J = 8.5, 6.6 Hz, CH2).

13C NMR
(101 MHz, CDCl3) δ 168.1, 167.3, 162.2, 145.4 (m), 143.6 (m), 113.4 (m), 53.4,
53.3, 34.7, 32.8, 19.8. IR 2957 (w), 1728 (s), 1515 (s), 1501 (s), 1410 (s), 1219
(m), 945 (s). HRMS (ESI) calcd for C15F4H10NO6

+ [M + H]+ 376.0439; found
376.0436.

Dimethyl 2-(2,5-dioxopyrrolidin-1-yl)cyclopropane-1,1-dicarboxylate (291)

GP13 was followed, starting from N-vinyl-succinimide (284) (500 mg, 4.00 mmol,
1.00 eq), dimethyldiazomalonate (199) (300 mg, 4.80 mmol, 1.20 eq) and bis
[rhodium(α,α,α′, α′-tetramethyl-1,3-benzenedipropionic acid)] (3.0 mg, 4.0 μmol,
0.10 mol%). After solvent evaporation, the residue was purified by Biotage (SNAP
Cartridge KP-Sil 50 g, 5:5 Hexane/AcOEt), to obtain dimethyl 2-
(2,5-dioxopyrrolidin-1-yl)cyclopropane-1,1-dicarboxylate (291) as a yellow solid
(801 mg, 3.14 mmol, 79 % yield).
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Rf 0.39 (5:5 Hexane/AcOEt). Mp 81.9–85.3 °C. 1H NMR (400 MHz, CDCl3) δ
3.78 (s, 3 H, OMe), 3.68 (s, 3 H, OMe), 3.45 (dd, 1 H, J = 8.5, 6.5 Hz, N–CH),
2.73–2.58 (m, 4 H, O=C–CH2), 2.45 (t, 1 H, J = 6.5 Hz, CH2), 1.93 (dd, 1
H, J = 8.5, 6.5 Hz, CH2).

13C NMR (101 MHz, CDCl3) δ 176.9, 168.4, 167.2, 53.2,
53.1, 35.1, 32.7, 28.1, 19.7. IR 2955 (w), 1717 (s), 1439 (w), 1406 (m), 1332 (m),
1296 (m), 1216 (s), 1132 (m), 1079 (w), 910 (s). HRMS (ESI) calcd for
C11H14NO6

+ [M + H]+ 256.0816; found 256.0822.

Dicarboxylate dimethyl 2-(5-methoxy-1,3-dioxoisoindolin-2-yl)cyclopropa
ne-1,1-dicarboxylate (292)

GP13 was followed, starting from 5-methoxy-2-vinylisoindoline-1,3-dione (285)
(0.130 g, 0.640 mmol, 1.00 eq), dimethyldiazomalonate (199) (0.121 g,
0.768 mmol, 1.20 eq) and bis[rhodium(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionic acid)] (0.5 mg, 0.6 µmol, 0.1 mol%). After
solvent evaporation, the crude was purified by Biotage (SNAP Cartridge KP-Sil
10 g, 6:4 Hexane/AcOEt), to obtain dicarboxylate dimethyl 2-
(5-methoxy-1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (292) as a
colorless solid (176 mg, 0.528 mmol, 83 % yield).

N

O

O

MeO
O

O
O

O

Rf 0.15 (8:2 Pentane/AcOEt). Mp 113.5–117.8 °C. 1H NMR (400 MHz,
CDCl3) δ 7.71 (d, 1 H, J = 8.3 Hz, Phth), 7.27 (d, 1 H, J = 2.2 Hz, Phth), 7.14 (dd, 1
H, J = 8.3, 2.3 Hz, Phth), 3.90 (s, 3 H, OMe), 3.80 (s, 3 H, OMe–C=O), 3.66 (dd, 1
H, J = 8.5, 6.6 Hz, N–CH), 3.59 (s, 3 H, OMe–C=O), 2.68 (t, 1 H, J = 6.5 Hz,
CH2), 1.99 (dd, 1 H, J = 8.5, 6.4 Hz, CH2).

13C NMR (101 MHz, CDCl3) δ 168.7,
167.8, 167.6, 167.0, 165.0, 134.1, 125.3, 123.4, 120.4, 108.1, 56.2, 53.2, 53.0,
35.0, 33.2, 19.7. IR 2955 (w), 1720 (s), 1492 (m), 1437 (m), 1397 (s), 1288 (s),
1133 (m), 1018 (w). HRMS (ESI) calcd for C16H16NO7

+ [M + H]+ 334.0921;
found 334.0915.
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Synthesis of ligands
Synthesis of 2,2′-(cyclopropane-1,1-diyl)bis(8,8a-dihydro-3aH-indeno[1,2-d]
oxazole) (L23)

N

OO

N
Br

Br+
NaH

N

OO

N

L21 L23381

Following a modified procedure [27], inda-BOX (160 mg, 0.484 mmol, 1.00 eq)
was dissolved in THF (3.0 mL) in a round bottom vial and the mixture was cooled
down to 0 °C with an ice/water bath. Then, sodium hydride (58.1 mg, 1.45 mmol,
3.00 eq) was added carefully in small portions. The solution was stirred for 15 min
at 0 °C then warmed up to rt and stirred for 10 more minutes, until no more H2

evolution was observed. Subsequently, 1.2-dibromoethane (63 μL, 0.73 mmol,
1.5 eq) was added dropwise without letting the mixture rise over 30 °C. The vial
was sealed and the mixture was slowly warmed to 52 °C and heated for 4 h. The
reaction was quenched with NH4Cl (5 mL) and extracted with CH2Cl2 (3 × 10 mL),
the organic layers were combined, washed with brine, dried over MgSO4 and
concentrated under reduced pressure. The product was washed with hexanes to
obtain a pale beige solid (168 mg, 0.471 mmol, 97 % yield).

Rf 0.46 (5:5 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3) δ 7.46–7.43 (m, 4 H,

Ar), (See footnote 17) 7.24–7.19 (m, 4 H, Ar),17 5.52 (d, 2 H, J = 8.0 Hz, CN–CH),
5.34–5.30 (m, 2 H, CO–CH), 3.38 (dd, 2 H, J = 17.9, 7.0 Hz, CH2–Ph), 3.19 (dd, 2
H, J = 17.9, 1.6 Hz, CH2–Ph), 1.36–1.24 (m, 4 H, CH2–Cyclopropane).

13C NMR
(101 MHz, CDCl3) δ 166.0, 141.9, 139.9, 128.5, 127.5, 125.7, 125.3, 83.5, 76.5,
39.8, 18.5, 15.9. IR 3070 (w), 3031 (w), 2954 (w), 2923 (w), 2142 (w), 1756 (w),
1731 (w), 1657 (s), 1367 (m), 1311 (m), 1162 (m), 1111 (m), 1005 (m), 853 (w).
HRMS (ESI) calcd for C23H21N2O2

+ [M + H]+ 357.1598; found 357.1591.
The NMR characterization data correspond to the reported values [27].

GP14 for the Racemic Synthesis of Cyclopentylamines Starting from
Aminocyclopropanes and Silyl Enol Ethers

N
O O

R2

O

O

R2

OTIPS
N

OO

R2

O

O R2TIPSO

SnCl4 cat.

R1

R1

R1 R1

+

17The integration differs from the reported values but the overall number of protons is correct.
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Following a reported procedure [28], in an oven-dried flask sealed with a septum
and under N2 atmosphere, the corresponding aminocyclopropane (1.00 eq) and
triisopropyl(1-phenylvinyl)oxy)silane (36) (1.50 eq) were dissolved in dry CH2Cl2
(2.00 mL). The solution was then cooled down to −78 °C and 23.0 μL of a 0.43 M
solution of tin tetrachloride (5.0 mol% or stated otherwise) in dry CH2Cl2 was
added. The reaction was stirred for 1–3 h at −78 °C and then quenched at –78 °C
with triethylamine (0.30 mL). The reaction was warmed up to rt and stirred for
15 min. Dichloromethane was removed under reduced pressure and the crude was
directly purified by column chromatography (8:2 Hexane/Ethyl Acetate, 3 % Et3N).

Trans-dibenzyl-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (293)

Following GP14, compound 293 was synthesized starting from 260 (45.0 mg,
99.0 μmol, 1.00 eq), triisopropylsilyl-enol ether 219a (41.0 mg, 0.148 mmol,
1.50 eq) and SnCl4 (12 μL 0.43 M, 5.2 μmol, 5.2 mol%) as white solid (60.0 mg,
82.0 μmol, 83 % yield).

N

O
O

O

O
TIPSO

OO

Rf 0.72 (6:4 Hexane/AcOEt).Mp 135.6–140.5 °C. 1H NMR (400 MHz, CDCl3)
δ 7.82 (dd, 2 H, J = 5.5, 3.1 Hz, Phth), 7.70–7.67 (m, 4 H, Phth + Ar), 7.27–7.04
(m, 13 H, Ar), 5.22–5.18 (m, 3 H, CH2–Ar + N–CH), 4.86 (s, 2 H, CH2–Ar), 3.81
(t, 1 H, J = 12.2 Hz, CH2), 3.47 (dd, 1 H, J = 13.5, 10.3 Hz, CH2), 2.92 (dd, 1
H, J = 14.0, 8.2 Hz, CH2), 2.43 (dd, 1 H, J = 12.4, 6.2 Hz, CH2), 0.95–0.89 (m, 21
H, TIPS). 13C NMR (101 MHz, CDCl3) δ 170.3, 168.4, 168.2, 141.4, 135.5, 135.4,
134.1, 132.1, 128.8, 128.5, 128.4, 128.4, 128.3, 128.2, 128.0, 127.1, 123.3, 87.8,
70.2, 67.6, 67.0, 47.6, 41.9, 36.6, 18.4, 18.3, 13.9. IR 3061 (w), 3035 (w), 2947
(w), 2867 (w), 1736 (s), 1715 (s), 1463 (w), 1379 (m), 1259 (m), 1166 (w), 1128
(m), 982 (m), 886 (w). HRMS (ESI) calcd for
C44H49NNaO7Si

+ [M + Na]+ 754.3170; found 754.3158.

Trans-bis(2,2,2-trifluoroethyl)-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triiso-
propylsilyl)-oxy)cyclopentane-1,1-dicarboxylate (294)

Following GP14, compound 294 was synthesized starting from 259 (60.0 mg,
0.137 mmol, 1.00 eq), triisopropylsilyl-enol ether 219a (56.8 mg, 0.205 mmol,
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1.50 eq) and SnCl4 (64 μL 0.21 M, 14 μmol, 10 mol%) as a white solid (80.7 mg,
113 μmol, 82 % yield).

N

O
O

O

O
TIPSO

O O

CF3

F3C

Rf 0.32 (9:1 Pentane/AcOEt). Mp 122.5–124.7 °C. 1H NMR (400 MHz,
CDCl3) δ 7.85 (dd, 2 H, J = 5.4, 3.1 Hz, Phth), 7.73 (dd, 2 H, J = 5.4, 3.0 Hz, Phth),
7.69 (m, 2 H, Ar), 7.30 (m, 3 H, Ar), 5.31 (m, 1 H, N–CH), 4.59 (m, 2 H, CH2–

CF3), 4.25 (m, 2 H, CH2–CF3), 3.75 (t, 1 H, J = 12.3 Hz, CH2), 3.47 (dd, 1
H, J = 14.1, 10.1 Hz, CH2), 2.96 (dd, 1 H, J = 14.2, 7.8 Hz, CH2), 2.50 (dd, 1 H,
J = 12.7, 6.4 Hz, CH2), 0.97–0.92 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ
168.3, 168.0, 166.5, 140.5, 134.3, 132.0, 128.6, 128.4, 127.4, 123.4, 122.9 (d, JC-
F = 277 Hz), 122.7 (d, JC-F = 277 Hz), 88.0, 69.7, 61.4 (dq, JC-F = 49, 37 Hz), 61.4
(dd, JC-F = 49, 37 Hz), 47.1, 41.7, 36.5, 18.3, 18.2, 13.9. IR 2949 (w), 2870 (w),
1757 (m), 1714 (s), 1379 (m), 1285 (m), 1168 (s), 1129 (s), 981 (m). HRMS
(ESI) calcd for C34F6H40NO7Si

+ [M + H]+ 716.2473; found 716.2474.

Trans-dimethyl4-(5-bromo-1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropyl-
silyl)-oxy)cyclopentane-1,1-dicarboxylate (295)

Following GP14, compound 295 was synthesized starting from 255 (54.0 mg,
0.142 mmol, 1.00 eq), triisopropylsilyl-enol ether 219a (58.8 mg, 0.213 mmol,
1.50 eq) and SnCl4 (66 μL 0.43 M, 28 μmol, 20 mol%) as a white solid (64.0 mg,
97.0 μmol, 69 % yield).

N

O
O

O

O
TIPSO

O O

Br

Rf 0.25 (9:1 Pentane/AcOEt). Mp 63.6–66.7 °C. 1H NMR (400 MHz, CDCl3) δ
7.96 (d, 1 H, J = 1.5 Hz, Phth), 7.86 (dd, 1 H, J = 7.9, 1.7 Hz, Phth), 7.73 (m, 2 H,
Ar), 7.70 (d, 1 H, J = 7.9 Hz, Phth), 7.31–7.27 (m, 3 H, Ar), 5.24 (m, 1 H, N–CH),
3.84 (s, 3 H, OMe), 3.75 (t, 1 H, J = 12.2 Hz, CH2), 3.43 (s, 3 H, OMe), 3.43–3.36

5.6 Dynamic [3 + 2] Kinetic Asymmetric Annulation … 235



(m, 1 H, CH2), 2.85 (dd, 1 H, J = 13.8, 8.6 Hz, CH2), 2.43 (dd, 1 H, J = 12.2,
5.9 Hz, CH2), 0.96–0.91 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ 171.0,
168.8, 167.6, 167.0, 141.7, 137.2, 133.7, 130.6, 129.1, 128.5, 128.1, 127.3, 126.7,
124.7, 87.7, 70.1, 52.5, 52.3, 48.1, 41.8, 36.3, 18.3, 18.3, 13.8. IR 2948 (w), 2867
(w), 1738 (m), 1715 (s), 1371 (m), 1253 (w), 1129 (m), 984 (m), 885 (w). HRMS
(ESI) calcd for C32H40

79BrNNaO7Si
+ [M + Na]+ 680.1650; found 680.1649.

Trans-dimethyl-4-(5,6-dichloro-1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopro-
pylsilyl)oxy)cyclopentane-1,1-dicarboxylate (296)

Following GP14, compound 296 was synthesized starting from 256 (74.0 mg,
0.200 mmol, 1.00 eq), triisopropylsilyl-enol ether 219a (83.0 mg, 0.300 mmol,
1.50 eq) and SnCl4 (23 μL 0.43 M, 1.0 μmol, 5.0 mol%) as a white solid (64.0 mg,
99.0 μmol, 49 % yield).

N

O
O

O

O
TIPSO

OO

Cl Cl

Rf 0.50 (8:2 Hexane/AcOEt). Mp 57.6–61.3 °C. 1H NMR (400 MHz, CDCl3) δ
7.89 (s, 2 H, Phth), 7.73–7.71 (m, 2 H, Ar), 7.30–7.23 (m, 3 H, Ar), 5.25–5.16 (m,
1 H, N–CH), 3.82 (s, 3 H, OMe), 3.73 (t, 1 H, J = 12.3 Hz, CH2), 3.41 (s, 3 H,
OMe) 3.41–3.35 (m, 2 H, CH2), 2.82 (dd, 1 H, J = 13.8, 8.6 Hz, CH2), 2.42 (dd, 1
H, J = 12.3, 5.9 Hz, CH2), 0.95–0.89 (m, 21 H, TIPS). 13C NMR (101 MHz,
CDCl3) δ 171.0, 168.7, 166.4, 141.6, 139.1, 131.2, 128.5, 128.2, 127.3, 125.4,
87.7, 70.1, 52.5, 52.3, 48.4, 41.8, 36.3, 18.3, 18.2, 13.8. IR 2948 (w), 2867 (w),
1719 (s), 1462 (w), 1369 (s), 1256 (w), 1130 (m), 990 (w), 908 (w), 885 (w).
HRMS (ESI) calcd for C32H39

35Cl2NNaO7Si
+ [M + Na]+ 670.1765; found 670.1743.

Trans-dimethyl-4-(5-nitro-1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsi-
lyl)oxy)cyclopentane-1,1-dicarboxylate (297)

Following GP14, compound 297 was synthesized starting from 289 (56.0 mg,
0.161 mmol, 1.00 eq), triisopropylsilyl-enol ether 219a (66.9 mg, 0.242 mmol,
1.50 eq) and SnCl4 (67 μL 0.21 M, 14 μmol, 14 mol%) as a white solid (79.0 mg,
126 μmol, 78 % yield).
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N

O
O

O

O
TIPSO

O O

NO2

Rf 0.50 (8:2 Pentane/AcOEt). Mp 71.7–74.0 °C. 1H NMR (400 MHz, CDCl3) δ
8.66 (d, 1 H, J = 1.6 Hz, Phth), 8.60 (dd, 1 H, J = 8.1, 1.6 Hz, Phth), 8.04 (d, 1
H, J = 8.1 Hz, Phth), 7.73–7.71 (m, 2 H, Ar), 7.32–7.27 (m, 3 H, Ar), 5.27 (m, 1 H,
N–CH), 3.85 (s, 3 H, OMe), 3.77 (t, 1 H, J = 12.2 Hz, CH2), 3.45 (s, 3 H, OMe),
3.46–3.40 (m, 1 H, CH2), 2.87 (dd, 1 H, J = 13.8, 8.5 Hz, CH2), 2.47 (dd, 1
H, J = 12.2, 6.0 Hz, CH2), 0.95–0.91 (m, 21 H, TIPS). 13C NMR (101 MHz,
CDCl3) δ 171.0, 168.7, 166.3, 166.0, 151.9, 141.5, 136.4, 133.4, 129.5, 128.4,
128.2, 127.3, 124.6, 118.8, 87.7, 70.1, 52.6, 52.4, 48.6, 41.8, 36.3, 18.3, 18.3, 13.8.
IR 2952 (w), 2869 (w), 1721 (s), 1542 (w), 1379 (w), 1346 (m), 1255 (w), 1132
(m), 1057 (m), 985 (w), 911 (w). HRMS (ESI) calcd for
C32H40N2NaO9Si

+ [M + Na]+ 647.2395; found 647.2391.

Trans-dimethyl-2-phenyl-4-(4,5,6,7-tetrafluoro-1,3-dioxoisoindolin-2-yl)-2-(tri-
isopropylsilyl)oxy) cyclopentane-1,1-dicarboxylate (298)

Following GP14, compound 298 was synthesized starting from 290 (74.8 mg,
0.200 mmol, 1.00 eq), triisopropylsilyl-enol ether 219a (83.0 mg, 0.300 mmol,
1.50 eq) and SnCl4 (95 μL 0.21 M, 20 μmol, 10 mol%) as a white solid (82.0 mg,
126 μmol, 63 % yield).

N

O
O

O

O
TIPSO

O O

FF

F F

Rf 0.32 (9:1 Pentane/AcOEt). Mp 143.5–145.0 °C. 1H NMR (400 MHz,
CDCl3) δ 7.73–7.70 (m, 2 H, Ar), 7.31–7.27 (m, 3 H, Ar), 5.21 (m, 1 H, N–CH),
3.84 (s, 3 H, OMe), 3.74 (t, 1 H, J = 12.2 Hz, CH2), 3.40 (s, 3 H, OMe), 3.40–3.36
(m, 1 H, CH2), 2.81 (dd, 1 H, J = 13.8, 8.7 Hz, CH2), 2.43 (dd, 1 H, J = 12.3,
5.8 Hz, CH2), 0.96–0.89 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ 170.9,
168.6, 162.5, 145.1 (m), 143.5 (m), 141.4, 128.4, 128.2, 127.3, 113.7 (m), 87.6,
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70.1, 52.6, 52.4, 48.8, 41.6, 36.0, 18.3, 18.2, 13.8 [31]. IR 2951 (w), 2869 (w),
1723 (s), 1514 (m), 1500 (m), 1408 (m), 1363 (m), 1108 (m), 985 (m). HRMS
(ESI) calcd for C32H37F4NNaO7Si

+ [M + Na]+ 674.2168; found 674.2161.

Trans-dimethyl-4-(1,3-dioxo-1H-benzo[f]isoindol-2(3H)-yl)-2-phenyl-2-(triiso-
propylsilyl)oxy)Cyclopentane-1,1-dicarboxylate (299)

Following GP14, compound 299 was synthesized starting from 257 (56.4 mg,
0.160 mmol, 1.00 eq), triisopropylsilyl-enol ether 219a (66.2 mg, 0.239 mmol,
1.50 eq) and SnCl4 (19 μL 0.43 M, 8.2 μmol, 5.1 mol%) as a white solid (96.0 mg,
0.152 mmol, 95 % yield).

N

O
O

O

O
TIPSO

OO

Rf 0.30 (8:2 Hexane/AcOEt). Mp 57.5–63.5 °C. 1H NMR (400 MHz, CDCl3) δ
8.33 (s, 2 H, Ar), 8.06 (dd, 2 H, J = 6.1, 3.3 Hz, Ar), 7.78–7.75 (m, 2 H, Ar), 7.70
(dd, 2 H, J = 6.2, 3.3 Hz, Ar), 7.32–7.28 (m, 3 H, Ar), 5.39–5.30 (m, 1 H, N–CH),
3.85 (s, 3 H, OMe), 3.89–3.82 (m, 3 H, CH2), 3.47 (s, 3 H, OMe), 3.47–3.40 (m, 3 H,
CH2), 2.96 (dd, 1 H, J = 13.8, 8.6 Hz, CH2), 2.48 (dd, 1 H, J = 12.3, 5.9 Hz, CH2),
0.99–0.97 (m, 21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ 171.1, 168.9, 168.2,
141.9, 135.7, 130.5, 129.3, 128.6, 128.1, 127.8, 127.2, 124.7, 87.8, 70.2, 52.5, 52.3,
48.1, 41.8, 36.3, 18.4, 18.3, 13.9. IR 2950 (w), 2868 (w), 1765 (m), 1739 (m), 1712
(s), 1451 (w), 1369 (s), 1258 (w), 1132 (m), 1058 (w), 984 (w), 912 (w). HRMS
(ESI) calcd for C36H43NNaO7Si

+ [M + Na]+ 652.2701; found 652.2700.

Trans-dimethyl-4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-phenyl-2-(triiso-
propylsilyl)oxy)cyclopentane-1,1-dicarboxylate (300)

Following GP14, compound 300 was synthesized starting from
N-maleimide-aminocyclopropane 258 (43.0 mg, 0.170 mmol, 1.00 eq),
triisopropylsilyl-enol ether 219a (79.0 mg, 0.286 mmol, 1.68 eq) and SnCl4 (89 μL
0.21 M, 19 μmol, 11 mol%) as a white solid (38.9 mg, 73.0 μmol, 43 % yield).

N

O
O

O

O
TIPSO

O O

238 5 Experimental Part



Rf 0.36 (8:2 Pentane/AcOEt). Mp 150.0–153.7 °C. 1H NMR (400 MHz,
CDCl3) δ 7.73–7.71 (m, 2 H, Ar), 7.30–7.26 (m, 3 H, Ar), 6.69 (s, 2 H, CH–C=O),
5.05 (m, 1 H, CH–N), 3.83 (s, 3 H, OMe), 3.62 (t, 1 H, J = 12.2 Hz, CH2), 3.39 (s, 3
H, OMe), 3.32 (ddd, 1 H, J = 13.6, 9.4, 1.0 Hz, CH2), 2.72 (dd, 1 H, J = 13.7,
8.7 Hz, CH2), 2.38 (m, 1 H, CH2), 0.95–0.89 (m, 21 H, TIPS). 13C NMR
(101 MHz, CDCl3) δ 171.1, 170.8, 168.8, 141.8, 134.3, 128.4, 128.1, 127.3, 87.6,
70.0, 52.5, 52.2, 47.8, 41.8, 36.4, 18.3, 18.3, 13.8. IR 2949 (w), 2868 (w), 1740
(m), 1711 (s), 1383 (w), 1160 (w), 974 (w). HRMS (ESI) calcd for
C28H39NNaO7Si

+ [M + Na]+ 552.2388; found 552.2390.

Trans-dimethyl-4-(2,5-dioxopyrrolidin-1-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclopentane-1,1-dicarboxylate (301)

Following GP14, compound 301 was synthesized starting from
N-succinimide-aminocyclopropane 291 (51.0 mg, 0.200 mmol, 1.00 eq),
triisopropylsilyl-enol ether 219a (83.0 mg, 0.300 mmol, 1.50 eq) and SnCl4 (23 μL
0.43 M, 1.0 μmol, 5.0 mol%) as a white solid (23.0 mg, 43.0 μmol, 22 % yield).

N

O
O

O

O
TIPSO

O O

Rf 0.34 (6:4 Hexane/AcOEt). Mp 129.0–136.0 °C. 1H NMR (400 MHz, CDCl3)
δ 7.70–7.67 (m, 2 H, Ar), 7.29–7.24 (m, 3 H, Ar), 5.14–5.05 (m, 1 H, N–CH), 3.81
(s, 3 H, OMe), 3.66 (t, 1 H, J = 12.2 Hz, CH2), 3.41 (s, 3 H, OMe), 3.30 (ddd, 1
H, J = 13.6, 9.8, 0.7 Hz, CH2), 2.79 (dd, 1 H, J = 13.7, 8.2 Hz, CH2), 2.70 (s, 4 H,
O=C–CH2), 2.32 (dd, 1 H, J = 12.3, 6.0 Hz, CH2), 0.99–0.82 (m, 21 H, TIPS). 13C
NMR (101 MHz, CDCl3) δ 177.3, 170.9, 168.8, 141.7, 128.5, 128.1, 127.2, 87.7,
70.0, 52.5, 52.2, 48.4, 40.9, 35.3, 28.2, 18.3, 18.3, 13.8. IR 2949 (w), 2869 (w),
1737 (m), 1704 (s), 1439 (w), 1382 (m), 1257 (w), 1175 (s), 1102 (w), 1030 (w),
972 (w), 915 (w). HRMS (ESI) calcd for C28H41NNaO7Si

+ [M + Na]+ 554.2544;
found 554.2541.

GP15 for the Synthesis of Monosubstituted Enol Ethers

OH

R

O

R
O+

Pd(TFA)2
dppp

Et3N
197

Following a slightly modified procedure [29], palladium(II) trifluoroacetate
(0.500 mol%) and 4,7-diphenyl-1,10-phenanthroline (0.500 mol%) were dissolved
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in 1-(vinyloxy)butane (197) (20.0 eq) in an oven-dried 20 mL vial equipped with a
stirring bar to obtain a yellow solution. The corresponding alcohol (1.00 eq) and
triethylamine (0.075 eq) were then added to the solution. The flask was sealed with
a microwave cap and stirred at 75 °C for 24 h. The reaction was cooled to room
temperature and filtrated through a plug of activated charcoal and eluted with
hexane. The solvent was evaporated under reduced pressure to obtain the crude oils
that were purified by a short column chromatography using deactivated silica gel
(3 % Et3N) or basic alumina and hexane as eluent.

(Vinyloxy)methyl)benzene (305b)

Following GP15, compound 305b was synthesized starting from 1-(vinyloxy)
butane (197) (12.0 mL, 92.0 mmol, 20.0 eq) and phenylmethanol (500 mg,
4.62 mmol, 1.00 eq) with palladium(II) trifluoroacetate (7.70 mg, 23.0 µmol,
0.500 mol%), 4,7-diphenyl-1,10-phenanthroline (7.70 mg, 23.0 µmol, 0.500 mol
%), and triethylamine (35.0 mg, 0.350 mmol, 0.0750 eq). The crude product was
purified by a short column chromatography using deactivated silica gel (3 % Et3N)
and hexane as eluent to obtain (vinyloxy)methyl)benzene (305b) as a colorless oil
(421 mg, 3.14 mmol, 63 % yield).

O

Rf 0.9 (Hexane). 1H NMR (400 MHz, CDCl3) δ 7.40–7.30 (m, 5 H, Ph), 6.57
(dd, 1 H, J = 14.3, 6.8 Hz, CH2=CH–O), 4.77 (s, 2 H, CH2Ph), 4.31 (dd, 1
H, J = 14.3, 1.7 Hz, CH2=CH–O), 4.09 (m, 1 H, CH2=CH–O).

13C NMR
(101 MHz, CDCl3) δ 151.7, 136.9, 128.5, 128.0, 127.6, 87.4, 70.1.

The characterization data for 305b corresponded to the reported values [30].

1-Bromo-4-(vinyloxy)methyl)benzene (305c)

Following GP15, compound 305c was synthesized starting from 1-(vinyloxy)butane
(197) (14.0mL, 107mmol, 20.0 eq) and (4-bromophenyl)methanol (1.00 g, 5.35mmol,
1.00 eq) with palladium(II) trifluoroacetate (8.9 mg, 27 µmol, 0.50 mol%),
4,7-diphenyl-1,10-phenanthroline (8.9mg, 27.0µmol, 0.500mol%), and triethylamine
(56.0 µmL, 0.401 mmol, 0.075 eq). The crude product was purified by a short column
chromatography using basic alumina and hexane as eluent to obtain 1-bromo-4-(vi-
nyloxy)methyl)benzene (305c) as a colorless oil (915 mg, 4.29 mmol, 80 % yield).

O

Br

Rf 0.9 (9:1 Hexane/Et2O).
1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.4 Hz, 2

H, Ar), 7.23 (d, J = 8.3 Hz, 2 H, Ar), 6.54 (dd, J = 14.3, 6.8 Hz, 1 H, CH2=CH–O),
4.71 (s, 2 H, CH2Ar), 4.29 (dd, J = 14.3, 2.3 Hz, 1 H, CH2=CH–O), 4.10 (dd,

240 5 Experimental Part



J = 6.8, 2.3 Hz, 1 H, CH2=CH–O).
13C NMR (101 MHz, CDCl3) δ 151.5, 136.1,

131.8, 129.2, 122.0, 87.8, 69.4. IR 2359 (w), 2316 (w), 1325 (m), 1225 (m), 1091
(m), 993 (s), 895 (m), 847 (m), 684 (s).

1-Nitro-4-(vinyloxy)methyl)benzene (305d)

Following GP15, compound 305d was synthesized starting from 1-(vinyloxy)
butane (197) (17.0 mL, 131 mmol, 20.0 eq) and (4-nitrophenyl)methanol (1.00 g,
6.53 mmol, 1.00 eq) with palladium(II) trifluoroacetate (10.9 mg, 33.0 µmol,
0.500 mol%) and 4,7-diphenyl-1,10-phenanthroline (10.9 mg, 33.0 µmol,
0.500 mol%),and triethylamine (68.0 µmL, 0.490 mmol, 0.075 eq). The crude
product was purified by a short column chromatography using basic alumina and
hexane as eluent to obtain 1-nitro-4-(vinyloxy)methyl)benzene (305d) as a colorless
oil (973 mg, 5.43 mmol, 83 % yield).

O

O2N

Rf 0.9 (9:1 Hexane/Et2O).
1H NMR (400 MHz, CDCl3) δ 8.23 (m, 2 H, Ar),

7.53 (m, 2 H, Ar), 6.57 (dd, 1 H, J = 14.3, 6.8 Hz, CH=C), 4.87 (s, 2 H, OCH2Ar),
4.30 (dd, 1 H, J = 14.3, 2.5 Hz, C=CH2), 4.16 (dd, 1 H, J = 6.8, 2.5 Hz, C=CH2).
13C NMR (101 MHz, CDCl3) δ 151.1, 147.5, 144.4, 127.6, 123.7, 88.2, 68.5.

The 1H NMR data for 305d corresponded to the reported values [31].

