
Synthesis of Densely-Functionalized

Multicyclic Ring Systems from

Bicyclobutanes

by

Kyla J. Woelk

A Dissertation Submitted in Partial Fulfillment of the

Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in the Department of Chemistry

©Kyla J. Woelk, 2024

University of Victoria
All rights reserved. This dissertation may not be reproduced in whole or in part, by photocopy or

other means, without the permission of the author.



Synthesis of Densely-Functionalized Multicyclic

Ring Systems from Bicyclobutanes

by

Kyla J. Woelk

Supervisory Committee

Dr. David Leitch, Supervisor

Department of Chemistry

Dr. Jeremy Wulff, Departmental Member

Department of Chemistry

Dr. Fraser Hof, Departmental Member

Department of Chemistry

Dr. Alisdair Boraston, Outside Member

Department of Biochemistry and Microbiology

ii



Abstract

The discovery and development of novel small molecule drug candidates is essential to

the advancement of the pharmaceutical industry. One area of focus for drug development is

increasing the molecular complexity and number of Csp3 centers in pharmaceutical candi-

dates. Saturated multicyclic structures have been proposed as bioisosteres to replace portions

of pharmaceutical molecules that lack these Csp3 centers. Incorporating these bioisosteres

in existing pharmaceuticals has been shown to improve pharmacokinetic properties and in

some cases even increase the drug’s potency. The syntheses to access these bioisosteres is

limited and thus, efforts to develop more syntheses of these motifs is crucial in progressing

the development of new drugs.

This thesis explores the development of new methods to access these saturated multicyclic

bioisosteres, specifically bridging bicycloalkanes. Bicyclo[1.1.0]butanes are used as a common

starting material to access the different bicyclic compounds. Focus is placed on the use

of readily available starting materials and straightforward reaction conditions. Reaction

discovery, optimization and viability is reported for a variety of different bicyclic compounds.

The types of bicyclic compounds that were synthesized include 2-azabicyclo[2.1.1]hexanes, 2-

oxo-bicyclo[2.1.1]hexanes and 3-azabicyclo[3.1.1]heptanes. High-throughput experimentation

was used to aid in reaction discovery and optimization in a streamlined manner. Reaction

scopes were developed to demonstrate the applicability of these methods.

Finally, this thesis demonstrates the potential for application of these bicyclic bioisosteres

in pharmaceuticals via target-based synthesis. This was done through the functionalization

of the products synthesized. This demonstrates their ability to be modified so they can be

incorporated into drug candidates. With more syntheses of these bioisosteres available to

medicinal chemists, the ability for these motifs to be applied in future drug development

processes can be improved.
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1 Introduction

1.1 Molecular Complexity in Pharmaceuticals

Small molecules are extremely important as active pharmaceutical ingredients as they

make up 90% of all pharmaceutical drugs.1 One promising area in synthetic chemistry is the

exploration of new “chemical space” to discover structurally novel drug candidates. Chem-

ical space is a concept from cheminformatics that refers to the property of space that is

spanned by all possible molecules or chemical compounds. The estimated number of possi-

ble organic molecules with a molecular weight <500 Da is on the order of 1060.2 According

to the Chemical Abstracts Service database, the total number of all registered organic and

inorganic substances as of 2024, is 63,909,687.3 Clearly, we have only began to explore all of

the possible chemical space relevant to drug discovery.

Despite enormous efforts in drug discovery, less than 10% of potential pharmaceuticals

succeed in clinical trials.4–6 To improve our ability to treat cancers, infectious diseases, and

other currently incurable medical problems, advances in synthetic organic chemistry are

critical. In particular, drug candidates with more three-dimensional character (i.e. those

with more sp3-carbons) tend to be more successful in clinical trials.7;8 Due to the challenges

of accessing molecules with more sp3-carbons, this area of chemical space is underexplored

in medicinal chemistry.

Medicinal chemists look for tools to help predict whether a molecule will have favourable

pharmaceutical properties for it to succeed as a potential drug candidate. This is important

because about 40% of drug candidiates fail due to these properties such as poor solubility,

permeability and metabolic stability.9;10 A common tool for evaluating whether an orally

administered drug will have these favourable pharmaceutical properties is Lipinski’s “Rule of

Five”.11;12 These guidelines have been implemented across the pharmaceutical industry, lead-
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ing to compounds being pre-screened to flag any that do not meet two or more of the following

descriptors: molecular weight <500 Da, number of hydrogen bond acceptors <10, number

of hydrogen bond donors <10, and calculated n-octanol-water partition coefficient (Clog P)

<5.13 Despite these rules, there has been increasing research on drug candidiates that reach

beyond the rule of five in an effort to expand the scope of pharmaceutical development.14;15

More recent studies have shown that increasing the molecular complexity measured in

terms of fraction of sp3 hydrbridized carbons and the number of stereogenic carbon centers

is also correlated to drug success.7;8;16 Fsp3 is defined as:

F sp3 = (number of sp3 hybridized carbons/total carbon count) (1.1)

Molecules with a low Fsp3 - i.e. those with a significant fraction of sp2 hybridized carbons

- dominate the synthetic pharmaceutical industry, which contributes to a lack of molecular

complexity.17 This is due to the relative simplicity of synthesizing molecules containing sp2

centers compared to sp3 centers.17 This is because the coupling of sp2-sp2 centers is well

developed and widely used, with both SNAr and Suzuki-Miyaura coupling being in the top 5

most frequent reactions used in medicinal chemistry.18 Dabrafenib, used for treating cancer,

is an example of a synthetic drug that is almost completely comprised of sp2-carbons (Figure

1.1). This can be compared to a natural product anti-cancer drug, paclitaxel, which is an

example of 3D structural complexity in a successful pharmaceutical (Figure 1.1). With more

syntheses of sp3-rich molecules being developed, the focus on incorporating these saturated

structures into pharmaceuticals is becoming more common.

Paclitaxel
(natural product)

Dabrafenib
(synthetic)

vs

Figure 1.1: Dabrafenib (synthetic) vs Paclitaxel (natural product)
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In addition to drug potency, another important aspect for evaluating drug success is by

assessing the molecule’s overall pharmacokinetic properties. The pharmacokinetic properties

of a drug are the measurements of four processes that the drug undergoes in the body, which

are absorption, distribution, metabolism and elimination (ADME) (Figure 1.2).19–21 For

an orally administered drug, the physiochemical properties are ultimately what determines

how well the drug will perform in the ADME studies.19;20 Absorption refers to the drug

absorption by the walls of the gastrointestinal (GI) tract to enter the blood stream following

an oral administration of the pharmaceutical.20 For the drug to have high absorption, the

lipophillicity and solubility of the drug is crucial. These properties can be greatly affected by

the molecular substituents and functional groups present in the molecule.20 Distribution of

the drug throughout the blood stream and tissues follows absorption and is also influenced by

the properties of the molecule. These properties can affect whether the drug stays in the blood

plasma or if it is transported throughout the entire body.19;20 Controlling the distribution of

the drug based on its properties will also affect its relative toxicity and off-target delivery.19

Metabolism of the drug is also controlled largely by the structure and properties of the given

pharmaceutical. Metabolism is highly dependent on the types functional groups present in the

molecule. Further, it is crucial that the drug is metabolised at the right step of administration

and that no unwanted metabolic reactions occur prior to drug binding/delivery at the desired

tissues.19 For elimination, metabolic clearance is one of the major routes, thus having a

molecule that will be metabolized safely in the liver following the desired binding/treatments

and that will not be metabolized prior to that is extremely important.19 Lastly, the other

most common method of elimination is renal clearance, controlled by the kidneys, where the

drug must be filtered and secreted into the urine, which also depends on its pharmacokinetic

molecular properties.19 The ability of a given pharmaceutical to undergo these four ADME

processes describes its overall pharmacokinetic behaviour.

Researchers have established a correlation that relates a higher degree of saturation (i.e.

more sp3-carbons) to improved pharmacokinetic properties, including lipophilicity, solubility,

and/or metabolic stability.22–24 These pharmacokinetic properties can improve the likelihood

that the drug molecules will reach the desired target in the body. In addition, having more

molecular complexity has been shown to help reduce off-target affects including drug toxic-
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Figure 1.2: ADME processes. Reprinted (adapted) with permission from Ishida, S.
Drug Metabolism and Pharmacokinetics 2018, 33, 49–54. Copyright 2024 Elsevier.21

ity.7;8 Further, having more molecular complexity and three-dimensionality in pharmaceuti-

cals will allow them to better interact with the binding pockets of the target enzymes/proteins

in the body.25 Studies have shown that when the number of sp3-hybridized atoms as well

as stereogenic centers are increased, the frequency and selectivity of drug-protein binding is

typically higher.25;26

1.2 Bioisosteres

1.2.1 Classical vs Non-Classical Bioisosteres

One way to increase the degree of saturation and sp3 character in pharmaceuticals is

through the use of bioisosteres. Bioisosteres are replacements for structurally similar motifs

that have similar biological properties.27–29 Although biologically similar, these changes can

affect the pharmacokinetics of a given pharmaceutical. In some cases, a biosteric replacement

can cause an increase in the activity of a drug.

The concept of bioisosterism started in 1919 when Langmuir noted that chemically differ-

ent substances can have similar physical properties.30 For example, CO, N2O, CO2, and NCO-

all have similar physical properties and have the same number and arrangement of valence
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electrons.30 This finding was classified as isosterism and defined as groups of atoms having

the same number and arrangement of valence electrons.28;30 This differers from isoelectronic

species, where the molecules have the same arrangement and total number of electrons. Using

this classification method, groups of isosteres were determined by Langmuir (Table 1.1).30

This definition was applied to biological systems when it was noted that some antibodies

could not differentiate between phenyl/thienyl or O/NH/CH2 substituents.31 This was the

first classification of bioisosterism,31 and now bioisosteres are a key concept in medicinal

chemistry. Bioisosteres can be classified into two main groups: classical and non-classical

bioisosteres.

Table 1.1: Isosteres determined by Langmuir.30

Entry Isosteres
1 H-, He, Li+

2 O2–, F–, Ne, Na+, Mg2+, Al3+

3 N2, CO, CN–

4 CH4, NH4
+

5 CO2, N2O, N3
–, CNO–

6 MnO4
–, CrO4

2

Classical bioisosteres are isosteric replacements that do not significantly change the struc-

ture of the target molecule.28;32 The most common example of a classical bioisostere is re-

placing a hydrogen atom with a fluorine (Figure 1.3).32 Other examples include exchanging

between hydroxyl, amino, thiol, chloro and bromo substituents to alter the biological proper-

ties (Figure 1.3).28;32–34 All of these changes fall under the category of a monovalent substitu-

tion. Other types of substitution can take also place such as, divalent (interchange of atoms

in a double bond), trivalent (interchange of atoms involving three bonds) and tetravalent

substitutions (interchange of atoms involving four bonds) (Figure 1.3).28;29;33

On the other hand, non-classical bioisosteres involve a more complex structural change

to the substituents and can include a conformational change or ring replacements (Figure

1.3).28;29;34 These non-classical bioisosteres typically have a different number of atoms than

the original substituent. These can be any replacement for a functional group or molecule

that do not fall under the classification of a “classical” bioisostere and still maintain similar
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Figure 1.3: Examples of classical vs non-classical bioisosteres.

biologicial activity to the parent molecule. Biosisosteres can do this by having simlar spacial

arrangement, electronic properties, or any other physiochemical property that allows them to

reproduce the desired biological activity.28;29 This can include noncyclic or cyclic replacements

and the biological activity can be assessed after a replacement to determine if the structural

change is viable as a successful bioisostere.28;29;34

1.2.2 Saturated Multicyclic Bioisosteres

Bicyclic sp3-rich structures are being used as bioisosteres for aromatic rings in pharma-

ceuticals.35–39 Replacing benzene rings has been challenging as it was difficult to replicate the

geometry and substitution vectors of the ring. The most commonly used bicyclic bioisosteres

being used in drug discovery now are bicyclo[1.1.1]pentane (BCP, unless explicitly stated, the

[1.1.1] herein is implicit), cubane, and bicyclo[2.2.2]octane (BCO, unless explicitly stated, the

[2.2.2] herein is implicit).16 These have been used to replace 1,4-disubstituted phenyl rings

and have shown to have improvements of pharmacokinetic properties and in some cases, im-

proved drug activity (Figure 1.4).37;40;41 Bicyclopentane was used as a bioisostere for a para-

substituted benzene ring in Darapladib (an atherosclerosis treatment).37 The bicyclopen-

tane analogue showed improved solubility with retained potency compared to Darapladib.37

Cubane was incorporated into the drug, Leteprinim (treatment for neurodegenerative disor-

ders such as Alzheimer’s disease, Parkinson’s disease and strokes), where improved activity

was observed.40 Lastly, bicyclooctane was incorporated into a potential anti-tumour agent,

6



which improved metabolic stability and increased potency.41 These examples highlight the po-

tential for bicyclic bioisosteres to improve drug development capabilities and expand methods

to discover new pharmaceuticals and treatments. Although improvement of these properties

is not always observed, having these as tools for future drug development is crucial. However,

all of these bioisosteres are mostly applied to 1,4-substituted benzene rings and the synthe-

ses of these structures still prove to be challenging, making them difficult to incorporate in

pharmaceuticals.
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Figure 1.4: Bicyclic bioisostere replacements for 1,4-diphenyl motifs.37;40;41
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Bicyclopentanes

Bicyclopentanes were one of the first rings that were used as a bioisostere for benzene

rings.16 The bicyclopentane perfectly represents the 180° angle between substituents on a

1,4-substituted benzene ring with only a ∼1 Å shortening of the overall length.42 The first

example of bicyclopentane being used in medicinal chemistry was in 1993 when a bicyclopen-

tane was used to help improve the potency of an antibacterial drug, ciprofloxacin (Figure

1.5).43 Shortly after, bicyclopentane was used as a bioisostere to mimic a benzene ring for a

metabolic glutamate receptor antagonist, (S )-(4-carboxyphenyl)glycine where the biological

activity of the drug was retained (Figure 1.5).44

CO2H
HO2C

NH2H

Bicyclopentane analogue

CO2H

NH2H
HO2C

(S)-(4carboxyphenyl)glycine

Thomsen 
1996

NN

F
O

CO2H

HN

ciprofloxacin

NN

F
O

CO2H

Bicyclopentane analogue

Allison 
1993

H2N

F

Figure 1.5: First use of bicyclopentane as a bioisostere for benzene.43;44

This finding was neglected initially and bicyclopentanes were not used again as bioisosteres

until 2012 when Pfizer showed that bicyclopentane could be used to replace a 1,4-benzene ring

in a γ-secretase inhibitor, Avagacestat (Figure 1.6).36 They observed a retention of biological

activity but the drug had improved solubility, membrane permeability and metabolic stabil-

ity.36 This highlights the ability of bicyclopentanes to improve pharmacokinetic properties

compared to a simple benzene ring.

Although less common, bicyclopentanes have also been used occasionally to replace

alkynes and tert-butyl groups (Figure 1.7).38;45 In one example, the replacement of an alkyne

with a bicyclopentane caused increased basicity of the drug.38 In another example, a tert-

butyl group was replaced by a bicyclopentane in bosentan, and improved potency was ob-

served.45
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Figure 1.6: Bicyclopentane as a bioisostere for benzene in Avagacestat.36
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9



More recently, 1,2-bicyclopentanes have been tested as bioisosteres for ortho- and meta-

substituted benzene rings.46 Two examples where 1,2-bicyclopentane derivatives were used as

bioisosteres were in lomitapide (ortho-substitution) and sonidegib (meta-substitution) where

the replacement showed improved solubility of the drugs (Figure 1.8).46

F3C

O
HN

N

F3C

O
HN

N

lomitapide 1,2-Bicyclopentane analogue

“ortho-substitution”

sonidegib 1,2-Bicyclopentane analogue

“meta-substitution”

F3CO

HN
O

N
N O

F3CO

HN
O

N
N O

Figure 1.8: Bicyclopentane as a potential bioisostere for meta- and ortho-benzene
rings.46

The main obstacle with bicyclopentanes has been their synthesis and this has limited their

applicability in pharmaceuticals. Syntheses of bicyclopentanes are challenging and typically

require photochemistry or the use of [1.1.1]propellane as a starting point, which is a volatile

and potentially explosive compound (Figure 1.9).42;47 Regardless, many research groups have

developed the chemistry of propellane to generate a variety of substituted bicyclopentanes.
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Figure 1.9: Typical syntheses and derivatizations of bicyclopentane.42

Cubane

Cubane has also been explored as a bioisostere for benzene rings in pharmaceuticals.16

Most commonly, 1,4-cubane derivatives are used to replace para-substituted benzene

rings.16;40;48–50 1,2-Cubane has been proposed as a bioisostere for ortho-substituted benzene

rings, but no biological data has been obtained for the ortho-substituted replacement as of

now. Recently, a 1,3-cubane derivative was used as a replacement for a meta-substituted ben-

zene rings in lumacaftor (a cystic fibrosis drug) where improved solubility with the cubane

analogue was observed (Figure 1.10).51 A drawback of using cubane as a bioisostere is syn-

thetic accessibility. Most syntheses start from a cubane skeleton, which makes specific func-

tionalization challenging, or the synthesis is long and requires very specific conditions that

make derivatizations difficult.52 Additionally, some cubane structures have stability issues,

making it a concern for metabolic stability in the body.53–57 Specifically, contact of cubane

with some transition metals caused molecular decomposition,53–56 and decomposition was

also observed under thermal and mechanochemical conditions.57
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Figure 1.10: 1,3-Cubane bioisostere for meta-benzene.51

Bicyclooctanes

Bicyclooctanes have also been used as bioisosteres for benzene rings in drugs.16;58 Bicy-

clooctanes have only been reported as bioisosters for para-substituted benzene rings, likely

due to the difficulty in functionalizing the bridging carbons.16 Bicyclooctane bioisosteres have

been shown to improve pharmacokinetic properties when incorporated into a variety of drugs.

Most commonly, these saturated structures will increase the lipophilicty of the drug with one

major drawback being that they can sometimes cause the drug to become too lipophilic.16;59 2-

Oxabicyclo[2.2.2]octane is one molecule that has been proposed to help mediate the increased

lipohilicity of bicyclooctanes.58 When bicyclooctane and 2-oxabicyclooctane were used to re-

place a para-substituted benzene in imantinib (an anticancer drug), the bicyclooctane deriva-

tive had a drop in solubility whereas the 2-oxabicyclooctane analogue gave improved solubility

(Figure 1.11).58 Both the bicyclooctane analogue and 2-oxabicyclooctane analogue showed

reduced lipophilicity while maintaining biological activity.58 The 2-oxabicyclooctane also had

improved metabolic stability.58 Developing more routes to synthesize these types of structures

continues to be of importance for future application of these bioisosteres.
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Bicyclooctane analogue 2-Oxabicyclooctane analogue
O

Figure 1.11: Bicyclooctane compared to 2-oxabicyclooctane as bioisosteres.58
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1.2.3 Bicyclohexane Bioisosteres

After being proposed by Mykhailiuk in 2019,16 a promising bicyclic bioisostere that is

emerging in the literature is bicyclo[2.1.1]hexane (BCH, unless explicitly stated, the [2.1.1]

herein is implicit). These motifs proved to be challenging to synthesize in the past, with the

rare examples of bicyclohexanes generated via intramolecular photochemical [2+2] cycload-

ditions.60–64 This limited the derivatives of bicyclohexane structures that could be accessed,

with densely functionalized derivatives especially challenging to obtain. Since 2022, more

syntheses of bicyclohexanes have been developed, which involve cycloaddition reactions with

bicyclobutanes (See Section 1.4.5 for more details).65–68 However, as this area is expanding

and the need for these motifs grows, more efforts need to be placed on synthetic routes to

access these potential bioisosteres.

Depending on the substitution on the bicyclohexane, they have been proposed to replace

ortho, meta and even multisubstituted benzene rings (Figure 1.12).16 The proposal to replace

other substitution patterns of benzene rings is because of the angle vectors of the different

substitution patterns possible on bicyclo[2.1.1]hexanes.16

Figure 1.12: Bicyclohexanes as potential bicyclic bioisosteres for different substituted
benzene rings.

So far, the two most explored bicyclo[2.1.1]hexanes as bioisosteres of ortho-substituted
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benzene rings are the 1,2- and 1,5-bicyclo[2.1.1]hexanes.69 Exit vector analysis of the 1,2-

bicyclo[2.1.1]hexanes was done when a BCH was used as a biosisostere for an ortho-benzene

ring in telmisartan (Figure 1.13 - Left).70;71 These studies showed that the bond distances

and angles between the substituents matched closely but the dihedral angles did not (58° in

BCH versus 0° benzene).70 These findings were confirmed independently by Mykhailiuk when

they studied the exit vector for 1,2-bicyclo[2.1.1]hexane in both telmisartan and valsartan.71
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HO2C
NN
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(±)-57a (±)-57b
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Figure 1.13: Exit vector analysis of 1,2- and 1,5-bicyclo[2.1.1]hexanes comapred to
ortho-substituted benzene.23;70 - Adapted from Diepers, H. E.; Walker, J. C. L. Beilstein
J. Org. Chem. 2024, 20, 859–890. Copyright 2024 Beilstein-Institut Open Access
License Agreement.69

Regardless of the discrepancies in the dihedral angles, 1,2-bicyclo[2.1.1]hexanes are be-

ing used to replace ortho-substituted phenyl rings pharmaceuticals and some examples are

highlighted in Figure 1.14.71;72 In phthalylsulfathiazole (antibacterial drug), the drug showed

improved activity with the bicyclohexane;72 in conivaptan (a hyponatremia treatment) it

showed improved solubility and metabolic stability; finally, in lomitapide (a lipid-lowering

agent) it showed improved solubility (Figure 1.14).71 In all cases, the potency of the drug

was also retained.71;72 These examples highlight the potential for using these bicyclohexanes

in other existing and new pharmaceuticals as their synthesis becomes more accessible.
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Figure 1.14: Examples of 1,2-bicyclo[2.1.1]hexane replacements in pharmaceuti-
cals.71;72

For 1,5-bicyclo[2.1.1]hexanes, exit vector studies were done with a 1,5-bicyclo[2.1.1]hexane

replacement in valsartan (Figure 1.13 - Right).23 These results indicated that the substituent

angles match closely to ortho-substituted benzene rings but the bond distance between the

two substituents was slightly larger and the dihedral angle was significantly larger for the 1,5-

bicyclohexane derivatives (Figure 1.13 - Right).23 This 1,5-substitution of the bicyclohexane

has been incorporated into drugs as a bioisostere for ortho-substituted benzene rings (Figure

1.15).73 When the bicyclohexane replaced the ortho-benzene in fluxapyroxad (a fungicide),

the solubility increased.73 For boscalid (a fungicide), the solubility and metabolic stability

was improved with the BCH replacement.73 In addition to the pharmacokinetic properties

being improved with BCH incorporation, the biological activity of the drug was maintained.73

This further supports the potential of these motifs as bioisosteres in pharmaceuticals.
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Figure 1.15: Examples of 1,5-bicyclo[2.1.1]hexane replacements in pharmaceuticals.73

To replace meta-substituted benzene rings, 1,3- and 1,4-bicyclo[2.1.1]hexanes have been

proposed.16;69;70 For 1,3-substituted bicyclohexane, the bond distances and angles are very

similar to a meta-substituted benzene ring; however, the difference in dihedral angle between

substituents is 78° in the bicyclohexane compared to ∼1° for meta-benzene (Figure 1.16 -