Synthesis of Esters
2,2,2-Trifluoroethyl benzoate (314)

CF3OOClO
CF3CH2OH

382 314

In a 250 mL round bottom flask equipped with a stirring bar,
2,2,2-trifluoroethanol (2.33 mL, 32.3 mmol, 1.00 eq), DMAP (39.5 mg,
0.323 mmol, 0.01 eq) and pyridine (3.14 mL, 38.8 mmol, 1.20 eq) were dissolved
in diethyl ether (150 mL) while stirring. A solution of benzoyl chloride (382)
(5.00 g, 35.6 mmol, 1.10 eq) in diethyl ether (10 mL) was added dropwise to the
reaction mixture and the reaction was stirred at room temperature for 12 h.
A saturated NaHCO3 solution (100 mL) was added to the crude mixture. The two
layers were separated and the organic layer washed with water (50 mL × 3), dried
over MgSO4 and the solvent removed under reduced pressure. 2,2,2-trifluoroethyl
benzoate was purified by flash column chromatography on silica gel (9:1 to 8:2
Pentane/AcOEt) to obtain (314) as a colourless oil (3.50 g, 17.1 mmol, 53 % yield).
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Rf 0.8 (9:1 Pentane/Et2O).
1H NMR (400 MHz, CDCl3) δ 8.09–8.07 (m, 2 H,

Ar), 7.64–7.60 (m, 1 H, Ar), 7.50–7.46 (m, 2 H, Ar), 4.71 (q, 2 H, JF-H = 8.4 Hz,
CH2–CF3).

13C NMR (101 MHz, CDCl3) δ 165.1, 134.0, 130.2, 128.8, 128.5,
123.3 (q, JF-C = 277 Hz), 60.9 (q, JF-C = 37 Hz).

The characterization data for 314 correspond to the reported values [32].

GP16 for the Synthesis of Benzyl Esters

R

O

Cl

OH DMAP, Et3N
OO

R

+

383

In a 250 mL round bottom flask equipped with a stirring bar and a condenser,
benzyl alcohol (383) (1.00 eq), DMAP (0.01 eq) and triethylamine (1.10 eq) were
dissolved in diethyl ether (90 mL) while stirring. A solution of the corresponding
acyl chloride (1.20 eq) in diethyl ether (10 mL) was added dropwise to the reaction
mixture and the reaction was stirred at reflux for 12 h. A saturated NaHCO3

solution (100 mL) was added to the crude mixture and stirred for 15 min at room
temperature. The two layers were separated and the organic layer was washed with
water (50 mL × 3), dried over Na2SO4 and the solvent removed under reduced
pressure. The esters were purified by flash column chromatography on silica gel
(9:1–8:2 Pentane/AcOEt).

Benzyl 3-methylbenzoate (315)

Following GP16, compound 315 was synthesized starting from benzyl alcohol
(383) (1.17 g, 10.8 mmol, 1.00 eq), DMAP (13.0 mg, 0.108 mmol, 0.01 eq), tri-
ethylamine (1.66 mL, 11.9 mmol, 1.10 eq) and 3-methylbenzoyl chloride (2.01 g,
13.0 mmol, 1.20 eq). Compound 315 was obtained as a colorless oil (2.37 g,
10.5 mmol, 97 % yield).

OO

Rf 0.55 (9:1 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3) δ 7.90–7.88 (m, 2 H,

Ph), 7.47–7.45 (m, 2 H, Ph), 7.42–7.31 (m, 5 H, Ph), 5.37 (s, 2 H, CH2), 2.40 (s, 3
H, Me). 13C NMR (101 MHz, CDCl3) δ 166.7, 138.3, 136.3, 133.9, 130.3, 130.2,
128.7, 128.4, 128.3, 128.3, 127.0, 66.8, 21.4.
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The characterization data for 315 correspond to the reported values [33].

Benzyl thiophene-2-carboxylate (316)

Following GP16, compound 316 was synthesized starting from benzyl alcohol
(383) (1.08 g, 10.0 mmol, 1.00 eq), DMAP (12.2 mg, 0.100 mmol, 0.01 eq), tri-
ethylamine (1.54 mL, 11.0 mmol, 1.10 eq) and thiophene-2-carbonyl chloride
(1.76 g, 12.0 mmol, 1.20 eq), compound 316 was obtained as a colorless oil (2.09 g,
9.58 mmol, 96 % yield).

OO

S

Rf 0.48 (9:1 Hexane/AcOEt).
1H NMR (400 MHz, CDCl3) δ 7.85–7.84 (m, 1 H,

Thiophene), 7.56 (dd, 1 H, J = 5.0, 1.2 Hz, Thiophene), 7.46–7.44 (m, 2 H, Ph),
7.42–7.33 (m, 3 H, Ph), 7.10 (dd, 1 H, J = 4.9, 3.8 Hz, Thiophene), 5.36 (s, 2 H,
CH2–Ph).

13C NMR (101 MHz, CDCl3) δ 162.1, 135.9, 133.7, 133.7, 132.6, 128.7,
128.4, 128.3, 127.9, 66.8.

The characterization data for 316 correspond to the reported values [34].

Synthesis of Enol ethers
GP17 for the Synthesis of disubstituted Enol Ethers.

R1

O

O
R2

(Cp)2TiMe2

R1 O
R2

Following a slightly modified procedure [35], a round-bottom flask equipped
with a magnetic stirrer was charged with a solution (10–15 % in toluene) of di
(cyclopenta-1,3-dien-1-yl)dimethyltitanium (2.20 eq) in toluene, di
(cyclopenta-1,3-dien-1-yl)titanium(IV) chloride (0.060 eq) and the corresponding
ester (1.00 eq) under inert atmosphere. The red/orange mixture was heated in the
dark to 80 °C for 16 h, and then cooled to room temperature. Pentane (50 mL) was
added to the mixture and the precipitated solids were removed by filtration through
a basic alumina plug (Pentane/diethyl ether 9:1, 3 % Et3N) to afford a yellow oil.
The benzyl enol ethers were purified right before use by flash column chroma-
tography using basic alumina (Pentane, 3 % Et3N).

(1-(Benzyloxy)vinyl)benzene (305a)

Following GP17, compound 305a was synthesized starting from di
(cyclopenta-1,3-dien-1-yl)dimethyltitanium (19.1 g of a 10.8 % solution in toluene,
9.90 mmol, 2.20 eq), di(cyclopenta-1,3-dien-1-yl)titanium(IV) chloride (67.2 mg,

5.6 Dynamic [3 + 2] Kinetic Asymmetric Annulation … 243



0.270mmol, 0.060 eq) and benzyl benzoate (0.955 g, 4.50mmol, 1.00 eq) to obtain (1-
(benzyloxy)vinyl)benzene (305a) as a colorless oil (545 mg, 2.59 mmol, 58 % yield).

O

Rf 0.8 (9:1 Hexane/Et2O).
1H NMR (400 MHz CDCl3) δ 7.72 (ddd, J = 7.5, 3.3,

1.7 Hz, 2 H, Ar), 7.59–7.29 (m, 8 H, Ar), 5.00 (d, J = 2.1 Hz, 2 H, O–CH2–Ar),
4.79 (t, J = 2.8 Hz, 1 H, CH=C), 4.36 (t, J = 2.5 Hz, 1 H, CH=C). 13C NMR
(101 MHz, CDCl3) δ 159.8, 137.3, 136.5, 128.6, 128.6, 128.3, 127.9, 127.5, 125.6,
83.3, 69.9. IR 2432 (w), 2407 (w), 1361 (m), 1336 (s), 1161 (m), 1064 (s), 994 (s),
862 (s), 782 (m). HRMS (ESI) calcd for C15H14AgO

+ [M + Ag]+ 317.0090; found
317.0102.

1-(1-Methoxyvinyl)-4-methylbenzene (305e)

Following GP17, compound 305e was synthesized starting from di
(cyclopenta-1,3-dien-1-yl)dimethyltitanium (24.2 g of a 12.6 % solution in toluene,
14.7 mmol, 2.20 eq), di(cyclopenta-1,3-dien-1-yl)titanium(IV) chloride (99.0 mg,
0.400 mmol, 0.060 eq) and 2,2,2-trifluoroethyl benzoate (1.00 g, 6.66 mmol,
1.00 eq) to obtain 1-(1-methoxyvinyl)-4-methylbenzene (305e) as a colorless oil
(537 mg, 3.63 mmol, 54 % yield).

O

Rf 0.9 (9:1 Hexane/Et2O).
1H NMR (400 MHz, CDCl3) δ 7.78–7.45 (m, 2 H,

Ar), 7.17 (d, J = 8.0 Hz, 2 H, Ar), 4.64 (dd, J = 2.7, 1.0 Hz, 1 H, C=CH2), 4.20 (d,
J = 2.7 Hz, 1 H, C=CH2), 3.76 (s, 3 H, OMe), 2.38 (s, 3 H, CH3Ar).

13C NMR
(101 MHz, CDCl3) δ 161.0, 138.3, 133.7, 128.9, 128.8, 128.8, 125.3, 125.3, 125.3,
125.3, 81.0, 55.2, 21.2. IR 2953 (w), 1743 (w), 1706 (w), 1644 (w), 1514 (m), 1303
(s) 1127 (s), 1047 (s), 903 (m), 796 (s). HRMS (ESI) calcd for C10H12AgO

+

[M + Ag]+ 254.9934; found 254.9898.

(1-(2,2,2-Trifluoroethoxy)vinyl)benzene (305f)

Following GP17, compound 305f was synthesized starting from di
(cyclopenta-1,3-dien-1-yl)dimethyltitanium (18.2 g of a 12.6 % solution in toluene,
11.0 mmol, 2.20 eq), di(cyclopenta-1,3-dien-1-yl)titanium(IV) chloride (75.0 mg,
0.300 mmol, 0.060 eq) and 2,2,2-trifluoroethyl benzoate (1.02 g, 5.00 mmol,
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1.00 eq) to obtain (1-(2,2,2-trifluoroethoxy)vinyl)benzene (305f) as a colorless oil
(621 mg, 3.07 mmol, 61 % yield).

CF3O

Rf 0.9 (9:1 Hexane/Et2O).
1H NMR (400 MHz CDCl3) δ 7.65–7.61 (m, 2 H,

Ar), 7.39–7.36 (m, 3 H, Ar), 4.82 (d, J = 3.7 Hz, 1 H, CH=C), 4.31–4.19 (m, 3 H,
CH=C, CH2–CF3).

13C NMR (101 MHz, CDCl3) δ 159.1, 135.0, 129.2, 128.4,
125.6, 123.6 (q, J = 277 Hz). 84.3, 65.5 (q, J = 35.8 Hz). IR 2374 (w), 1331 (w),
1176 (w), 1047 (s), 966 (s), 818 (m), 801 (m), 656 (s). HRMS (ESI) calcd for
C10F3H10O

+ [M + H]+ 203.0678; found 203.0678.
The NMR data for 305f corresponded to the reported values [36].

1-(1-(Benzyloxy)vinyl)-3-methylbenzene 305g

Following GP17, compound 305g was synthesized starting from di
(cyclopenta-1,3-dien-1-yl)dimethyltitanium (17.1 g of a 10.7 % solution in toluene,
8.80 mmol, 2.20 eq), di(cyclopenta-1,3-dien-1-yl)titanium(IV) chloride (60.0 mg,
0.240 mmol, 0.060 eq) and benzyl 3-methylbenzoate (0.905 g, 4.00 mmol, 1.00 eq)
to obtain 1-(1-(benzyloxy)vinyl)-3-methylbenzene (305g) as a colorless oil
(450 mg, 2.01 mmol, 45 % yield).

O

Rf 0.9 (9:1 Hexane/Et2O).
1H NMR (400 MHz CDCl3) δ 7.44–7.35 (m, 4 H,

Ph), 7.31 (t, J = 7.5 Hz, 2 H, ArMe), 7.28–7.21 (m, 1 H, Ph), 7.15 (ddd, J = 8.3, 6.1,
1.5 Hz, 1 H, ArMe), 7.05 (d, J = 7.5 Hz, 1 H, ArMe), 4.88 (s, 2 H, CH2–Ph), 4.64
(d, J = 2.8 Hz, 1 H, CH2=C), 4.22 (d, J = 2.8 Hz, 1 H, CH2=C), 2.28 (s, 3 H, Me).
13C NMR (101 MHz, CDCl3) δ 160.1, 137.8, 137.3, 136.5, 129.4, 128.6, 128.2,
127.9, 127.6, 126.3, 122.8, 83.2, 69.9, 21.7. HRMS (ESI) calcd for C16H17O

+

[M + H]+ 225.1274; found 225.1282.

2-(1-(Benzyloxy)vinyl)thiophene (305h)

Following GP17, compound 305h was synthesized starting from di
(cyclopenta-1,3-dien-1-yl)dimethyltitanium (17.1 g of a 10.7 % solution in toluene,
8.80 mmol, 2.20 eq), di(cyclopenta-1,3-dien-1-yl)titanium(IV) chloride (60.0 mg,
0.240 mmol, 0.060 eq) and benzyl thiophene-2-carboxylate (0.873 g, 4.00 mmol,
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1.00 eq) to obtain 2-(1-(benzyloxy)vinyl)thiophene (305g) (0.500 g, 4.00 mmol,
58 %) as a colorless oil.

O

S

Impurities are present in the NMR sample due to degradation of the product
during analysis.

Rf 0.8 (9:1 Hexane/Et2O).
1H NMR (400 MHz, CDCl3) δ 7.58–7.35 (m, 6 H,

Ar), 7.30 (d, J = 5.0 Hz, 1 H, Ar), 7.07 (dd, J = 5.0, 3.7 Hz, 1 H, Ar), 5.05 (s, 2 H,
Benzyl), 4.81 (d, J = 2.9 Hz, 1 H, C=CH), 4.35 (d, J = 3.1 Hz, 1 H, C=CH). 13C
NMR (101 MHz, CDCl3) δ 155.0, 140.4, 136.9, 128.6, 127.9, 127.3, 127.3, 125.2,
124.0, 82.7, 69.8. HRMS (ESI) calcd for C13H13OS

+ [M + H]+ 217.0682; found
217.0688.

Synthesis of [Cu(BOX)](X)2

O

N N

O

R R

Me Me

Cu
X X

CuCl2 AgX
DCM, 3A MSO

N N

O

R R

Me Me

++

Following a modified procedure [37], an oven-dried Schlenk tube containing a
magnetic stirrer was charged with CuCl2 (1.1 mg, 8.0 μmol, 1.0 eq), silver salt
(15 μmol, 1.9 eq) and previously activated 3 ÅMS in an inert atmosphere (N2). The
flask was sealed with a septum, covered with aluminium foil and removed from the
glovebox. Under argon atmosphere,18 0.40 mL of a solution of the corresponding
BOX ligand (9.6 μmol, 1.2 eq) in dry dichloromethane were added via syringe. The
mixture was stirred for 3 h at room temperature and filtrated under Ar into a sealed
oven-dried vial using a syringe filter (regenerated cellulose, 0.2 µm), to obtain a
bright green solution that was used for the catalysis.19

18Argon from gas cylinder was used as using central nitrogen supply with Drierite filter gave blue
complexes.
19Blue complex gave lower er and poorly reproducible results.
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GP18 for the racemic [3 + 2] Annulation Reaction

A. Racemic cyclopentylamines or tetrahydrofurylamines were synthesized using 1
equivalent of cyclopropane with 2 equivalents of enol ether or aldehyde in presence
of 20 mol% of scandium triflate in dry DCM at 0 °C. Conversion was followed by
TLC and when full conversion was reached, the reaction mixture was filtered on a
small silica plug. Purification by Preparative TLC afforded material that was sub-
mitted to HPLC therefore no yield is given.

B. Racemic cyclopentylamines were synthesized using 1 equivalent of cyclo-
propane with 2 equivalents of enol ether in presence of 20 mol% of tin tetrachloride
in dry DCM at −40 °C. Conversion was followed by TLC and when full conversion
was reached, the reaction mixture was filtered on a small silica plug. Purification by
Preparative TLC afforded material that was submitted to HPLC therefore no yield is
given.

GP19 for the Screening of Conditions for the Catalytic Asymmetric [3 + 2]
Annulation Reaction

The corresponding N-protected-aminocyclopropane20 (40.0 μmol, 1.00 eq) and
freshly purified enol ether (50.0 μmol, 1.20 eq) were dissolved in 0.4 mL of dry
dichloromethane. The solution was added into a sealed oven-dried vial containing a
magnetic stirrer, pre-activated 3 Å MS and 0.4 mL of the solution of the desired
complex (0.01 M, 4.00 μmol, 0.1 eq). Dry dichloromethane was used to complete a
final volume of 1.0 mL. The mixture was stirred at rt until full conversion was
obtained as verified by TLC. The reaction was quenched by addition of 0.3 mL of
Et3N and filtrated through a silica gel plug eluting with 5 mL of a mixture 1:1
Hexane/AcOEt to obtain a yellowish solution. The solvent was evaporated under

20Dried by dissolving in benzene then removing the solvent under reduced pressure and drying in
high vacuo.
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reduced pressure and the crude analyzed by 1H NMR and chiral HPLC. The NMR
yields indicated were obtained using trimethoxybenzene as internal standard.

Dimethyl-(2S,4S)-2-(benzyloxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclopentane-1,1-dicarboxylate (306)

Chiralcel IA Hexane/iPrOH 95:5, 1 mL/min, λ = 254 nm, tr1 = 18.3 min.
tr2 = 21.1 min.

Following GP19, the crude of the reaction using tert-butyl-BOX/Cu(ClO4)2
complex was analyzed: er = 78:22.

CO2Me
CO2MeBnO

Ph

NO O

Rf 0.7 (5:5 Pentane/AcOEt).Mp 187.0–188.8 °C 1H NMR (400 MHz, CDCl3) δ
7.85 (dd, J = 5.4, 3.0 Hz, 2 H, Phth), 7.73 (dd, J = 5.5, 3.0 Hz, 2 H, Phth), 7.66–
7.58 (m, 2 H, Ar), 7.42–7.27 (m, 8 H, Ar), 5.06 (dddd, J = 11.6, 10.0, 7.5, 6.2 Hz, 1
H, N–C–H), 4.39 (d, J = 11.7 Hz, 1 H, CH2 Benzyl), 4.08 (d, J = 11.7 Hz, 1 H, CH2

benzyl), 3.82–3.73 (m, 1 H, CH2), 3.76 (s, 3 H, OMe), 3.65–3.49 (m, 1 H, CH2),
3.60 (s, 3 H, OMe), 2.88 (dd, J = 14.0, 7.5 Hz, 1 H, CH2), 2.57 (dd, J = 13.1,
6.3 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 170.3, 168.5, 168.3, 138.2,
136.5, 134.1, 131.9, 129.2, 128.3, 128.1, 127.3, 127.2, 126.5, 123.3, 89.8, 68.2,
63.5, 52.4, 52.2, 46.4, 36.1, 35.6. IR 1737 (s), 1712 (s), 1435 (w), 1379 (m), 1259
(w), 1127 (m). HRMS (ESI) calcd for C30H27NNaO7

+ [M + Na]+ 536.1680; found
536.1667.

Dimethyl-(2S,4S)-2-(benzyloxy)-4-(5-methoxy-1,3-dioxoisoindolin-2-yl)-
2-phenylcyclopentane-1,1-dicarboxylate (307)

Chiralcel IA Hexane/iPrOH 80:20, 1 mL/min, λ = 220 nm, tr1 = 15.4 min.
tr2 = 56.1 min.

Following GP19, the crude of the reaction using tert-butyl-BOX/Cu(ClO4)2
complex was analyzed: er = 74:26.

CO2Me
CO2MeBnO

Ph

NO O

O
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Rf 0.8 (5:5 Pentane/AcOEt). Mp 128.3–130.7 °C. 1H NMR (400 MHz, CDCl3)
δ 7.75 (d, J = 8.3 Hz, 1 H, Ar), 7.67–7.58 (m, 2 H, Ar), 7.41–7.27 (m, 9 H, Ar),
7.16 (dd, J = 8.3, 2.3 Hz, 1 H, Ar), 5.10–4.94 (m, 1 H, N–C–H), 4.38 (d,
J = 11.7 Hz, 1 H, CH2 benzyl), 4.06 (d, J = 11.7 Hz, 1 H, CH2 benzyl), 3.93 (m, 3
H, OMe), 3.83–3.71 (m, 1 H, CH2), 3.75 (s, 3 H, OMe), 3.59 (s, 3 H, OMe), 3.57–
3.47 (m, 1 H, CH2), 2.86 (dd, J = 14.0, 7.5 Hz, 1 H, CH2), 2.55 (dd, J = 13.1,
6.3 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 170.3, 168.5, 168.1, 168.1,
164.8, 138.2, 136.6, 134.5, 129.2, 128.3, 128.1, 127.3, 127.1, 126.5, 125.0, 123.9,
119.8, 108.0, 89.7, 68.2, 63.4, 56.1, 52.3, 52.2, 46.4, 36.1, 35.6. IR 1360 (m), 1336
(s), 1263 (w), 1161 (w), 1127 (w), 1116 (w), 1115 (w), 1065 (s), 995 (m), 967 (m),
956 (m), 863 (m), 690 (m), 689 (m). HRMS (ESI) calcd for
C31H29NNaO8

+ [M + Na]+ 566.1785; found 566.1788.

Dimethyl-(2S,4S)-2-(benzyloxy)-4-(5-nitro-1,3-dioxoisoindolin-2-yl)-
2-phenylcyclopentane-1,1-dicarboxylate (308)

Chiralcel IA Hexane/iPrOH 85:15, 1 mL/min, λ = 220 nm, tr1 = 33.4 min.
tr2 = 36.6 min.

Following GP19, the crude of the reaction using tert-butyl-BOX/Cu(ClO4)2
complex was analyzed: er = 92:8).

CO2Me
CO2MeBnO

Ph

NO O

NO2

Rf 0.8 (5:5 Pentane/AcOEt). Mp 95.5–98.3 °C. 1H NMR (400 MHz, CDCl3) δ
8.82–8.50 (m, 2 H, Ar), 8.05 (dd, J = 8.1, 0.7 Hz, 1 H, Ar), 7.80–7.57 (m, 2 H, Ar),
7.48–7.13 (m, 8 H, Ar), 5.06 (tdd, J = 7.7, 4.3, 2.2 Hz, 1 H, N–C–H), 4.36 (d,
J = 11.8 Hz, 1 H, CH2 benzyl), 4.10 (d, J = 11.7 Hz, 1 H, CH2 benzyl), 3.84–3.67
(m, 1 H, CH2), 3.76 (s, 3 H, OMe), 3.67–3.44 (m, 1 H, CH2), 3.60 (s, 3 H, OMe),
2.86 (dd, J = 14.0, 7.4 Hz, 1 H, CH2), 2.60 (dd, J = 13.1, 6.3 Hz, 1 H, CH2).

13C
NMR (101 MHz, CDCl3) δ 170.2, 168.3, 166.1, 165.8, 151.8, 138.0, 136.3, 136.2,
133.3, 129.4, 129.1, 128.4, 128.3, 127.4, 127.3, 126.5, 124.5, 118.7, 89.8, 68.2,
63.6, 52.4, 52.3, 47.2, 36.0, 35.6. IR 1393 (w), 1345 (s), 1201 (m), 1126 (w), 1115
(w), 1069 (m), 1043 (s), 972 (w), 868 (m), 691 (m). HRMS (ESI) calcd for
C30H26N2NaO9

+ [M + Na]+ 581.1531; found 581.1540.

GP20 for the Catalytic Asymmetric [3 + 2] Annulation Reaction

Dimethyl 2-(2,5-dioxopyrrolidin-1-yl)cyclopropane-1,1-dicarboxylate (291)
(51.0 mg, 0.200 mmol, 1.00 eq) and freshly purified enol ether or aldehyde
(0.400 mmol, 2.00 eq) were dissolved in 2.0 mL of dry dichloromethane. The
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solution was added into a sealed oven-dried vial containing a magnetic stirrer,
pre-activated 3 Å MS and 2.0 mL of the solution of the copper complex (0.01 M,
0.020 mmol, 0.10 eq). Dry dichloromethane was used to complete a final volume of
5.0 mL. The mixture was stirred at rt until full conversion was observed by TLC.
The reaction was quenched by addition of 0.5 mL of Et3N and filtrated through a
silica gel plug eluting with 10 mL of a mixture of 3:7 Hexane/AcOEt. The solvent
was evaporated under reduced pressure and the crude analyzed by 1H NMR.
Purification by column chromatography using pentane/AcOEt (6:4–S3:7) afforded
the product as a mixture of diastereoisomers. In the case of the reaction with enol
ether, it was possible to purify the major diastereoisomer by preparative TLC for
characterization and HPLC analysis. For aldehydes, characterization was done
directly on the obtained mixture of diastereoisomers.

GP21 for the Catalytic Asymmetric [3 + 2] Annulation Reaction on 1 mmol
scale

Dimethyl 2-(2,5-dioxopyrrolidin-1-yl)cyclopropane-1,1-dicarboxylate (291)
(255 mg, 1.00 mmol, 1.00 eq) and freshly purified enol ether 305b (268 mg,
2.00 mmol, 2.00 eq) were dissolved in 10.0 mL of dry dichloromethane. The
solution was added into a sealed oven-dried vial containing a magnetic stirrer,
pre-activated 3 Å MS and 10.0 mL of the solution of the copper complex (0.01 M,
0.100 mmol, 0.10 eq). Dry dichloromethane was used to complete a final volume of
25.0 mL. The mixture was stirred at rt for 2 h and full conversion was observed by
TLC. The reaction was quenched by addition of 1 mL of Et3N and filtrated through
a silica gel plug eluting with 50 mL of a mixture of 3:7 Hexane/AcOEt. The solvent
was evaporated under reduced pressure and the crude analyzed by 1H NMR. and
purified by column chromatography using pentane/AcOEt (6:4–3:7).

Dimethyl-(2S,4S)-2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)-
2-phenylcyclopentane-1,1-dicarboxylate (309a)

Following GP20, using (1-(benzyloxy)vinyl)benzene (305a) (84.0 mg,
0.400 mmol, 2.00 eq), dimethyl 2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)-
2-phenylcyclopentane-1,1-dicarboxylate (309a) (90.3 mg, 0.194 mmol, 97 %) was
obtained as a colorless solid.

Crude analysis : dr ¼ 7:1 between peaks at 5:01 minorð Þ and 4:67 majorð Þ:

ermajor ¼ 96:4; ChiralcelIA Hexane=iPrOH 80:20; 1 mL=min; k ¼ 210 nm; tr1
¼ 18:2min: tr2 = 24:0min:

250 5 Experimental Part



N

O

O

OBn

MeO2C CO2Me

[α]D
25.0 − 21.0 (c = 0.43, CHCl3). Rf 0.30 (5:5 Hexane/AcOEt). Mp 90.1–91.7 °

C. 1H NMR (400 MHz, CDCl3) δ 7.57–7.41 (m, 2 H, Ar), 7.32–7.13 (m, 8 H, Ar),
5.01–4.67 (m, 1 H, N–C–H), 4.33 (d, J = 11.7 Hz, 1 H, CH2 benzyl), 4.03 (d,
J = 11.7 Hz, 1 H, CH2 benzyl), 3.66 (s, 3 H, OMe), 3.56 (dd, J = 13.1, 11.6 Hz, 1
H, CH2), 3.49 (s, 3 H, OMe), 3.37 (ddd, J = 14.0, 10.3, 0.9 Hz, 1 H, CH2), 2.71 (dd,
J = 13.9, 7.2 Hz, 1 H, CH2), 2.63 (s, 4 H, CH2 succinimide), 2.38 (dd, J = 13.0,
6.4 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 177.0, 170.1, 168.3, 138.0,
136.3, 129.1, 128.2, 128.0, 127.1, 127.0, 126.3, 89.6, 68.0, 63.2, 52.2, 52.1, 46.9,
34.9, 34.5, 28.0. IR 2255 (w), 1738 (w), 1704 (m), 1382 (w), 1260 (w), 1178 (w),
906 (s). HRMS (ESI) calcd for C26H27NNaO7

+ [M + Na]+ 488.1680; found
488.1687.

Dimethyl-(2S,4S)-4-(2,5-dioxopyrrolidin-1-yl)-2-methoxy-2-(p-tolyl)
cyclopentane-1,1-dicarboxylate (309b)

Following GP20, using 1-(1-methoxyvinyl)-4-methylbenzene (305e) (59.3 mg,
0.400 mmol, 2.00 eq), dimethyl 4-(2,5-dioxopyrrolidin-1-yl)-2-methoxy-2-(p-tolyl)
cyclopentane-1,1-dicarboxylate (309b) (77.0 mg, 0.191 mmol, 95 %) was obtained
as a colorless solid.

Crude analysis:dr ¼ 20:1 between peaks at 5:17 minorð Þ and 4:84 majorð Þ:

ermajor ¼ 94:5:5:5; ChiralcelIA Hexane=iPrOH 80:20; 1 mL=min; k ¼ 220 nm;

tr1 ¼ 17:9 min: tr2 ¼ 22:5 min:

N

O

O

O

MeO2C CO2Me

[α]D
25.0 15.7 (c = 0.81, CHCl3). Rf 0.3 (3:7 Pentane/AcOEt). Mp 97.5–99.0 °C.

1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.3 Hz, 2 H, Ar), 7.13 (d, J = 8.1 Hz, 2
H, Ar), 4.83 (tt, J = 11.0, 6.6 Hz, 1 H, N–CH), 3.74 (s, 3 H, OMe), 3.58 (s, 3 H,
OMe), 3.54–3.42 (m, 1 H, CH2), 3.36 (dd, J = 14.0, 10.7 Hz, 1 H, CH2), 2.97 (s, 3
H, Me), 2.80–2.60 (m, 1 H, CH2), 2.72 (s, 4 H, CH2 succinimide), 2.40–2.22 (m, 1
H, CH2), 2.36 (s, 3 H, Me). 13C NMR (101 MHz, CDCl3) δ 177.1, 170.2, 168.5,
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137.6, 133.0, 129.3, 127.8, 89.5, 67.7, 52.2, 52.1, 49.5, 46.5, 34.9, 33.8, 28.0, 21.1.
IR 1740 (s), 1703 (s), 1436 (w), 1399 (w), 1382 (m), 1382 (m), 1294 (w), 1276 (w),
1276 (w), 1261 (w), 1178 (m). HRMS (ESI) calcd for
C21H25NNaO7

+ [M + Na]+ 426.1523; found 426.1516.

Dimethyl-(2S,4S)-4-(2,5-dioxopyrrolidin-1-yl)-2-phenyl-2-
(2,2,2-trifluoroethoxy)cyclopentane-1,1-dicarboxylate (309c)

Following GP20, using (1-(2,2,2-trifluoroethoxy)vinyl)benzene (305f) (81.0 mg,
0.400 mmol, 2.00 eq), dimethyl 4-(2,5-dioxopyrrolidin-1-yl)-2-phenyl-2-
(2,2,2-trifluoroethoxy)cyclopentane-1,1-dicarboxylate (309c) (80.4 mg,
0.176 mmol, 88 %) was obtained as a colorless oil.

Crude analysis : dr ¼ 1:5 : 1between peaks at 5:06 minorð Þ and 4:75 majorð Þ:

anti

er ¼ 95:5 : 4:5; ChiralcelIB Hexane=iPrOH 80:20; 1 mL=min; k ¼ 210 nm; tr1

¼ 14:6 min: tr2 ¼ 17:4min:

N

O

O

Ph

O

MeO2C CO2Me

CF3

[α]D
25.0 18.9 (c = 0.43, CHCl3). Rf 0.2 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.59–7.43 (m, 2 H, Ar), 7.43–7.28 (m, 3 H, Ar), 4.97–4.75
(m, 1 H, N–CH), 3.80 (s, 3 H, OMe), 3.60 (dd, J = 13.4, 11.6 Hz, 1 H, CH2), 3.56–
3.44 (m, 1 H, CH2–CF3), 3.53 (s, 3 H, OMe), 3.43–3.30 (m, 2 H, CH2 + CH2–CF3),
2.84–2.75 (m, 1 H, CH2), 2.71 (s, 4 H, CH2 succinimide), 2.24 (dd, J = 13.3,
6.4 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 177.0, 169.8, 167.7, 135.0,
129.0, 128.7, 127.6, 123.6 (q, J = 278 Hz), 90.4, 67.7, 60.50 (q, J = 35 Hz), 52.4,
52.3, 46.6, 34.8, 34.6, 28.0. IR 1808 (m), 1771 (s), 1521 (w), 1520 (w), 1459 (w),
1355 (m), 1256 (s). HRMS (ESI) calcd for C21H22F3NNaO7

+ [M + Na]+ 480.1241;
found 480.1243.

syn

er ¼ 96:5:3:5; ChiralcelIA Hexane=iPrOH90:10; 1 mL=min; k ¼ 220 nm; tr1

¼ 28:6 min: tr2 ¼ 31:1min:
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N

O

O

Ph

O

MeO2C CO2Me

CF3

[α]D
25.0 − 2.3 (c = 0.39, CHCl3). Rf 0.3 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.64–7.52 (m, 2 H, Ar), 7.41–7.29 (m, 3 H, Ar), 5.20–5.06
(m, 1 H, N–CH), 4.06 (dq, J = 10.2, 8.4 Hz, 1 H, CH2–CF3), 3.75 (s, 3 H, OMe),
3.61–3.40 (m, 1 H, CH2 + CH2–CF3), 3.50 (s, 3 H, OMe), 3.01 (dd, J = 15.1,
11.0 Hz, 1 H, CH2), 2.84–2.67 (m, 5 H, CH2 succinimide + CH2), 2.34 (dd,
J = 12.9, 7.4 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 177.1, 169.3, 167.6,
135.2, 129.1, 128.4, 127.6, 124.1 (q, J = 278 Hz), 90.7, 70.0, 60.4 (q, J = 35 Hz),
52.5, 52.1, 47.4, 36.5, 33.7, 28.0. IR 1737 (m), 1705 (s), 1447 (w), 1382 (w), 1279
(m), 1256 (w), 1170 (s). HRMS (ESI) calcd for
C21H22F3NNaO7

+ [M + Na]+ 480.1241; found 480.1237.

H
H

H
H
H

H
MeO2C

MeO2C O
Ph

SuccN

H

F3C

ROESY

4.9

2.2
3.6

H
H

H
H
H

H
MeO2C

MeO2C O
Ph

SuccN

H

F3C

ROESY

5.2

4.1

3.0
2.8

3.46

Dimethyl-(2S,4S)-2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)-2-(m-tolyl)
cyclopentane-1,1-dicarboxylate (309d)

Following GP20, using 1-(1-(benzyloxy)vinyl)-3-methylbenzene (305 g) (90.0 mg,
0.400 mmol, 2.00 eq), dimethyl 2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)-2-
(m-tolyl)cyclopentane-1,1-dicarboxylate (309d) (96.0 mg, 0.199 mmol, 99 %) was
obtained as a colorless oil.

Crude analysis : dr[ 20 : 1:

er ¼ 95:5;ChiralcelIA Hexane=iPrOH80:20; 1 mL=min; k ¼ 220 nm;

tr1 ¼ 16:2 min: tr2 ¼ 22:1min:
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N

O

O

OBn

MeO2C CO2Me

[α]D
25.0 − 16.5 (c = 0.44, CHCl3). Rf 0.25 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.37–7.29 (m, 4 H, Ar), 7.28–7.23 (m, 3 H, Ar), 7.20 (t,
J = 7.7 Hz, 1 H, Ar), 7.11 (d, J = 7.5 Hz, 1 H, Ar), 4.97–4.81 (m, 1 H, N–CH), 4.31
(d, J = 11.7 Hz, 1 H, CH2 benzyl), 4.03 (d, J = 11.7 Hz, 1 H, CH2 benzyl), 3.73 (s, 3
H, OMe), 3.65–3.55 (m, 1 H, CH2), 3.57 (s, 3 H, OMe), 3.44 (dd, J = 13.9, 10.4 Hz,
1 H, CH2), 2.78 (dd, J = 13.9, 7.0 Hz, 1 H, CH2), 2.70 (s, 4 H, CH2 succinimide),
2.45 (dd, J = 13.0, 6.5 Hz, 1 H, CH2), 2.34 (s, 3 H, Me). 13C NMR (101 MHz,
CDCl3) δ 177.1, 170.2, 168.3, 138.2, 136.5, 136.3, 130.0, 128.8, 128.3, 127.1,21

126.4, 126.2, 89.7, 68.1, 63.3, 52.2, 52.1, 46.9, 35.0, 34.6, 28.0, 21.7. IR 2924 (w),
1739 (m), 1703 (s), 1435 (w), 1383 (m), 1295 (w), 1259 (w), 1181 (m), 738 (w).
HRMS (ESI) calcd for C27H29NNaO7

+ [M + Na]+ 502.1836; found 502.1845.

Dimethyl-(2R,4S)-2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)-2-(thiophen-2-yl)
cyclopentane-1,1-dicarboxylate (309e)

Following GP20, using 2-(1-(benzyloxy)vinyl)thiophene (305h) (87.0 mg,
0.400 mmol, 2.00 eq), dimethyl 2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)-2-
(thiophen-2-yl)cyclopentane-1,1-dicarboxylate (309e) (89.1 mg, 0.189 mmol,
94 %) was obtained as a colorless oil.

Crude analysis:dr ¼ 8:1:between peaks at 5:11 minorð Þ and 4:86 majorð Þ:

ermajor ¼ 94:6; ChiralcelIA Hexane=iPrOH 80:20; 1 mL=min; k ¼ 210 nm; tr1

¼ 27:0min: tr2 ¼ 40:2 min:

N

O

O

OBn

MeO2C CO2Me

S

[α]D
25.0− 11.8 (c = 0.44, CHCl3).Rf 0.2 (4:6 Pentane/AcOEt).

1HNMR (400MHz,
CDCl3) δ 7.42–7.14 (m, 7 H, Ar), 6.97 (dd, J = 5.1, 3.6 Hz, 1 H, Thiophene), 4.86
(dddd, J = 11.9, 10.0, 7.9, 6.3 Hz, 1H, N–CH), 4.33 (d, J = 11.4 Hz, 1 H, CH2 benzyl),

212 carbon signal overlapping.
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4.14 (d, J = 11.4 Hz, 1 H, CH2 benzyl), 3.79 (s, 3 H, OMe), 3.63–3.52 (m, 1 H, CH2),
3.60 (s, 3H, OMe), 3.38 (dd, J= 13.9, 10.1 Hz, 1H, CH2), 2.79 (dd, J = 13.9, 7.9Hz, 1
H, CH2), 2.70 (s, 4 H, CH2 succinimide), 2.59 (dd, J = 12.9, 6.3 Hz, 1 H, CH2).

13C
NMR (101 MHz, CDCl3) δ 177.2, 170.2, 168.5, 141.4, 138.0, 128.9, 128.3, 127.4,
126.9, 126.6, 126.0, 87.7, 68.2, 63.9, 52.5, 52.4, 47.1, 36.8, 34.7, 28.2. IR 1740 (s),
1704 (s), 1435 (w), 1384 (w), 1270 (w), 1175 (m). HRMS (ESI) calcd for
C24H25NNaO7S

+ [M + Na]+ 494.1244; found 494.1241.

H
H

H

H
H

H
MeO2C

MeO2C O
Thio

SuccN

H

Ph

ROESY

4.9

3.6

4.2

Dimethyl-(2R,4S)-2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)
cyclopentane-1,1-dicarboxylate (309f)

Following GP20, using (vinyloxy)methyl)benzene (305b) (53.7 mg, 0.400 mmol,
2.00 eq), dimethyl 2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)
cyclopentane-1,1-dicarboxylate (309f) (74.8 mg, 0.192 mmol, 96 %) was obtained
as a colorless solid. Recrystallized from isopropanol.22

Crude analysis:dr ¼ 4:1between peaks at 3:79 majorð Þ and 3:75 minorð Þ:

ermajor ¼ 96:5:3:5; ChiralcelIA Hexane=iPrOH 80:20; 1 mL=min; k ¼ 210 nm; tr1

¼ 27:4 min: tr2 ¼ 37:8 min:

Following GP21, dimethyl-2-(benzyloxy)-4-(2,5-dioxopyrrolidin-1-yl)
cyclopentane-1,1-dicarboxylate (309f) (311 mg, 0.800 mmol, 80 %) was obtained
as a colorless solid.

Crude analysis:dr ¼ 4:1between peaks at 3:03 majorð Þ and 3:37 minorð Þ:

ermajor ¼ 95:5:4:5; ChiralcelIA Hexane=iPrOH80:20; 1 mL=min; k ¼ 210 nm:

22Structure is registered in CCDC under the number CCDC 988525.
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N

O

O

O

MeO2C CO2Me

[α]D
25.0 − 32.7 (c = 0.43, CHCl3). Rf 0.3 (5:5 Pentane/AcOEt).Mp 106.8–109.5 °

C. 1H NMR (400 MHz, CDCl3) δ 7.36–7.24 (m, 5 H, Ar), 5.03–4.82 (m, 1 H, N–
C–H), 4.75 (dd, J = 4.7, 2.7 Hz, 1 H, O–C–H), 4.59 (d, J = 11.9 Hz, 1 H, CH2

benzyl) 4.49 (d, J = 11.9 Hz, 1 H, CH2 benzyl), 3.79 (s, 3 H, OMe), 3.68 (s, 3 H,
OMe), 3.03 (dd, J = 14.4, 10.6 Hz, 1 H, CH2), 2.64 (s, 4 H, succinimide), 2.50–2.29
(m, 2 H, CH2), 2.15 (ddd, J = 13.4, 8.3, 2.7 Hz, 1 H, CH2).

13C NMR (101 MHz,
CDCl3) δ 176.9, 171.0, 169.0, 138.0, 128.3, 127.6, 127.4, 83.0, 71.7, 65.1, 52.9,
52.7, 48.0, 34.0, 33.3, 28.0. IR 1737 (m), 1702 (s), 1398 (w), 1397 (w), 1384 (w),
1283 (w), 1262 (w), 1175 (m), 1100 (w). HRMS (ESI) calcd for
C20H24NO7

+ [M + H]+ 390.1547; found 390.1554.

N

O

O

OCH2Ph

MeO2C CO2Me

H
H

H

H

4.7

4.9

2.36
2.1

ROESY

Dimethyl-(2R,4S)-2-(4-bromobenzyl)oxy)-4-(2,5-dioxopyrrolidin-1-yl)
cyclopentane-1,1-dicarboxylate (309g)

Following GP20, using 1-bromo-4-(vinyloxy)methyl)benzene (305c) (85.0 mg,
0.400 mmol, 2.00 eq), dimethyl 2-(4-bromobenzyl)oxy)-4-
(2,5-dioxopyrrolidin-1-yl)cyclopentane-1,1-dicarboxylate (309 g) (68.2 mg, 0.
146 mmol, 73 %) was obtained as a colorless oil.

Crude analysis: dr = 5:1 between peaks at 3.36 (minor) and 3.00 (major).
ermajor > 94.5:5.5,23 Chiralcel IB Hexane/iPrOH 80:20, 1 mL/min, λ = 220 nm,

tr1 = 26.0 min. tr2 = 29.6 min.

23Due to shoulder in the peaks, separation was not complete (cf HPLC spectra).
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N O

MeO2C CO2Me

O

O

Br

[α]D
25.0 − 28.9 (c = 0.46, CHCl3). Rf 0.20 (4:6 Hexane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.44 (d, J = 8.3 Hz, 2 H, Ar), 7.13 (d, J = 8.3 Hz, 2 H, Ar),
4.93 (dtd, J = 10.6, 8.7, 6.4 Hz, 1 H, N–C–H), 4.75 (dd, J = 4.9, 3.0 Hz, 1 H, O–C–
H), 4.55 (d, J = 11.9 Hz, 1 H, CH2 benzyl), 4.44 (d, J = 12.1 Hz, 1 H, CH2 benzyl),
3.79 (s, 3 H, OMe), 3.68 (s, 3 H, OMe), 3.00 (dd, J = 14.4, 10.6 Hz, 1 H, CH2),
2.65 (s, 4 H, CH2 succinimide), 2.50–2.24 (m, 2 H, CH2), 2.13 (ddd, J = 13.5, 8.4,
3.0 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 176.8, 171.0, 169.0, 137.0,
131.4, 129.0, 121.4, 83.0, 71.0, 65.0, 52.9, 52.7, 47.8, 34.1, 33.4, 28.0. IR 1739
(m), 1703 (s), 1397 (w), 1383 (w), 1283 (w), 1262 (w), 1261 (w), 1176 (w). HRMS
(ESI) calcd for C20

79BrH23NO7
+ [M + H]+ 468.0652; found 468.0661.

N

O

O

OCH2Ar

MeO2C CO2Me

H
H

H

H

4.7

4.8

2.27
2.07

ROESY

Dimethyl-(2R,4S)-4-(2,5-dioxopyrrolidin-1-yl)-2-(4-nitrobenzyl)oxy)
cyclopentane-1,1-dicarboxylate (309 h)

Following GP20, using 1-nitro-4-(vinyloxy)methyl)benzene (305d) (71.7 mg,
0.400 mmol, 2.00 eq), dimethyl 4-(2,5-dioxopyrrolidin-1-yl)-2-(4-nitrobenzyl)oxy)
cyclopentane-1,1-dicarboxylate (309 h) (71.0 mg, 0.163 mmol, 82 %) was obtained
as a colorless solid.

Crude analysis: dr = 5:1 between peaks at 4.44 (minor) and 4.95 (major).
ermajor = 98:2, Chiralcel IF Hexane/iPrOH 70:30, 1 mL/min, λ = 230 nm,

tr1 = 49.9 min. tr2 = 67.0 min.

N O

MeO2C CO2Me

O

O

NO2

[α]D
25.0 − 27.1 (c = 0.43, CHCl3). Rf 0.39 (5:5 Hexane/AcOEt). Mp 67.9–70.5 °

C. 1H NMR (400 MHz, CDCl3) δ 8.23–8.11 (m, 2 H, Ar), 7.46–7.39 (m, 2 H, Ar),
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4.95 (dtd, J = 10.5, 8.6, 6.5 Hz, 1 H, N–CH), 4.86–4.80 (m, 1 H, CHO), 4.72 (d,
J = 13.2 Hz, 1 H, CH2 benzyl), 4.62 (d, J = 13.2 Hz, 1 H, CH2 benzyl), 3.80 (s, 3 H,
Me), 3.70 (s, 3 H, Me), 3.00 (dd, J = 14.4, 10.5 Hz, 1 H, CH2), 2.66 (s, 4 H, CH2

succinimide), 2.45–2.34 (m, 2 H, CH2), 2.19 (ddd, J = 13.6, 8.7, 3.6 Hz, 1 H, CH2).
13C NMR (101 MHz, CDCl3) δ 176.8, 170.8, 168.9, 147.3, 145.5, 127.3, 123.5,
83.4, 70.5, 64.9, 52.9, 52.7, 47.6, 34.0, 33.5, 27.9. IR 1737 (m), 1703 (s), 1523 (w),
1348 (m), 1284 (w), 1177 (w). HRMS (ESI) calcd for
C20H22N2NaO9

+ [M + Na]+ 457.1218; found 457.1232.

Dimethyl-(2R,5R)-5-(2,5-dioxopyrrolidin-1-yl)-2-phenyldihydrofuran-3,3(2H)-
dicarboxylate (319a)

Following GP20, using benzaldehyde (215a) (42.4 mg, 0.400 mmol, 2.00 eq),
dimethyl 5-(2,5-dioxopyrrolidin-1-yl)-2-phenyldihydrofuran-3,3(2 H)-dicarboxyl-
ate (319a) (59.2 mg, 0.164 mmol, 82 %) was obtained as a colorless oil.

Crude analysis: dr = 13:1 between peaks at 5.35 (minor) and 5.78 (major).
ermajor = 92:8, Chiralcel IA Hexane/iPrOH 70:30, 1 mL/min, λ = 210 nm,

tr1 = 18.9 min. tr2 = 24.3 min.
erminor = 92:8, Chiralcel IA Hexane/iPrOH 70:30, 1 mL/min, λ = 210 nm,

tr1 = 11.1 min. tr2 = 13.0 min.

O

MeO2C CO2Me

O

O

N

[α]D
25.0 50.9 (c = 0.49, CHCl3). Rf 0.4 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.51 (d, J = 7.5 Hz, 2 H, Ar), 7.35–7.23 (m, 3 H, Ar), 5.78 (m,
2 H, N–C–H + Ph–C–H), 4.24–4.05 (m, 1 H, CH2), 3.83 (s, 3 H, OMe), 3.10 (d,
J = 1.7 Hz, 3 H, OMe), 2.75 (d, J = 1.7 Hz, 4 H, CH2 succinimide), 2.45–2.28 (m, 1
H, CH2).

13C NMR (101 MHz, CDCl3) δ 176.2, 170.9, 167.8, 137.5, 128.5, 128.0,
127.6, 82.5, 79.6, 65.0, 53.4, 52.3, 33.1, 28.0. IR 1737 (s), 1715 (s), 1436 (w),
1384 (w), 1275 (m), 1233 (w), 1169 (w). HRMS (ESI) calcd for
C18H20NO7

+ [M + H]+ 362.1234; found 362.1235.

Dimethyl-(2R,5R)-5-(2,5-dioxopyrrolidin-1-yl)-2-(4-methoxyphenyl)
dihydrofuran-3,3(2 H)-dicarboxylate (319b)

Following GP20, using 4-methoxybenzaldehyde (215b) (54.5 mg, 0.400 mmol,
2.00 eq), dimethyl 5-(2,5-dioxopyrrolidin-1-yl)-2-(4-methoxyphenyl)
dihydrofuran-3,3(2 H)-dicarboxylate (319b) (54.1 mg, 0.138 mmol, 69 %) was
obtained as a colorless oil.

Crude analysis: dr > 20:1.
er = 96:4, Chiralcel IC Hexane/iPrOH 80:20, 1 mL/min, λ = 220 nm,

tr1 = 34.9 min. tr2 = 38.5 min.
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OMe

O

MeO2C CO2Me

O

O

N

[α]D
25.0 17.8 (c = 0.50, CHCl3). Rf 0.30 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.51–7.38 (m, 2 H, Ar), 6.94–6.70 (m, 2 H, Ar), 5.87–5.66
(m, 2 H, N–C–H + Ph–C–H), 4.14 (dd, J = 13.1, 11.0 Hz, 1 H, CH2), 3.83 (s, 3 H,
OMe), 3.78 (s, 3 H, OMe), 3.17 (s, 3 H, OMe), 2.75 (s, 4 H, CH2 succinimide), 2.35
(dd, J = 13.1, 5.1 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 176.2, 170.9,
167.8, 159.7, 129.7, 128.9, 113.3, 82.3, 79.5, 64.9, 55.2, 53.4, 52.4, 33.0, 28.0. IR
1732 (s), 1708 (s), 1614 (w), 1516 (w), 1365 (m), 1274 (m), 1250 (s), 1174 (s).
HRMS (ESI) calcd for C19H22NO8

+ [M + H]+ 392.1340; found 392.1346.

Dimethyl-(2R,5R)-5-(2,5-dioxopyrrolidin-1-yl)-2-(3-methoxyphenyl)
dihydrofuran-3,3(2 H)-dicarboxylate (319c)

Following GP20, using 3-methoxybenzaldehyde (215c) (54.5 mg, 0.400 mmol,
2.00 eq), dimethyl 5-(2,5-dioxopyrrolidin-1-yl)-2-(3-methoxyphenyl)
dihydrofuran-3,3(2 H)-dicarboxylate (319c) (65.9 mg, 0.168 mmol, 84 %) was
obtained as a colorless oil.

Crude analysis: dr = 10:1 between peaks at 6.05 (minor) and 5.82 (major).
er = 93:7, Chiralcel IA Hexane/iPrOH 70:30, 1 mL/min, λ = 210 nm,

tr1 = 23.8 min. tr2 = 27.2 min.

OMe

O

MeO2C CO2Me

O

O

N

[α]D
25.0 57.8 (c = 0.47, CHCl3). Rf 0.4 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.24–7.15 (m, 2 H, Ar), 7.02 (d, J = 7.6 Hz, 1 H, Ar), 6.88–
6.73 (m, 1 H, Ar), 5.87–5.68 (m, 2 H, N–C–H + Ph–C–H), 4.15 (dd, J = 13.2,
11.1 Hz, 1 H, CH2), 3.87–3.85 (m, 6 H, OMe + OMe), 3.16 (s, 3 H, OMe), 2.75 (s,
4 H, CH2 succinimide), 2.36 (dd, J = 13.1, 5.0 Hz, 1 H, CH2).

13C NMR
(101 MHz, CDCl3) δ 176.2, 170.8, 167.7, 159.5, 139.2, 128.8, 120.1, 115.2, 112.1,
82.5, 79.6, 65.1, 55.4, 53.5, 52.4, 33.0, 28.0. IR 1736 (s), 1715 (s), 1382 (w), 1276
(m), 1233 (w), 1169 (m), 1048 (w). HRMS (ESI) calcd for
C19H21NNaO8

+ [M + Na]+ 414.1159; found 414.1181.
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Dimethyl-(2R,5R)-2-(4-chlorophenyl)-5-(2,5-dioxopyrrolidin-1-yl)
dihydrofuran-3,3(2 H)-dicarboxylate (319d)

Following GP20, using 4-chlorobenzaldehyde (215e) (56.2 mg, 0.400 mmol,
2.00 eq), dimethyl 2-(4-chlorophenyl)-5-(2,5-dioxopyrrolidin-1-yl)
dihydrofuran-3,3(2 H)-dicarboxylate (319d) (71.0 mg, 0.179 mmol, 90 %) was
obtained as a colorless oil.

Crude analysis: dr = 14:1 between peaks at 6.36 (minor) and 5.80 (major).
er = 91:9, Chiralcel IA Hexane/iPrOH 70:30, 1 mL/min, λ = 210 nm,

tr1 = 19.5 min. tr2 = 47.2 min.

Cl

O

MeO2C CO2Me

O

O

N

[α]D
25.0 41.8 (c = 0.53, CHCl3). Rf 0.3 (4:6 Pentane/AcOEt).

1H NMR (400 MHz,
CDCl3) δ 7.47 (d, J = 8.2 Hz, 2 H, Ar), 7.34–7.27 (m, 2 H, Ar), 5.84–5.70 (m, 2 H,
N–C–H + Ph–C–H), 4.10 (dd, J = 13.2, 10.9 Hz, 1 H, CH2), 3.84 (d, J = 1.2 Hz, 3 H,
OMe), 3.18 (d, J = 1.3 Hz, 3 H, OMe), 2.76 (s, 4 H, CH2 succinimide), 2.38 (dd,
J = 13.2, 5.2 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 176.1, 170.7, 167.5,
136.1, 134.3, 129.0, 128.1, 81.8, 79.6, 64.9, 53.5, 52.5, 33.0, 28.0. IR 1737 (s), 1718
(s), 1659 (w), 1382 (w), 1278 (m), 1231 (m), 1212 (w), 1168 (m). HRMS (ESI)
calcd for C18ClH19NO7

+ [M + H]+ 396.0845; found 396.0844.

Dimethyl-(2S,5R)-5-(2,5-dioxopyrrolidin-1-yl)-2-(thiophen-2-yl)
dihydrofuran-3,3(2 H)-dicarboxylate (319e)

Following GP20, using thiophene-2-carbaldehyde (215d) (44.9 mg, 0.400 mmol,
2.00 eq), dimethyl 5-(2,5-dioxopyrrolidin-1-yl)-2-(thiophen-2-yl)dihydrofuran-3,3
(2 H)-dicarboxylate (319e) (71.6 mg, 0.195 mmol, 97 %) was obtained as a col-
orless oil.

Crude analysis: dr > 20:1.
er = 95:5, Chiralcel IA Hexane/iPrOH 70:30, 1 mL/min, λ = 210 nm,

tr1 = 24.4 min. tr2 = 31.9 min.

S

O

MeO2C CO2Me

O

O

N

[α]D
25.0 75.3 (c = 0.54, CHCl3). Rf 0.4 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.26 (d, J = 2.6 Hz, 2 H, Ar), 6.96 (dd, J = 5.0, 3.6 Hz, 1 H,
Ar), 6.03 (s, 1 H, Ar–C–H), 5.74 (dd, J = 11.1, 4.9 Hz, 1 H, N–C–H), 4.22 (dd,
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J = 13.2, 11.1 Hz, 1 H, CH2), 3.85 (s, 3 H, OMe), 3.33 (s, 3 H, OMe), 2.74 (s, 4 H,
CH2 succinimide), 2.39 (dd, J = 13.2, 4.9 Hz, 1 H, CH2).

13C NMR (101 MHz,
CDCl3) δ 176.2, 170.4, 167.4, 140.1, 127.0, 126.7, 125.9, 79.4, 78.4, 65.2, 53.6,
52.7, 32.2, 28.0. IR 1736 (s), 1716 (s), 1376 (w), 1279 (w), 1169 (w). HRMS
(ESI) calcd for C16H18NO7S

+ [M + H]+ 368.0799; found 368.0819.

Dimethyl-(2R,5R)-5-(2,5-dioxopyrrolidin-1-yl)-2-(E)-styryl)dihydrofuran-3,3(2
H)-dicarboxylate (319f)

Following GP20, using cinnamaldehyde (215g) (52.9 mg, 0.400 mmol, 2.00 eq),
dimethyl 5-(2,5-dioxopyrrolidin-1-yl)-2-(E)-styryl)dihydrofuran-3,3(2 H)-dicar-
boxylate (319f) (74.0 mg, 0.191 mmol, 96 %) was obtained as a colorless oil.

Crude analysis: dr = 14:1 between peaks at 5.58 (minor) and 5.83 (major).
er = 94:6, Chiralcel IA Hexane/iPrOH 70:30, 1 mL/min, λ = 210 nm,

tr1 = 30.2 min. tr2 = 56.1 min.

O

MeO2C CO2Me

O

O

N

[α]D
25.0 14.8 (c = 0.49, CHCl3). Rf 0.4 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.43–7.36 (m, 2 H, Ar), 7.30 (dd, J = 8.4, 6.5 Hz, 2 H, Ar),
7.24 (m, 3 H, Ar), 6.76–6.51 (m, 2 H, CH olefin), 5.83 (dd, J = 10.2, 5.9 Hz, 1 H,
N–C–H), 5.25 (dd, J = 5.3, 3.1 Hz, 1 H, O–C–H), 3.95 (dd, J = 13.3, 10.2 Hz, 1 H,
CH2), 3.85 (s, 3 H, OMe), 3.61 (s, 3 H, OMe), 2.72 (s, 4 H, CH2 succinimide), 2.49
(dd, J = 13.3, 6.0 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 176.3, 170.0,
167.2, 136.2, 134.5, 128.6, 128.1, 126.9, 125.2, 83.0, 80.0, 64.8, 53.5, 53.0, 32.0,
28.0. IR 1739 (s), 1717 (s), 1435 (w), 1276 (m), 1231 (m), 1219 (w), 1169 (m).
HRMS (ESI) calcd for C20H22NO7

+ [M + H]+ 388.1391; found 388.1388.

N
O

M M

H

H

ROESY

Ph

5.8

5.2H2.4
H3.9

Dimethyl-(2R,5R)-5-(2,5-dioxopyrrolidin-1-yl)-2-phenethyldihydrofuran-3,3(2
H)-dicarboxylate (319g)

Following GP20, using 3-phenylpropanal (215j) (53.7 mg, 0.400 mmol, 2.00 eq),
dimethyl 5-(2,5-dioxopyrrolidin-1-yl)-2-phenethyldihydrofuran-3,3(2 H)-dicarbox-
ylate (319g) (65.9 mg, 0.169 mmol, 85 %) was obtained as a colorless oil.

Crude analysis: dr = 13:1 between peaks at 6.15 (minor) and 5.79 (major).
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er = 91.5:8.5, Chiralcel IA Hexane/iPrOH 70:30, 1 mL/min, λ = 210 nm,
tr1 = 10.3 min. tr2 = 18.5 min.

O

MeO2C CO2Me

O

O

N

[α]D
25.0 21.6 (c = 0.42, CHCl3). Rf 0.4 (4:6 Pentane/AcOEt). 1H NMR

(400 MHz, CDCl3) δ 7.40–7.07 (m, 5 H, Ar), 5.79 (dd, J = 10.0, 6.1 Hz, 1 H, N–C–
H), 4.65 (dd, J = 11.4, 2.7 Hz, 1 H, O–C–H), 3.83 (s, 3 H, OMe), 3.79–3.73 (m, 1
H, CH2 THF), 3.76 (s, 3 H, OMe), 2.85 (ddd, J = 14.7, 10.5, 4.8 Hz, 1 H, CH2),
2.76 (s, 4 H, CH2 succinimide), 2.57 (ddd, J = 13.6, 10.1, 6.3 Hz, 1 H, CH2), 2.48
(dd, J = 13.2, 6.1 Hz, 1 H, CH2 THF), 2.37–2.24 (m, 1 H, CH2), 1.79–1.53 (m, 1 H,
CH2).

13C NMR (101 MHz, CDCl3) δ 176.2, 170.3, 167.9, 141.8, 128.6, 128.3,
125.8, 80.8, 79.5, 63.6, 53.4, 53.0, 33.4, 32.3, 32.2, 28.0. IR 1736 (s), 1712 (s),
1436 (w), 1371 (w), 1274 (m), 1168 (m), 1041 (w). HRMS (ESI) calcd for
C20H23NNaO7

+ [M + Na]+ 412.1367; found 412.1349.

N

O

O

MeO2C
MeO2C

O

CH2CH2Ph

H

H

5.8

4.6

ROESY

Dimethyl 4-(2,5-dioxopyrrolidin-1-yl)-2-hydroxycyclopentane-1,1-
dicarboxylate (321)

CO2MeMeO2C

OBn
N

O

O

309f

CO2MeMeO2C

OH
N

O

O

321

H2, 10% Pd/C

Compound 309f (25 mg, 0.064 mmol, 1 eq) is added in a vial. Palladium on
charcoal 10 % (11 mg, 0.00096 mmol, 0.15 eq) is added under N2. The atmosphere
is flushed with hydrogen and the reaction is stirred at room temperature for 2 h.
Celite (ca 1 g) is added and the reaction is filtered and rinsed with 10 mL of
dichloromethane and 10 mL of methanol. The compound was observed in the crude
1H NMR and by HRMS but could not be purified due to observed decomposition.

HRMS (ESI) calcd for C13H17NO7 [M + H]+ 300.1089; found 300.1079.
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5.7 Synthesis of Aminocyclobutanes

Synthesis of methylene malonates
Dimethyl 2-methylenemalonate (323a)

O

O

O

O

O

O

O

O
1 eq iPr2NH·TFA

10% TFA

THF, reflux,
overnight

+

384 198 323a

CH2O

Following a modified procedure [38], dry THF (200 mL), dimethyl malonate
(198) (18.3 g, 139 mmol, 1 eq), diisopropylamine 2,2,2-trifluoroacetate (29.9 g,
139 mmol, 1 eq), paraformaldehyde (384) (8.35 g, 278 mmol, 2 eq) and trifluo-
roacetic acid (1.07 mL, 13.9 mmol, 0.1 eq) were added to a 500 mL round bottom
flask. A condenser was added and the suspension was stirred to reflux for 2 h.
Paraformaldehyde (8.35 g, 278 mmol, 2 eq) was added and the reflux was restarted
for 6 h. The reaction was cooled to room temperature and THF was removed under
reduced pressure (300–50 mbar at 45 °C). The crude mixture was dissolved in
diethyl ether (75 mL) and filtered through cotton in a separatory funnel. The organic
layer was washed twice with 1 M HCl (50 mL). The aqueous layers were combined
and extracted with diethyl ether (25 mL). The organic layers were combined, dried
with anhydrous Na2SO4, filtered and concentrated under reduced pressure to give a
colorless oil (30 g). The crude oil was purified by distillation (all the glassware
needed for distillation had been washed with 2 M HCl, rinsed with methanol and
dried in the oven at 110 °C prior to use). Dimethyl 2-methylenemalonate (323a)
(13.6 g, 94.0 mmol, 68 % yield) was collected as a colorless oil between 45 °C at
1.5 mbar and 50 °C at 1 mbar. The product was stored under nitrogen in a freezer
and can be kept 2–3 weeks without major degradation. In case of degradation, a
short path distillation was enough to obtain pure material.