Left).70 Currently, there are no biological comparisons when using 1,3-bicyclohexane to re-

place meta-substituted benzene. For the 1,4-BCH, the bond distance between the substituted

carbons on the bicyclohexane are ∼15% smaller than in meta-substituted benzene and the

bond angles are increased in comparison (Figure 1.16 - Right).70 However, the dihedral angle

between substituents in the bicyclohexane is almost identical to a meta-substituted benzene

(Figure 1.16 - Right).70 Depending on the binding pocket of the target drugs, choosing be-

tween 1,3- and 1,4-substituted bicyclohexane could affect the biological activity and must

be tested. 1,4-Bicyclohexanes also lack biological comparisons to meta-substituted benzene,

likely due to the current lack of synthetic routes to access these derivatives. This further

emphasizes the need to develop more synthetic routes to access bicyclo[2.1.1]hexanes with a

variety of substitution patterns.
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Figure 1.16: Exit vector analysis of 1,3- and 1,4-bicyclo[2.1.1]hexanes comapred to
meta-substituted benzene70 - Adapted from Diepers, H. E.; Walker, J. C. L. Beilstein
J. Org. Chem. 2024, 20, 859–890. Copyright 2024 Beilstein-Institut Open Access
License Agreement.69

1.2.4 Azabicyclic Bioisosteres

Nitrogen containing heterocycles are an extremely important and common motif found

in successful drug candidates.74;75 In a study done in 2014, it was found that 59% of all

small molecule drugs contain at least one nitrogen heterocycle,74 with this statistic being

updated in 2024 to 82% of drugs.75 In addition, it was observed that the number of nitrogen

heterocycles per drug has been increasing in frequency.75 These heterocyclic structures, espe-

cially the aromatic heterocycles, have the potential to be replaced with saturated azabicyclic

biosisosteres. This would help to increase the number of Csp3 centers in these pharmaceu-

ticals. Therefore, the development of using azabicyclic structures as bioisosteres is another

significant area of focus for improving drug-like properties.
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Azabicyclic bioisosteres are being proposed as bioisosteres of nitrogen containing het-

erocycles to increase the fraction of sp3 carbons and molecular complexity (Figure 1.17).

Similarly to other saturated systems, a major limitation of these bioisosteres is their lack of

synthetic availability. So far, the most focus has been placed on using naturally-occurring

azabicyclics such as tropanes (2-azabicyclo[3.2.1]octanes) as potential bioisosteres. Some

other examples of azabicyclic bioisosteres that have been used or tested in pharmaceutical

molecules are diazabicycloheptanes (piperazine replacement),76 azabicycloheptanes (piper-

azine/pyrrolidine/pyridine replacement)77 and a variety of other azabicyclics.78–82 More spec-

ifically, azabicyclic structures have commonly been tested as a bioisosteres for binding in nico-

tinic acetylcholine receptors with 2-azabicyclo[2.2.1]heptanes and tropane derivatives being

commonly used (Figure 1.18).78–82 The potential to expand the types of replacements is

substantial but requires the synthesis of these motifs to become more readily available for

medicinal chemists to utilize these for pharmaceutical development.
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A bioisostere that has been proposed for ortho- and meta-substituted benzne rings are

bicyclo[3.1.1]heptanes,83 where again, synthesis is a major limitation. Expanding this to

heterocycles, an azabicycloheptane could be used as a bioisostere for substituted pyridine or

even other nitrogen containing heterocycles (Figure 1.19).77 Once syntheses of these struc-

tures are more developed, their bioisostere potential can be further explored. New synthetic

approaches toward azabicycloheptanes have emerged recently and will be discussed further

in Chapter 4.

N

meta-pyridine

vs
R
N

Azabicyclo[3.1.1]heptane

125° 125°
5.04 Å 4.8 Å

Figure 1.19: Proposed azabicycloheptane bioisostere for meta-substituted pyridine.77
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1.3 Bicyclobutane Structure and Synthesis

1.3.1 Structure

Bicyclo[1.1.0]butanes (BCBs) are a common motif used to access bicyclic bioisosteres

recently.84 These molecules are comprised of two cyclopropane rings fused together along

a central C–C bond. The bridgehead carbons are at each end of the central C–C bond

with the bridging carbons located between each bridgehead position (Figure 1.20). After the

first attempts at making a bicyclobutane were unsuccessful, the first genuine example was

synthesized and characterized in 1959 by Wilberg and Ciula.85 The first solid state molecular

structure of bicyclobutane was determined by X-ray crystallography in 1972 by Johnson and

Schaefe.86 They observed that the bicyclobutane takes on a “butterfly” shape where the two

bridging CH2 carbons bend out of the plane of the central C–C bond that fuses the two rings

together (Figure 1.20).86;87 This leads to two sets of signals for the CH2 hydrogens in the

1H NMR spectrum with two of the hydrogens being pseudo-equatorial and two pseudo-axial

(Figure 1.20). Small coupling can be observed between the axial and equatorial protons,

leading to two small triplets for each set of hydrogen signals in the 1H NMR spectrum.88

At higher temperatures (∼120 °C) ring-flipping has been observed between the two different

configurations, causing the two inequivalent NMR signals to coalesce.89

“butterfly”
shape

Bridge-head 
carbon

Bridging
carbon

Unsubstituted 
Bicyclobutane

Hax

Heq

Figure 1.20: Bicyclobutane structure.85–87

All five of the C–C bond lengths in the bicyclobutane have been shown to have a similar

length of ∼1.50 Å with an angle of 120-125° between the bridging carbons (Figure 1.21).87

However, the bond lengths and angles are flexible and change depending on the substitution

of the bicyclobutane core.90 The internal cyclopropane angles are between 58-62°, which is
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significantly less than a typical Csp3 bond angle of 109° (Figure 1.21).87

~1.50 Å

120-125°

58-62°

Figure 1.21: Bond lengths and angles of bicyclobutane.87

The bond angles of the bicyclobutane cause significant strain on the central C–C bond,

contributing to its reactive nature.91 The strain energy is ∼63.9 kcal mol-1 for bicyclobutane,

compared to 27.5 kcal mol-1 and 26.5 kcal mol-1 for a single cyclopropane and cyclobutane

ring respectively (Figure 1.22).91 This strain was hypothesized to arise from the 1,3-carbon-

carbon interactions that take place due to the butterfly shape of the bicyclobutane as well

as the strain from the smaller bond angles (Baeyer strain92). It was found that substituting

the bridgehead position of the bicyclobutane with alkyl or aryl substitution can decrease the

strain energy and additionally, conjugation of the C–C bond with an aryl group will elongate

the central bond.90

cyclopropane
~27.5

cyclobutane
~26.5

bicyclobutane
~63.9

Strain energies in kcal mol-1

Figure 1.22: Comparative ring strain in cyclic structures.91

The butterfly shape of the bicyclobutane causes the 2p-orbitals of the bridging carbon

atoms to overlap in the highest occupied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO) as demonstarted in a simplified orbital picture in Figure 1.23.93

Molecular orbital calculations indicate that there is substantial p-character in the central

C–C bond, which allows it to react like an alkene.94;95 Initially it was shown that the bicyclic

bond has up to 96% p-character,94 which was later calculated to be about a 5:1 p-π to p-σ

based on Walsh’s rules of orbital rotational symmetry around an axis.95
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Figure 1.23: Simplified orbital shape for the bicyclobutane HOMO and LUMO com-
pared to ethylene.93

1.3.2 Synthesis

Since first being discovered, the synthesis of bicyclo[1.1.0]butanes has been extensively

developed. These syntheses typically require a multiple step sequence via either a one-pot or

linear route. The first synthetic route was developed by Wilberg and Ciula (Figure 1.24).85

The synthesis starts with the preparation of 3-carbethoxycyclobutanol-1 tosylate, which was

developed previously by Maxim starting from epibromohydrin.96 Ethyl 3-bromocyclobutane-

1-carboxylate was then prepared using lithium bromide followed by base-mediated ring

closing using sodium triphenylmethide in ether.85 This afforded the desired product, ethyl

bicyclo[1.1.0]butane-1-carboxylate. (Figure 1.24)85 Following this initial synthesis, efforts

have been placed to develop many different ways to access a variety of bicyclobutane deriva-

tives.

O Br 1. BnBr, HgCl2
CO2Et
CO2Et

BnO

1. KOH
2. EtOH, H2SO4

2. Diethylmalonate, NaOEt 3. H2, Pd
4. PhSO2Cl, pyridine

CO2EtPhO2SO

CO2EtPhO2SO
2. NaCPh3, ether

1. LiBr CO2Et First successfully 
prepared bicyclobutane

Figure 1.24: The first successful synthesis of bicyclo[1.1.0]butane.85;96
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Currently, bicyclobutanes are synthesized following one of three different pathways. The

routes differ by the starting material structure and can lead to different substitution pat-

terns. The three main syntheses are: side chain cyclization of cyclopropanes (Route A),

cyclopropanation (Route B) and transannular cyclization of cyclobutanes (Route C) (Figure

1.25).84 The first reported synthesis described earlier (Figure 1.24) was a combination of side

chain cyclization (Route A) and transannular cyclization (Route C) starting from an epoxide

to give an ethyl ester monosubstituted bicyclobutane.85 Since then, the different routes to

access these structures have been extensively developed.

Route B

Route A

Route C

LG

OR

O

N2

= CH2C=CR2

or
= H + alkyne

LG

Side-chain 
cyclization

Cyclopropanation

Transannular
cyclization

Figure 1.25: Different routes to access bicyclobutanes

The first method using side chain cyclization (Route A) typically starts with an epoxide

or allyl chloride (Figure 1.26).84 The main type of bicyclobutanes synthesized starting from

the epoxide are sulfonyl substituted and the synthesis takes place as a one-pot reaction

(Figure 1.26).97–99 Most commonly, products isolated are monosubstituted. On the other

hand, when starting from allyl chloride, the first cyclization reaction leads to a cyclopropane

where an alkyl bromide side chain undergoes a second cyclization to form the bicyclobutane

substituted with a bromine (Figure 1.26).100–107 This intermediate then undergoes lithium

halogen exchange followed by electrophilic substitution to access the final bicyclobutane

product (Figure 1.26). Similarly to the epoxide route, most of the products obtained are
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monosubstituted bicyclobutanes with a variety of electron withdrawing groups including

esters, amides and boronates. To access more substituted bicyclobutanes, the reaction must

start with a functionalized allyl chloride where the functionality can be carried through the

synthesis to the final product structure.108;109

Cl

one-pot SO2R
basic conditions

O

= CH2SO2R or Cl

1. CHBr3, NaOH
2. MeLi

Br 1. tBuLi
2. Electrophile (E)

E

Figure 1.26: Side chain cyclization synthesis of bicyclobutanes (Route A).97–109

Synthesizing bicyclobutanes following the cyclopropanation route (Route B) is much less

common (Figure 1.27).84 This synthesis can be done starting from a molecule containing

both an α-diazo ester and alkene that undergoes an intramolecular cyclopropanation or via

an intermolecular reaction between an alkyne and an α-diazo ester (Figure 1.27).110;111 These

routes require specific conditions, which limits their applicability; however, they allow access

to enantioenriched bicyclobutanes with bridging substitution.