1H NMR (400 MHz, CDCl3) δ 6.45 (s, 2 H), 4.57 (s, 6 H). 13C NMR
(101 MHz, CDCl3) δ 164.4, 135.4, 134.1, 52.6. IR 1792 (w), 1736 (s), 1440 (m),
1340 (m), 1244 (s), 1128 (s). HRMS (ESI) calcd for C6H9O4

+ [M + H]+ 145.0495;
found 145.0502.
Ethyl 2-benzoylacrylate (323c)

Ph

O

O

O

O

O

Ph

O

+

1 eq iPr2NH·TFA
10% TFA

THF, reflux,
overnight

384 326 323c

CH2O
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Following a modified procedure [38], dry THF (20 mL), ethyl
3-oxo-3-phenylpropanoate (326) (2.50 g, 13.0 mmol, 1 eq), diisopropylamine
2,2,2-trifluoroacetate (2.80 g, 13.0 mmol, 1 eq), paraformaldehyde (384) (780 mg,
27.0 mmol, 2 eq) and trifluoroacetic acid (0.100 mL, 1.30 mmol, 0.1 eq) were
added to a 50 mL round bottom flask. A condenser was added and the suspension
was stirred to reflux for 2 h. Paraformaldehyde (780 mg, 27.0 mmol, 2 eq) was
added and the reflux was restarted for 6 h. The reaction was cooled to room
temperature and THF was removed under reduced pressure. The crude was dis-
solved in diethyl ether (20 mL) and filtered through cotton in a separatory funnel.
The organic layer was washed twice with 1 M HCl (20 mL). The aqueous layers
were combined and extracted with diethyl ether (20 mL). The organic layers were
combined, dried over anhydrous Na2SO4, filtered and concentrated under reduced
pressure to give a yellow oil. The crude oil was purified by column chromatography
on Biotage (SNAP cartridge KP-SIL 50 g, 95:5–4:6 Hexane/Ethyl acetate)
affording ethyl 2-benzoylacrylate (323c) (1.75 g, 8.57 mmol, 66 % yield) as a pale
yellow oil.

1H NMR (400 MHz, CDCl3) δ 7.86 (dd, J = 8.4, 1.4 Hz, 2 H, ArH), 7.65–7.56
(m, 1 H, ArH), 7.51–7.42 (m, 2 H, ArH), 6.70 (d, J = 0.8 Hz, 1 H, C=CH2), 6.07 (d,
J = 0.8 Hz, 1 H, C=CH2), 4.23 (q, J = 7.1 Hz, 2 H, CH2), 1.20 (t, J = 7.2 Hz, 3 H,
CH3). HRMS (ESI) calcd for C12H13O3

+ [M + H]+ 205.0859; found 205.0867.
Data match literature report [39].

Dimethyl 2-(3-phenylpropylidene)malonate (323d)

MeO2C CO2Me

MeO2C CO2Me
Acetic Anhydride

110 °C, 24 h
+

O

Ph Ph
198 215j 323d

Following a modified reported procedure [40], dimethyl malonate (198)
(661 mg, 5.00 mmol, 1 eq), acetic anhydride (708 µL, 7.50 mmol, 1.5 eq) and
3-phenylpropanal (215j) (1.33 mL, 10.0 mmol, 2 eq) were added in a microwave
vial. The vial was sealed and the reaction was stirred 24 h at 110 °C. Evaporation of
the acetic anhydride on the rotary evaporator and high vacuum afforded an oil that
was purified by column chromatography on Biotage (SNAP cartridge KP-SIL 25 g,
98:2 Hexane/Ethyl acetate to 95:5 Hexane/Ethyl acetate). Dimethyl 2-
(3-phenylpropylidene)malonate (323d) (690 mg, 2.78 mmol, 56 % yield) was
obtained as a yellow oil.

1H NMR (400 MHz, CDCl3) δ 7.33–7.27 (m, 2 H, ArH), 7.24–7.16 (m, 3 H,
ArH), 7.07 (dd, J = 7.7, 7.7 Hz, 1 H, C=CH), 3.81–3.75 (m, 6 H, OCH3), 2.80 (dd,
J = 8.7, 6.7 Hz, 2 H, CH2), 2.63 (dd, J = 7.6, 7.6 Hz, 2 H, CH2). HRMS (ESI) calcd
for C14H16NaO4

+ [M + Na]+ 271.0941; found 271.0933.
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Data of 323d match literature report [41].
Dibenzyl 2-ethylidenemalonate (323e)

BnO2C CO2Bn
BnO2C CO2Bn

Acetic Anhydride

110° C, 24 h
+

O

250 385 323e

Following a modified reported procedure [40], dibenzyl malonate (250) (2.00 g,
7.03 mmol, 1 eq), acetic anhydride (1.08 g, 10.6 mmol, 1.5 eq) and acetaldehyde
(385) (1.55 g, 35.2 mmol, 5 eq) were added in a microwave vial. The vial was sealed
and the reaction was stirred 24 h at 85 °C. Evaporation of the acetic anhydride on the
rotary evaporator and high vacuum afforded an oil that was purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 50 g, 95:2–7:3 Hexane/Ethyl
acetate). Dibenzyl 2-ethylidenemalonate (323e) (1.10 g, 3.54 mmol, 50 %
yield + some traces of malonate left) was obtained as a colorless oil.

Rf 0.6 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.39–7.30 (m,
10 H, ArH), 7.18 (q, J = 7.3 Hz, 1 H, =CH), 5.28 (s, 2, H, CH2Ar), 5.22 (s, 2 H,
CH2Ar), 1.96 (d, J = 7.3 Hz, 3 H, Me). 13C NMR (101 MHz, CDCl3) δ 165.0,
163.6, 146.3, 135.5, 135.3, 129.0, 128.5, 128.5, 128.4, 128.3, 128.2, 128.0, 67.0,
66.8, 15.6. IR 3066 (w), 3035 (w), 2954 (w), 1731 (s), 1499 (w), 1262 (s), 1216 (s),
1138 (m), 1050 (m), 1003 (w), 744 (m). HRMS (ESI) calcd for
C19H19O4

+ [M + H]+ 311.1278; found 311.1281.

Dibenzyl 2-(2,2,2-trifluoroethylidene)malonate (323f)

BnO2C CO2Bn

CF3

BnO2C CO2Bn
CF3

OH

EtO

Acetic Anhydride

100 °C, 18 h
+

250 386 323f

Dibenzyl malonate (250) (300 mg, 1.06 mmol, 1 eq), acetic anhydride (500 µL,
5.28 mmol, 5 eq) and 1-ethoxy-2,2,2-trifluoroethan-1-ol (386) (368 µL, 3.17 mmol,
3 eq) were added in a microwave vial. The vial was sealed and the reaction was
stirred 18 h at 100 °C. After going back to room temperature the reaction was
transferred into a separatory funnel and sat.NaHCO3 (15 mL) and diethyl ether
(20 mL) were added. The layers were separated and the organic layer was dried
over anhydrous Na2SO4. The solvents were evaporated under reduced pressure and
the obtained oil was purified by column chromatography on Biotage (SNAP car-
tridge KP-SIL 25 g, 98:2–95:5 Hexane/Ethyl acetate). Dibenzyl 2-
(2,2,2-trifluoroethylidene)malonate (323f) (162 mg, 0.401 mmol, 40 % yield, 90 %
pure by NMR) was obtained as a colorless oil.
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1H NMR (400 MHz, CDCl3) δ 7.34–7.20 (m, 10 H, ArH), 6.73 (q, J = 7.5 Hz, 1
H, C=CH), 5.21 (s, 2 H, CH2), 5.18 (s, 2 H, CH2).

19F NMR (376 MHz, CDCl3) δ
−62.3.

Data match literature report [42].

Dimethyl 2-(cyclohexylmethylene)malonate (323g)

MeO2C CO2Me
AcOH/NH4OAc

60 °C, 20 h

O

MeO2C CO2Me +

198 215l 323g

Dimethyl malonate (198) (2.14 g, 16.2 mmol, 1 eq), AcOH (30 mL), cycloh-
exanecarbaldehyde (215l) (2.00 g, 17.8 mmol, 1 eq) and ammonium acetate (1.37 g,
17.8 mmol, 1.1 eq) were added to a 50 mL round bottom flask. A condenser was
added and the suspension was stirred at 60 °C for 20 h. The reaction was poured in
brine (25 mL) and extracted with ethyl acetate (50 mL). The organic layer was
washed three times with brine (25 mL), dried over anhydrous Na2SO4, filtered and
concentrated under reduced pressure. The crude product was purified by column
chromatography (SiO2, Hexane/Ethyl Acetate 95:5) affording dimethyl 2-(cyclo-
hexylmethylene)malonate (323g) (2.80 g, 12.4 mmol, 76 % yield) as a yellow oil.

1H NMR (400 MHz, CDCl3) δ 6.85 (d, J = 10.4 Hz, 1 H, C=CH), 3.83 (s, 3 H,
OCH3), 3.77 (s, 3 H, OCH3), 2.37 (dtt, J = 14.1, 6.6, 3.5 Hz, 1 H, CH), 1.79–1.61
(m, 5 H, CH2), 1.36–1.08 (m, 5 H, CH2). HRMS (ESI) calcd for C12H19O4

+

[M + H]+ 227.1278; found 227.1280.
Data of 323g match literature report [43].

Synthesis of enimides
tert-Butyl 5-methyl-2,6-dioxo-3-vinyl-2,3-dihydropyrimidine-1(6 H)-carboxyl-
ate (327)

O

O

BocN

N

O

O

HN

N
H

1) Pd(OAc)2 (4 mol%),
Vinyl acetate (2.4 eq)

TMSOTf (2.4 eq)
DMF, 70 °C, 16 h

2) Boc2O (2 eq)
DMAP (2 eq)
ACN, rt, 12 h

326 327

In a sealed vial were added palladium acetate (36.0 mg, 0.160 mmol, 0.04 eq),
vinyl acetate (881 µl, 9.52 mmol, 2.4 eq), 5-methylpyrimidine-2,4(1H,3 H)-dione
(326) (500 mg, 3.96 mmol, 1 eq), TMSOTf (1.72 mL, 9.52 mmol, 2.4 eq) and DMF
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(10.0 mL). The reaction was stirred for 16 h at 70 °C, then water (25 mL) was
added. The reaction was extracted three times with ethyl acetate (30 mL). Then, the
organic layers were combined and washed three times with water (30 mL). The
organic layer was dried over magnesium sulfate and concentrated under reduced
pressure. The crude product was purified by column chromatography, eluting with
hexane/ethyl acetate/NEt3 (7/3/0.01) to obtain 5-methyl-1-vinylpyrimidine-2,4
(1H,3 H)-dione (327) (269 mg, 1.77 mmol, 45 % yield) as a colorless solid.

O

O

HN

N

Rf 0.5 (1:1 Hexane/Ethyl acetate). Mp 208.0–209.1 °C. 1H NMR (400 MHz,
CDCl3) δ 9.17 (s, 1 H, NH), 7.34 (s, 1 H, C=C–H), 7.21 (dd, 1 H, J = 16.0, 9.1 Hz,
–CH=C vinyl), 5.07 (dd, 1 H, J = 16.0, 2.1 Hz, C=CH2 vinyl, trans), 4.91 (dd, 1 H,
J = 9.1, 2.1 Hz, C=CH2 vinyl, cis), 1.99 (s, 3 H, Me). 13C NMR (101 MHz, CDCl3)
δ 163.6, 149.3, 134.5, 129.6, 112.1, 100.5, 12.6. IR 3180 (w), 3062 (w), 2827 (w),
1645 (s). HRMS (ESI) calcd for C7H9N2O2

+ [M + H]+ 153.0659; found 153.0653.
In an oven dried flask, 5-methyl-1-vinylpyrimidine-2,4(1H,3 H)-dione (920 mg,

6.05 mmol, 1 eq), di-tert-butyl dicarbonate (2.64 g, 12.1 mmol, 2 eq) and
dimethylaminopyridine (1.48 g, 12.1 mmol, 2 eq) were stirred in acetonitrile
(25.0 mL) for 12 h. Silica was added to the reaction and the solvent was evaporated.
The dry residue was loaded on a silica chromatography column and eluted with
hexane/ethyl acetate/1 % NEt3 (95:5–80:20) to provide tert-butyl
5-methyl-2,6-dioxo-3-vinyl-2,3-dihydropyrimidine-1(6 H)-carboxylate (327)
(1.15 g, 4.56 mmol, 75 % yield) as a colorless solid.

O

O

BocN

N

Rf 0.2 (9:1 Hexane/Ethyl acetate). Mp 109.9–111.2 °C. 1H NMR (400 MHz,
CDCl3) δ 7.31 (s, 1 H, C=C–H), 7.15 (dd, 1 H, J = 16.0, 9.1 Hz, –CH=C vinyl),
5.09 (dd, 1 H, J = 16.0, 2.2 Hz, C=CH2 vinyl, trans), 4.94 (dd, 1 H, J = 9.1, 2.2 Hz,
C=CH2 vinyl, cis), 1.99 (s, 3 H), 1.60 (s, 9 H, Me). 13C NMR (101 MHz, CDCl3) δ
161.0, 147.6, 147.5, 134.0, 129.6, 111.8, 101.3, 87.1, 27.5, 12.7. IR 2982 (w),
2937 (w), 1778 (s), 1721 (s), 1672 (s). HRMS (ESI) calcd for C12H16N2O4Na

+

[M + Na]+ 275.1002; found 275.1008.
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(E)-2-(Prop-1-en-1-yl)isoindoline-1,3-dione (331)

N

O

O

N

O

O

NK

O

O

Br nBu4NI

DMF
20 h

[RuCI2(PPh3)2]

150 °C
+

328 330 331329

Following a modified procedure [44], allyl bromide (329) (2.6 mL, 30 mmol,
1.1 eq) was added dropwise at room temperature to a suspension of potassium
phthalimide (328) (5.0 g, 27 mmol, 1 eq) and Bu4NI (0.50 g, 1.4 mmol, 0.05 eq) in
DMF (10 mL). The mixture was stirred for 20 h at room temperature, and then H2O
(20 mL) was added. The precipitate was isolated by filtration, dried, and recrys-
tallized from isopropanol to give 2-allylisoindoline-1,3-dione (330) (3.4 g,
18 mmol, 68 % yield).

2-Allylisoindoline-1,3-dione (330) (2.0 g, 11 mmol, 1 eq) was added in a sealed
tube under nitrogen atmosphere to [RuCl2(PPh3)2] (0.10 g, 0.11 mmol, 0.01 eq).
The solids were heated at 150 °C during 12 h and the reaction was cooled down to
room temperature. The black mixture was dissolved in toluene and filtered on a
Celite pad. The solvents were evaporated and the brown orange solid was recrys-
tallized in ethanol (20 mL) of (E)-2-(prop-1-en-1-yl)isoindoline-1,3-dione (331)
(1.15 g, 6.10 mmol, 58 % yield) as a yellow solid were collected from the first
recrystallization.

1H NMR (400 MHz, CDCl3) δ 7.86 (dd, 2 H, J = 5.2, 3.1 Hz, Phth), 7.72 (dd, 2
H, J = 5.2, 3.0 Hz, Phth), 6.64–6.54 (m, 2 H, CH=CH), 1.85 (d, 3 H, J = 5.1 Hz,
CH3). HRMS (ESI) calcd for C11H10NO2

+ [M + H]+ 188.0706; found 188.0713.
1H NMR data of 331 match literature report [44].

(E)-2-(Oct-1-en-1-yl)isoindoline-1,3-dione (334)

N

O

O
n-hex

NH

O

O

(HO)2B
n-hex

Cu(OAc)2,
NEt3

CH2Cl2
rt

+

332 333 334

Following a modified procedure [45], phthalimide (332) (200 mg, 1.36 mmol,
1 eq), copper(II)acetate monohydrate (300 mg, 1.50 mmol, 1.1 eq), dichloro-
methane (2 mL) and triethylamine (379 µL, 2.72 mmol, 2 eq) were added under air
in a flask. Subsequently, (E)-oct-1-en-1-ylboronic acid (333) (212 mg, 1.36 mmol,
1 eq) was added as a solid. The reaction was stirred for 12 h. Volatiles were
removed under reduced pressure and the crude was directly purified by Biotage
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(SNAP cartridge KP-SIL 25 g, 95:5–4:6 Hexane/Ethyl acetate) to give (E)-2-
(oct-1-en-1-yl)isoindoline-1,3-dione (334) (127 mg, 0.490 mmol, 36 % yield) as a
pale yellow oil.

Rf 0.6 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.89–7.81 (m,
2 H, Phth), 7.77–7.69 (m, 2 H, Phth), 6.61–6.57 (m, 2 H, CH=CH), 2.21–2.13 (m, 2
H, CH2), 1.51–1.41 (m, 2 H, CH2), 1.39–1.24 (m, 6 H, CH2), 0.89 (t, 3 H,
J = 7.0 Hz, CH3).

13C NMR (101 MHz, CDCl3) δ 166.8, 134.3, 131.8, 123.5,
123.1, 117.5, 31.7, 31.2, 29.4, 28.9, 22.7, 14.1. IR 2956 (w), 2929 (w), 2858 (w),
1779 (w), 1719 (s), 1387 (s). HRMS (ESI) calcd for C16H20NO2

+ [M + H]+

258.1489; found 258.1499.

GP22 for the synthesis of (Z)-enimides

N

O

O R

NH

O

O

R

nBu3P
Sc(OTf)3

[Ru]

DMF
60 °C, 15 h

+

Following a modified procedure [46], in the glovebox, bis-(2-methylallyl)
cycloocta-1,5-diene ruthenium (12.8 mg, 0.0400 mmol, 0.02 eq), scandium triflate
(39.4 mg, 0.0800 mmol, 0.04 eq) and imide (2.00 mmol, 1 eq) were added in a
microwave vial. The vial was sealed with a Teflon septum and subsequently, tri-n-
butylphosphine (30.0 µL, 0.120 mmol, 0.06 eq), alkyne (4.00 mmol, 2 eq) and
freshly distilled DMF (6 mL) were added. The solution was stirred at 60 °C for 15 h
and then poured into an aqueous sodium bicarbonate solution (20 mL). The mixture
was extracted twice with ethyl acetate (20 mL). The organic fractions were col-
lected, washed with brine, dried over magnesium sulfate, filtered and concentrated
under reduced pressure. The crude product was purified by Biotage (SNAP car-
tridge KP-SIL 25 g, 95:5–4:6 Hexane/Ethyl acetate).

(Z)-2-Styrylisoindoline-1,3-dione (335)

Followong GP22, phthalimide (294 mg, 2.00 mmol, 1 eq) and 1-hexyne (439 µl,
4.00 mmol, 2 eq) were combined to afford (Z)-2-styrylisoindoline-1,3-dione (335)
(65 mg, 0.26 mmol, 13 % yield) as an orange solid.

N

O

O

Ph

1H NMR (400 MHz, CDCl3) δ 7.91–7.85 (m, 2 H, Phth), 7.79–7.72 (m, 2 H,
Phth), 7.28–7.22 (m, 5 H, ArH), 6.71 (d, 1 H, J = 9.1 Hz, CH=CH), 6.34 (d, 1 H,
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J = 9.1 Hz, CH=CH). HRMS (ESI) calcd for C16H12NO2
+ [M + H]+ 250.0863;

found 250.0851.
1H NMR Data of 335 match literature report [46].

(Z)-1-(4-Phenylbut-1-en-1-yl)pyrrolidine-2,5-dione (336)

Followong GP22, succinimide (198 mg, 2.00 mmol, 1 eq) and
but-3-yn-1-ylbenzene (562 µL, 4.00 mmol, 2 eq) were combined to afford (Z)-1-
(4-phenylbut-1-en-1-yl)pyrrolidine-2,5-dione (336) (400 mg, 1.75 mmol, 87 %
yield) as a brown light solid.

Ph
O

O

N

1H NMR (400 MHz, CDCl3) δ 7.31–7.27 (m, 2 H, ArH), 7.22–7.16 (m, 3 H,
ArH), 5.92 (d, 1 H, J = 8.6 Hz, CH=CH), 5.76 (m, 1 H, CH=CH), 2.80–2.67 (m, 6
H, CH2), 2.28 (m, 2 H, CH2). HRMS (ESI) calcd for
C14H16NO2

+ [M + H]+ 230.1176; found 230.1175.
1H NMR data match literature report [46].

GP23 for the synthesis of (E)-enimides.

N

O

O
R

NH

O

O

R

iPr3P
Sc(OTf)3

[Ru]

DMF
60 °C, 15 h

+

Following a modified procedure [46], bis-(2-methylallyl)cycloocta-1,5-diene
ruthenium (31.9 mg, 0.100 mmol, 0.05 eq), scandium triflate (39.4 mg,
0.0800 mmol, 0.04 eq) and imide (2.00 mmol, 1 eq) were added to a microwave
vial in the glovebox. The vial was sealed with a Teflon septum and triisopropyl-
phosphine (57.0 µL, 0.300 mmol, 0.15 eq), alkyne (4.00 mmol, 2 eq) and freshly
distilled DMF (6 mL) were added. The solution was stirred at 60 °C for 15 h and
then poured into an aqueous sodium bicarbonate solution (20 mL). The mixture was
extracted twice with ethyl acetate (20 mL). The organic fractions were collected,
washed with brine, dried over magnesium sulfate, filtered and concentrated under
reduced pressure. The crude product was purified by Biotage (SNAP cartridge
KP-SIL 25 g, 95:5–4:6 Hexane/Ethyl acetate).

(E)-2-(2-Cyclopropylvinyl)isoindoline-1,3-dione (337)

Followong GP23, phthalimide (294 mg, 2.00 mmol, 1 eq) and ethynylcyclopro-
pane (339 µL, 4.00 mmol, 2 eq) were combined to afford (E)-2-
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(2-cyclopropylvinyl)isoindoline-1,3-dione (337) (159 mg, 0.750 mmol, 37 %
yield) as a yellow solid.

N

O

O

Rf 0.27 (7:3 Hexane/Ethyl acetate). Mp 92.2–94.3 °C. 1H NMR (400 MHz,
CDCl3) δ 7.88–7.81 (m, 2 H, Phth), 7.76–7.68 (m, 2 H, Phth), 6.70 (d, 1
H, J = 14.6 Hz, N–CH=), 6.20 (dd, 1 H, J = 14.6, 9.0 Hz, =CH–C), 1.48 (m, 1 H,
CH cyclopropane), 0.87–0.75 (m, 2 H, CH2 cyclopropane), 0.56–0.48 (m, 2 H, CH2

cyclopropane). 13C NMR (101 MHz, CDCl3) δ 166.6, 134.2, 131.7, 126.6, 123.4,
115.7, 12.7, 6.9. IR 3080 (w), 3016 (w), 1773 (w), 1772 (w), 1713 (s), 1612 (w),
1468 (w), 1393 (s), 1308 (w), 1207 (w), 1098 (w). HRMS (ESI) calcd for
C13H12NO2

+ [M + H]+ 214.0863; found 214.0854.

(E)-1-(Hex-1-en-1-yl)pyrrolidine-2,5-dione (338)

Followong GP23, succinimide (198 mg, 2.00 mmol, 1 eq) and hex-1-yne (463 µL,
4.00 mmol, 2 eq) were combined to afford (E)-1-(hex-1-en-1-yl)
pyrrolidine-2,5-dione (338) (242 mg,1.34 mmol, 67 % yield) as a brown oil.

N

O

O

nBu

1H NMR (400 MHz, CDCl3) δ 6.61–6.55 (m, 1 H, CH=CH), 6.45–6.40 (m, 1 H,
CH=CH), 2.72 (s, 4 H, CH2), 2.11 (qd, 2 H, J = 7.2, 1.1 Hz, CH2), 1.46–1.27 (m, 4
H, CH2), 0.89 (t, 3 H, J = 7.2 Hz, CH3). HRMS (ESI) calcd for
C10H16NO2

+ [M + H]+ 182.1176; found 182.1177.
1H NMR data match literature report [46].

(E)-1-(4-Phenylbut-1-en-1-yl)pyrrolidine-2,5-dione (339)

Followong GP23, succinimide (198 mg, 2.00 mmol, 1 eq) and
but-3-yn-1-ylbenzene (562 µL, 4.00 mmol, 2 eq) were combined to afford (E)-1-
(4-phenylbut-1-en-1-yl)pyrrolidine-2,5-dione (339) (209 mg, 0.910 mmol, 46 %
yield) as a brown light solid.

Ph
O

O

N
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1H NMR (400 MHz, CDCl3) δ 7.34–7.30 (m, 2 H, ArH), 7.25–7.19 (m, 3 H,
ArH), 6.75–6.63 (m, 1 H, CH=CH), 6.50 (d, 1 H, J = 14.9 Hz, CH=CH), 2.82–2.72
(m, 6 H, CH2), 2.51–2.43 (m, 2 H, CH2). HRMS (ESI) calcd for
C14H16NO2

+ [M + H]+ 230.1176; found 230.1175.
Data match literature report [46].

(E)-2-(5-Chloropent-1-en-1-yl)isoindoline-1,3-dione (340)

Followong GP23, phthalimide (294 mg, 2.00 mmol, 1 eq) and 5-chloropent-1-yne
(427 µL, 4.00 mmol, 2 eq) were combined to afford (E)-2-(5-chloropent-1-en-1-yl)
isoindoline-1,3-dione (340) (77 mg, 0.31 mmol, 15 % yield) as a yellow solid.

N

O

O
Cl

Rf 0.35 (7:3 Hexane/Ethyl acetate). Mp 78.8–81.2 °C. 1H NMR (400 MHz,
CDCl3) δ 7.86 (dd, J = 5.5, 3.1 Hz, 2 H, Phth), 7.73 (dd, J = 5.5, 3.1 Hz, 2 H, Phth),
6.68 (dt, J = 14.6, 1.2 Hz, 1 H, N–CH=), 6.56 (dt, J = 14.6, 7.2 Hz, 1 H, =CH–C),
3.59 (dd, J = 6.5 Hz, 6.5 Hz, 2 H, CH2), 2.39–2.30 (m, 2 H, CH2), 1.96 (dt, J = 7.9,
6.5 Hz, 2 H, CH2).

13C NMR (101 MHz, CDCl3) δ 166.6, 134.4, 131.6, 123.5,
120.4, 118.7, 44.2, 32.1, 28.2. IR 2958 (w), 2847 (w), 1780 (w), 1714 (s), 1613
(w), 1436 (w), 1384 (s), 1266 (m), 1113 (w). HRMS (ESI) calcd for
C13ClH13NO2

+ [M + H]+ 250.0629; found 250.0633.

GP24 for the synthesis of (E)-styrylphthalimide:

N

O

O
Ar

N

O

O

I

R

Pd(OAc)2
Dicyclohexylmethylamine

nBu4NBr

DMF
120 °C

+

Following a reported procedure [47], a mixture of aryl halide (4.00 mmol, 1 eq),
N-vinylphthalimide (693 mg, 4.00 mmol, 1 eq), Cy2NMe (1.17 g, 6.00 mmol,
1.5 eq), TBAB (1.29 g, 4.00 mmol, 1 eq) and palladium acetate (1.00 mg,
4.00 µmol, 0.001 eq) in DMF (8 mL) was heated at 120 °C (oil bath temperature) in
a pressure tube after 5 cycles of vacuum/N2. When full conversion was observed by
TLC, the yellow solution was poured into toluene (40 mL) and rinsed with toluene
(10 mL). This solution was filtered through a pad of Celite and concentrated under
vacuum. To the yellow oil was added ethanol (20 mL). The product precipitated
and was recovered by filtration after rinsing with ethanol.
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(E)-2-Styrylisoindoline-1,3-dione (341)

Followong GP24, phenyl iodide (816 mg, 4.00 mmol, 1 eq) was used and stirred
1h30 at 120 °C. (E)-2-styrylisoindoline-1,3-dione (341) (700 mg, 2.77 mmol, 69 %
yield) was obtained as a yellow powder.

N

O

O
Ph

1H NMR (400 MHz, CDCl3) δ 7.91 (dd, 2 H, J = 5.5, 3.1 Hz, Phth), 7.77 (dd, 2
H, J = 5.4, 3.1 Hz, Phth), 7.66 (d, 1 H, J = 15.2 Hz, CH=CH), 7.51–7.45 (m, 2 H,
ArH), 7.40–7.32 (m, 3 H, ArH), 7.30–7.24 (m, 1 H, CH=CH). HRMS (ESI) calcd
for C16H12NO2

+ [M + H]+ 250.0863; found 250.0858.
Data of 341 match literature report [48].

(E)-2-(4-Bromostyryl)isoindoline-1,3-dione (342)

Followong GP24, 1-Bromo-4-iodobenzene (1.13 g, 4.00 mmol, 1 eq) was used and
stirred 3h30 at 120 °C. (E)-2-(4-bromostyryl)isoindoline-1,3-dione (342) (330 mg,
1.00 mmol, 25 % yield) was obtained as a yellow powder.

N

O

O
Br

1H NMR (400 MHz, CDCl3) δ 7.95–7.88 (m, 2 H, Phth), 7.81–7.75 (m, 2 H,
Phth), 7.60–7.54 (m, 1 H, CH=CH), 7.50–7.45 (m, 2 H, ArH), 7.38–7.31 (m, 3 H,
ArH + CH=CH). 13C NMR (101 MHz, CDCl3) δ 166.3, 135.0, 134.6, 131.8, 131.6,
127.7, 123.7, 121.4, 118.9, 118.1.

Data of 342 match literature report, with a slight shift in the carbon spectra for
the area 127.7–121.4 [49].

(E)-2-(2-Bromostyryl)isoindoline-1,3-dione (343)

Followong GP24, 1-Bromo-2-iodobenzene (1.13 g, 4.00 mmol, 1 eq) was used and
stirred 3h30 at 120 °C. (E)-2-(2-bromostyryl)isoindoline-1,3-dione (343) (320 mg,
0.981 mmol, 24 % yield) was obtained as a yellow powder after column chroma-
tography Hexane:dichloromethane 95/5–1/1.

N

O

O

Br
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Rf 0.58 (7:3 Hexane/Ethyl acetate).Mp 193.2–194.6 °C. 1H NMR (400 MHz,
CDCl3) δ 8.00 (d, 1 H, J = 15.0 Hz, CH=), 7.96–7.88 (m, 2 H, Phth), 7.82–7.74 (m,
2 H, Phth), 7.63–7.55 (m, 2 H, Ar), 7.36–7.27 (m, 2 H, Ar + CH=), 7.17–7.10 (m, 1
H, Ar). 13C NMR (101 MHz, CDCl3) δ 166.3, 136.3, 134.7, 133.1, 131.7, 128.9,
127.7, 126.4, 124.1, 123.8, 119.6, 119.4. IR 1724 (s), 1645 (w), 1383 (s), 1100 (w),
1086 (w), 950 (w). HRMS (ESI) calcd for C16

79BrH11NO2
+ [M + H]+ 327.9968;

found 327.9960.
Data of 343 does not match literature report [47].

(E)-2-(4-(Trifluoromethyl)styryl)isoindoline-1,3-dione (344)

Followong GP24, 1-Iodo-4-(trifluoromethyl)benzene (1.08 g, 4.00 mmol, 1 eq) was
used and stirred 1h30 at 120 °C. (E)-2-(4-(trifluoromethyl)styryl)
isoindoline-1,3-dione (344) (679 mg, 2.14 mmol, 54 % yield) was obtained as a
yellow powder.

N

O

O
CF3

1H NMR (400 MHz, CDCl3) δ 7.96–7.90 (m, 2 H, Phth), 7.83–7.76 (m, 2 H,
Phth), 7.70 (d, 1 H, J = 15.2 Hz, CH2), 7.63–7.54 (m, 4 H, ArH), 7.45 (d, 1 H,
J = 15.2 Hz, CH=CH). HRMS (ESI) calcd for C17F3H11NO2

+ [M + H]+ 318.0736;
found 318.0724.

Data of 344 match literature report [48].

(E)-2-(4-Methylstyryl)isoindoline-1,3-dione (345)

Followong GP24, 1-Iodo-4-methylbenzene (872 mg, 4.00 mmol, 1 eq) was used
and stirred 3h30 at 120 °C. (E)-2-(4-methylstyryl)isoindoline-1,3-dione (345)
(728 mg, 2.77 mmol, 69 % yield) was obtained as a yellow powder.

N

O

O

1H NMR (400 MHz, CDCl3) δ 7.93–7.88 (m, 2 H, Phth), 7.79–7.73 (m, 2 H,
Phth), 7.63 (d, 1 H, J = 15.2 Hz, CH=CH), 7.38 (d, 2 H, J = 8.1 Hz, ArH), 7.32 (d,
1 H, J = 15.2 Hz, CH=CH), 7.17 (d, 2 H, J = 7.9 Hz, ArH), 2.36 (s, 3 H, CH3).
HRMS (ESI) calcd for C17H14NO2

+ [M + H]+ 264.1019; found 264.1022.
Data of 345 match literature report [47].

274 5 Experimental Part



(E)-2-(4-Methoxystyryl)isoindoline-1,3-dione (346)

Followong GP24, 1-Iodo-4-methoxybenzene (936 mg, 4.00 mmol, 1 eq) was used
and stirred 1h30 at 120 °C. (E)-2-(4-methoxystyryl)isoindoline-1,3-dione (346)
(780 mg, 2.79 mmol, 69 % yield) was obtained as a yellow powder.

N

O

O
OMe

1H NMR (400 MHz, CDCl3) δ 7.89 (dd, 2 H, J = 5.5, 3.1 Hz, Phth), 7.75 (dd, 2
H, J = 5.4, 3.0 Hz, Phth), 7.60 (d, 1 H, J = 15.2 Hz, CH=CH), 7.42 (d, 2 H,
J = 8.6 Hz, ArH), 7.26–7.22 (m, 1 H, the doublet was covered by CDCl3 peak,
CH=CH), 6.90 (d, 2 H, J = 8.8 Hz, ArH), 3.83 (s, 3 H, CH3). HRMS (ESI) calcd
for C17H14NO3

+ [M + H]+ 280.0968; found 280.0966.
Data of 346 match literature report [48].

Screening of Lewis acids

CO2R1
CO2R1

PhthN
Catalyst

DCMPhthN

R2

R1O2C CO2R1

R2

+

Reaction with ZnBR2:
The reaction vessel was washed with aq HCl, rinsed with MeOH and dried in the

oven.
Following a modified procedure [50], ZnBr2 (247 mg, 1.10 mmol, 1.6 eq) was

added in a flask and dichloromethane (1.5 mL) was added. Vinyl phthalimide
(228 mg, 1.30 mmol, 1.9 eq) was dissolved in a second flask and dichloromethane
(1.5 mL) was added. Dimethyl 2-methylenemalonate (100 mg, 0.694 mmol, 1 eq)
was added in a third flask and dissolved in dichloromethane (1.5 mL).

The flask containing the ZnBr2 solution was cooled down to −130 °C with
heptane/liq N2. The dimethyl 2-methylenemalonate solution and the vinyl phthal-
imide solution were then slowly cannulated to the reaction mixture. The solvents
were solid under these conditions.

The flask was warmed to −78 °C. When the solution became liquid again, the
reaction was stirred for 1 h at −78 °C. Pyridine (0.4 mL) in dichloromethane (1 mL)
cooled to −78 °C was added to give an orange solution which was warmed to room
temperature. A saturated Rochelle salt solution was added and the layers were
separated. The organic layer was dried over MgSO4 and evaporated. The crude
mixture was analyzed by 1H NMR and only vinyl phthalimide was observed.

GP25 Reaction with Yb(OTf)3, Sc(OTf)3 and diethyl 2-ethylidenemalonate:
The Lewis acid (0.014 mmol, 0.1 eq) was weighted in the glovebox and dry

dichloromethane (200 µL) was added. The reaction was cooled at the indicated
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temperature. Diethyl 2-ethylidenemalonate (20.0 mg, 0.139 mmol, 1 eq) and
2-vinylisoindoline-1,3-dione (18.5 mg, 0.167 mmol, 1.2 eq) were dissolved in dry
dichloromethane (800 µL) and the resulting solution was added dropwise via
syringe pump for the indicated time. After the addition was complete, the reaction
was filtered over a pad of alumina, eluted with ethyl acetate and concentrated under
vacuum. The crude product was analyzed by 1H NMR.

GP26 reaction with In(OTf)3, Sc(OTf)3 and FeCl3-Al2O3 and dimethyl
2-methylidenemalonate:

The Lewis acid (0.012 mmol, 0.2 eq) was weighted in the glovebox and dry
dichloromethane (0.20 mL) was added. Dimethyl 2-ethylidenemalonate (13 mg,
0.087 mmol, 1 eq) and 2-vinylisoindoline-1,3-dione (10 mg, 0.058 mmol, 1 eq)
were dissolved in dry dichloromethane (0.80 mL) and added dropwise. After stir-
ring for the indicated time, the reaction was filtered over a pad of alumina, eluted
with ethyl acetate and concentrated under vacuum. The crude product was analyzed
by 1H NMR.

Synthesis of cyclobutanes

R3

O O

R4
N

R2

R1 FeCl3•Al2O3

DCM
0 °C

NR2

R1

R3

O
OR4

GP27

In the glovebox, iron trichloride supported on alumina [51] (1.00 mmol/g, 20.0 mg,
0.0200 mmol, 0.1 eq) was added to a microwave vial. The vial was sealed with a
Teflon septum and taken out of the glovebox. Dry dichloromethane (200 µL) was
added and the yellow suspension was cooled to 0 °C. The methylene malonate
(0.400 mmol, 2 eq) and vinyl amide (0.200 mmol, 1 eq) were dissolved in dry
dichloromethane (800 µL). The solution was then added dropwise to the iron
trichloride. The reaction was stirred at 0 °C or room temperature and the conversion
was followed by TLC (Hexane/Ethyl Acetate 7:3). When full conversion of the
vinyl compound was observed, the reaction was filtered over a pad of alumina,
eluted with ethyl acetate and concentrated under vacuum. The crude product was
purified by column chromatography using the indicated solvents.

GP28

In the glovebox, iron trichloride supported on alumina (1.00 mmol/g, 20.0 mg,
0.0200 mmol, 0.1 eq) was added to a microwave vial. The vial was sealed with a
Teflon septum and took out of the glovebox. Dry dichloromethane (200 µL) was
added. The methylene malonate (0.40 mmol, 2 eq) and vinyl amide (0.200 mmol,
1 eq) were dissolved in dry dichloromethane (800 µL). The solution was then added
dropwise to the iron trichloride. The reaction was stirred at room temperature and
the conversion was followed by TLC (Hexane/Ethyl Acetate 7:3). When full
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conversion of the vinyl compound was observed, the reaction was filtered over a
pad of alumina, eluted with ethyl acetate and concentrated under vacuum. The
crude product was purified by column chromatography as indicated.

GP29

In the glovebox, iron trichloride supported on alumina (1.00 mmol/g, 20.0 mg,
0.0200 mmol, 0.1 eq) was added to a microwave vial. The vial was sealed with a
Teflon septum and took out of the glovebox. Dry dichloromethane (200 µL) was
added and the vinyl amide (0.200 mmol, 1 eq) was dissolved in dry dichloro-
methane (500 µL) and added to the iron trichloride. The methylene malonate
(0.400 mmol, 2 eq or 0.800 mmol, 4 eq) was dissolved in dry dichloromethane (300
µL) and added dropwise over 2 h. When the addition was finished, the reaction was
stirred at room temperature until TLC indicated that no more starting material was
present. The reaction was filtered over a pad of alumina, eluted with ethyl acetate
and concentrated under vacuum. The crude product was purified by column
chromatography.

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325a)

Following GP27, 2-vinylisoindoline-1,3-dione (183) (34.6 mg, 0.200 mmol) and
dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol) were stirred for
20 min at 0 °C. The crude oil was purified by column chromatography on Biotage
(SNAP cartridge KP-SIL 10 g, 95:5–5:5 Hexane/Ethyl acetate) affording dimethyl
2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325a) (61.1 mg,
0.190 mmol, 96 % yield) as a colorless solid.

CO2Me
CO2MeN

O

O

Rf 0.45 (1:1 Hexane/Ethyl acetate). Mp 124.1–126.3 °C. 1H NMR (400 MHz,
CDCl3) δ 7.93 (m, 2 H, Phth), 7.80 (m, 2 H, Phth), 5.17 (t, 1 H, J = 10.9 Hz, N–C–
H), 3.16 (s, 3 H, CO2CH3), 2.98 (s, 3 H, CO2CH3), 2.58 (m, 1 H, CH2), 2.25 (m, 1
H, CH2), 1.48 (m, 1 H, CH2), 1.33 (dt, 1 H, J = 13.6, 10.4 Hz, CH2).

13C NMR
(101 MHz, CDCl3) δ 170.6, 168.7, 168.3, 134.3, 131.9, 123.5, 59.0, 53.2, 53.0,
47.9, 24.7, 21.9. IR 2956 (w), 2848 (w), 1782 (w), 1781 (w), 1741 (s), 1721 (s),
1437 (w), 1378 (m), 1266 (m). HRMS (ESI) calcd for
C16H16NO6

+ [M + H]+ 318.0972; found 318.0978.

Dimethyl 2-(2,5-dioxopyrrolidin-1-yl)cyclobutane-1,1-dicarboxylate (347a)

Following GP27, 1-vinylpyrrolidine-2,5-dione (284) (25.0 mg, 0.200 mmol) and
dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol) were stirred for
30 min at 0 °C. The crude oil was purified by column chromatography on Biotage
(SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate) affording
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cyclobutane dimethyl 2-(2,5-dioxopyrrolidin-1-yl)cyclobutane-1,1-dicarboxylate
(347a) (48.8 mg, 0.180 mmol, 91 % yield) as a colorless oil.

N

O

O
CO2Me

CO2Me

Rf 0.35 (6:4 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 5.30 (dd, 1
H, J = 9.2, 9.2 Hz, N–C–H), 3.74 (s, 3 H, CO2CH3), 3.70 (s, 3 H, CO2CH3), 3.18–
3.03 (m, 1 H, CH2), 2.98–2.86 (m, 1 H, CH2), 2.77–2.55 (m, 4 H, Succinimide),
2.26–2.11 (m, 2 H, CH2).

13C NMR (101 MHz, CDCl3) δ 177.1, 170.5, 168.6,
57.7, 53.1, 52.9, 48.2, 28.0, 24.8, 20.7. IR 2956 (w), 2848 (w), 1778 (w), 1736 (s),
1706 (s), 1436 (m), 1378 (s), 1262 (s), 1198 (m), 1116 (s). HRMS (ESI) calcd for
C12H15NNaO6

+ [M + Na]+ 292.0792; found 292.0799.

Dimethyl 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)cyclobutane-1,1-dicarboxyl
ate (348)

Following GP27, 1-vinyl-1H-pyrrole-2,5-dione (249) (24.6 mg, 0.200 mmol) and
dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol) were stirred for
60 min at 0 °C. The crude oil was purified by column chromatography on Biotage
(SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate) affording dimethyl
2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)cyclobutane-1,1-dicarboxylate (348)
(28.2 mg, 0.100 mmol, 48 % yield) as a colorless oil.

N

O

O
CO2Me

CO2Me

Rf 0.19 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 6.68 (s, 2 H,
Maleimide), 5.27 (dd, 1 H, J = 9.4, 9.4 Hz, N–C–H), 3.74 (s, 3 H, CO2CH3), 3.67
(s, 3 H, CO2CH3), 3.14 (m, 1 H, CH2), 2.88 (m, 1 H, CH2), 2.25 (m, 1 H, CH2),
2.13 (m, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 170.5, 170.4, 168.5, 134.2,
58.8, 53.1, 53.0, 47.5, 24.3, 21.7. IR 2958 (w), 1736 (s), 1709 (s), 1437 (w), 1405
(w), 1379 (m), 1265 (s), 1107 (m). HRMS (ESI) calcd for
C12H13NNaO6

+ [M + Na]+ 290.0635; found 290.0629.

Dimethyl 2-(3-(tert-butoxycarbonyl)-5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1
(2 H)-yl)cyclobutane-1,1-dicarboxylate (349)

Following GP27, (tert-butyl 5-methyl-2,6-dioxo-3-vinyl-2,3-dihydropyrimidine-1(6
H)-carboxylate (327) (50.5 mg, 0.200 mmol) and dimethyl 2-methylenemalonate
(323a) (57.7 mg, 0.400 mmol) were stirred for 3 h at room temperature. The crude oil
was purified by column chromatography on Biotage (SNAP cartridge KP-SIL 10 g,
95:5–4:6 Hexane/Ethyl acetate) affording dimethyl 2-(3-(tert-butoxycarbonyl)-
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5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2 H)-yl)cyclobutane-1,1-dicarboxylate
(349) (60.0 mg, 0.150 mmol, 76 % yield) as a colorless oil.

N
CO2Me

CO2Me

Boc
N

O
O

Rf 0.18 (6:4 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.05 (s, 1 H,
C=CH), 5.22 (dd, 1 H, J = 9.5, 9.5 Hz, N–C–H), 3.76 (s, 3 H, CO2CH3), 3.69 (s, 3
H, CO2CH3), 2.96–2.84 (m, 1 H, CH2), 2.81–2.72 (m, 1 H, CH2), 2.38–2.27 (m, 1
H, CH2), 2.18–2.07 (m, 1 H, CH2), 1.92 (s, 3 H, Me), 1.59 (s, 9 H, Boc). 13C NMR
(101 MHz, CDCl3) δ 170.1, 168.5, 161.3, 149.1, 147.8, 138.0, 110.0, 86.7, 59.1,
56.2, 53.2, 53.1, 27.5, 23.6, 22.9, 12.5. IR 2984 (w), 2957 (w), 1784 (m), 1734 (s),
1713 (m), 1667 (s), 1437 (m), 1371 (m), 1263 (s), 1238 (s), 1147 (s), 1108 (m).
HRMS (ESI) calcd for C18H25N2O8

+ [M + H]+ 397.1605; found 397.1605.

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-methylcyclobutane-1,1-dicarboxylate
(325c)

Following GP27, (E)-2-(prop-1-en-1-yl)isoindoline-1,3-dione (331) (37.4 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol)
were stirred for 20 min at 0 °C. The crude oil was purified by column chroma-
tography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate)
affording dimethyl 2-(1,3-dioxoisoindolin-2-yl)-
3-methylcyclobutane-1,1-dicarboxylate (325c) (55.2 mg 0.170 mmol, 83 % yield)
as a colorless solid. The product was recrystallized in ethanol.24

CO2Me
CO2MeN

O

O

Rf 0.26 (7:3 Hexane/Ethyl acetate). Mp 112.1–114.3 °C. 1H NMR (400 MHz,
CDCl3) δ 7.83 (m, 2 H, Phth), 7.72 (m, 2 H, Phth), 4.96 (d, 1 H, J = 10.3 Hz, N–C–
H), 3.71 (m, 4 H, CO2CH3 and C–H–CH3), 3.60 (s, 3 H, CO2CH3), 3.00 (dd, 1 H,
J = 10.9, 9.3 Hz, CH2), 1.74 (dd, 1 H, J = 11.5, 9.5 Hz, CH2), 1.16 (d, 3 H,
J = 6.6 Hz, CH3).

13C NMR (101 MHz, CDCl3) δ 170.4, 168.6, 168.3, 134.2,
131.8, 123.4, 56.3, 54.9, 53.0, 52.9, 32.1, 29.9, 19.3. IR 3006 (w), 2955 (w), 2869
(w), 1780 (w), 1735 (s), 1716 (s), 1437 (w), 1379 (s), 1261 (s). HRMS (ESI) calcd
for C17H18NO6

+ [M + H]+ 332.1129; found 332.1124.

24The crystal structure has been deposited at the Cambridge Crystallographic Data Centre and
allocated the deposition number CCDC 933180.

5.7 Synthesis of Aminocyclobutanes 279



Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-hexylcyclobutane-1,1-dicarboxylate
(325d)

Following GP27, (E)-2-(oct-1-en-1-yl)isoindoline-1,3-dione (334) (51.5 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (57.7 mg, 0.400 mmol) were
stirred for 60 min at room temperature. The crude oil was purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl
acetate) affording dimethyl 2-(1,3-dioxoisoindolin-2-yl)-
3-hexylcyclobutane-1,1-dicarboxylate (325d) (68.2 mg, 0.170 mmol, 85 % yield)
as a colorless oil.

nHex

CO2Me
CO2Me

O

O

N

Rf 0.3 (7:3 Hexane/Ethyl acetate).
1H NMR (400 MHz, CDCl3) δ 7.86–7.80 (m,

2 H, Phth), 7.74–7.69 (m, 2 H, Phth), 5.03 (d, 1 H, J = 10.2 Hz, N–C–H), 3.73 (s, 3
H, CO2CH3), 3.65-3.54 (m, 4 H, CO2CH3 + CH2 cyclobutane), 2.99 (ddd, 1
H, J = 11.4, 9.3, 0.5 Hz, CH2 cyclobutane), 1.73 (dd, 1 H, J = 11.5, 9.3 Hz, CH2

cyclobutane), 1.60–1.40 (m, 2 H, CH2 hexyl), 1.25–1.10 (m, 8 H, CH2 hexyl),
0.84–0.74 (m, 3 H, CH3 hexyl). 13C NMR (101 MHz, CDCl3) δ 170.4, 168.6,
168.2, 134.2, 131.7, 123.4, 56.1, 53.6, 53.0, 53.0, 34.8, 34.7, 31.7, 30.7, 29.1, 26.6,
22.5, 14.0. IR 2955 (w), 2925 (w), 2855 (w), 1781 (w), 1738 (s), 1716 (s). HRMS
(ESI) calcd for C22H28NO6

+ [M + H]+ 402.1911; found 402.1914.

Dimethyl-3-cyclopropyl-2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325e)

Following GP27, (E)-2-(2-cyclopropylvinyl)isoindoline-1,3-dione (337) (42.6 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol)
were stirred for 60 min at room temperature. The crude oil was purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl
acetate) affording dimethyl-3-cyclopropyl-2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325e) (53.1 mg, 0.150 mmol, 74 % yield) as a
colorless oil.

CO2Me
CO2Me

O

O

N
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Rf 0.20 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.84 (dd,
J = 5.4, 3.1 Hz, 2 H, Phth), 7.72 (dd, J = 5.5, 3.0 Hz, 2 H, Phth), 5.10 (d, J = 10.4 Hz, 1
H, N–C–H), 3.75 (s, 3 H, CO2CH3), 3.59 (s, 3 H, CO2CH3), 3.36–3.20 (m, 1 H, CH2

cyclobutane), 2.92 (dd, J = 11.3, 9.4 Hz, 1 H, CH2 cyclobutane), 1.83 (dd, J = 11.5,
9.6 Hz, 1 H, CH2 cyclobutane), 0.85 (qt, J = 8.1, 4.9 Hz, 1 H, CH cyclopropane),
0.55-0.27 (m, 2 H, CH2 cyclopropane), 0.23–0.04 (m, 2 H, CH2 cyclopropane).

13C
NMR (101MHz, CDCl3) δ 170.4, 168.7, 168.4, 134.3, 131.9, 123.5, 56.0, 53.1, 53.1,
53.0, 38.4, 29.8, 13.6, 2.7, 2.6. IR 3081 (w), 3005 (w), 2957 (w), 1779 (w), 1737 (s),
1715 (s), 1436 (m), 1377 (s), 1265 (s), 1199 (m), 1144 (m), 1049 (w). HRMS (ESI)
calcd for C19H20NO6

+ [M + H]+ 358.1285; found 358.1283.

Dimethyl 3-(3-chloropropyl)-2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dica
rboxylate (325f)

Following GP28, (E)-2-(5-chloropent-1-en-1-yl)isoindoline-1,3-dione (340)
(49.9 mg, 0.200 mmol) and dimethyl 2-methylenemalonate (323a) (57.7 mg,
0.400 mmol) were stirred for 60 min at room temperature. The crude oil was
purified by column chromatography on Biotage (SNAP cartridge KP-SIL 10 g,
95:5–4:6 Hexane/Ethyl acetate) affording dimethyl 3-(3-chloropropyl)-2-
(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325f) (75.1 mg,
0.190 mmol, 95 % yield) as a colorless oil.

CO2Me
CO2Me

O

O

N

Cl

Rf 0.25 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.89–7.81
(m, 2 H, Phth), 7.78–7.69 (m, 2 H, Phth), 5.06 (d, 1 H, J = 10.1 Hz, N–C–H), 3.75
(s, 3 H, CO2CH3), 3.71–3.57 (m, 4 H, CO2CH3 + Ar–C–H), 3.52–3.43 (m, 2 H,
CH2–Cl), 3.03 (dd, 1 H, J = 11.3, 9.5 Hz, CH2 cyclobutane), 1.78 (dd, 1
H, J = 11.5, 9.3 Hz, CH2 cyclobutane), 1.74–1.65 (m, 4 H, CH2 alkyl chain).

13C
NMR (101 MHz, CDCl3) δ 170.2, 168.4, 168.2, 134.3, 131.7, 123.4, 56.0, 53.5,
53.1, 53.0, 44.6, 34.1, 33.0, 30.6, 29.8. IR 2954 (w), 1781 (w), 1736 (s), 1714 (s),
1436 (w), 1378 (s), 1263 (s), 1262 (s), 1200 (m), 1072 (m). HRMS (ESI) calcd for
C19ClH21NO6

+ [M + H]+ 394.1052; found 394.1053.

Dimethyl-3-butyl-2-(2,5-dioxopyrrolidin-1-yl)cyclobutane-1,1-dicarboxylate
(347b)

Following GP28, (E)-1-(hex-1-en-1-yl)pyrrolidine-2,5-dione (338) (36.2 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol) were
stirred for 60 min at room temperature. The crude oil was purified by column chro-
matography onBiotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate)
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affording dimethyl-3-butyl-2-(2,5-dioxopyrrolidin-1-yl)cyclobutane-1,1-dicarboxy
late (347b) (52.4 mg, 0.160 mmol, 81 % yield) as a colorless oil.

CO2Me
CO2Me

O

O

N

3

Rf 0.34 (1:1 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 4.89 (d,
J = 9.9 Hz, 1 H, N-C-H), 3.73 (s, 3 H, CO2CH3), 3.70 (s, 3 H, CO2CH3), 3.51 (m, 1
H, CH2 cyclobutane), 2.96 (dd, J = 11.7, 9.2 Hz, 1 H, CH2 cyclobutane), 2.75–2.58
(m, 4 H, CH2 succinimide), 1.72 (dd, J = 11.6, 9.1 Hz, 1 H, CH2 cyclobutane),
1.52–1.37 (m, 2 H, CH2 butyl), 1.24 (m, 2 H, CH2 butyl), 1.20–1.10 (m, 2 H, CH2

butyl), 0.84 (t, J = 7.1 Hz, 3 H, CH3 butyl).
13C NMR (101 MHz, CDCl3) δ 177.2,

170.5, 168.6, 55.1, 54.0, 53.1, 53.0, 34.5, 33.5, 30.8, 28.7, 28.0, 22.5, 14.0. IR
2957 (w), 2956 (w), 2856 (w), 1784 (w), 1736 (s), 1707 (s), 1436 (m), 1375 (m),
1262 (s), 1181 (m), 1132 (s), 1041 (w). HRMS (ESI) calcd for
C16H23NNaO6

+ [M + Na]+ 348.1418; found 348.1411.

Dimethyl 2-(2,5-dioxopyrrolidin-1-yl)-3-phenethylcyclobutane-1,1-dicarboxy
late (347c)

Following GP28, (E)-1-(4-phenylbut-1-en-1-yl)pyrrolidine-2,5-dione (339)
(45.9 mg, 0.200 mmol) and dimethyl 2-methylenemalonate (323a) (57.7 mg,
0.400 mmol) were stirred for 60 min at room temperature. The crude oil was
purified by column chromatography on Biotage (SNAP cartridge KP-SIL 10 g,
95:5–4:6 Hexane/Ethyl acetate) affording dimethyl 2-(2,5-dioxopyrrolidin-1-yl)-
3-phenethylcyclobutane-1,1-dicarboxylate (347c) (61.7 mg, 0.170 mmol, 83 %
yield, 8:1 dr determined by integration of the peaks at 4.90 (maj), and 5.09 (min) in
the crude 1H NMR) as a colorless oil.

CO2Me
CO2Me

O

O

N

Rf 0.20 (1:1 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) on a 8(maj.):1
(min.) mixture δ 7.27–7.22 (m, 18 H, Ar maj + Ar min with chloroform peak), 7.19–
7.05 (m, 26H,Armaj+Armin), 6.86–6.80 (m, 1H,Armin), 5.09 (d, J= 10.5Hz, 1H,
N–C–H min), 4.90 (d, J = 9.8 Hz, 8 H, N–C–H maj), 3.72 (m, 30H, CO2CH3

maj+CO2CH3min), 3.68 (s, 24H, CO2CH3maj), 3.59 (dtd, J= 16.8, 9.4, 7.3Hz, 8H,
CH2 cyclobutane maj), 3.46 (dd, J = 11.0, 4.3 Hz, 1 H, CH2 cyclobutane min), 2.95

282 5 Experimental Part



(dd, J = 11.4, 9.6 Hz, 8 H, CH2 cyclobutane maj), 2.67–2.45 (m, 52 H, CH2 suc-
cinimide maj + CH2 succinimide min + CH2 chain maj), 2.95 (dd, J = 11.4, 9.6 Hz, 1
H, CH2 cyclobutane min), 2.13–1.99 (m, 2 H, CH2 chain min), 1.85 (ddq, J = 17.0,
8.7, 6.8 Hz, 18 H CH2 chain maj + CH2 chain min), 1.73 (dd, J = 11.7, 9.1 Hz, 8 H,
CH2 cyclobutane maj), 1.54 (td, J = 12.9, 4.5 Hz, 1 H, CH2 cyclobutane min).

13C
NMR (101 MHz, CDCl3) δ 177.0, 170.3, 168.4, 141.3, 128.3, 128.1, 125.9, 55.0,
54.0, 53.0, 52.9, 36.2, 33.3, 33.1, 30.7, 27.8. Only major isomer. IR 2955 (w), 1784
(w), 1783 (w), 1739 (s), 1708 (s), 1673 (w), 1438 (w), 1437 (w), 1384 (m), 1374 (m),
1315 (w), 1267 (s), 1197 (w), 1151 (m), 1150 (m). HRMS (ESI) calcd for
C20H23NNaO6

+ [M + Na]+ 396.1418; found 396.1427.

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-phenylcyclobutane-1,1-dicarboxylate
(325 g)

Following GP29, (E)-2-styrylisoindoline-1,3-dione (341) (49.9 mg, 0.200 mmol)
and dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol) were stirred for
1 h at room temperature after the end of the slow addition. The crude oil was
purified by column chromatography on Biotage (SNAP cartridge KP-SIL 10 g,
95:5–4:6 Hexane/Ethyl acetate) affording dimethyl 2-(1,3-dioxoisoindolin-2-yl)-
3-phenylcyclobutane-1,1-dicarboxylate (325 g) (70.6 mg, 0.179 mmol, 90 % yield)
as a colorless oil.

CO2Me
CO2MeN

O

O

Ph

Rf 0.28 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.63 (dd, 2
H, J = 3.7, 2.1 Hz, Phth), 7.55 (dd, 2 H, J = 3.8, 2.1 Hz, Phth), 7.29-7.24 (m, 4 H,
Ph), 7.23–7.19 (m, 1 H, Ph), 5.52 (dd, 1 H, J = 7.4, 0.4 Hz, N–C–H), 4.86–4.96 (m,
1 H, H–C–Ph), 3.76 (s, 3 H, CO2CH3), 3.65 (s, 3 H, CO2CH3), 3.25 (ddd, 1 H,
J = 7.7, 6.5, 0.4 Hz, CH2), 2.21 (dd, 1 H, J = 7.8, 6.9 Hz, CH2).

13C NMR
(101 MHz, CDCl3) δ 158.8, 157.4, 157.2, 134.0, 128.8, 126.6, 124.1, 122.9, 122.5,
119.7, 63.1, 61.4, 60.7, 60.7, 48.4, 42.9. IR 2199 (w), 1833 (m), 1790 (w), 1155
(s), 1127 (s), 940 (m), 890 (s), 842 (s). HRMS (ESI) calcd for C22H20NO6

+

[M + H]+ 394.1285; found 394.1271.

Dimethyl-3-(4-bromophenyl)-2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (325h)

Following GP29, (E)-2-(4-bromostyryl)isoindoline-1,3-dione (342) (65.6 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (115 mg, 0.800 mmol) were
stirred for 3 h at room temperature after the end of the slow addition. The crude oil
was purified by column chromatography on Biotage (SNAP cartridge KP-SIL 10 g,
95:5–4:6 Hexane/Ethyl acetate) affording dimethyl-3-(4-bromophenyl)-2-
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(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325h) (47.0 mg,
0.100 mmol, 50 % yield) as a colorless oil as well as (E)-2-(4-bromostyryl)
isoindoline-1,3-dione (342) (15.4 mg, 0.0469 mmol, 23, 65 % yield 325 h b.r.s.m.).

CO2Me
CO2Me

O

O

N

Br

Rf 0.26 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.87–7.81
(m, 2 H, Phth), 7.76–7.70 (m, 2 H, Phth), 7.45–7.40 (m, 2 H, Ar), 7.18–7.13 (m, 2
H, Ar), 5.47 (dd, J = 10.9, 0.7 Hz, 1 H, N–C–H), 4.88 (q, J = 10.1 Hz, 1 H, Ar–C–
H), 3.78 (s, 3 H, CO2CH3), 3.67 (s, 3 H, CO2CH3), 3.26 (ddd, J = 11.6, 9.5, 0.8 Hz,
1 H, CH2), 2.19 (dd, J = 11.5, 10.0 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ
170.0, 168.3, 168.2, 139.5, 134.3, 131.8, 131.6, 128.6, 123.5, 121.1, 55.9, 53.9,
53.20, 53.15, 38.0, 31.8. IR 2955 (w), 1782 (w), 1738 (s), 1721 (s), 1492 (w), 1437
(w), 1378 (s), 1267 (m), 1201 (m), 1049 (w). HRMS (ESI) calcd for
C22
79BrH19NO6

+ [M + H]+ 472.0390; found 472.0385.

Dimethyl-3-(2-bromophenyl)-2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325i)

Following GP29, (E)-2-(2-bromostyryl)isoindoline-1,3-dione (343) (65.6 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol)
were stirred for 5 min at room temperature after the end of the slow addition. The
crude oil was purified by column chromatography on Biotage (SNAP cartridge
KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate) affording dimethyl-3-
(2-bromophenyl)-2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325i)
(87.4 mg, 0.185 mmol, 93 % yield) as a colorless oil.