Ph
N2

OtBu

O
Rh cat. CO2tBu

Ph

Fox
2013

Ph +
N2

OEt

O

Enzyme cat. Ph

CO2Et

CO2Et
Arnold
2018

Figure 1.27: Synthesis of bicyclobutanes via cyclopropanation (Route B).110;111
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Arguably, the most commonly used method to syntheszie bicyclobutanes is via the

transannular cyclization of cyclobutanes (Route C). The three main starting cyclobutanes are

3-methylenecyclobutanecarbonitrile I, 1,1-cyclobutanedicarboxylic acid II and

3-oxocyclobutanecarboxylic acid III (Figure 1.28).84 All three starting materials follow dif-

ferent synthetic routes and can lead to different bicyclobutane derivatives. Starting from

compound I gives access to a disubstituted nitrile bicyclobutanes but harsh reagents such as

hydrogen bromide and sodium hydride are required (route C-1, Figure 1.28).108 From com-

pound II as a starting material, monosubstituted amide or ester bicyclobutanes can be made

(route C-2, Figure 1.28).112;113 Using sulfuryl chloride and benzoyl peroxide, compound II

will undergo singular decarboxylation and transannular chlorination. The carbonyl is then

converted to the corresponding amide or ester through an acyl chloride intermediate before a

base-mediated ring closing reaction to form the bicyclobutane. Finally, using compound III

as a starting material allows access to both mono and disubstituted bicyclobutanes depend-

ing on the synthetic pathway followed (routes C-3 and C-4, Figure 1.28).22;114;115 When the

disubstituted bicyclobutane is desired, first a Grignard reaction is performed. This is followed

by functionalization of the carboxylic acid, chlorination and then finally base-mediated ring

closing to give the final bicyclobutane (route C-3, Figure 1.28).114 For the monosubstituted

bicyclobutane, the functionalization of the carboxylic acid is done first followed by cyclobu-

tanone reduction to the alcohol. The hydroxyl group is then tosylated followed by base-

mediated ring closing to give the monosubstituted bicyclobutane (route C-4, Figure 1.28).22

Depending on the bicyclobutane derivative needed, specific conditions may be altered to

achieve the desired product. Further details regarding specific bicyclobutane syntheses will

be discussed in subsequent Chapters.
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Figure 1.28: Different routes for the syntheses of bicyclobutanes via transannular
cyclization (Route C).22;108;112–115

1.4 Bicyclobutane Reactivity

1.4.1 Strain-Release of Bicyclobutanes

As discussed earlier, bicyclobutanes have significant ring strain across the cental C–C

bond.91 This strain can be released and utilized for reactivity following either a 2 electron

polar pathway or radical pathway (Figure 1.29).84 Following the polar pathway, the bicyclobu-

tane can react with either nucleophiles or electrophiles to form functionalized cyclobutanes

or cycloaddition products. This typically requires activation of the bicyclobutane using the

electron donating group (EDG) and/or electron withdrawing group (EWG) and/or a reactive

electrophile/nucleophile. The high strain energy also makes bicyclobutanes great candidates

as radical acceptors. This type of reactivity typically requires some form of activation such

as thermal, photochemical or redox conditions.84
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Figure 1.29: Polar vs radical strain release of bicyclobutanes

1.4.2 Donor-Acceptor Cyclopropane Reactivity

It has been established that the substituents on the bridgehead positions of the bicyclobu-

tane play an important role in its reactivity.116–118 When an EDG and EWG are installed on

each side of the ring, reactivity analogous to donor-acceptor cyclopropanes is observed. The

presence of both the EWG and EDG causes the bridging C–C bond of the bicyclobutane to be

polarized. Analogous to donor-acceptor cyclopropanes, this creates a partial positive charge

of one side of the bicyclobutane and a partial negative on the other side (Figure 1.30).119;120

EWGEDG δ δEDG EWG
vs

δ δ

cyclopropane bicyclobutane

Figure 1.30: Donor-acceptor cyclopropane versus bicyclobutane

With donor-acceptor cyclopropanes, the three main types of reactivity observed are ring-

opening, cycloaddition and rearrangement reactions (Figure 1.31).119;120 Due to the analagous

structure of bicyclobutanes, this has led to the discovery of new reactions with these bicy-

clobutanes following similar conditions to those observed for donor-acceptor cyclopropanes.
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Figure 1.31: Reactivity of donor-acceptor cyclopropanes.119

1.4.3 Early Studies of Bicyclobutane Reactivity

Following their synthesis and characterization, the reactivity of bicyclobutanes has been

explored.88 Due to the substantial strain energy of the central C–C bond91 and its π char-

acter,94;95 it has many possibilities for chemical reactivity. Although not always the case, a

difference in strain energy between substrates and products can be a driving force for a reac-

tion to occur. Since bicyclobutanes are proposed to be highly reactive due to their strained

structure, the stability of bicyclobutanes have to also be considered for synthetic applica-

bility. The stability/reactivity of the bicyclobutane can be tuned based on the substituents

on the ring. It has been shown that having 1,3-disubstituted bicyclobutanes and more ster-

ically hindered substituents can increase the bicyclobutane stability. Balancing controlled

reactivity vs stability of the bicyclobutanes for isolation is extremely important for these

structures.

Initially, it was hypothesized that the central C–C bond or side C–C bond could be

cleaved photochemically to give either a di-secondary radical or a primary and cyclopropyl

radical respectively (Figure 1.32).88;94 The formation of the di-secondary radical would be

more thermodynamically favoured. Consequently, this method of radical reactivity has been

confirmed and will be discussed in more detail in Section 1.4.7.94

28



cyclopropyl and 
primary radical

di-secondary 
radical

Thermodynamically 
favoured

Figure 1.32: Routes for radical initiation of bicyclobutane.88

In addition to radical formation, initial studies showed that bicyclobutanes are cleaved in

aqueous acidic conditions.85;88 Under these conditions, the bicyclobutane can be hydrated to

form the cyclobutane (Figure 1.33).88 If the bicyclobutane is subjected to acidic conditions

in an alcohol solvent, the alcohol will substitute and give cyclobutyl ether (Figure 1.33).88

More recently, it was also observed that under Lewis acidic conditions, the bicyclobutane can

isomerize to the cyclobutene via protonation followed by E1 elimination (Figure 1.33).121

This reactivity is more prominent with the disubstituted bicyclobutanes, whereas the mono-

substituted bicyclobutanes are typically more stable to Lewis acidic conditions. Early on,

it was also observed that other groups can be added across the C–C bond including iodine,

bromide and chlorine.88 This set the foundation for further reactivity of the bicyclobutanes

being explored.

OH H3O+

OH

OH

CO2Me MeOH
Δ

Me
MeO

CO2Me
Me

R’R
R’RLewis-acid

Figure 1.33: Initial reactivity of bicyclobutanes.85;88;121
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It was hypothesized that a methylene could be inserted into the central C–C bond to make

bicyclo[1.1.1]pentane derivatives.88 Initial attempts to insert methylene via a [2+2] reaction

were unsuccessful, where ring-opening to pentadiene was the major product instead.88 Unsuc-

cessful attempts were also observed when trying to insert oxygen across the C–C bond using

meta-chloroperbenzoic acid (mCPBA).88 Finally, using dichlorocarbene also only yielded 1,5-

diene products and initial attempts to add ethylene also failed.88 Despite the initial failed

attempts, other additions across the C–C bond continued to be tested. Finally, in 1966, Cairn-

cross and Blanchard showed a successful addition of alkenes with 3-methylbicyclo[1 1.0]bu-

tanecarbonitrile to form a bicyclo[2.1.1]hexane (Figure 1.34).122 Shortly after, it was shown

that carbenes could also be inserted in the bicyclobutane when Applequist and Wheeler re-

ported a dichlorocarbene addition to form 1,1-dichlorobicyclo[1.1.1]pentane (Figure 1.34).123

Other carbene insertions to bicyclobutane were later developed when 1,1-difluorobicyclo-

[1.1.1]pentanes were synthesized via a difluorocarbene insertion reaction.22;114

CNMe
+

Me CN
“First alkene insertion”

Δ

Me
O

O
“:CCl2”

Me CO2Me

Cl Cl

“First carbene insertion”Δ

Figure 1.34: First successful insertion reactions with bicyclobutane.122;123

1.4.4 Polymerization

When bicyclobutanes were discovered, one hypothesized application was use as polymer

building blocks.124 Monosubstituted bicyclobutanes were found to be prone to polymerization

through free radical chain processes.88;124;125 To inhibit the polymerization, t-butylcatechol

and butylated hydroxytoluene (BHT) were shown to be effective.88;124;125 The polymerization

occurs spontaneously for the monosubstituted 1-cyano bicyclobutane at room temperature to

form a hard plug of polymer material (Figure 1.35).125 It was shown that this polymer can be

dissolved in dimethyl formamide (DMF), which will then form stringy fibres in methanol.125
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This polymerization was found to be inhibited when electron donating groups such as methyl

or phenyl are added to make the disubstituted bicyclobutane.124;125

CN
rt CN CN CN

1-cyano bicyclo[1.1.0]butane Spontaneous polymerization

Figure 1.35: Polymerization of the monosubstituted 1-cyano bicyclobutane.125

1.4.5 Electrophilic Addition

The addition of a carbene across the bicyclobutane C–C bond discussed in Section 1.4.3

showed that bicyclobutanes can act as nucleophiles and will react with activated electrophiles

in addition reactions. When electron donating and electron withdrawing groups are placed

on either side of the bicyclobutane ring, the dipole of the central C–C bond is increased and

the reactivity is greater. The bridgehead carbon that is attached to the electron withdraw-

ing group can act as a nucleophile and attack certain electrophiles (Figure 1.36). This then

leaves behind a carbocation on the opposite bridgehead position that is stabilized by the

electron donating group and is susceptible to attack by another nucleophile (intramolecular

or intermolecular) or elimination (Figure 1.36). If a nucleophile is present on the carbocation

intermediate, this can lead to a stepwise (3+2) reaction to access bicyclic structures. Alter-

natively, if instead intermolecular nucleophilic attack or elimination occurs, the cyclobutane

or cyclobutene product can be formed respectively.
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Figure 1.36: Reactivity of bicyclobutanes with electrophiles

The mechanism for the carbene insertion with bicyclobutanes to form bicyclopentanes

was studied (Figure 1.37).22;113;114 It was proposed that the bicyclobutane I attacks the

electophilic carbene to form the carbocation intermediate II (Figure 1.37). If the cyclobutane

stays in the intermediate conformation, the carbanion can cause ring opening to form the

diene byproduct IV. Alternatively, if the ring undergoes a flip in geometry to intermediate

III then the carbanion can attack the carbocation to form the bicyclopentane V (Figure

1.37).113
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Figure 1.37: Proposed mechanism for carbene insertion to bicyclobutanes.113
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1.4.6 Cycloadditions

Following the initial reactivity with bicyclobutanes, there was a gap in the published work

until 2016 when Baran highlighted the wide range of potential for strain release functional-

ization.98 This sparked interest in the area of bicyclobutanes, and since then many different

reactions have been developed to add substituents across the central C–C bond (including

the previously discussed difluorocarbene insertion to form bicyclopentanes22;114). Although it

was reported early on that alkenes could be added to bicyclobutanes to form the bicyclohex-

ane,122 a major drawback is that the alkenes had to be very electron poor to see any reactivity

with bicyclobutanes, limiting the potential for this reactivity. Later, Glorius developed a pho-

tochemical cycloaddition with bicyclobutanes utilizing blue-light and a photocatalyst.65 This

enabled access to bicyclohexanes with less electron deficient alkenes; however, the substrate

scope was still very limited and specific to the type of alkene (coumarin derivatives). This

was followed shortly after by three more examples of an alkene insertion into bicyclobutane

to form bicyclohexane derivatives (Figure 1.38).65–68
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Figure 1.38: Previous alkene additions to bicyclobutane.65–68

After the first examples of cycloaddition reactions with bicyclobutanes, there continued

to be examples of other addition reactions. Some examples of Lewis acid catalyzed additions

to bicyclobutanes include imines (Chapter 2)121, aldehydes126 and ketenes127 to form azabi-

cyclohexanes, oxobicyclohexanes, and 2-oxobicyclohexanes respectively. Additionally, using

diboron compounds as catalysts, alkenes and one example of an alkyne128 have been added

to form bicyclohexanes and bicyclohexenes (Figure 1.39).128;129
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Figure 1.39: Diboron catalyzed additions with bicyclobutane.128;129

Two methods of adding indoles across bicyclobutanes have also been developed.130;131

Using Lewis acid catalysis, the indole will add across the bicyclobutane C–C bond and form

indole-fused bicyclohexanes (Figure 1.40). Some differences between these two syntheses are

the Lewis acid catalyst used, bicyclobutane scope, and substitution on the indole nitrogen;

however, the main difference that sets these apart is the substitution regioselectivity. Deng

focuses on one type of bicyclobutane (monosubstituted naphthyl ketone), with Yb(OTf)3 for

the catalyst and only N -substituted indoles.130 On the other hand, Feng tested a variety of

disubstituted bicyclobutanes, AgOTf as the catalyst with only N -unsubstituted indoles.131

Interestingly, the two methods have opposite selectivity for the regiochemistry of the addition.