CO2Me
CO2Me

O

O

N

Br

Rf 0.32 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.88–7.79
(m, 2 H, Phth), 7.77–7.66 (m, 2 H, Phth), 7.50 (dd, J = 8.0, 1.2 Hz, 1 H, Ar), 7.38
(ddd, J = 7.9, 1.6, 0.6 Hz, 1 H, Ar), 7.32–7.27 (m, 1 H, Ar), 7.08 (dddd, J = 7.9, 7.3,
1.7, 0.5 Hz, 1 H, Ar), 5.74 (dd, J = 10.8, 0.8 Hz, 1 H, N–C–H), 5.21–5.06 (m, 1 H,
Ar–C–H), 3.77 (s, 3 H, CO2CH3), 3.69 (s, 3 H, CO2CH3), 3.53 (ddd, J = 11.7, 9.6,
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0.9 Hz, 1 H, CH2), 2.06 (dd, J = 11.6, 9.7 Hz, 1 H, CH2).
13C NMR (101 MHz,

CDCl3) δ 170.3, 168.3, 168.2, 139.9, 134.4, 133.1, 131.7, 128.7, 127.9, 127.3,
124.0, 123.6, 55.9, 53.30, 53.28, 51.5, 38.8, 31.9. IR 3062 (w), 2955 (w), 2848 (w),
1783 (w), 1738 (s), 1722 (s), 1471 (w), 1437 (m), 1379 (s), 1267 (s). HRMS (ESI)
calcd for C22

79BrH19NO6
+ [M + H]+ 472.0390; found 472.0405.

Dimethyl-2-(1,3-dioxoisoindolin-2-yl)-3-(4-(trifluoromethyl)phenyl)
cyclobutane-1,1-dicarboxylate (325j)

Following GP29, (E)-2-(4-(trifluoromethyl)styryl)isoindoline-1,3-dione (344)
(63.5 mg, 0.200 mmol) and dimethyl 2-methylenemalonate (323a) (115 mg,
0.800 mmol) were stirred for 5 min at room temperature after the end of the slow
addition. The crude oil was purified by column chromatography on Biotage (SNAP
cartridge KP-SIL 10 g, 95:5 to 4:6 Hexane/Ethyl acetate) affording dimethyl-2-
(1,3-dioxoisoindolin-2-yl)-3-(4-(trifluoromethyl)phenyl)cyclobutane-1,1-dicarboxy
late (325j) (35.0 mg, 0.0760 mmol, 38 % yield, with a polymeric impurity) as a
colorless oil as well as (E)-2-(4-(trifluoromethyl)styryl)isoindoline-1,3-dione (344)
(10.3 mg, 0.0324 mmol, 16, 45 % yield of 325j b.r.s.m.).

CO2Me
CO2Me

O

O

N

F3C

Rf 0.25 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.85 (dd,
J = 5.5, 3.1 Hz, 2 H), 7.73 (dd, J = 5.5, 3.1 Hz, 2 H, Phth), 7.56 (d, J = 8.1 Hz, 2 H,
Ar), 7.39 (d, J = 8.0 Hz, 2 H, Ar), 5.53 (d, J = 10.8 Hz, 1 H, N–C–H), 4.99 (q,
J = 10.1 Hz, 1 H, Ar–C–H), 3.79 (s, 3 H, OMe), 3.68 (s, 3 H, OMe), 3.37–3.21 (m,
1 H, CH2 cyclobutane), 2.25 (dd, J = 11.6, 10.0 Hz, 1 H, CH2 cyclobutane).

13C
NMR (101 MHz, CDCl3) δ 169.9, 168.1, 168.0, 144.5, 134.3, 131.5, 129.5 (q,
JC-F = 32.4 Hz), 127.0, 125.7 (q, J = 3.3 Hz), 124.1 (q, J = 272.2 Hz), 123.5, 55.8,
53.6, 53.14, 53.08, 38.1, 31.5. IR 2957 (w), 1782 (w), 1737 (s), 1720 (s), 1620 (w),
1438 (w), 1378 (s), 1266 (s), 1200 (m), 1164 (s), 1124 (s), 1049 (m). HRMS (ESI)
calcd for C23H18F3NNaO6

+ [M + Na]+ 484.0978; found 484.0996.

Dimethyl-2-(1,3-dioxoisoindolin-2-yl)-3-(p-tolyl)cyclobutane-1,1-dicarboxylate
(325 k) and dimethyl-3-(1,3-dioxoisoindolin-2-yl)-2-(p-tolyl)cyclobutane-1,1-
dicarboxylate (351a)

Following GP27, (E)-2-(4-methylstyryl)isoindoline-1,3-dione (345) (52.7 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (323a) (57.7 mg, 0.400 mmol)
were stirred for 2h30 at room temperature. The crude oil was purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl
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acetate) affording cyclobutane 325k (56.1 mg, 0.140 mmol, 69 % yield) as a
colorless oil and cyclobutane 351a (22.5 mg, 0.0600 mmol, 28 % yield) as a
colorless oil. The structure of 325k was confirmed by 2D-NMR experiments. The
structure of 351a was assigned in analogy with the one of product 351b.

325k

CO2Me
CO2Me

O

O

N

Rf 0.27 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.86–7.78
(m, 2 H, Phth), 7.74–7.67 (m, 2 H, Phth), 7.22–7.16 (m, 2 H, Ar), 7.15–7.07 (m, 2
H, Ar), 5.51 (dd, J = 10.9, 0.8 Hz, 1 H, N–C–H), 4.88 (dd, J = 10.1, 10.1, Hz, 1 H,
Ar–C–H), 3.78 (s, 3 H, CO2CH3), 3.67 (s, 3 H, CO2CH3), 3.25 (ddd, J = 11.5, 9.5,
0.9 Hz, 1 H, CH2 cyclobutane), 2.30 (s, 3 H, CH3), 2.20 (dd, J = 11.5, 10.1 Hz, 1 H,
CH2 cyclobutane). 13C NMR (101 MHz, CDCl3) δ 170.2, 168.5, 168.2, 137.5,
136.9, 134.2, 131.7, 129.4, 126.8, 123.4, 55.9, 54.1, 53.11, 53.08, 38.2, 32.1, 21.1.
IR 3023 (w), 2955 (w), 1781 (w), 1736 (s), 1718 (s), 1518 (w), 1437 (w), 1378 (s),
1265 (s), 1199 (m), 1048 (m), 881 (w). HRMS (ESI) calcd for
C23H21NNaO6

+ [M + Na]+ 430.1261; found 430.1257.

351a

CO2Me
CO2Me

N

O

O

Rf 0.32 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.85–7.77
(m, 2 H, Phth), 7.74–7.66 (m, 2 H, Phth), 7.32–7.27 (m, 2 H, Ar), 7.13–7.07 (m, 2
H, Ar), 5.44 (dt, J = 10.2, 9.1 Hz, 1 H, N–C–H), 5.18 (d, J = 10.3 Hz, 1 H, Ar–C–
H), 3.87 (s, 3 H, CO2CH3), 3.35 (s, 3 H, CO2CH3), 3.29 (dd, J = 11.4, 9.2 Hz, 1 H,
CH2 cyclobutane), 3.00 (ddd, J = 11.4, 9.0, 0.8 Hz, 1 H, CH2 cyclobutane), 2.28 (s,
3 H, CH3).

13C NMR (101 MHz, CDCl3) δ 171.2, 169.5, 168.3, 137.1, 134.2,
133.0, 131.7, 129.0, 127.4, 123.3, 54.4, 52.9, 52.3, 49.6, 42.2, 30.8, 21.1. IR 2954
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(w), 2926 (w), 2863 (w), 1776 (w), 1734 (s), 1716 (s), 1437 (w), 1384 (m), 1277
(m), 1203 (m), 1128 (m). HRMS (ESI) calcd for C23H22NO6

+ [M + H]+ 408.1442;
found 408.1451.

Dimethyl-3-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)
cyclobutane-1,1-dicarboxylate (351b)

Following GP27, (E)-2-(4-methoxystyryl)isoindoline-1,3-dione (345) (55.9 mg,
0.200 mmol) and dimethyl 2-methylenemalonate (57.7 mg, 0.400 mmol) were
stirred for 60 min at room temperature. The crude oil was purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl
acetate) affording dimethyl-3-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)
cyclobutane-1,1-dicarboxylate (351b) (69.0 mg, 0.160 mmol, 81 % yield) as a
colorless oil.

CO2Me
CO2Me

MeO

N

O

O

Rf 0.15 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.84–7.78
(m, 2 H, Phth), 7.73–7.67 (m, 2 H, Phth), 7.36–7.30 (m, 2 H, Ar), 6.87–6.80 (m, 2
H, Ar), 5.46–5.38 (m, 1 H, Ar–C–H), 5.15 (d, 1 H, J = 10.3 Hz, N–C–H), 3.87 (s, 3
H, CO2CH3), 3.76 (s, 3 H, Ar–OMe), 3.36 (s, 3 H, CO2CH3), 3.28 (dd, 1
H, J = 11.3, 9.2 Hz, CH2), 2.99 (dd, 1 H, J = 11.3, 8.9 Hz, CH2).

13C NMR
(101 MHz, CDCl3) δ 171.3, 169.5, 168.3, 159.0, 134.2, 131.7, 128.8, 128.1, 123.4,
113.8, 55.2, 54.4, 52.9, 52.4, 49.4, 42.4, 30.6. IR 3030 (w), 2955 (w), 1782 (w),
1739 (s), 1721 (s), 1378 (s), 1267 (s). HRMS (ESI) calcd for
C23H22NO7

+ [M + H]+ 424.1391; found 424.1387.

CO2Me
CO2Me

MeO

N

O

O

H1

H2 H3

H4

ROESY : H1-H4
H2-H3
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Diisopropyl-2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325l)

In the glovebox, scandium trifluoromethanesulfonate (49.2 mg, 0.100 mmol,
0.1 eq) was added to a microwave vial. The vial was sealed with a Teflon septum
and took out of the glovebox. Dry dichloromethane (1.00 mL) was added. The
solution was cooled to 0 °C and vinyl phthalimide (183) (190 mg, 1.10 mmol,
1.1 eq) was added in 2.00 mL dichloromethane. A 2.00 mL dichloromethane
solution of diisopropyl 2-methylenemalonate (323j)25 (1.03 g, 18 % purity: 200 mg,
1.00 mmol, 1 eq) is added dropwise over 30 min. When the addition is finished,
0.5 mL pyridine is added, the reaction is concentrated and purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–5:5 Hexane/Ethyl
acetate) affording diisopropyl-2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325l) (245 mg, 0.656 mmol, 66 % yield) as a col-
orless solid.

PrO2
i C CO2

iPr

PhthN

Rf 0.5 (6:4 Hexane/Ethyl acetate) 1H NMR (400 MHz, CDCl3) δ 7.83 (dd,
J = 5.5, 3.0 Hz, 2 H, Ar Phth), 7.71 (dd, J = 5.5, 3.1 Hz, 2 H, Ar Phth), 5.46 (td,
J = 9.4, 0.9 Hz, 1 H, N–C–H), 5.06 (sep, J = 6.3 Hz, 1 H, CH isopropyl), 4.93 (sep,
J = 6.3 Hz, 1 H, CH isopropyl), 3.33–3.13 (m, 1 H, CH2), 2.98 (dddd, J = 11.7,
10.5, 4.1, 1.0 Hz, 1 H, CH2), 2.32 (dtd, J = 11.4, 9.1, 4.1 Hz, 1 H, CH2), 2.12 (dt,
J = 11.8, 8.8 Hz, 1 H, CH2), 1.28–1.19 (m, 6 H, 2x CH3 isopropyl), 1.10 (d,
J = 6.2 Hz, 3 H, CH3 isopropyl), 0.80 (d, J = 6.3 Hz, 3 H, CH3 isopropyl). 13C
NMR (101 MHz, CDCl3) δ 169.7, 168.1, 167.7, 134.1, 131.9, 123.3, 69.4, 69.1,
59.1, 47.4, 24.4, 21.6, 21.5, 21.4, 21.4, 21.1. IR 2919 (w), 1642 (w), 1582 (s), 1213
(s), 1095 (m), 921 (m). HRMS (ESI) calcd for C20H24NO6

+ [M + H]+ 374.1598;
found 374.1587.

Diallyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325 m)

In the glovebox, scandium trifluoromethanesulfonate (125 mg, 0.255 mmol,
0.05 eq) was added to a microwave vial. The vial was sealed with a Teflon septum
and took out of the glovebox. Vinyl phthalimide (183) (883 mg, 5.10 mmol, 1 eq) is
added in 8.00 mL dichloromethane at 0 °C. An 8.00 mL dichloromethane solution
of diallyl 2-methylenemalonate (323i) (See footnote 25) (1.00 g, 5.10 mmol, 1 eq)
is added dropwise over 2 h and 30 min. When the addition is finished, 2 mL
pyridine is added, the reaction is concentrated and purified by column chroma-
tography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5 to 5:5 Hexane/Ethyl
acetate) affording diallyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate
(325m) (927 mg, 2.51 mmol, 49 % yield) as a colorless solid.

25The methylenation crude was used directly without isolation of methylenemalonate compound.
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AllO2C CO2All

PhthN

1H NMR (400 MHz, CDCl3) δ 7.75 (dt, J = 5.5, 2.9 Hz, 2 H, Ar Phth), 7.66 (td,
J = 5.3, 4.6, 2.4 Hz, 2 H, Ar Phth), 5.80 (dddt, J = 16.0, 13.3, 7.0, 4.3 Hz, 1 H,
CH=CH2 allyl), 5.52 (tdd, J = 10.3, 6.7, 5.2 Hz, 1 H, CH=CH2 allyl), 5.47–5.39 (m,
1 H, N–C–H), 5.27–5.18 (m, 1 H, CH=CH2 allyl), 5.14 (dt, J = 10.5, 1.6 Hz, 1 H,
CH=CH2 allyl), 4.98 (dq, J = 17.2, 1.5 Hz, 1 H, CH=CH2 allyl), 4.85 (ddd,
J = 10.4, 2.6, 1.4 Hz, 1 H, CH=CH2 allyl), 4.58 (ddq, J = 6.1, 4.7, 1.4 Hz, 2 H,
CH2–CH=CH2 allyl), 4.48–4.29 (m, 2 H, CH2–CH=CH2), 3.29–3.09 (m, 1 H,
CH2), 3.05–2.86 (m, 1 H, CH2), 2.26 (dtd, J = 11.0, 9.0, 3.7 Hz, 1 H, CH2), 2.12
(dt, J = 11.6, 8.9 Hz, 1 H, CH2).

13C NMR (101 MHz, CDCl3) δ 169.5, 168.0,
167.6, 134.1, 131.7, 131.4, 131.1, 123.3, 118.6, 118.4, 66.5, 66.2, 59.0, 47.5, 24.4,
21.6. IR 2896 (w), 2895 (w), 1641 (w), 1575 (s), 1211 (s), 1077 (m), 947 (m).
HRMS (ESI) calcd for C20H20NO6

+ [M + H]+ 370.1285; found 370.1284.

Ethyl 1-benzoyl-2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1-carboxylate (325n)

Following GP27, 2-vinylisoindoline-1,3-dione (183) (34.6 mg, 0.200 mmol) and
dimethyl 2-methylenemalonate (323c) (82.0 mg, 0.400 mmol) were stirred for 4 h
at 0 °C. The crude oil was purified by column chromatography on Biotage (SNAP
cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate) affording ethyl 1-benzoyl-2-
(1,3-dioxoisoindolin-2-yl)cyclobutane-1-carboxylate (325n) (46.8 mg, 0.120 mmol,
62 % yield, 2.5:1 dr determined by integration of the peaks at 3.31–3.23 (maj), and
3.04-2.93(min) in the crude 1H NMR) as a colorless oil.

N

O

O
COPh

CO2Et

Rf 0.35 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) on a 3(maj.):1
(min.) mixture δ 7.91–7.82 (m, 12 H, Phth and Ar maj.), 7.75–7.68 (m, 6 H, Phth
maj.), 7.64–7.56 (m, 6 H, Phth and Ar min.), 7.56–7.50 (m, 4 H, Ar maj.), 7.44–
7.39 (m, 6 H, Ar maj.), 7.20–7.10 (m, 3 H, Ar min.), 5.85–5.80 (m, 1 H, N–C–H
min.), 5.76 (dd, 3 H, J = 9.5, 9.5 Hz, N–C–H maj.), 4.19 (qd, 2 H, J = 7.1, 1.4 Hz,
COOEt min.), 4.00–3.85 (m, 6 H, COOEt maj.), 3.51–3.37 (m, 4 H, CH2 maj. and
min.), 3.31–3.23 (m, 3 H, CH2 maj.), 3.04–2.93 (m, 1 H, CH2 min.), 2.56–2.44 (m,
1 H, CH2 min.), 2.33–2.23 (m, 4 H, CH2 maj. and min.), 2.22–2.14 (m, 3 H, CH2

maj.), 1.11 (t, 3 H, J = 7.1 Hz, COOEt min.), 0.77 (t, 10 H, J = 7.2 Hz, COOEt
maj.). 13C NMR (101 MHz, CDCl3) maj. δ 193.5, 169.1, 168.2, 134.2, 133.9,
133.5, 131.8, 129.0, 128.7, 123.4, 65.6, 62.1, 46.9, 25.3, 22.0, 13.5. 13C NMR
(101 MHz, CDCl3) min. δ 192.7, 171.7, 167.9, 135.4, 133.9, 132.6, 131.3, 128.5,
128.2, 123.0, 62.2, 62.0, 48.2, 25.5, 21.8, 13.9. IR 1780 (w), 1734 (s), 1719 (s),
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1436 (w), 1377 (s), 1263 (s), 1200 (w). HRMS (ESI) calcd for
C22H20NO5

+ [M + H]+ 378.1336; found 378.1338.

PhthN COPh
CO2Et

H
HH

H

ROESY for minor

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-dicarboxylate
(325b)

Following GP28, 2-vinylisoindoline-1,3-dione (183) (34.6 mg, 0.200 mmol) and
diethyl 2-ethylidenemalonate (323b) (74.5 mg, 0.400 mmol) were stirred for 18 h at
room temperature. The crude oil was purified by column chromatography on
Biotage (SNAP cartridge KP-SIL 10 g, 95:5 to 4:6 Hexane/Ethyl acetate) affording
diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-dicarboxylate (325b)
(45.2 mg, 0.130 mmol, 63 % yield, 1.2:1 dr determined by integration of the peaks
at 4.91 (maj), and 5.58 (min) in the crude 1H NMR) as a colorless oil.

CO2Et
CO2Et

O

O

N

Rf 0.25 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) on a 1.6
(maj.):1(min.) mixture δ 7.84–7.79 (m, 5.2 H, Phth maj + min), 7.72–7.67 (m, 5.2
H, Phth maj + min), 5.58 (ddd, J = 10.0, 8.3, 1.2 Hz, 1 H, N–C–H min), 4.91 (dd,
J = 10.9, 8.7 Hz, 1.6 H, N–C–H maj), 4.27–4.18 (m, 5.2 H, CO2CH2 maj + min),
4.17–3.91 (m, 5.2 H, CO2CH2 maj + min), 3.65-3.54 (m, 1 H, CH cyclobutane
min), 3.27–3.12 (m, 2.6 H, CH2 cyclobutane maj + min), 2.78 (ddq, J = 10.7, 8.1,
7.0 Hz, 1.6 H, CH cyclobutane maj), 2.46 (dt, J = 10.8, 8.5 Hz, 1.6 H, CH2

cyclobutane maj), 1.98 (ddd, J = 11.7, 10.0, 5.4 Hz, 1 H, CH2 cyclobutane min),
1.32 (d, J = 7.0 Hz, 4.6 H, CH3 maj), 1.28–1.21 (m, 7.8 H, CO2CH2CH3

maj + min), 1.14 (d, J = 7.3 Hz, 3 H, CH3 min), 1.05 (t, J = 7.1 Hz, 4.6 H,
CO2CH2CH3 maj), 0.90 (t, J = 7.1 Hz, 3 H, CO2CH2CH3 min). 13C NMR
(101 MHz, CDCl3) δ 170.2, 168.5, 168.4, 168.3, 168.1, 167.5, 134.1, 134.0, 132.0,
131.8, 123.3, 123.2, 62.4, 62.0, 61.7,26 61.6, 60.9, 47.5, 45.1, 33.8, 31.1, 29.6,
28.7, 16.5, 16.2, 14.2, 14.0, 13.9, 13.6. IR 2929 (w), 2851 (w), 1780 (w), 1732 (s),
1713 (s), 1614 (w), 1468 (w), 1377 (s), 1256 (s), 1213 (m), 1072 (m). HRMS (ESI)
calcd for C19H21NNaO6

+ [M + Na]+ 382.1261; found 382.1248.

26Two peaks under this signal as determined by HMBC.
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Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-4-phenethylcyclobutane-1,1-dicarboxy
late (325o)

Following GP28, 2-vinylisoindoline-1,3-dione (183) (34.6 mg, 0.200 mmol) and
dimethyl 2-(3-phenylpropylidene)malonate (323d) (99.0mg, 0.400mmol) were stirred
for 3h30 at room temperature. The crude oil was purifiedby columnchromatography on
Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate) affording
dimethyl 2-(1,3-dioxoisoindolin-2-yl)-4-phenethylcyclobutane-1,1-dicarboxylate
(325o) (60.0 mg, 0.140 mmol, 71 % yield, 1.3:1 dr determined by integration of the
peaks at 4.93 (maj), and 5.58 (min) in the crude 1H NMR) as a colorless oil.

CO2Me
CO2Me

O

O

N

Rf 0.43 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) on a 1.5
(maj.):1(min.) mixture δ 7.87–7.79 (m, 5 H, Phth maj + Phth min), 7.75–7.67 (m, 5
H, Phth maj + Phth min), 7.32–7.25 (m, 5 H, Ar maj + Ar min with chloroform
peak), 7.19 (dd, J = 7.5, 4.9 Hz, 7.5 H, Ar maj + Ar min), 5.58 (ddd, J = 10.2, 7.7,
1.1 Hz, 1 H, N–C–H min), 4.93 (dd, J = 11.1, 8.6 Hz, 1.5 H, N–C–H maj), 3.78 (s,
4.5 H, CO2CH3 maj), 3.74 (s, 3 H, CO2CH3 min), 3.60 (s, 4.5 H, CO2CH3 maj),
3.54 (s, 3 H, CO2CH3 min), 3.21 (q, J = 10.9 Hz, 1.5 H, CH2 cyclobutane maj),
3.09 (ddd, J = 12.0, 10.1, 7.8 Hz, 1 H, CH2 cyclobutane min), 2.75–2.54 (m, 7.5 H,
1 × CH2 cyclobutane maj, 2 × CH2 chain maj, 1 × CH2 cyclobutane min, 2 × CH2

chain min), 2.45 (dt, J = 10.6, 8.2 Hz, 1.5 H, CH2 cyclobutane maj), 2.24–2.06 (m,
2.5 H, CH2 chain maj + CH2 cyclobutane min), 2.01–1.89 (m, 1.5 H, CH2 chain
maj), 1.89-1.80 (m, 1 H, CH2 chain min), 1.76–-1.63 (m, 1 H, CH2 chain min). 13C
NMR (101 MHz, CDCl3) δ 170.5, 169.0, 168.9, 168.3, 168.0, 167.9, 141.7, 141.6,
134.2, 134.0, 131.9, 131.7,128.45, 128.44, 128.40, 126.0, 125.9, 123.4, 123.2,
62.1, 61.5, 52.9, 52.8, 52.7, 52.2, 47.7, 45.4, 38.6, 36.6, 33.5, 33.4, 33.1, 32.9,
28.5, 27.3.27 IR 3028 (w), 2953 (w), 1780 (w), 1737 (s), 1715 (s), 1605 (w), 1496
(w), 1455 (w), 1436 (w), 1379 (s), 1262 (m), 1199 (m), 1159 (w). HRMS (ESI)
calcd for C24H23NNaO6

+ [M + Na]+ 444.1418; found 444.1418.

Dimethyl 2-cyclohexyl-4-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarbox
ylate (325p)

Following GP28, 2-vinylisoindoline-1,3-dione (183) (34.6 mg, 0.200 mmol) and
dimethyl 2-(cyclohexylmethylene)malonate (323g) (91.0 mg, 0.400 mmol) were

27A peak is not resolved in the 128.45–128.40 massif.
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stirred for 18 h at room temperature. The crude oil was purified by column chro-
matography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl
acetate) affording dimethyl 2-cyclohexyl-4-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325p) (47.0 mg, 0.120 mmol, 59 % yield, 1.2:1 dr
determined by integration of the peaks at 4.96 (min), and 5.38 (maj) in the crude 1H
NMR) as a colorless oil.

CO2Me
CO2Me

O

O

N

Rf 0.30 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) on a 1.2
(maj.):1 (min.) mixture δ 7.87–7.79 (m, 4.4 H, Phth maj + min), 7.75–7.68 (m, 4.4
H, Phth maj + min), 5.38 (ddd, J = 10.5, 5.1, 1.1 Hz, 1.2 H, N–C–H maj), 4.93 (dd,
J = 11.4, 8.0 Hz, 1 H, N–C–H min), 3.79-3.76 (m, 6.6 H, CO2CH3 maj + min), 3.59
(s, 3 H, CO2CH3 min), 3.56–3.48 (m, 4.8 H, CO2CH3 maj + CH cyclobutane maj),
3.22 (td, J = 11.1, 9.9 Hz, 1 H, CH2 cyclobutane min), 2.72 (ddd, J = 12.4, 10.4,
5.1 Hz, 1.2 H, CH2 cyclobutane maj), 2.45–2.27 (m, 3.2 H, CH2 cyclobutane
maj + min + CH cyclobutane min), 1.97–1.58 (m, 12.6 H, CH cyclohexyl
maj + min), 1.40-0.98 (m, 8 H, CH2 cyclohexyl maj + min), 0.96-0.73 (m, 3.6 H,
CH2 cyclohexyl maj).

13C NMR (101 MHz, CDCl3) δ 171.0, 170.3, 170.2, 169.8,
168.5, 168.2, 134.3, 134.1, 132.0, 131.9, 123.5, 123.4, 62.5, 61.1, 53.0, 52.8, 52.6,
52.2, 48.0, 46.1, 45.2, 44.0, 39.5, 39.4, 31.4, 31.3, 30.0, 29.9, 29.6, 27.4, 26.7,
26.5, 26.1, 26.0, 25.9, 25.8. IR 2923 (w), 2851 (w), 1780 (w), 1732 (s), 1732 (s),
1714 (s), 1613 (w), 1436 (w), 1376 (s), 1265 (s), 1204 (m), 1157 (w), 1061 (m).
HRMS (ESI) calcd for C22H25NNaO6

+ [M + Na]+ 422.1574; found 422.1590.

Dibenzyl-2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-dicarboxylate
(325q)

Following GP28, 2-vinylisoindoline-1,3-dione (183) (34.6 mg, 0.200 mmol) and
dibenzyl 2-ethylidenemalonate (323e) (124 mg, 0.400 mmol) were stirred for 18 h
at room temperature. The crude oil was purified by column chromatography on
Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate) affording
dibenzyl-2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-dicarboxylate
(325q) (60.5 mg, 0.125 mmol, 62 % yield, 3:1 dr determined by integration of the
peaks at 3.64 (maj), and 2.49 (min) in the crude 1H NMR) as a colorless oil.

CO2Bn
CO2Bn

Me

N

O

O
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Rf 0.22 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) on a 2 (maj):1
(min) diatereomeric mixture δ 7.77–7.68 (m, 6 H, Phth), 7.65 (ddd, J = 5.8, 3.2,
1.9 Hz, 6 H, Phth), 7.34–7.27 (m, 15 H, Ar), 7.19–7.06 (m, 6 H, Ar), 7.06–6.98 (m,
6 H, Ar), 6.97–6.90 (m, 3 H, Ar), 5.62 (ddd, J = 9.8, 8.4, 1.2 Hz, 2 H, N–C–H maj),
5.27 – 5.12 (m, 6 H, CH2–Ar maj + min), 5.06–4.88 (m, 7 H, N–C–H min, CH2–Ar
maj + min), 3.64 (dddd, J = 10.1, 7.4, 5.2, 1.3 Hz, 2 H, CH-Me cyclobutane maj),
3.28–3.13 (m, 3 H, CH2 cyclobutane maj + min), 2.86–2.74 (m, 1 H, CH–Me
cyclobutane min), 2.49 (dt, J = 10.7, 8.3 Hz, 1 H, CH2 cyclobutane min), 1.99 (ddd,
J = 11.6, 9.9, 5.3 Hz, 2 H, CH2 cyclobutane maj), 1.32 (d, J = 7.0 Hz, 3 H, Me
cyclobutane min), 1.08 (d, J = 7.4 Hz, 6 H, Me cyclobutane maj). 13C NMR
(101 MHz, CDCl3) δ 169.8, 168.3, 168.1, 168.1, 168.0, 167.2, 135.5, 135.2, 134.9,
134.8, 133.9, 133.8, 131.8, 131.6, 128.5, 128.5, 128.4, 128.3, 128.3, 128.2, 128.2,
128.1, 128.1, 128.0, 128.0, 126.0, 123.3, 123.2, 67.5, 67.4, 67.3, 67.0, 62.4, 62.1,
47.5, 45.1, 34.2, 31.3, 29.8, 28.8, 16.4, 16.2. IR 2470 (w), 2447 (w), 2386 (w),
1453 (w), 1418 (s), 1407 (s), 1199 (w), 1138 (s), 1045 (m), 1008 (m), 956 (w).
HRMS (ESI) calcd for C29H26NO6

+ [M + H]+ 484.1755; found 484.1756.

CO2Bn
CO2Bn

Me

N

O

O

H

ROESY

Dibenzyl-2-(1,3-dioxoisoindolin-2-yl)-4-(trifluoromethyl)cyclobutane-1,1-dicar
boxylate (325r)

Following GP27, 2-vinylisoindoline-1,3-dione (183) (34.6 mg, 0.200 mmol) and
dibenzyl 2-(2,2,2-trifluoroethylidene)malonate (323f) (146 mg, 0.400 mmol) were
stirred for 18 h at room temperature. The crude oil was purified by column chro-
matography on Biotage (SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl
acetate) affording dibenzyl-2-(1,3-dioxoisoindolin-2-yl)-4-(trifluoromethyl)
cyclobutane-1,1-dicarboxylate (325r) (82.2 mg, 0.153 mmol, 76 % yield) as a
colorless oil.

CO2Bn
CO2Bn

O

O

N

CF3

Rf 0.18 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.75–7.64
(m, 4 H, Phth), 7.33–7.26 (m, 5 H, Ar), 7.11–7.05 (m, 1 H, Ar), 7.02–6.97 (m, 2 H,
Ar), 6.92–6.88 (m, 2 H, Ar), 5.87–5.67 (m, 1 H, N–C–H), 5.30–5.01 (m, 2 H,
CH2Ar), 5.00–4.77 (m, 2 H, CH2Ar), 4.47–4.26 (m, 1 H, CH2 cyclobutane), 3.23
(ddd, J = 12.8, 10.8, 7.7 Hz, 1 H, CH2 cyclobutane), 2.60 (ddd, J = 12.7, 10.4,
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6.5 Hz, 1 H, CH2 cyclobutane). 13C NMR (101 MHz, CDCl3) δ 167.7, 166.2,
165.9, 134.6, 134.3, 134.1, 131.3, 128.5, 128.5, 128.5, 128.3, 128.29, 128.26,
125.6 (q, J = 278 Hz), 123.6, 68.4, 68.3, 59.3, 45.3, 39.6 (q, J = 31.4 Hz), 22.6. 19F
NMR (376 MHz, CDCl3) δ −62.3. IR 3035 (w), 2963 (w), 1781 (m), 1741 (s),
1736 (s), 1456 (w), 1380 (s), 1276 (s), 1142 (s), 1088 (m). HRMS (ESI) calcd for
C29H22F3NNaO6

+ [M + Na]+ 560.1291; found 560.1277.