The indole addition by Deng has the indole-nitrogen adjacent to the electron withdrawing

(partial negative) side of the bicyclobutane whereas Feng obtains the indole-nitrogen adjacent

to the electron donating (partial positive) side of the bicyclobutane (Figure 1.40).130;131
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Figure 1.40: Indole additions with bicyclobutane.130;131

Since then many papers are still continuing to be published showing different types of ad-

ditions to bicyclobutanes, further expanding the chemical tool kit for these compounds. This

includes recent examples where titanium catalysts enables cycloadditions of 2-azadienes and

1,3-dienes to bicyclobutanes to form 2-aminobicyclohexanes and bicyclohexanes respectively

(Figure 1.41).132;133 Other cycloadditions with bicyclobutanes where three or more atoms are

incorporated into the bicyclic product have also been developed and this will be discussed in

Chapter 4.
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Figure 1.41: Ti-catalyzed cycloadditions to bicyclobutane.132;133
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1.4.7 Nucleophilic addition

Polar nucleophilic addition

Bicyclobutanes can also react directly with nucleophiles, typically leading to functional-

ized cyclobutane products. The nucleophile will react at the electron deficient bridgehead

carbon that is attached to the electron donating group (Figure 1.42). This will then give an

anionic intermediate with a negative charge next to the electron withdrawing group (Figure

1.42). Similarly to how bicyclobutanes react with electrophiles, the intermediate can follow

two possible pathways. If the nucleophilic substrate has an electrophilic center, the bicy-

clobutane anion can react there to give a bicyclohexane (Figure 1.42). Alternately, the anion

intermediate can be protonated to form a functionalized cyclobutane (Figure 1.42).
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H+ EDG EWG
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Protonation
Nu

R

Nu
R

R
H

Figure 1.42: Reactivity of bicyclobutanes with nucleophiles

Nucleophile addition to bicyclobutanes is common, with many nucleophile classes re-

ported. The first types of nucleophiles that were reported to undergo addition to bicyclobu-

tane were oxygen and nitrogen-based (Figure 1.43).134 Hoz developed a methoxide addition

with monosubstituted bicyclobutanes (Figure 1.43).135 Gaoni developed azide additions to

bicyclobutanes with N,N,N,N -tetramethylguandinium azide (TMGA) or trimethylsilyl azide

(TMSA), which could be further reduced to the amine derivative (Figure 1.43).136 In addi-

tion, Gaoni also demontrated that amines could be added directly to bicyclobutanes using

heat and the amine as a solvent (Figure 1.43).137 These conditions were later expanded by

Baran when he showed that amines could be added to various monosubstituted sulfonyl

bicyclobutane derivatives at room temperature (Figure 1.43).98;138
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Figure 1.43: Reactivity of bicyclobutanes with oxygen and nitrogen-based nucle-
ophiles.98;135–138

Organometallics are another class of nucleophiles that have been added to bicyclobutanes.

This reactivity was first investigated by Gaoni from 1982-1989 where he saw successful addi-

tions using organo-copper catalysts on sulfonyl bicyclobutanes (Figure 1.44).139–142 This was

later expanded to other bicyclobutane derivatives by Fox using Grignard and organo-copper

reagents (Figure 1.44).110 Fox also showed that if an electrophile is added to quench the reac-

tion, functionalization across the cyclobutane ring at the anionic center can be achieved.110

Other types of nucleophiles that have been added to bicyclobutanes are phosphines108 and

thiols.106
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Figure 1.44: Reactivity of bicyclobutanes with organometallic and other nucle-
ophiles.106;108;110;139–142

Radical nucleophilic addition

In addition to polar reactions of bicyclobutane with nucleophiles, examples of radical

nucleophilic addition syntheses have been reported.143–146 This also gives access to function-

alized cyclobutane products that include substituents containing alkyl carbon chains,143 alkyl

amines145, ethers,144 amines,144 and silyl groups146 (Figure 1.45).
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Figure 1.45: Radical reactivity of nucleophiles with bicyclobutanes.143–146

1.4.8 Other Classes of Bicyclobutane Reactivity

In addition to the reactivity of bicyclobutanes already discussed, other types of reactivity

have also been observed from these compounds. The central C–C bond can rearrange to form

fused ring systems or spirocyclic products that also have potential applications in pharma-

ceuticals.107;147;148 Using boronate bicyclobutane derivatives, ring rearrangement can occur

to give access to other functionalized cyclobutane products.101–104 Further, with the use of a

cobalt catalyst it has been shown that the polarity of the bicyclobutane can be inverted and

a nucleophilic radical can form at the usually electrophilic side of the bicyclobutane.149 This

radical can then undergo coupling reactions with electrophilic aromatic and alkene substrates

to obtain functionalized cyclobutanes.149

Reactions have been developed to further functionalize bicyclobutanes themselves at ei-

ther the bridgehead or bridging carbons.113;140;150 It has proven more difficult to substitute

at the bridging carbons than the bridgehead.84 One reason for this is that the cyclobutanone

starting material that is most commonly used in the bicyclobutane synthetic pathway is not

able to make a stable enolate due to the ring strain of the cyclobutane. This makes it more
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challenging to install functionality before the bicyclobutane structure is formed. Further-

more, once the bicyclobutane is synthesized, the reactivity of the compound also makes it

difficult to react at the bridging positions without unwanted side reactivity occurring.

1.5 Scope of Thesis

The development of more saturated multicyclic bioisosteres is crucial for the advancement

of the pharmaceutical industry. Having a larger library of bioisosteres available will allow the

potential for discovering new drug candidates to increase. In addition, the more methods that

are available to synthesize these bioisosteres, the greater chance they will be incorporated

during the drug discovery process. Therefore, discovering and developing new synthetic

methods for saturated bicyclic bioisosteres would have a positive impact on the advancement

of the pharmaceutical industry. This thesis focuses on the development of new syntheses to

these bioisosteres with additional emphasis on derivatization and further functionalization of

these motifs. Bicyclobutanes play a crucial role as a central intermediate that allows access

to a variety of different multicyclic structures.

Chapter 2 focuses on the development of an imine addition to bicyclobutanes to synthesize

azabicyclo[2.1.1]hexanes and cyclobutenyl methanamines. Azabicyclohexanes are potential

bioisosteres for N -containing heterocycles and have been used in drug candidates. The cy-

clobutenyl methanamines are synthesized diastereoselectively and can be converted to the

corresponding azabicyclohexane via an iodoamination reaction. This transformation installs

an iodine on the azabicyclohexane that allows further functionalization of the bicyclic struc-

ture.

In Chapter 3, the development for the synthesis of 2-oxo-bicyclo[2.1.1]hexanes is de-

scribed. The synthesis is achieved through a base-mediated enolate addition and cyclization

with bicyclobutanes. The products have an endocyclic carbonyl functional handle for fur-

ther derivatization. Additionally, glycine-derived enolates were used to install a protected

nitrogen synthetic handle that can also be used to derivatize the bicyclohexane products. Bi-

cyclohexanes have been proposed as bioisosteres for different substituted benzene rings. The
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development of this synthesis provides another means to access these potential bioisosteres.

Chapter 4 describes a 1,3-dipolar cycloaddition reaction of pyridinium ylides with bi-

cyclobutanes to form 3-azabicyclo[3.1.1]heptanes. Azabicyclo[3.1.1]heptanes have been pro-

posed as bioisosteres for pyridine rings or other N -containing heterocycles; however, previous

synthesis of these motifs has been limited. The reaction developed proceeds diastereoselec-

tively in the presence of a base without the need for a catalyst. The azabicyclo[3.1.1]heptane

products are highly substituted with a fused dihydropyridine ring and can be further deriva-

tized.

Finally, Chapter 5 explores the synthesis of 3-oxo-2-azabicyclo[2.1.1]hexanes and 3-oxo-

2-azabicyclo[2.2.1]heptanes via an intramolecular substitution reaction. These motifs both

have potential uses as bioisosteres for N -containing heterocycles and contain an endocyclic

carbonyl for further functionalization. The starting material for this reaction is also a pre-

cursor to either bicyclobutanes or bicyclopentanes. The selectivity of the reaction could be

controlled to access either the azabicycle or the bicyclobutane/bicyclopentane depending on

the base and conditions used.

Overall, the research from this thesis allows more synthetic routes to the desired satu-

rated bicyclic bioisosteres. Demonstrations for the diversification of these bicyclic structures

highlights the potential for these motifs to be utilized in pharmaceutical development. With

more tools developed to access these bioisosteres, their use in future drug candidates can

become more frequent.
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2 Synthesis of Azabicyclohexanes and

Cyclobutenyl Methanamines

This chapter has been adapted from:

Dhake, K.; Woelk, K. J.; Becica, J.; U, A.; Jenny, S. E.; Leitch, D. C. Beyond Bioisosteres:

Divergent Synthesis of Azabicyclohexanes and Cyclobutenyl Amines from Bicyclobutanes.

Angew. Chem. Int. Ed. 2022, 61, e202204719

Contributions:

This work is done with equal contribution from Kushal Dhake.

Optimization of the iodoamination reaction and reported solution yields in Section 2.8 was

done by Jaelyn Bjornerud-Brown.

Intellectual contributions: Kyla Woelk and Kushal Dhake: Co-lead for data curation,

formal analysis, investigation and methodology. Supporting conceptualization.

Dr. David Leitch: Lead conceptualization.

My contributions to this work are:

� High-throughput screening at room temperature (Figure 2.8).

� Product interconversion experiments (Figure 2.9).

� Complete sections 2.4.2,2.6.1,2.6.2, 2.9.2

� Synthesis, purification and characterization of azaBCH scope examples: 3e, 3i, 3k, 3m

and 3p-3u.

� Synthesis, purification and characterization of cyclobutenyl methanamine scope exam-

ples: 4aa-4dd, 4gg, and 4ii-4pp.
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� Synthesis, purification and characterization of iodoamination scope examples: 6ii and

6nn.

� Synthesis, purification and characterization of products 7a, 7d-7g, and 8g.

2.1 Abstract

Divergent reactivity from the addition of imines to bicyclobutanes to form azabicyclo-

[2.1.1]hexanes (azaBCHs) and cyclobutenylmethanamines is reported. AzaBCHs have been

used in pharmaceuticals and are bioisosteres of nitrogen-containing heterocycles. Cyclo-

butenyl methanamines are highly functionalized cyclobutenes that can be further function-

alized. High-throughout experimentation was used for reaction discovery and optimization.

With N -aryl derived imines, a Lewis acid catalyzed formal (3+2) cycloaddition with bi-

cyclobutanes directly formed the azabicyclo[2.1.1]hexanes. Using N -alkyl derived imines, a

diastereoselective imine addition/elimination reaction with bicyclobutanes is observed to give

cyclobutenyl methanamine products. The cyclobutenyl methanamines were then converted

to the corresponding azabicyclohexanes via an intramolecular iodoamination reaction. The

resulting azabicyclohexanes are highly functionalized and contain synthetic handles for fur-

ther derivatization, allowing them to be useful synthetic motifs for pharmaceutical synthesis.

The divergent reactivity observed was attributed to a difference in the basicity/nucleophilicity

of the nitrogen from the imine starting material.
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(3+2) cycloaddition

Diastereoselective
imine addition

Figure 2.1: Synthesis of azabicyclohexanes and cyclobutenylmethanamines via imine
addition to bicyclobutanes.121

2.2 Background

2.2.1 2-Azabicyclo[2.1.1]hexane Bioisosteres

One class of bicyclic motif that is being used in drug discovery is azabicyclo[2.1.1]-

hexanes. These structures have been incorporated in three recent drug candidates (Fig-

ure 2.2).151–153 AzaBCHs can be used as bioisosteres to nitrogen-containing heterocyles and

give the pharmaceutical molecules a more three-dimensional shape and a higher fraction of

sp3 to sp2 carbons. As discussed in Section 1.1, this can help with target binding and phar-

macokinetic properties of the molecule.114;154–156 AzaBCHs have been proposed to be used as

bioisosteres for pyrrole, pyrrolidine or other N -heterocyclic rings in existing pharmaceuticals

to increase three-dimensionality.157
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Figure 2.2: AzaBCHs in drug candidates.151–153

Methods to access azaBCHs have been limited in the literature. Current synthetic routes

to these motifs involve either photochemistry, intramolecular substitution, or modifications

of already existing azaBCHs (Figure 2.3).157–164 These approaches all have challenges associ-

ated with them, which leaves opportunities for improvement. Photochemistry poses an issue

on industrial scales and requires the molecule to be stable under photochemical conditions.

Intramolecular substitution and modifying existing azaBCHs limits the diversity of the prod-

ucts that can be obtained. These limitations hinder the synthesis of different derivatives and

makes pharmaceutical development with these motifs more challenging. A more efficient and

direct method to access these structures is needed.

Concept:
N +

Formal (3+2) 
cycloaddition

N

• Multistep synthesis, limited diversity

N

N
Boc

[Li]X +

Photochem.
[2+2]

Modification of
aza-BCHs

NH
XIntramol.

subst.

Figure 2.3: Limitations in existing azaBCH syntheses.157–164
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2.2.2 Bicyclobutane Reactivity

Bicyclobutanes display reactivity that could be exploited to form azaBCHs via a direct

route. As discussed in Chapter 1, alkenes can be inserted in the central C–C bond of bi-

cyclobutanes to form bicyclic structures. In addition, bicyclobutanes are known to show

reactivity similar to donor-acceptor cyclopropanes. Donor-acceptor cyclopropanes can un-

dergo cycloaddition reactions to form heterocyclic structures,119;165 with one class being Lewis

acid catalyzed addition of imines to cyclopropanes to form pyrrolidines (Figure 2.4).166–169

Imines are dipolarophiles that will react as both an electrophile and nucleophile (similar to

bicyclobutanes) and undergo cycloaddition reactions (Figure 2.4). The carbon center of the

imine is electrophilic and the nitrogen can react as a nucleophile. The Lewis acid helps to

activate the imine and allows it to undergo cycloaddition reactions with donor-acceptor cy-

clopropanes to form pyrrolidines. This type of reactivity was first seen by Carreira166 in 1999

and further developed later by Kerr (Figure 2.4).167;168

CO2Me
CO2Me

+
N N

CO2Me
CO2Me

Yb(OTf)3 
(10 mol%) Kerr 2005

N
Bn

O +
N

N
MgI2 (cat.)

Carreira 1999

N
Bn

O

N δδ N

Figure 2.4: Imine cycloaddition with donor-acceptor cyclopropanes.166;167

Considering the analogous reactivity of bicyclobutanes to donor-acceptor cyclopropanes,

we hypothesized that imines would add to bicyclobutanes to form multisubstituted azaBCHs

(Figure 2.5). Upon activation with Lewis acid, the bicyclobutane would react with imines,

which are electrophilic, via nucleophilic addition. The nitrogen would then react at the
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carbocation position of the bicyclobutane to form azabicyclo[2.1.1]hexanes. This is a direct

route to azaBCHs that would allow access to functionalized bicyclic structures with potential

for more diversity. If this reactivity could be exploited to form azabicyclohexanes, access to

these structures would be more readily available.

+
Lewis acid cat. NN

Figure 2.5: Proposed imine addition to bicyclobutanes to form azabicy-
clo[2.1.1]hexanes.

2.3 Reaction Optimization: High-throughput Experi-

mentation

To establish the best reaction conditions for the imine addition to BCB, high-throughput

experimentation (HTE) was used and the results were analyzed by 1H NMR spectroscopy.

The first HTE screen used N -benzylideneaniline (N -phenyl imine) 1a and methyl 3-phenyl-

bicyclo[1.1.0]butane-1-carboxylate 2a (Figure 2.6). Three different solvents (tetrahydrofu-

ran (THF), dichloromethane (DCM), and toluene) and eight Lewis acid catalysts (AgOTF,

Bi(OTf)3, Ga(OTf)3, Mg(OTf)2, Sc(OTf)3, Sn(OTf)2, Yb(OTf)3, Zn(OTf)2) at 20 mol%

were screened over a 24 hour reaction time at room temperature (Figure 2.6). The desired 2-

azabicyclo[2.1.1]hexane 3a was formed as the major product in every case, but a cyclobutenyl

methanamine product 4a was also formed as a minor product as a mixture of diastereomers

(for simplicity, d.r. was not reported until the scope in Section 2.7 and the assumed stereo-

chemistry is shown (See section 2.9)). Using gallium triflate and silver triflate with THF as

a solvent both gave the lowest percentage of the minor product 4a. Both the gallium and

silver triflate in THF conditions were scaled up to a 0.5 mmol scale with the catalyst loading

reduced to 5 mol%, where gallium triflate gave a higher percent yield of the azaBCH product

3a and lowest yield of minor product 4a. Based on these results, gallium triflate was selected

as the Lewis acid with THF as the solvent as the optimized conditions moving forward.
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3a 4a 3a 4a 3a 4a

THF DCM toluene

AgOTf 93% 2% 54% 10% 58% 16%

Bi(OTf)3 71% 5% 57% 16% 53% 25%

Ga(OTf)3 85% 2% 76% 17% 61% 20%

Mg(OTf)2 48% 24% 75% 23% 44% 31%

Sc(OTf)3 74% 3% 55% 14% 63% 25%

Sn(OTf)2 81% 7% 59% 18% 50% 21%

Yb(OTf)3 95% 6% 71% 20% 65% 28%

Zn(OTf)2 93% 8% 56% 16% 52% 21%

Figure 2.6: High-throughput screen for N -phenyl imine 1a. Solution yields are ob-
tained by 1H NMR spectroscopy by relative integration vs. internal standard, 1,3,5-
trimethoxybenzene. Product 4a was formed as a mixture of diastereomers.

To better understand the cause of product distribution for the azaBCH and cyclobutenyl

methanamine, the reaction of 1a with 2a was monitored over time with in situ 1H NMR

spectroscopy (Figure 2.7). The reaction showed great mass balance and the formation of 3a

and 4a appeared to happen in parallel with a consistent ration of 11:1 of 3a:4a over the

course of the reaction.
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Figure 2.7: 1H NMR reaction monitoring plot for N -phenyl imine addition.

Similarly to the high-throughput screen for N -phenyl imine, N -benzylidenebenzylamine

(N -benzyl imine) 1b was also screened with the three solvents and eight Lewis acid catalysts

for 24 hours at room temperature (Figure 2.8). The azaBCH 3b was formed in low yields and

both the starting material as well as the cyclobutenyl methanamine product 4b were also

observed. In addition, a cyclobutene product 5 was formed, which is from isomerization of the

BCB starting material. With the same conditions that were successful for the N -phenyl imine,

gallium triflate and THF, only 20% of the desired azaBCH was formed. To test the reactivity

further, an additional screen of the eight Lewis acids was done in deuterated benzene at 80

°C for 24 hours (Figure 2.8). This screen showed reversed selectivity for the cyclobutenyl

methanamine product 4b over the azaBCH and overall, less of the cyclobutene byproduct was

formed. The conditions with the highest percentage of cyclobutenyl methanamine product

were with gallium triflate as the Lewis acid. The reaction was scaled up to 0.5 mmol with

toluene as the solvent and gallium triflate at 15 mol% to obtain an 86% solution yield of

the cyclobutenyl methanamine product. Gallium triflate at 80 °C in toluene was used as the

optimized conditions carried forward for the N -alkyl imines.

50



 

2a 3b 4b 5 2a 3b 4b 5

THF DCM

AgOTf 65% 0% 0% 1% 39% 0% 0% 1%

Bi(OTf)3 8% 12% 2% 20% 5% 7% 2% 26%

Ga(OTf)3 6% 20% 2% 22% 5% 5% 2% 21%

Mg(OTf)2 61% 0% 0% 3% 58% 1% 1% 7%

Sc(OTf)3 6% 11% 2% 21% 4% 5% 2% 24%

Sn(OTf)2 0% 16% 1% 14% 21% 4% 2% 20%

Yb(OTf)3 6% 0% 3% 21% 8% 0% 1% 29%

Zn(OTf)2 7% 3% 3% 19% 9% 4% 2% 25%

2a 3b 4b 5 2a 3b 4b 5

d 6-benzene (80 °C)toluene

AgOTf 53% 0% 0% 0% 23% 8% 59% 1%

Bi(OTf)3 3% 5% 2% 26% 4% 16% 81% 2%

Ga(OTf)3 67% 5% 4% 38% 4% 12% 83% 2%

Mg(OTf)2 88% 0% 0% 2% 80% 2% 15% 4%

Sc(OTf)3 1% 3% 1% 15% 1% 14% 85% 1%

Sn(OTf)2 1% 4% 2% 19% 7% 12% 70% 3%

Yb(OTf)3 0% 0% 0% 16% 10% 12% 74% 2%

Zn(OTf)2 10% 3% 2% 16% 24% 9% 57% 2%

Figure 2.8: High throughput screen for N -benzyl imine. Solution yields are ob-
tained by 1H NMR spectroscopy by relative integration vs. internal standard, 1,3,5-
trimethoxybenzene (See Section A.3). Product 4a was formed as a mixture of diastere-
omers.

2.4 Control Reactions

2.4.1 Bicyclobutane Isomerization to Cyclobutene

To determine what is causing the isomerization of the BCB 2a into the cyclobutene 5, a

set of control reactions was done (Table 2.1). Firstly, the BCB was subjected to the reaction

temperature of 80 °C in deuterated benzene for 24 hours and 54% of the cyclobutene was

observed (entry 1). This indicates that the BCB will start to decompose at high temperatures

on its own. The first experiment was then repeated with the imine 1b added to the reaction

mixture and no cyclobutene was formed (entry 2). This indicated that trace Brønsted acid
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may be causing the isomerization to occur and having the imine together with the BCB, as a

Brønsted base, prevents the acid from reacting with the BCB and causing isomerization. To

test this further, gallium triflate was added to the BCB in both deuterated benzene and THF

and left for 20 minutes at room temperature which gave 63% and 60% of the cyclobutene

respectively (entry 3 and 4). Since gallium triflate may generate trace amounts of triflic

acid, this supports the hypothesis that trace acid may be causing the isomerization to the

cyclobutene. To test this hypothesis further, experiments similar to entries 1, 3 and 4 were

repeated with 2,6-lutidine added to mimic the basicity of the imine substrate (entries 5-7). In

every case, no reactivity occurs and the BCB starting material remains intact. These control

experiments indicate that trace Brønsted acid is likely causing the isomerization to the BCB.

Further, this reveals a key order-of-addition for the reaction; the Lewis acid catalyst must

be added last to avoid BCB decomposition.

Table 2.1: Decomposition of BCB 2a into cyclobutene 5.

 
Entry Conditions Yield 5(%)[a]

1 d6-benzene, 80 °C, 24 h 54
2 1b (1.5 equiv), d6-benzene, 80 °C, 24 h n.r.[b]

3 Ga(OTf)3 (15 mol%), d6-benzene, rt, 20 min 63
4 Ga(OTf)3 (5 mol%), THF, rt, 20 min 60
5 2,6-lutidine (1.5 equiv), d6-benzene, 80 °C, 24 h n.r.[b]

6 2,6-lutidine (1.5 equiv), Ga(OTf)3 (15 mol%), n.r.[b]

d6-benzene, 80 °C, 24 h
7 2,6-lutidine (1.1 equiv), Ga(OTf)3 (5 mol%),THF, rt, 24 h n.r.[b]

[a] Determined by 1H NMR spectroscopy versus TMB internal standard. [b] bn.r. = no reaction (5 not
observed, 95% 2a remaining).