CO2Bn
CO2BnNPhth

CF3HH

H
H

ROESY

ROESY

Sequential synthesis of aminocyclobutanes
Dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325a)

O

OMe

O

MeO

1) iPr2NH•TFA
paraformaldehyde, TFA

THF, reflux, 8 h

2) FeCl3•Al2O3, 5 mol%
DCM, 0 °C

16 h

PhthN

CO2Me
CO2MePhthN

198 325a

Dimethyl malonate (198) (1.32 mL, 11.6 mmol, 2 eq), diisopropylamine
2,2,2-trifluoroacetate (2.49 g, 11.6 mmol, 2 eq), paraformaldehyde (384) (0.695 mg,
23.1 mmol, 4 eq) and trifluoroacetic acid (89.0 µL, 1.16 mmol, 0.2 eq) were added
to tetrahydrofuran (20 mL). A condenser was added and the suspension was stirred
at reflux for 2 h. Paraformaldehyde (384) (0.695 mg, 23.1 mmol, 4 eq) was added
and the reflux was continued for 6 h. The reaction was cooled to room temperature
and the tetrahydrofuran was removed under reduced pressure (300–50 mbar at 45 °
C). The crude was dissolved in diethyl ether (25 mL) and filtered through cotton in
a separatory funnel. The organic layer was washed twice with 1 M HCl (25 mL).
The aqueous layers were combined and extracted with diethyl ether (25 mL). The
organic layers were combined, dried over anhydrous Na2SO4, filtered and con-
centrated under reduced pressure to give dimethyl crude 2-methylenemalonate as
colorless oil.

The iron catalyst (289 mg, 0.289 mmol, 0.05 eq) was weighted in an oven-dry
flask in a glovebox. The flask was closed with a silicon septum, taken out of the
glovebox and put under positive pressure of nitrogen and dichloromethane (5 mL)
was added. 2-vinylisoindoline-1,3-dione (183) (1.00 g, 5.77 mmol, 1 eq) was
dissolved in dichloromethane (5 mL)and added to the yellow suspension. Finally,
the crude dimethyl 2-methylenemalonate was dissolved in dichloromethane (5 mL)
and added to the reaction in one portion. The reaction was stirred at room
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temperature for 16 h and then filtered over a basic alumina plug, eluting with ethyl
acetate. The solvents were evaporated and the brown solid was purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 50 g, 95:5–4:6 Hexane/Ethyl
acetate) affording dimethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325a) (1.55 g, 4.89 mmol, 85 % yield) as a col-
orless solid.

1-(Tert-butyl) 1-methyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxy
late (325s)

O

OMe

O

BuO2
t C

1) iPr2NH•TFA
paraformaldehyde, TFAa

THF, reflux, 8 h

2) FeCl3•Al2O3, 5 mol%
DCM, 0 °C

16 h

NPhth

CO2Me
CO2

tBuPhthN

387 325s

Tert-butyl methyl malonate (387) (1.95 mL, 11.6 mmol, 2 eq), diisopropylamine
2,2,2-trifluoroacetate (2.49 g, 11.6 mmol, 2 eq), paraformaldehyde (384) (0.695 mg,
23.1 mmol, 4 eq) and trifluoroacetic acid (89.0 µL, 1.16 mmol, 0.2 eq) were added
to tetrahydrofuran (20 mL). A condenser was added and the suspension was stirred
at reflux for 2 h. Paraformaldehyde (384) (0.695 mg, 23.1 mmol, 4 eq) was added
and the reflux was continued for 6 h. The reaction mixture was cooled to room
temperature and the tetrahydrofuran was removed under reduced pressure. The
crude product was dissolved in diethyl ether (25 mL) and filtered through cotton in
a separatory funnel. The organic layer was washed twice with 1 M HCl (25 mL).
The aqueous layers were combined and extracted with diethyl ether (25 mL). The
organic layers were combined, dried over anhydrous Na2SO4, filtered and con-
centrated under reduced pressure to give crude methylenemalonate (2.9 g) as col-
orless oil.

The iron catalyst (289 mg, 0.289 mmol, 0.05 eq) was weighted in an oven-dry
flask in a glovebox. The flask was closed with a silicon septum, taken out of the
glovebox and put under a positive pressure of nitrogen. Dichloromethane (5 mL)
was added. The reaction was cooled to 0 °C and 2-vinylisoindoline-1,3-dione (183)
(1.00 g, 5.77 mmol, 1 eq) was dissolved in dichloromethane (5 mL) and added to
the yellow suspension dropwise. Finally, the crude methylenemalonate was dis-
solved in dichloromethane (5 mL) and added to the reaction mixture dropwise. The
reaction mixture was stirred at 0 °C for 3h30 and then filtered over a basic alumina
plug, eluting with ethyl acetate. The solvents were evaporated and the brown solid
was purified by column chromatography on Biotage (SNAP cartridge KP-SIL 50 g,
95:5–4:6 Hexane/Ethyl acetate) affording 1-(Tert-butyl) 1-methyl 2-
(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325 s) (1.97 g,
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5.48 mmol, 95 % yield, 1.7:1 dr determined by integration of the peaks at 2.45-2.33
(maj), and 2.31–2.21 (min) in the crude 1H NMR) as a colorless oil.

Rf 0.22 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) on a 1.5
(maj):1(min) diatereomeric mixture δ 7.95–7.78 (m, 5 H, Phth), 7.78–7.64 (m, 5 H,
Phth), 5.58–5.26 (m, 2.5 H, N–C–H major + minor), 3.75 (s, 4.5 H, OMe major),
3.57 (s, 3 H, OMe minor), 3.36–3.10 (m, 2.5 H, CH2 cyclobutane major + minor),
3.08–2.83 (m, 2.5 H, CH2 cyclobutane major + minor), 2.45–2.33 (m, 1.5 H, CH2

cyclobutane major), 2.31–2.21 (m, 1 H, CH2 cyclobutane minor) 2.20–2.10 (m, 2.5
H, CH2 cyclobutane major + minor), 1.44 (s, 9 H, tBu minor), 1.16 (s, 13.5 H, tBu
major). 13C NMR (101 MHz, CDCl3) δ 171.2, 169.0, 169.0, 168.3, 168.2, 167.2,
134.3, 134.2, 132.1, 131.9, 123.4, 123.4, 82.5, 82.2, 60.1, 59.5, 53.0, 52.8, 47.7,
47.6, 27.9, 27.5, 24.8, 24.3, 21.7, 21.3. IR 2979 (w), 1732 (s), 1717 (s), 1372 (s),
1266 (s), 1129 (m). HRMS (ESI) calcd for C19H22NO6

+ [M + H]+ 360.1442; found
360.1437.

CO2Me
CO2

tBuPhthN

ROESY: major 

Dibenzyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325t)

O

OBn

O

BnO

1) iPr2NH•TFA
paraformaldehyde, TFA

THF, reflux, 8 h

2) FeCl3•Al2O3, 5 mol%
DCM, 0 °C

16 h

NPhth

CO2Bn
CO2BnPhthN

250 325t

Dibenzyl malonate (250) (2.89 mL, 11.6 mmol, 2 eq), diisopropylamine
2,2,2-trifluoroacetate (2.49 g, 11.6 mmol, 2 eq), paraformaldehyde (384) (0.695 mg,
23.1 mmol, 4 eq) and trifluoroacetic acid (89.0 µL, 1.16 mmol, 0.2 eq) were added
to tetrahydrofuran (20 mL). A condenser was added and the suspension was stirred
at reflux for 2 h. Paraformaldehyde (384) (0.695 mg, 23.1 mmol, 4 eq) was added
and the reflux was continued for 6 h. The reaction was cooled to room temperature
and the tetrahydrofuran was removed under reduced pressure. The crude was re-
taken in diethyl ether (25 mL) and filtered through cotton in a separatory funnel.
The organic layer was washed twice with 1 M HCl (25 mL). The aqueous layers
were combined and extracted with diethyl ether (25 mL). The organic layers were
combined, dried over anhydrous Na2SO4, filtered and concentrated under reduced
pressure to give dibenzyl 2-methylenemalonate crude as colorless oil.

The iron catalyst (289 mg, 0.289 mmol, 0.05 eq) was weighted in an oven-dry
flask in a glovebox. The flask was closed with a silicon septum, taken out of the
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glovebox and put under a positive pressure of nitrogen. Dichloromethane (5 mL)
was added. The reaction was cooled to 0 °C and 2-vinylisoindoline-1,3-dione (183)
(1.00 g, 5.77 mmol, 1 eq) was dissolved in dichloromethane (5 mL) and added to
the yellow suspension dropwise. Finally, the crude dibenzyl 2-methylenemalonate
was dissolved in dichloromethane (5 mL) and added to the reaction mixture
dropwise. The reaction mixture was stirred at room temperature for 2 h and then
filtered over a basic alumina plug, eluting with ethyl acetate. The solvents were
evaporated and the brown solid was purified by column chromatography on Biotage
(SNAP cartridge KP-SIL 50 g, 95:5–4:6 Hexane/Ethyl acetate) affording dibenzyl
2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (325t) (2.60 g,
5.54 mmol, 96 % yield) as a colorless oil that solidify upon storage at 4 °C.

Rf 0.45 (6:4 Hexane/Ethyl acetate). Mp 132.1–133.8 °C. 1H NMR (400 MHz,
CDCl3) δ 7.74–7.68 (m, 2 H, Phth), 7.68–7.61 (m, 2 H, Phth), 7.34–7.26 (m, 5 H,
Ar), 7.14–7.07 (m, 1 H, Ar), 7.06–7.00 (m, 2 H, Ar), 6.97–6.91 (m, 2 H, Ar), 5.50
(td, J = 9.5, 0.9 Hz, 1 H, N–C–H), 5.17 (q, J = 12.3 Hz, 2 H, CH2Bn), 5.02–4.87
(m, 2 H, CH2Bn), 3.34–3.16 (m, 1 H, CH2 cyclobutane), 3.02 (dddd, J = 11.7, 10.5,
3.8, 1.0 Hz, 1 H, CH2 cyclobutane), 2.32 (dtd, J = 11.2, 9.1, 3.7 Hz, 1 H, CH2

cyclobutane), 2.18 (dt, J = 11.6, 8.8 Hz, 1 H, CH2 cyclobutane). 13C NMR
(101 MHz, CDCl3) δ 169.7, 168.1, 167.9, 135.3, 134.7, 134.0, 131.6, 128.5, 128.3,
128.2, 128.1, 128.1, 126.0, 123.3, 67.7, 67.5, 59.2, 47.6, 24.4, 21.8. IR 3034 (w),
2360 (w), 2339 (w), 1780 (w), 1738 (s), 1721 (s), 1379 (s), 1378 (s), 1261 (m),
1260 (m). HRMS (ESI) calcd for C28H24NO6

+ [M + H]+ 470.1598; found
470.1607.

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-methylcyclobutane-1,1-dicarboxylate
(325q)

O

OMe

O

MeO

1) iPr2NH•TFA
paraformaldehyde, TFA

THF, reflux, 8 h

2) FeCl3•Al2O3, 5 mol%
DCM, 0 °C

16 h

NPhth

CO2Me
CO2MePhthN

198 325qMe

Me

Dimethyl malonate (250) (1.22 mL, 10.7 mmol, 2 eq), diisopropylamine
2,2,2-trifluoroacetate (2.30 g, 10.7 mmol, 2 eq), paraformaldehyde (384) (0.640 mg,
21.4 mmol, 4 eq) and trifluoroacetic acid (82.0 µl, 1.07 mmol, 0.2 eq) were added
to tetrahydrofuran (20 mL). A condenser was added and the suspension was stirred
at reflux for 2 h. Paraformaldehyde (384) (0.640 mg, 21.4 mmol) was added and the
reflux was continued for 6 h. The reaction was cooled to room temperature and the
tetrahydrofuran was removed under reduced pressure. The crude was dissolved in
diethyl ether (25 mL) and filtered through cotton in a separatory funnel. The organic
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layer was washed twice with 1 M HCl (25 mL). The aqueous layers were combined
and extracted with diethyl ether (25 mL). The organic layers were combined, dried
over anhydrous Na2SO4, filtered and concentrated under reduced pressure to give
dimethyl 2-methylenemalonate crude as colorless oil.

The iron catalyst (267 mg, 0.267 mmol, 0.05 eq) was weighted in an oven-dry
flask in a glovebox. The flask was closed with a silicon septum, taken out of the
glovebox and put under a positive pressure of nitrogen. Dichloromethane (5 mL)
was added. The reaction was cooled to 0 °C and (E)-2-(prop-1-en-1-yl)
isoindoline-1,3-dione (331) (1.00 g, 5.34 mmol, 1 eq) was dissolved in dichloro-
methane (5 mL) and added to the yellow suspension dropwise. Finally, the crude
dimethyl 2-methylenemalonate was dissolved in dichloromethane (5 mL) and
added to the reaction mixture dropwise. The reaction mixture was stirred at room
temperature for 4 h and then filtered over a basic alumina plug, eluting with ethyl
acetate. The solvents were evaporated and the brown solid was purified by column
chromatography on Biotage (SNAP cartridge KP-SIL 50 g, 95:5–4:6 Hexane/Ethyl
acetate) affording dimethyl 2-(1,3-dioxoisoindolin-2-yl)-
3-methylcyclobutane-1,1-dicarboxylate (325q) (1.53 g, 4.62 mmol, 86 % yield) as a
colorless solid.

Synthesis of labeled reagents
2-(Trimethylsilyl)ethynyl)isoindoline-1,3-dione (353)

N

O

O

TMSNH

O

O

TMS

Cu(OAc)2 (20 mol%)
Na2CO3, Pyridine

O2, Toluene, 70 °C

68 %
+

332 387 353

Following a reported procedure [52], copper acetate (0.617 g, 3.40 mmol,
0.2 eq), phthalimide (332) (12.5 g, 85.0 mmol, 5 eq), sodium carbonate (3.60 g,
34.0 mmol, 2 eq) and 4 Å molecular sieves (10.0 g) were combined in a 1 L three
neck round bottom flask equipped with a large magnetic stirring bar. A solution of
pyridine (2.75 mL, 34.0 mmol, 2 eq) in dry toluene (150 mL) was added to the
reaction flask. The mixture was stirred vigorously and the reaction atmosphere was
flushed using oxygen from a balloon. Finally a large balloon of oxygen was con-
nected to the flask and the reaction was stirred in a preheated oil bath at 70 °C. After
2 h of stirring at 70 °C, a solution of ethynyltrimethylsilane (352) (2.42 mL,
17.0 mmol, 1 eq) in dry toluene (20 mL) was added to the flask in 2 h using syringe
pump. After the end of addition, the reaction was stirred for 15 additional hours at
70 °C. The reaction mixture was filtered warm through a glass frit and the filtrate
was concentrated under reduced pressure. The residue was suspended in diethyl
ether (50 mL) and washed with sat. NH4Cl (50 mL) The layers were separated and
the organic layer was dried over anhydrous Na2SO4, filtered and concentrated to
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dryness to give an off-white solid. Purification of the crude solid by column
chromatography (SiO2, hexane/ethyl acetate, 95:5 to 80:20,) afforded 2-(trimeth-
ylsilyl)ethynyl)isoindoline-1,3-dione (353) (2.80 g, 11.5 mmol, 68 %) as a white
fluffy solid.

1H NMR (400 MHz, CDCl3) δ 7.93 (dd, J = 5.5, 3.1 Hz, 2 H), 7.81 (dd, J = 5.5,
3.1 Hz, 2 H), 0.29 (s, 9 H).

Data of 353 match literature report [52].

(Z)-2-(Vinyl-2-d)isoindoline-1,3-dione (355)

N

O

O

TMS N

O

O

D

2) Lindlar cat. (5 mol %)
Quinoline (15 mol %)
DCM, H2, 1 hour, rt

80% 355
3.3:1 cis/trans

75% D incorporation

1) TBAF, D2O
THF, 10 min, 0 °C

65 %, 88 % D incorporation

353

2-(Trimethylsilyl)ethynyl)isoindoline-1,3-dione (353) (300 mg, 1.23 mmol,
1 eq) was dissolved in thetrahydrofuran (1 mL), then D2O (0.5 mL) was added and
the reaction was stirred at 0 °C for 5 min. TBAF (1 M in thetrahydrofuran, 1.48 mL,
1.48 mmol, 1.2 eq) was added in another flask containing tetrahydrofuran (2 mL)
and D2O (0.5 mL). The TBAF solution was then added dropwise to the ynimide
solution. After 10 min at 0 °C (some ice has formed during the process), ethyl
acetate (10 mL) was added, followed by sat. NH4Cl (10 mL). The layers were
stirred vigorously and the organic layer was separated, dried over anhydrous
Na2SO4, filtered and concentrated to dryness to give an orange solid. The crude
product was purified by column chromatography (SiO2, 7:3, hexane/ethyl acetate)
affording deuterated ynamide 354 (138 mg, 0.802 mmol, 65, 88 % deuterium
incorporation determined by the integrations of the peak at 7.88–7.79 and 3.34) as
colorless solid.

1H NMR (400 MHz, CDCl3) δ 8.02–7.88 (m, 16 H), 7.88–7.79 (m, 16 H), 3.34
(s, 1 H). 13C NMR (126 MHz, CDCl3) δ 165.1, 135.4, 131.0, 124.5, 67.928.

Lindlar catalyst (25 mg, 0.012 mmol, 0.05 eq) and quinoline (5.0, 0.039 mmol,
0.16 eq) were added in dichloromethane (1.0 mL) in a flask under nitrogen
atmosphere. The mixture was stirred for 5 min and 2-(ethynyl-d)
isoindoline-1,3-dione (40 mg, 0.23 mmol, 1 eq) was added as a solution in
dichloromethane (0.5 mL). The reaction atmosphere was flushed with hydrogen and
a hydrogen balloon was connected to the flask. The reaction was stirred for 1 h at
room temperature and then filtered on a Celite pad, eluting with dichloromethane.
The solvent was removed under reduced pressure and the crude product was
purified by column chromatography on Biotage (SNAP cartridge KP-SIL 10 g,

28The deuterated carbon was not resolved.
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95:5–4:6 Hexane/Ethyl acetate) affording (Z)-2-(vinyl-2-d)isoindoline-1,3-dione
(355) (32.5 mg, 0.190 mmol, 80 % yield with 20 % of the saturated compound,
3.3:1 Z/E ratio and 75 % deuterium incorporation) as a colorless solid.

Rf 0.60 (7:3 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.99–7.63
(m, 4.7 H, Phth), 6.97–6.77 (m, 1 H, H1 no-D + Z + E), 6.09 (dd, J = 16.4, 5.2 Hz,
0.43 H, H2 no-D + E), 5.05 (dd, J = 9.9, 5.4 Hz, 0.83 H, H3 no-D + Z), 3.81–3.68
(m, 0.35 H, CH2 saturated), 1.35–1.19 (m, 0.50 H, CH3 saturated). 13C NMR
(101 MHz, CDCl3) δ 166.7, 134.6, 131.8, 124.0, 123.8, 104.3 (t, J = 20 Hz). IR
1776 (w), 1724 (s), 1617 (w), 1468 (w), 1383 (s). HRMS (ESI) calcd for
C10H7[

2H]NO2
+ [M + H]+ 175.0611; found 175.0620.

Determination of deuterium incorporation and Z/E ratio:

N

O

O

D

N

O

O

N

O

O

DH2

H3

H1

H3

H1 H1

H2

no-D Z E

N

O

O

H3 5.05 ppm
H2 6.09 ppm

H1 6.87 ppm

Integration : 
H1 = 1 = H1 no-D + H1 Z + H1 E
H2 = 0.43 = H2 no-D + H2 E
H3 = 0.83 = H3 no-D + H3 Z

Z/E ratio
D(Z) = 1 - 0.43 = 0.57
D(E) = 1 - 0.83 = 0.17
ratio Z/E = 3.35

Deuterium incorporation
1 - (0.57 + 0.17) = 0.26
%D = 75%

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate-3-d (356)

N

O

O

D

CO2MeMeO2C

FeCl3•Al2O3 (0.2 eq)
DCM, 0°C, 1h

94 %
NO O

D
CO2Me
CO2Me

2.7:1.0 cis/trans
75% D incorporation

+

355 323a 356

In the glovebox, Iron trichloride supported on alumina (1.00 mmol/g, 11.0 mg,
0.011 mmol, 0.1 eq) was added to a microwave vial. The vial was sealed with a
Teflon septum and taken out of the glovebox. Dry dichloromethane (200 µL) was
added and the yellow suspension was cooled to 0 °C. Dimethyl
2-methylenemalonate (323a) (16.4 mg, 0.114 mmol, 2 eq) and (Z)-2-(vinyl-2-D)
isoindoline-1,3-dione (355) (12.4 mg, 0.0570 mmol, 1 eq) were dissolved in dry
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dichloromethane (800 µL). The solution was then added dropwise to the iron
trichloride solution. The reaction was stirred at 0 °C for 1 h. The reaction mixture
was filtered over a pad of alumina, eluted with ethyl acetate and concentrated under
vacuum. The crude product was purified by column chromatography on Biotage
(SNAP cartridge KP-SIL 10 g, 95:5–4:6 Hexane/Ethyl acetate) affording dimethyl
2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate-3-d (356) (17.0 mg,
0.0530 mmol, 94 % yield, 2.7:1.0 diastereomeric ratio and 75 % deuterium
incorporation determined by the same method than previously, integrating the peaks
at 5.51–5.39 (no-D + cis + trans) 3.32–3.15 (trans + no-D) and 2.36–2.23
(cis + no-D) as a colorless solid. The relative stereochemistry was determined by
ROESY experiments.

Rf 0.45 (1:1 Hexane/Ethyl acetate). 1H NMR (500 MHz, CDCl3) δ 7.91–7.77
(m, 2 H, Phth), 7.75–7.64 (m, 2 H, Phth), 5.51–5.39 (m, 1 H, H1 cis + trans + no-
D), 3.75 (s, 3 H, OMe), 3.60 (s, 3 H, OMe), 3.32–3.15 (m, 0.46 H, H2 trans + no-
D), 3.05–2.85 (m, 1 H, CH2 cyclobutane), 2.36–2.23 (m, 0.83 H, H3 cis + no-D),
2.23–2.09 (m, 1 H, CH2 cyclobutane). 13C NMR (101 MHz, CDCl3) δ 170.4,
168.5, 168.1, 134.1, 131.7, 123.3, 58.74, 58.69, 53.0, 52.8, 47.6, 47.50, 47.48,
24.4, 24.3, 21.7, 21.6, 21.4, 21.2. IR 2959 (w), 2923 (w), 2852 (w), 1779 (w), 1738
(s), 1715 (s), 1436 (w), 1377 (s), 1263 (s). HRMS (ESI) calcd for C16H15[

2 H]
NO6

+ [M + H]+ 319.1034; found 319.1025.
Determination of deuterium incorporation and cis/trans ratio:

N

H3 2.3 ppm

MeO2C
MeO2C

H1 5.4 ppm

H2 3.25 ppm

ROESY

no-D cis trans

Integration : 
H1 = 1 = H1 no-D + H1 cis + H1 trans
H2 = 0.46 = H2 no-D + H2 trans
H3 = 0.81 = H3 no-D + H3 cis

Z/E ratio
D(cis) = 1 - 0.46 = 0.54
D(trans) = 1 - 0.71 = 0.19
ratio Z/E = 2.7

Deuterium incorporation
1 - (0.54 + 0.19) = 0.27
%D = 75%

N

H3

MeO2C
MeO2C

H1

H2

N

H3

MeO2C
MeO2C

H1

D

N

D

MeO2C
MeO2C

H1

H2
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Synthesis of dipeptide
Ethyl (-2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1-carbonyl)glycinate (357)

CO2Bn
CO2BnPhthN

1) Pd/C (10 mol%,) H2
2) Cu2O (10 mol%), ACN, 80 °C

PhthN N
H

O
CO2Et

357

3) EDCI, HOBt, DIPEA,
glycine ethyl ester

325t

Under nitrogen, dibenzyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325t) (1.00 g, 2.13 mmol, 1 eq) was dissolved in
technical ethanol (15 mL). Palladium on charcoal 5 % (0.453 g, 0.213 mmol,
0.1 eq) was added and the reaction atmosphere was purged with hydrogen. The
reaction was stirred at room temperature for 5 h. Celite (ca 5 g) was added to the
reaction and the suspension was filtered through a pad of Celite. The cake was
rinsed abundantly with hot ethanol. The solvents were removed on a rotary evap-
orator and the solid crude diacid was directly used for the next step.

In a glovebox, copper (I) oxide (30.5 mg, 0.213 mmol, 0.1 eq) was added in a
vial which was closed with a silicon septum and removed from the glovebox. The
crude diacid was quickly added as a solid, the vial was sealed and three cycles of
vacuum/N2 were performed. Dry acetonitrile (2 mL) was added and the reaction
was stirred in an oil bath at 80 °C for 3 h when no more starting material was
detected by NMR. The reaction was cooled to room temperature and poured into a
separatory funnel. 1 M HCl (15 mL) and ethyl acetate (15 mL) were added. The
layers were separated and the aqueous layer was extracted with ethyl acetate
(15 mL). The organic layers were combined, dried over anhydrous Na2SO4, filtered
and concentrated to dryness. The crude was purified on column chromatography
(SiO2, DCM/MeOH/AcOH, 98:2:0.01 to 90:10:0.01) affording 2-
(1,3-dioxoisoindolin-2-yl)cyclobutanecarboxylic acid (388) (447 mg, 1.83 mmol,
86 % on two steps, 5:1 dr determined by integration of the peaks at 5.02 (maj), and
4.91 (min) in the crude 1H NMR) as a colorless oil.

PhthN OH

O

Rf 0.23 (90:10:0.01 DCM/MeOH/AcOH). Mp 103.8–105.9 °C. 1H NMR
(400 MHz, CDCl3) on a 5 (maj):1 (min) diastereomeric mixture δ 7.81 (m, 12 H,
Phth), 7.71 (m, 12 H, Phth), 5.02 (q, J = 9.1 Hz, 5 H, N–C–H, major), 4.91 (q,
J = 9.2 Hz, 1 H, N–C–H, minor), 4.12 (q, J = 9.4 Hz, 1 H, CH2 cyclobutane,
minor), 3.65–3.54 (m, 5 H, CH2 cyclobutane, major), 3.21–3.08 (m, 5 H, CH2
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cyclobutane, major), 2.79 (m, 1 H, CH2 cyclobutane, minor), 2.64 (m, 5 H, CH2

cyclobutane, major), 2.42 (m, 5 H, CH2 cyclobutane, major), 2.31–1.97 (m, 8 H,
CH2 cyclobutane, major + minor). 13C NMR (101 MHz, CDCl3) δ 178.2, 177.2,
168.5, 168.2, 134.1, 134.0, 131.8, 131.7, 123.34, 123.29, 46.3, 45.5, 43.2, 42.5,
24.6, 24.0, 19.7, 18.9.

2-(1,3-Dioxoisoindolin-2-yl)cyclobutanecarboxylic acid (388) (200 mg,
0.816 mmol, 1 eq), N-ethyl-N-isopropylpropan-2-amine (316 mg, 2.45 mmol, 3 eq)
and Hydroxybenzotriazole (187 mg, 1.22 mmol, 1.5 eq), were added in a flask,
dichloromethane (2 mL) was added and the reaction was cooled to 0 °C. Then, 3-
((ethylimino)methylene)amino)-N,N-dimethylpropan-1-amine hydrochloride
(235 mg, 1.22 mmol, 1.5 eq) and finally ethyl 2-aminoacetate hydrochloride
(114 mg, 0.816 mmol, 1 eq) were added and the reaction was warmed to room
temperature and stirred for 24 h. The reaction was then concentrated to dryness and
purified on column chromatography (SiO2, DCM/MeOH/AcOH, 98:2:0.01 to
90:10:0.01) affording ethyl 2-(2-(1,3-dioxoisoindolin-2-yl)cyclobutanecarboxami-
do)acetate (357) (244 mg, 0.740 mmol, 91 %, 5:1 dr determined by integration of
the peaks at 3.33–3.14 (maj), and 4.26–4.13 (min) in the isolated product 1H NMR)
as a colorless oil.

PhthN N
H

O
CO2Et

Rf 0.35 (9/1/0.01 DCM/MeOH/AcOH). 1H NMR (400 MHz, CDCl3) on a 5
(maj):1(min) diatereomeric mixture δ 7.88–7.75 (m, 12 H, Phth major + minor),
7.74–7.62 (m, 12H, Phth major + minor), 6.24 (s, 1 H, NH minor), 5.97 (s, 5 H,
NH, major), 5.01–4.83 (m, 6 H, N–C–H major + minor), 4.26–4.13 (m, 2 H, CH2

O–CH2 minor), 4.11–3.96 (m, 13 H, 2 H O–CH2 major + 2 H CH2 glycine
minor + 1H CH2 cyclobutane minor), 3.95–3.79 (m, 10 H, CH2 glycine major),
3.66–3.49 (m, 5 H, CH2 cyclobutane major), 3.33–3.14 (m, 5 H, CH2 cyclobutane
major), 2.80–2.57 (m, 6 H, CH2 cyclobutane major + minor), 2.57–2.44 (m, 5 H,
CH2 cyclobutane major), 2.30–2.02 (m, 8 H, 1 H CH2 cyclobutane major + 2 H
CH2 cyclobutane minor), 1.26 (t, J = 7.2 Hz, 3 H, CH3 minor), 1.19 (t, J = 7.1 Hz,
15 H, CH3 major). 13C NMR (101 MHz, CDCl3) δ 172.2, 171.3, 169.8, 169.6,
168.6, 168.3, 134.1, 133.7, 132.0, 131.7, 123.2, 123.1, 61.4, 61.2, 46.9, 46.8, 44.5,
44.0, 41.3, 41.3, 24.3, 24.0, 20.6, 19.0, 14.03, 13.98. IR 3595 (w), 3377 (w), 2987
(w), 1777 (w), 1748 (w), 1713 (s), 1662 (w), 1538 (w), 1381 (s), 1201 (m), 1027
(w). HRMS (ESI) calcd for C17H19N2O5

+ [M + H]+ 331.1288; found 331.1290.

5.7 Synthesis of Aminocyclobutanes 303



5.8 [4 + 2] Annulation of Aminocyclobutanes

GP29 for the synthesis of TBS enol ethers:

O

R

OTBS

R

NaHMDS, TBSCl

THF, 0°C

Ketone (1 eq) is dissolved in dry THF (20 mL) under nitrogen atmosphere and
cooled down to 0 °C. NaHMDS (1.2 eq, 1.9 M in THF) is added dropwise. The
orange solution is stirred at room temperature for 1 h and then cooled to 0 °C. The
chlorosilane (1.2 eq) is dissolved in THF (3 mL) and added dropwise. The reaction
is stirred at room temperature for 2 h and then concentrated under reduced pressure.
The crude oil is filtered through a silica plug, eluting with 250 mL hexanes, con-
centrated under reduced pressure and purified by bulb to bulb distillation.

Methyl 4-(1-(tert-butyldimethylsilyl)oxy)vinyl)benzoate (360a)

Following GP29, methyl 4-acetylbenzoate (1.0 g, 5.6 mmol, 1 eq), NaHMDS
(3.5 mL, 6.7 mmol, 1.2 eq and tert-butylchlorodimethylsilane (1.0 g, 6.7 mmol,
1.2 eq) were reacted. Methyl 4-(1-(tert-butyldimethylsilyl)oxy)vinyl)benzoate
(360a) (0.50 g, 1.7 mmol, 31 %) was obtained as a colorless oil.

OTBS

MeO2C

1H NMR (400 MHz, DMSO-d6) δ 8.07–7.86 (m, 2 H, Ar), 7.86–7.68 (m, 2 H,
Ar), 5.20 (d, J = 2.2 Hz, 1 H, CH2 vinyl), 4.59 (d, J = 2.2 Hz, 1 H, CH2 vinyl), 3.86
(s, 3 H, OMe), 0.98 (s, 9 H, OTBS), 0.22 (s, 6 H, OTBS). 13C NMR (101 MHz,
DMSO) δ 165.8, 153.9, 141.4, 129.2, 125.0, 93.8, 52.1, 30.7, 25.6, 18.0, −4.8.29 IR
2888 (w), 2866 (w), 2821 (w), 2820 (w), 2787 (w), 1583 (s), 1464 (w), 1146 (m),
1106 (s), 937 (m), 926 (m), 828 (m). HRMS (ESI) calcd for C16H25O3Si

+ [M + H]+

293.1567; found 293.1560.