2.4.2 Interconversion of Products

One possible pathway to form the cyclobutenyl methanamine could be through ring-

opening elimination of the azaBCH. To test this, 4aa and 3aa were isolated and subjected

to the reaction conditions (Figure 2.9). To isolate 3aa, the reaction of 1b and 2a in THF with

gallium triflate from the screening was repeated on a larger scale. 3aa was then isolated as the
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minor product from that reaction through column chromatography. Subjecting either 3aa

and 4aa to the reaction conditions for 24 hours showed no sign of conversion or decomposition

(Figure 2.9). This test eliminates the possibility for a ring-opening elimination pathway and

further suggests that the two products form via parallel pathways, supporting the results

found in the 1H NMR spectroscopy reaction monitoring experiment.

 
Figure 2.9: Test for interconversion between 3aa and 4aa.

2.5 Proposed Mechanism

Based on the control reactions and previous mechanisms for additions to BCBs, a mech-

anism was proposed (Figure 2.10). First, the BCB can coordinate to gallium to form an

enolate and a carbocation. This is consistent with the formation of the cyclobutene product

5 that forms when the BCB is subjected to the gallium triflate without the imine present.

This enolate can then attack the imine (that may also be coordinated to gallium to make

it more electrophilic) and leave a carbocation intermediate with the gallium coordinated to

the nitrogen. This intermediate can then split into two pathways, one where the nitrogen

directly attacks the carbocation and forms the azaBCH product 3 and one where the nitrogen

acts as a base and performs an elimination to form the cyclobutenyl methanamine product

4. The divergent reactivity between the N -phenyl and N -alkyl imine can be explained by

the basicity of the nitrogen. In the N -phenyl imine, the nitrogen is more nucleophilic than

basic and will act as a nucleophile to form 3. On the other hand, the N -alkyl imine is more

basic than nucleophilic, so the elimination mechanism to form 4 will be favoured instead.

This mechanism is consistent with the 1H NMR spectroscopy monitoring experiment (Figure

2.7) and the interconversion control reaction (Figure 2.9) shown earlier that indicate these

products are formed via parallel pathways.
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2.6 Bicyclobutane Derivatives

2.6.1 Bicyclobutane Synthesis

The synthesis of the prototype methyl ester BCB 2a follows four steps starting from a

cheap and commercially available starting material, 3-oxocyclobutane carboxylic acid (Figure

2.11). The first step is a Grignard reaction with phenyl magnesium bromide in diethyl

ether to give compound I. This is followed by a substitution reaction using concentrated

hydrochloric acid to convert the hydroxyl group into a chloride and give II. In the third step,

the carboxylic acid is subjected to an acid-catalyzed esterification using p-toluene sulfonic

acid and methanol in 2,2’-dimethyoxypropane (DMP) to generate the methyl ester III. The

product is purified for the first and only time after the methylation reaction using column

chromatography. Finally, the methylated product can undergo an intramolecular substitution

reaction using lithium bis(trimethylsilyl)amide (LiHMDS) to generate BCB 2a that can be

used in the catalysis without any further purification.
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Figure 2.11: Synthesis of the prototype BCB 2a.

To access other BCBs needed to test the scope of the imine addition reaction, an alter-

native pathway was developed (Figure 2.12). This pathway also requires four steps starting

from 3-oxocyclobutane carboxylic acid with the first step being the Grignard reaction to give

compound V. Using different Grignard reagents allows for other aryl substituents to be incor-

porated in the BCB. For step two, the hydroxy carboxylic acid is treated with oxalyl chloride

and dimethyl formamide (DMF) to convert the carboxylic acid to a carbonyl chloride. At the

same time, the hydrochloric acid byproduct that is produced will also convert the hydroxyl

group to a chloride to give compound VI. The next step uses N,N -diisopropylethylamine

(DIPEA) and either an alcohol or an amine to convert the acyl chloride to the corresponding

ester or amide VII respectively. Similarly to the methyl ester, the product is purified after

the esterification/amidation reaction using column chromatography. This product can then

undergo the same last step as the prototype BCB pathway, using LiHMDS, to give the new

BCB derivatives 2. Following this procedure, six other BCBs were obtained with four being

novel bicyclobutanes (2b, 2d, 2e and 2g) (Figure 2.12).

55



O
OH

O

THF, rt, 6h HO OH

O

DCM, rt, 24h

Cl Cl

O

V

VI

alcohol/amine,
DIPEA

DCM, rt, 2h Cl

O

VII

LiHMDS
(1.0 M in THF)

THF, rt, 5h

O

2

MgBr (COCl)2
Cl Cl

O

VI

O

OMe

FO

OMe

Cl

O

OtBu

O

OBn

O

O
(S)

(R)

(S) O

N

O

2b
8%

2d
28%

2c
25%

2e
26%

2f
10%

2g
41%

Figure 2.12: Synthetic pathway for other BCB derivatives.

2.6.2 1,2-Addition

To aid in accessing more BCB derivatives, the first step of the BCB synthesis can be

optimized. The first step in the synthesis of BCBs is a Grignard addition to 3-oxocyclobutane-

carboxylic acid (Figure 2.13). This step determines the aryl group that will be on the final

BCB product. A drawback of this reaction is every time a new aryl derivative is required,

a new Grignard must be acquired. This limits the derivatives of bicyclobutane that can be

accessed. Additionally, excess Grignard reagent is required to quench the acidic proton of

the carboxylic acid. Alternatively, the cyclobutanone could be arylated using a catalytic

1,2-addition reaction (Figure 2.13). This would allow easier access to more BCB derivatives.
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Figure 2.13: Grignard addition compared to aryl boronic acid 1,2-addition to cy-
clobutanone.

1,2-Additions have been done previously on aldehydes and ketones using aryl boronic acids

with different metal catalysts including palladium, rhodium and nickel.170–174 The advantage

of this method is that there is a large set of diverse aryl boronic acids that are readily

available. Using a rhodium catalyst, cyclobutanones specifically have been arylated with aryl

boronic acids, but ring opened products were obtained instead.173 Therefore, optimization

for obtaining the cyclobutane product would be necessary.

The 1,2-addition of boronic acids to the cyclobutanone was tested using different metal

catalysts. The first conditions used a rhodium precatalyst and phenylboronic acid with

the methyl ester cyclobutanone (Figure 2.14).174 By varying solvents, additives and catalyst

conditions, the 1,2-addition showed some success; however, the reaction never exceeded 50%

conversion (Table A.1). Several high-throughput screens with Pd catalysts were also done,

where the ligand, Pd source, additives, and solvents were varied (Table A.2 and A.3). The

only conditions that showed any conversion of ketone involved an N -heterocyclic carbene

ligand; however, that catalyst generated the undesired product where the cyclobutane ring

was opened (Figure 2.14). Even with subsequent optimization, only this ring opened product

was observed using palladium.
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Figure 2.14: Preliminary results for 1,2-addition with Rh and Pd catalysts.

An alternative method to the metal catalyzed aryl boronic acid 1,2-addition uses organoz-

inc reagents. Specifically, aryl zinc pivalates can be readily made from halogenated aromat-

ics using isopropyl magnesium chloride lithium chloride complex solution and zinc pivalate

(Figure 2.15).175;176 These air-stable aryl zinc pivalates can then be treated with trimethy-

laluminum to give aryl methyl zinc reagents that can undergo 1,2-addition to aldehydes

to give arylated products (Figure 2.15).174 This method works for both electron rich and

electron poor aryl groups and different brominated and iodinated aromatic compounds are

compatible.

R
X

1. iPr•MgCl•LiCl
THF

2. Zn(OPiv)2 R
ZnOPiv

AlMe3

R
ZnMe

CHO

R

OH

R = C,N

Figure 2.15: Literature zinc pivalate synthesis from aryl halides and 1,2-addition to
aldehydes.175;176

Using this organozinc methodology, a 1,2-addition was attempted on the cyclobutanone

(Figure 2.16). This would allow easier access to diverse BCBs. Preliminary results using

benzyl 3-oxocyclobutane carboxylate and 4-bromobenzonitrile indicate that the 1,2-addition

was successful, albiet with a low 2% yield. Product was isolated by column chromatography

and characterized by 1H NMR spectroscopy (See Section A.2). Upon further optimization,

the scope of the reaction can be tested and then these compounds can be converted to

the corresponding BCBs. While this appears promising, this route was not pursued due to
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prioritizing the BCB reactivity. All of the BCBs discussed going forward were prepared using

the general route from Figure 2.12.

X
ZnMe+O

HO

X

Figure 2.16: Proposed organozinc 1,2-addition to cyclobutanones.

2.7 Reaction Scope

The scope of the azaBCHs (Method A) accessed from N -aryl imines and BCBs contain-

ing a variety of pharmaceutically relevant substituents was explored using the optimized

conditions (Figure 2.17). The characterization for these products are reported in Appendix

A. The prototype azaBCH 3a was recrystallized and obtained with a 57% yield on a 1.0

mmol scale. To test the steric bulk on the nitrogen, o-tolyl (3b) and 2-naphthyl (3c) were

incorporated and both worked well under the reaction conditions. However, incorporating

a 2,6-dimethylphenyl group on the nitrogen resulted in no reaction. Electron donating (3d,

3e) and withdrawing groups (3e, 3g, 3h) on the N -aryl ring were also successful. Multisub-

stituted aryl imines (3i, 3j) were also successful with electron donating and electron with-

drawing groups on both rings. Both 5- and 6-membered heterocycles (3k-3o) also worked in

this reaction including halogenated substituents (3l, 3m). Importantly, a 2-chloropyrid-5-yl

substituent (3l) works well in this reaction with no competing reactivity at the electrophilic

2-Cl-pyridyl group. Finally, other BCB substituents were also successful in this reaction

with p-Cl-phenyl (3p), p-F-phenyl (3q), primary (3r), secondary (3s), tertiary (3t) alkyl

esters and morpholine amide (3u). Unfortunately, some of the products also contain some

of the cyclobutenyl methanamine (4) as a minor product that co-elutes during column chro-

matography; these are reported as mixtures in Figure 2.17. The connectivity of the azaBCH

product was confirmed by X-ray crystallography 3j (Figure 2.18).
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Figure 2.17: The azaBCH Reaction Scope.
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Figure 2.18: Solid state molecular structure of 3j obtained by X-ray crystallography.
Ellipsoids plotted at 50% probability.

The scope of the cyclobutenyl methanamines (Method B) accessed from N -alkyl imines

and BCBs containing a variety of pharmaceutically relevant substituents was also explored

(Figure 3.9). The elimination to form the cyclobutenyl methanamines is diastereoselective,

which will be discussed in more detail in Section 2.7, with the pictured diastereomer as the

major product. The products were isolated to maximize diastereomeric purity over percent-

age yield. The diastereomeric ratio (d.r.) of the crude reaction mixture is listed in brackets

and in all cases, the d.r. was the same or better upon purification and isolation. Prototype

4aa was isolated with a 66% yield and a d.r. of 27:1 (crude 11:1). A p-methoxybenzyl (PMB)

group (4bb) on the nitrogen is compatible, providing potential for diversification at the ni-

trogen. Increasing steric bulk on the nitrogen with cyclohexyl (4cc) and tert-butyl (4cc)

groups is feasible with a drop in yield but an increase in the diastereoselectivity. A variety

of C-aryl groups are also compatible including naphthyl (4ee) and various heterocycles (4ff,

4gg, 4hh). Notably, when using a less sterically hindered 5-membered heterocycle (4ff),

the diastereoselectivity decreased (d.r. 5:1). To control absolute stereochemistry, an (S )-α-

methylbenzyl chiral auxiliary on the nitrogen was employed (4ii, 4jj, 4kk). In all cases, only

two of the four potential diastereomers were observed in moderate diastereoselectivity (d.r.