Tert-butyl(1-(4-methoxyphenyl)vinyl)oxy)dimethylsilane (360b)

Following GP29, 1-(4-methoxyphenyl)ethanone (2.0 g, 13 mmol, 1 eq), NaHMDS
(8.4 mL, 16 mmol, 1.2 eq and tert-butylchlorodimethylsilane (2.4 g, 16 mmol,
1.2 eq) were reacted. Tert-butyl(1-(4-methoxyphenyl)vinyl)oxy)dimethylsilane
(360b) (2.5 g, 9.5 mmol, 71 %) was obtained as a colorless oil.

29One peak corresponding to the Me of TBDMS has been cut due to small acquisition window.
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OTBS

MeO

1H NMR (400 MHz, DMSO-d6) δ 7.54 (d, J = 8.9 Hz, 2 H, Ar), 6.93 (d,
J = 8.9 Hz, 2 H, Ar), 4.89 (d, J = 1.8 Hz, 1 H, CH2 vinyl), 4.32 (d, J = 1.8 Hz, 1 H,
CH2 vinyl), 3.77 (s, 3 H, OMe), 0.98 (s, 9 H, OTBS), 0.20 (s, 6 H, OTBS). 13C
NMR (101 MHz, DMSO) δ 159.4, 154.7, 129.5, 126.2, 113.5, 89.4, 55.1, 25.7,
18.0, −4.7.

NMR data of 360b corresponded to the reported spectra [53].

Tert-butyl(1-(4-fluorophenyl)vinyl)oxy)dimethylsilane (360c)

Following GP29, 1-(4-fluorophenyl)ethanone (2.0 g, 15 mmol, 1 eq), NaHMDS
(9.1 mL, 17 mmol, 1.2 eq and tert-butylchlorodimethylsilane (2.6 g, 17 mmol,
1.2 eq) were reacted. Tert-butyl(1-(4-fluorophenyl)vinyl)oxy)dimethylsilane (360c)
(0.80 g, 3.2 mmol, 22 %) was obtained as a colorless oil.

OTBS

F

1H NMR (400 MHz, DMSO-d6) δ 7.65 (dd, J = 9.0, 5.5 Hz, 2 H, Ar), 7.21 (t,
J = 8.9 Hz, 2 H, Ar), 5.00 (d, J = 2.1 Hz, 1 H, CH2 vinyl), 4.43 (d, J = 2.0 Hz, 1 H,
CH2 vinyl), 0.98 (d, J = 0.8 Hz, 9 H, OTBS), 0.21 (d, J = 0.9 Hz, 6 H, OTBS). 13C
NMR (101 MHz, DMSO) δ 162.1 (d, J = 245.5 Hz), 153.9, 133.5 (d, J = 3.2 Hz),
126.9 (d, J = 8.4 Hz), 115.1 (d, J = 21.6 Hz), 91.1, 25.6, 17.9, −4.8. IR 2891 (w),
2866 (w), 2821 (w), 2788 (w), 1564 (w), 1470 (w), 1456 (m), 1456 (m), 1351 (m),
1311 (w), 1144 (s), 1144 (s), 1122 (s), 1085 (m), 1060 (s), 1060 (s), 823 (s). HRMS
(ESI) calcd for C14FH21KOSi

+ [M + K]+ 291.0977; found 291.1180.

GP30 for [4 + 2] annulations

4 Å MS pellets (ca 20 mg) were added in an oven dried 5 mL round bottom flask.
The flask was closed with a silicon septum and three cycles of vacuum/N2 were
performed. Aminocyclobutane (0.200 mmol, 1 eq) and silyl enol ether
(0.300 mmol, 1.5 eq) were dissolved in dichloromethane (2 mL) and added to the
reaction flask. The solution was cooled to −40 °C using an acetonitrile/N2 bath.
A solution of tin tetrachloride (0.43 mol/L, 93.0 µL, 0.0400 mmol, 0.2 eq) was
added dropwise and the reaction was stirred at −40 °C until full conversion was
observed by NMR. The reaction was then quenched by adding triethylamine
(0.1 mL) and the solvent was removed under reduced pressure. The reaction was
purified by column chromatography on Biotage (SNAP cartridge KP-SIL 25 g,
95:5–4:6 Hexane/Ethyl acetate) affording the aminocyclohexanes.
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Dimethyl-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclohexane-1,1-dicarboxylate (358a)

Following GP30 using dimethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325a) (63.5 mg, 0.200 mmol, 1 eq) and triisopropyl
(1-phenylvinyl)oxy)silane (219a) (83.0 mg, 0.300 mmol, 1.5 eq), dimethyl-4-
(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclohexane-1,1-dicarboxylate (358a) (98.0 mg, 0.165 mmol, 82 %) was obtained
as a colorless solid.

PhthN

CO2Me
CO2Me

Ph
OTIPS

Rf 0.6 (1:1 Hexane/Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 7.84 (dd,
J = 5.4, 3.0 Hz, 2 H, Ar Phth), 7.72 (dd, J = 5.4, 3.0 Hz, 2 H, Ar Phth), 7.52–7.44
(m, 2 H, Ar), 7.26–7.21 (m, 3 H, Ar), 4.86 (ddd, J = 12.5, 7.9, 4.7 Hz, 1 H, N-C-H),
4.02 (dd, J = 13.6, 12.7 Hz, 1 H, CH2), 3.66 (s, 3 H, OMe), 3.62 (s, 3 H, OMe),
2.99 (td, J = 14.3, 3.8 Hz, 1 H, CH2), 2.31 (dt, J = 13.9, 3.5 Hz, 1 H, CH2), 2.27–
2.06 (m, 2 H, CH2), 1.88–1.77 (m, 1 H, CH2), 1.19–1.08 (m, 3 H, OTIPS), 1.06–
0.95 (m, 18 H, OTIPS). 13C NMR (101 MHz, CDCl3) δ 169.9, 169.7, 168.3, 143.4,
133.9, 132.0, 128.7, 127.6, 126.2, 123.1, 80.4, 64.4, 52.2, 51.7, 46.3, 36.8, 29.3,
25.0, 18.4, 18.4, 14.2. IR 2883 (w), 2797 (w), 2259 (w), 1594 (s), 1570 (s), 1208
(w), 1070 (w), 852 (m), 726 (w). HRMS (ESI).30

PhthN

CO2Me
CO2Me

Ph
OTIPS

H

HH

ROESY

Dibenzyl-4-(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclohexane-1,1-dicarboxylate (358b)

Following GP30 using dibenzyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325u) (94.0 mg, 0.200 mmol, 1 eq) and triisopropyl
(1-phenylvinyl)oxy)silane (219a) (83.0 mg, 0.300 mmol, 1.5 eq), dibenzyl-4-
(1,3-dioxoisoindolin-2-yl)-2-phenyl-2-(triisopropylsilyl)oxy)
cyclohexane-1,1-dicarboxylate (358b) (96.0 mg, 0.129 mmol, 64 %) was obtained
as a colorless solid.

30HRMS could not be detected for this compound.
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PhthN

CO2Bn
CO2Bn

Ph
OTIPS

1H NMR (400 MHz, CDCl3) δ 7.85 (dd, J = 5.4, 3.0 Hz, 2 H, Ar Phth), 7.72 (dd,
J = 5.4, 3.1 Hz, 2 H, Ar Phth), 7.54–7.40 (m, 2 H, Ar), 7.25–6.91 (m, 13 H, Ar),
5.18–4.84 (m, 4 H, 2 × CH2 benzyl), 4.93–4.81 (m, 1 H, N–C–H), 4.07 (t,
J = 13.1 Hz, 1 H, CH2), 3.02 (td, J = 14.2, 3.8 Hz, 1 H, CH2), 2.36 (dt, J = 13.9,
3.4 Hz, 1 H, CH2), 2.31–2.01 (m, 2 H, CH2), 1.93–1.71 (m, 1 H, CH2), 1.14 (ddt,
J = 13.4, 8.7, 7.2 Hz, 3 H, OTIPS), 1.04 (d, J = 7.2 Hz, 9 H), 0.97 (d, J = 7.2 Hz, 9
H).13C NMR (101 MHz, CDCl3) δ 169.2, 169.1, 168.3, 143.3, 135.34, 135.2,
134.0, 132.0, 128.7, 128.3, 128.3, 128.3, 128.1, 128.0, 128.0, 127.4, 126.3, 123.12,
80.5, 66.8, 66.5, 64.56, 46.3, 36.9, 29.5, 25.0, 18.5, 18.5, 14.3. IR 2947 (w), 2868
(w), 2362 (w), 2339 (w), 2338 (w), 1755 (w), 1711 (s), 1462 (w), 1370 (m), 1230
(m), 1031 (s). HRMS (ESI) calcd for C45H51NNaO7Si

+ [M + Na]+ 768.3327;
found 768.3323.

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclohexane-1,1-dicarboxylate (358c)

Following GP30 using dimethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325a) (63.5 mg, 0.200 mmol, 1 eq) and tert-
butyldimethyl(1-phenylvinyl)oxy)silane (219b) (70.4 mg, 0.300 mmol, 1.5 eq),
dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclohexane-1,1-dicarboxylate (358c) (105 mg, 0.190 mmol, 95 % yield)
was obtained as a colorless solid.

PhthN

CO2Me
CO2Me

Ph
OTBS

Mp 188.8–190.0 °C. 1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.5, 3.0 Hz, 2
H, Phth), 7.72 (dd, J = 5.4, 3.1 Hz, 2 H, Phth), 7.44–7.38 (m, 2 H, Ar), 7.26–7.21
(m, 3 H, Ar), 4.86 (tt, J = 12.5, 4.7 Hz, 1 H, N–C–H), 3.96 (dd, J = 13.6, 12.6 Hz, 1
H, CH2), 3.66 (s, 3 H, OMe), 3.64 (s, 3 H, OMe), 2.91 (td, J = 14.2, 3.7 Hz, 1 H,
CH2 cyclohexane), 2.31 (dt, J = 13.8, 3.5 Hz, 1 H, CH2), 2.23–2.01 (m, 2 H, CH2

cyclohexane), 1.88–1.74 (m, 1 H, CH2 cyclohexane), 1.06 (s, 9 H, Si–tBu), 0.14 (s,
3 H, Si–Me), −0.55 (s, 3 H, Si–Me). 13C NMR (101 MHz, CDCl3) δ 170.1, 169.9,
168.4, 143.0, 134.1, 132.1, 128.8, 127.8, 126.5, 123.3, 79.7, 64.6, 52.3, 52.0, 46.6,
36.7, 29.4, 26.4, 25.3, 19.3, −1.3, −2.5. IR 2953 (w), 2890 (w), 2856 (w), 2361
(w), 2339 (w), 1735 (s), 1714 (s), 1373 (m), 1274 (m), 1245 (m), 1039 (m), 1038
(m). HRMS (ESI) calcd for C30H37NNaO7Si

+ [M + Na]+ 574.2231; found
574.2228.
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Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-
(4-methoxyphenyl)cyclohexane-1,1-dicarboxylate (358d)

Following GP30 using dimethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325a) (65.5 mg, 0.200 mmol, 1 eq) and tert-butyl
(1-(4-methoxyphenyl)vinyl)oxy)dimethylsilane (360b) (79.0 mg, 0.300 mmol,
1.5 eq), dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-
(4-methoxyphenyl)cyclohexane-1,1-dicarboxylate (358d) (105.2 mg, 0.181 mmol,
90 %) was obtained as a colorless solid.

PhthN

CO2Me
CO2Me

TBSO
OMe

1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.5, 3.0 Hz, 2 H, Ar Phth), 7.71 (dd,
J = 5.4, 3.1 Hz, 2 H, Ar Phth), 7.34–7.29 (m, 2 H, Ar), 6.91–6.64 (m, 2 H, Ar),
5.05–4.69 (m, 1 H, N–C–H), 3.92 (dd, J = 13.5, 12.6 Hz, 1 H, CH2), 3.79 (s, 3 H,
OMe), 3.67 (s, 3 H, OMe), 3.64 (s, 3 H, OMe), 2.89 (td, J = 14.2, 3.7 Hz, 1 H,
CH2), 2.30 (dt, J = 13.8, 3.5 Hz, 1 H, CH2), 2.22–1.96 (m, 2 H, CH2), 1.90–1.69
(m, 1 H, CH2), 1.05 (s, 9 H, OTBS), 0.14 (s, 3 H, OTBS), −0.50 (s, 3 H, OTBS).
13C NMR (101 MHz, CDCl3) δ 171.5, 171.2, 169.7, 160.12, 136.5, 135.4, 133.4,
131.2, 124.6, 113.0, 80.7, 65.8, 56.5, 53.6, 53.2, 47.8, 38.2, 30.7, 27.7, 26.6, 20.6,
−0.0, −1.1. IR 2953 (w), 2933 (w), 2856 (w), 1731 (s), 1712 (s), 1612 (w), 1373
(m), 1373 (m), 1254 (m), 1037 (s), 840 (m). HRMS (ESI) calcd for C31H40NO8Si

+

[M + H]+ 582.2518; found 582.2500.

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-
(4-fluorophenyl)cyclohexane-1,1-dicarboxylate (358e)

Following GP30 using dimethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325a) (63.5 mg, 0.200 mmol, 1 eq) and tert-butyl
(1-(4-fluorophenyl)vinyl)oxy)dimethylsilane (360c) (76.0 mg, 0.300 mmol, 1.5 eq),
dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-
(4-fluorophenyl)cyclohexane-1,1-dicarboxylate (358e) (113 mg, 0.198 mmol,
99 %) was obtained as a colorless solid.

PhthN

CO2Me
CO2Me

TBSO
F

1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.5, 3.0 Hz, 2 H, Ar Phth), 7.72 (dd,
J = 5.4, 3.0 Hz, 2 H, Ar Phth), 7.48–7.34 (m, 2 H, Ar), 6.93 (dd, J = 9.3, 8.2 Hz, 2
H, Ar), 4.84 (tt, J = 12.6, 4.6 Hz, 1 H, N–C–H), 3.97 (dd, J = 13.6, 12.6 Hz, 1 H,
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CH2), 3.67 (s, 3 H, OMe), 3.64 (s, 3 H, OMe), 2.88 (td, J = 14.2, 3.7 Hz, 1 H, CH2),
2.31 (dt, J = 13.9, 3.4 Hz, 1 H, CH2), 2.22–1.94 (m, 2 H, CH2), 1.91–1.74 (m, 1 H,
CH2), 1.05 (s, 9 H, OTBS), 0.17 (s, 3 H, OTBS), −0.51 (s, 3 H, OTBS). 13C NMR
(101 MHz, CDCl3) δ 169.8, 169.7, 168.3, 134.0, 132.0, 130.5 (d, J = 8.0 Hz),
123.2, 113.1 (d, J = 21.1 Hz), 79.2, 64.4, 52.2, 51.8, 46.3, 36.7, 29.2, 26.2, 25.1,
19.1, −1.4, −2.5.31 IR 2953 (w), 2952 (w), 2857 (w), 2856 (w), 1735 (s), 1715 (s),
1375 (m), 1245 (m), 1244 (m), 1039 (m). HRMS (ESI) calcd for
C30H36FNNaO7Si

+ [M + Na]+ 592.2137; found 592.2142.

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-(4-
(methoxycarbonyl)phenyl)cyclohexane-1,1-dicarboxylate (358f)

Following GP30 using dimethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325a) (63.5 mg, 0.200 mmol, 1 eq) and methyl 4-
(1-(tert-butyldimethylsilyl)oxy)vinyl)benzoate (360a) (88.0 mg, 0.300 mmol,
1.5 eq). A mixture of two diastereomers of dimethyl-2-(tert-butyldimethylsilyl)
oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxycarbonyl)phenyl)
cyclohexane-1,1-dicarboxylate (358f) (99.6 mg, 0.163 mmol, 82 %) was obtained
as a colorless solid.

dr = 2:1, Diastereoisomeric ratio was calculated in 1H crude NMR integrating
peaks at 0.17 and 0.12. Analysis of isolated fractions of the chromatography col-
umn allowed the characterization of major cis diastereomer.

PhthN

CO2Me
CO2Me

TBSO
CO2Me

1H NMR (400 MHz, CDCl3) δ 7.97–7.91 (m, 2 H, Ar), 7.84 (dd, J = 5.4, 3.0 Hz,
2 H, Ar Phth), 7.72 (dd, J = 5.4, 3.0 Hz, 2 H, Ar Phth), 7.55–7.48 (m, 2 H, Ar), 4.85
(tt, J = 12.5, 4.7 Hz, 1 H, N–C–H), 3.99 (dd, J = 13.6, 12.6 Hz, 1 H, CH2), 3.90 (s,
3 H, OMe), 3.66 (s, 3 H, OMe), 3.63 (s, 3 H, OMe), 2.90 (td, J = 14.2, 3.7 Hz, 1 H,
CH2), 2.32 (dt, J = 13.8, 3.4 Hz, 1 H, CH2), 2.21–2.01 (m, 2 H, CH2), 1.83 (dd,
J = 13.1, 3.5 Hz, 1 H, CH2), 1.05 (s, 9 H, OTBS), 0.17 (s, 3 H, OTBS), −0.56 (s, 3
H, OTBS). 13C NMR (101 MHz, CDCl3) δ 169.6, 169.6, 168.3, 166.9, 148.1,
134.0, 131.9, 129.2, 128.8, 127.6, 123.2, 79.4, 64.4, 52.2, 52.0, 51.9, 46.2, 36.5,
29.2, 26.2, 25.1, 19.1, −1.4, −2.5. IR 2955 (w), 2955 (w), 2902 (w), 2902 (w),
2901 (w), 2901 (w), 2860 (w), 1716 (s), 1375 (m), 1375 (m), 1281 (m), 1281 (m),
1246 (w), 1040 (m), 1040 (m). HRMS (ESI) calcd for C32H39NNaO9Si

+ [M + Na]+

632.2286; found 632.2282.

31Carbon with fluoride not resolved.
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ROESY

CO2Me
CO2Me

Ar
OTBS

HH
PhthN

H

Dibenzyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclohexane-1,1-dicarboxylate (358g)

Following GP30 using dibenzyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325u) (94.0 mg, 0.200 mmol, 1 eq) and tert-
butyldimethyl(1-phenylvinyl)oxy)silane (219a) (70.4 mg, 0.300 mmol, 1.5 eq),
dibenzyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclohexane-1,1-dicarboxylate (358 g) (101 mg, 0.143 mmol, 72 %) was
obtained as a colorless solid.

PhthN

CO2Bn
CO2Bn

Ph
OTBS

1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 5.5, 3.0 Hz, 2 H, Ar Phth), 7.72 (dd,
J = 5.4, 3.0 Hz, 2 H, Ar Phth), 7.43–7.36 (m, 2 H, Ar), 7.24–7.03 (m, 13 H, Ar),
5.20–4.82 (m, 4 H, 2 × CH2 benzyl), 4.92–4.81 (m, 1 H, N–C–H), 4.00 (t,
J = 13.1 Hz, 1 H, CH2), 2.93 (td, J = 14.1, 3.7 Hz, 1 H, CH2), 2.36 (dt, J = 13.8,
3.4 Hz, 1 H, CH2), 2.26–2.00 (m, 2 H, CH2), 1.90–1.69 (m, 1 H, CH2), 1.05 (s, 9 H,
OTBS), 0.13 (s, 3 H, OTBS), −0.57 (s, 3 H, OTBS).13C NMR (101 MHz, CDCl3)
δ 169.3, 169.0, 168.3, 142.7, 135.3, 135.1, 133.9, 132.0, 128.6, 128.3, 128.3,
128.2, 128.0, 128.0, 127.4, 126.4, 123.1, 79.5, 66.8, 66.6, 64.5, 46.3, 36.6, 29.4,
26.2, 25.1, 19.1.32 IR 2954 (w), 2954 (w), 2953 (w), 2953 (w), 2935 (w), 2935 (w),
2858 (w), 1714 (s), 1373 (m), 1273 (w), 1237 (w), 1034 (m). HRMS (ESI). calcd
for C42H46NO7Si

+ [M + H]+ 704.3038; found 704.3019.

Diisopropyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclohexane-1,1-dicarboxylate (358h)

Following GP30 using diisopropyl-2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325l) (74.7 mg, 0.200 mmol, 1 eq) and tert-butyl-
dimethyl(1-phenylvinyl)oxy)silane (219a) (70.4 mg, 0.300 mmol, 1.5 eq),
diisopropyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclohexane-1,1-dicarboxylate (66.4 mg, 0.109 mmol, 55, 68 % brsm) was
obtained as a colorless solid in addition with diisopropyl-2-
(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (358h) (66.4 mg,
0.109 mmol, 55 %).

32Two peaks of the TBS have been cut during analysis. One aromatic peak overlapped.
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PhthN

CO2
iPr

CO2
iPr

Ph
OTBS

1H NMR (400 MHz, CDCl3) δ 7.72 (td, J = 5.1, 2.7 Hz, 2 H, Ar Phth), 7.63–
7.49 (m, 2 H, Ar Phth), 7.40–7.31 (m, 2 H, Ar), 7.13–7.05 (m, 3 H, Ar), 4.91 (dsept
J = 10.3, 6.2 Hz, 2 H, CH isopropyl), 4.83–4.62 (m, 1 H, N–C–H), 3.76 (t,
J = 13.1 Hz, 1 H, CH2), 2.75 (td, J = 14.1, 3.7 Hz, 1 H, CH2), 2.19 (dt, J = 13.6,
3.4 Hz, 1 H, CH2), 2.08 (qd, J = 13.1, 3.8 Hz, 1 H, CH2), 2.00–1.90 (m, 1 H, CH2),
1.76–1.62 (m, 1 H, CH2), 1.08–0.96 (m, 12H, CH3 isopropyl), 0.95 (s, 9 H, OTBS),
0.00 (s, 3 H, OTBS), −0.67 (s, 3 H, OTBS). 13C NMR33 (101 MHz, CDCl3) δ
170.8, 170.2, 169.8, 144.7, 135.4, 133.5, 130.4, 128.7, 127.8, 124.6, 80.8, 70.5,
69.6, 65.6, 47.9, 38.3, 31.0, 27.8, 26.6, 23.0, 22.9, 22.7, 20.6, −0.0, −1.2. IR 2914
(w), 2865 (w), 2865 (w), 2824 (w), 2823 (w), 2785 (w), 2785 (w), 2785 (w), 1634
(w), 1575 (s), 1210 (m), 1073 (m), 931 (m), 847 (m). HRMS (ESI).calcd for
C34H45NNaO7Si

+ [M + Na]+ 630.2857; found 630.2873.

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
3-methyl-2-phenylcyclohexane-1,1-dicarboxylate (358i)

Following GP30 using dimethyl 2-(1,3-dioxoisoindolin-2-yl)
cyclobutane-1,1-dicarboxylate (325a) (63.5 mg, 0.200 mmol, 1 eq) and (Z)-tert-
butyldimethyl(1-phenylprop-1-en-1-yl)oxy)silane (74.6 mg, 0.300 mmol, 1.5 eq), a
mixture of two diastereomers of dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-
(1,3-dioxoisoindolin-2-yl)-3-methyl-2-phenylcyclohexane-1,1-dicarboxylate (358i)
(102 mg, 0.181 mmol, 90 %) was obtained as a colorless solid.

dr = 2:1, Diastereoisomeric ratio was calculated in 1H crude NMR integrating
peaks at 4.75 and 4.33. Analysis of isolated fractions of the chromatography col-
umn allowed the characterization of each diastereomer.

Major cis-diastereoisomer

PhthN

CO2Me
CO2Me

Ph
OTBS

Me

1H NMR (400 MHz, CDCl3) δ 7.99–7.86 (m, 2 H, Ar Phth), 7.86–7.73 (m, 2 H,
Ar Phth), 7.70–7.59 (m, 2 H, Ar), 7.32–7.24 (m, 3 H, Ar), 4.62 (td, J = 12.0,
4.7 Hz, 1 H, N–C–H), 4.38 (dq, J = 11.5, 6.8 Hz, 1 H, CH–Me), 3.71 (s, 3 H,
OMe), 3.53 (s, 3 H, OMe), 3.03–2.80 (m, 1 H, CH2), 2.42–2.25 (m, 2 H, CH2),
1.93–1.80 (m, 1 H, CH2), 1.17 (s, 9 H, OTBS), 0.92 (d, J = 6.8 Hz, 3 H, CH3), 0.42

332 peaks overlap.
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(s, 3 H, OTBS), 0.00 (s, 3 H, OTBS). 13C NMR34 (101 MHz, CDCl3) δ 169.8,
169.7, 168.6, 140.7, 134.1, 132.3, 131.6, 129.7, 127.2, 123.4, 85.5, 65.8, 52.2,
52.2, 51.5, 36.3, 29.4, 26.6, 25.4, 20.4, 13.6, −0.1, −1.6. IR 2951 (w), 2950 (w),
2857 (w), 1736 (s), 1713 (s), 1372 (m), 1371 (m), 1276 (m), 1240 (m), 1134 (m),
1051 (m), 836 (w). HRMS (ESI) calcd for C31H40NO7Si

+ [M + H]+ 566.2569;
found 566.2563.

PhthN

H

H Me
OTBS

Ph

CO2Me
CO2Me

ROESY

Minor trans-diastereoisomer

PhthN

CO2Me
CO2Me

Ph
OTBS

Me

1H NMR (400 MHz, CDCl3) δ 8.11–8.01 (m, 2 H, Ar Phth), 7.81 (ddd, J = 7.7,
1.3, 0.7 Hz, 1 H, Ar), 7.63 (ddd, J = 7.0, 1.6, 0.7 Hz, 1 H, Ar), 7.56–7.37 (m, 5 H,
Ar + Ar Phth), 4.76 (dd, J = 9.4, 7.2 Hz, 1 H, CH–Me), 4.15 (ddd, J = 12.3, 9.4,
2.9 Hz, 1 H, N–C–H), 3.87 (s, 3 H, OMe), 3.40 (s, 3 H, OMe), 2.88 (td, J = 14.2,
3.9 Hz, 1 H, CH2), 2.42 (dt, J = 14.2, 3.4 Hz, 1 H, CH2), 2.00 (dd, J = 13.3, 3.3 Hz,
1 H, CH2), 1.63–1.46 (m, 1 H, CH2), 1.18 (d, J = 7.2 Hz, 3 H, CH3), 0.94 (s, 9 H,
OTBS), −0.03 (s, 3 H, OTBS), −0.34 (s, 3 H, OTBS). 13C NMR the sample was
degraded and a mixture of the product and a side product was present (probably the
open product as there is a peak at 200 ppm). IR 2955 (w), 2859 (w), 1740 (m),
1703 (s), 1702 (s), 1329 (w), 1272 (m), 1221 (w), 1093 (m), 1072 (m), 863 (w), 842
(w). HRMS (ESI). calcd for C31H40NO7Si

+ [M + H]+ 566.2569; found 566.2568.

ROESY

CO2Me
CO2Me
Ph

OTBS
Me

PhthN
H

H

34Peaks of impurities are present in the aromatic area.
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Dimethyl-4-amino-2-(tert-butyldimethylsilyl)oxy)-2-phenylcyclohexane-1,1-dic
arboxylate (361)

PhthN Ph
OTBS
CO2Me

CO2Me

NH2 Ph
OTBS
CO2Me

CO2Me

361

NH2CH2CH2NH2

iPrOH/Toluene (2:1)

80 °C, 16 h
358c

Dimethyl 2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-
2-phenylcyclohexane-1,1-dicarboxylate (358c) (50 mg, 0.091 mmol, 1 eq) in iso-
propanol (1.0 mL) and toluene (0.5 mL) was added in an oven dried 5 mL round
bottom flask followed by diaminoethane (27.2 mg, 0.45 mmol, 5 eq). The vial was
sealed and the solution was heated to 80 °C for 16 h. The solvent was removed
under reduced pressure and the crude was purified by column chromatography
(SiO2, 9:1 DCM/Methanol) affording dimethyl 4-amino-2-(tert-butyldimethylsilyl)
oxy)-2-phenylcyclohexane-1,1-dicarboxylate (361) (33 mg, 0.079 mmol, 87 %
yield, >95 % pure) as a colorless oil.

Rf 0.20 (9:1 DCM/Methanol). 1H NMR (400 MHz, CDCl3) δ 7.44–7.38 (m, 2
H, Ar), 7.25–7.22 (m, 3 H, Ar), 3.60 (s, 3 H, COOMe), 3.55 (s, 3 H, COOMe), 3.23
(ddt, J = 11.7, 8.7, 4.2 Hz, 1 H, N-CH), 2.81–2.61 (m, 2 H, CH2), 2.24–2.06 (m, 2
H, CH2), 1.99–1.85 (m, 1 H, CH2), 1.43–1.22 (br, 7 H, NH2 and H2O),

35 1.02–0.84
(m, 10 H, Si–tBu and CH2), 0.05 (s, 3 H, SiMe), −0.60 (s, 3 H, SiMe). 13C NMR
(101 MHz, CDCl3) δ 170.2, 169.9, 143.2, 128.6, 127.4, 126.1, 79.5, 64.4, 51.8,
51.5, 46.0, 44.6, 32.5, 29.4, 26.0, 18.9, −1.4, −3.1. IR 3056 (w), 2953 (w), 2888
(w), 2860 (w), 1732 (m), 1447 (w), 1436 (w), 1266 (s), 1155 (w), 1136 (w), 1044
(m), 1031 (m). HRMS (ESI) calcd for C22H36NO5Si

+ [M + H]+ 422.2357; found
422.2353.

Dimethyl 2,4-bis(1,3-dioxoisoindolin-2-yl)cyclohexane-1,1-dicarboxylate (362)

PhthN CO2MeMeO2C 5 mol% Sc(OTf)3

0°C, overnight

PhthN

CO2Me
CO2Me

NPhth

+ 325a

362183 323a

Scandium triflate (0.16 g, 0.33 mmol, 5 mol%) was added in a flask under a
nitrogen atmosphere and 5 mL dichloromethane were added. The suspension was
cooled to 0 °C with an ice bath and vinyl phthalimide (1.6 g, 9.5 mmol, 1.4 eq)
dissolved in 10 mL of dichloromethane was added. Vinylidene malonate (1.0 g,
6.9 mmol, 1 eq) was dissolved in 10 mL dichloromethane and added dropwise over

35NH2 peak over-integrated due to water in CDCl3.
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30 min. After the addition was complete, the reaction was concentrated and left in
the fridge overnight at 4 °C. Column chromatography on Biotage (SNAP cartridge
KP-SIL 25 g, 95:5–4:6 Hexane/Ethyl acetate) afforded the desired product 325a
(1.3 g, 4.1 mmol, 59 %) along with a side product 362 which was isolated for
analysis36 and identified as the product of [2 + 2 + 2].

PhthN

CO2Me
CO2Me

NPhth1 2

1H NMR (400 MHz, CDCl3) δ 7.87 (dd, J = 5.4, 3.1 Hz, 2 H, Ar phth), 7.80 (dd,
J = 5.5, 3.1 Hz, 2 H, Ar phth), 7.75 (dd, J = 5.4, 3.1 Hz, 2 H, Ar phth), 7.70 (dd,
J = 5.4, 3.1 Hz, 2 H, Ar phth), 5.65 (dt, J = 7.1, 1.6 Hz, 1 H, N–C2

–H), 5.42 (ddd,
J = 12.5, 7.5, 5.2 Hz, 1 H, N–C1

–H), 3.93 (s, 3 H, OMe), 3.50 (s, 3 H, OMe), 3.17
(ddd, J = 14.6, 12.9, 7.1 Hz, 1 H, CH2), 3.00 (td, J = 14.2, 3.7 Hz, 1 H, CH2), 2.58–
2.16 (m, 2 H, CH2), 2.05–1.71 (m, 2 H, CH2).

13C NMR (101 MHz, CDCl3) δ
170.1, 169.7, 168.3, 168.2, 134.3, 133.9, 131.9, 131.4, 123.5, 123.1, 57.9, 53.3,
52.7, 48.3, 45.5, 30.7, 27.9, 24.5. IR 2893 (w), 2817 (w), 1568 (s), 1206 (m), 1206
(m), 1172 (m), 1157 (m), 1084 (m), 1084 (m), 1037 (m), 885 (m), 716 (s). HRMS
(ESI) (See footnote 30).
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