6:1-8:1). Finally, changing substituents on the BCB with p-Cl (4ll), p-F (4mm), primary

(4nn), secondary (4pp), and tertiary (4oo) alkyl ester were successful.
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Figure 2.19: Cyclobutenyl methanamine reaction scope. All yields are for isolated
compounds after purification by column chromatography. The d.r. values in parentheses
determined by 1H NMR spectroscopy of crude products prior to purification.
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2.8 Intramolecular Iodoamination

To demonstrate the conversion of the cyclobutenyl methanamines to the desired az-

aBCH scaffold, an unoptimized iodoamination reaction was used (Figure 2.20).177 Three cy-

clobutenyl methanamines (4aa, 4ii, 4nn) were selected and reacted with iodine and sodium

bicarbonate in acetonitrile (MeCN) at room temperature to afford the iodo-azaBCHs 6aa,

6ii, and 6nn. These compounds are obtained as single diastereomers with four contiguous

stereocenters, two of which are tetrasubstituted. The relative stereochemistry of 6aa was

determined by 2D NOESY spectroscopy. Using this reaction we can obtain N -alkyl azaBCHs

that contain iodide as a synthetic handle for further functionalization.

N
Bn

H

Ph CO2Me

I

N(S) H

Ph CO2Me

I

Me
Ph

6aa, 18% 6ii, 28%

N
Bn

H

Ph CO2Bn

I

6nn, 19%

I2, NaHCO3

CH3CN, rt

N
R R’

H

Ph CO2R’’

I

R'
H

RHN

Ph
CO2R''

4

Iodoamination

6

Figure 2.20: Iodoamination reaction.

To try and improve the yield for the iodoamination reaction, the reaction was optimized.

Starting with a 12-well HTE screen, three different iodine sources (I2 with NaHCO3, 1,3-

diiodo-5,5-Dimethylhydantoin (DIH), and N -Iodosuccinimide (NIS)) and four solvents were

screened with cyclobutenyl methanamine 4ii (Table 2.2). Overall, the yields were relatively

low, with I2/NaHCO3 giving the highest value of 28%. However, with I2 for the iodine souce

there was significantly poorer mass balance compared to when NIS was used.
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Table 2.2: 12-well HTE screen for iodoamination optimization with α-methyl benzyl
product 4ii.

Iodine Source
(2.0 equiv)

Solvent (0.125 M), 
0°C 2h then rt 2h

N(S) H

Ph CO2Me

I

Me
Ph

6ii

CO2Me
Ph

NH

H

4ii

(S)Ph

Me

Entry Iodine Source Solvent Yield 6ii(%)[a] 4ii(%)[a] remaining
1 I2 and NaHCO3 EtOAc 4 6
2 I2 and NaHCO3 Toluene 27 28
3 I2 and NaHCO3 MeCN 27 16
4 I2 and NaHCO3 DCM 16 27
5 DIH EtOAc 11 0
6 DIH Toluene 6 0
7 DIH MeCN 9 7
8 DIH DCM 12 2
9 NIS EtOAc 16 66
10 NIS Toluene 3 0
11 NIS MeCN 15 63
12 NIS DCM 11 53

[a]Determined by 1H NMR spectroscopy versus internal standard.

Using NIS as an iodine source was carried forward for further optimization. The reaction

temperature was screened for both room temperature and 40 °C with two solvents (DCM

and MeCN) and the reaction was run for 20 hours (Table 2.3). With these conditions, we

observed that using MeCN as a solvent at rt (Entry 2) give the best yield of 33%; heating

the reaction had a negative effect on the yields.
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Table 2.3: Further optimization for iodoamination with α-methyl benzyl product 4ii.

NIS (2.0 equiv)
Solvent (0.125 M), 

rt or 40°C, 20hCO2Me
Ph

NH

H

4ii

(S)Ph

Me

N(S) H

Ph CO2Me

I

Me
Ph

6ii
Entry Temperature Solvent Yield 6ii(%)[a]

1 rt DCM 28
2 rt MeCN 33
3 40 °C DCM 21
4 40 °C MeCN 0

[a]Determined by 1H NMR spectroscopy versus internal standard.

These conditions from Table 2.3, Entry 2 were carried forward and tested with N -benzyl

cyclobutenyl methanamine 4aa (Figure 2.21). Switching the substrate caused a significant

increase in yield to 74% of the iodoamination product 6aa. These conditions were selected

as the optimized iodoamination reaction variables that were carried forward.

NIS (2.0 equiv)
MeCN (0.125 M), 

rt, 20hCO2Me
Ph

NH

H

4aa

N H

Ph CO2Me

I

Ph

6aa
74%

Ph

Figure 2.21: Optimized iodoamination conditions with N -benzyl imine 4aa.

The scope of the optimized iodoamination was explored, and the solution yields were

determined by 1H NMR spectroscopy (Figure 2.22). The products were obtained with mod-

erate to excellent yields. Bulky N -tert-butyl 6dd and N -cyclohexyl 6cc groups were well

tolerated giving a 64% and 62% yield respectively. For the scope of the bicyclobutane, p-

fluoroaryl product 6mm and tert-butyl ester 6oo were successful with 72% and 64% yields

respectively. Other C-aryl groups from the imine are also compatible (6hh, and 6qq-6tt),

with electron withdrawing groups, electron donating groups and a variety of heterocycles
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giving great yields. Utilizing this optimized iodoamination reaction can provide access to

more azaBCH derivatives that are not limited to N -aryl derived imines.
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Figure 2.22: Optimized iodoamination scope. Yields reported as 1H NMR spec-
troscopy solution yields using 1,3,5-trimethoxybenzene as internal standard.

2.9 Stereochemistry

2.9.1 Stereochemical Model for Cyclobutenyl Methanamines

A stereochemical model was proposed to explain the diastereoselectivity of the cyclo-

butenyl methanamine formation (Figure 2.23). Starting from a Newman projection of the

carbocation intermediate proposed in the reaction mechanism (Figure 2.10), the nitrogen can

deprotonate either Ha or Hb on the cyclobutane ring. If the nitrogen rotates clockwise (CW)

to remove Hb, there is torsional strain between the R’ alpha to nitrogen and the EWG on

the cyclobutane. However, if it rotates counter clockwise (CCW) to remove Ha, the torsional

strain is minimized, leading to the major diastereomer. This hypothesis is consistent with

the major diastereomer of 4aa, which was confirmed by X-ray crystallography (Figure 2.24).
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Figure 2.23: Stereochemical model for cyclobutenyl methanamine synthesis.

Figure 2.24: Solid state molecular structure of 4aa obtained by X-ray crystallography.
Ellipsoids are plotted at 50% probability.

2.9.2 Stereochemistry of Major Iodoamination Products

To confirm the stereochemistry of the major diastereomer of the iodoamination product,

NOESY spectra of compounds 6aa and 6ii were obtained (Figure 2.25). The predicted

stereochemistry shows the iodine adding to the bottom of the cyclobutene to avoid steric

clash with the imine-derived substituent. This would give a syn arrangement of the hydrogen

alpha to the nitrogen (Ha) and the hydrogen attached to the same carbon as iodine (Hb).

Consistent with this, we observe a NOESY correlation between Ha and Hb (shown in red,
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Figure 2.25). In addition, we observe a NOESY correlation between Hb and a hydrogen on

the benzyl -CH2 group (shown in purple), further supporting that Hb is pseudo-equatorial

and the iodine is pseudo-axial (Figure 2.25).

Figure 2.25: Excerpt of NOESY spectrum of compound 6aa.

Similarly to 6aa, to deduce the absolute stereochemistry of the enantioenriched 6ii, the

NOESY spectrum was analyzed (Figure 2.26) and 2.27). Key correlations are seen between

the hydrogen attached the iodine carbon (Hc) and the two hydrogens alpha to nitrogen (Ha

and Hb shown in green and red, respectively, Figure 2.26). These indicate that Hc is pseudo-

equatorial and on the same side of the ring as Ha and Hb. In addition, a correlation can be

seen between Ha and Hb (shown in purple) indicating these two hydrogen are also on the same

side of the ring (Figure 2.26). To further support the proposed structure, correlations can

be seen between the ortho protons on the phenyl ring with the methyl group (shown in red)

and the and the pseudo-equatorial hydrogen on the methylene carbon of the bicyclic system

(shown in purple) (Figure 2.27). All of these NOESY correlations support the proposed

absolute stereochemistry of compound 6ii.
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Figure 2.26: NOESY correlations in compound 6ii.

Figure 2.27: Additional NOESY correlations in compound 6ii.
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2.9.3 Stereochemical Assignment of the Minor Diastereomer

The minor diastereomer of 4kk was isolated to determine its absolute stereochemistry

when using (S )-α-methylbenzyl (Figure 2.28). The proposed stereochemistry has the two

cyclobutenyl methanamine stereocenters inverted relative to the major diastereomer, where

the cyclobutene and α-methylbenzyl group are still on the same side of the molecule, but the

R group (naphthyl in this case) is on the opposite side as depicted in (Figure 2.28).

Figure 2.28: 1H NMR of the minor diastereomer of 4kk′.

To determine the absolute stereochemistry, the isolated product 4kk′ was subjected to the

iodoamination conditions and a NOESY spectrum was taken. Key correlations are observed

between the hydrogen attached to the iodine carbon (Ha) and the hydrogen alpha to the

nitrogen (Hb), indicating that they are on the same side of the ring (Figure 2.29). In addition,

the hydrogen on the “front” of the cyclobutane ring (He) show correlations to the ortho

protons on the naphthyl ring (Hg), further supporting the stereochemistry predicted (Figure

2.29). These NOESY correlations are consistent with the minor product having inverted

stereochemistry at the two variable stereocenters relative to the major stereoisomer.
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Figure 2.29: Key NOESY correlations for the iodoamination production of 4kk′.
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2.10 Synthetic Transformations of AzaBCHs

To demonstrate the potential synthetic utility of these azaBCHs, three functional group

interconversions of 3a and 3e were conducted (Figure 2.30). The first transformation starts

with azaBCH 3e, which has a p-methoxyphenyl (PMP) group on the nitrogen. Using ceric

ammonium nitrate (CAN) in acetonitrile and water, the PMP group of 3e was removed

to give product 7a (Figure 2.30). This provides a secondary nitrogen on the azaBCH that

could undergo further synthetic transformations. The methyl ester group in 3a can also be

hydrolyzed to the carboxylic acid 7b using lithium hydroxide in THF and water (Figure

2.30). Finally, the methyl ester in 3a can be reduced to the primary alcohol using lithium

aluminum hydride in THF (Figure 2.30). These transformations highlight the stability of the

azaBCHs in chemical reactions and reinforce their potential usefulness in pharmaceuticals.
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HN H

Ph CO2Me
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MeCN:H2O 3:1, rt, 24 h

LiOH•H2O
THF:H2O (1:1) 

rt, 24h

LiAlH4 (2 equiv)
THF, rt, 24 h

Figure 2.30: Synthetic transformations of the azaBCHs.

Additional transformations of the azaBCHs were also explored. The scope of the hydrol-

ysis reaction was tested and products 7d-7g were synthesized with excellent yields (Figure

2.31). The hydrolyzed product 7g was then taken into an unoptimized CDI coupling reaction
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to install a 3,5-dimethyl N -acyl pyrazole group, giving product 8g (Figure 2.31). This pro-

vides a relatively labile synthetic handle that can be used to further diversify the azaBCHs.
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Figure 2.31: Additional synthetic transformations of the azaBCHs.

2.11 Conclusions

In summary, the synthesis of azabicyclohexanes and cyclobutenyl methanamines via imine

addition to bicyclobutanes was developed. Divergent reactivity was acheieved using either

N -aryl or N -alkyl derived imines. The reactivity was determined to be due to a diver-

gence in the mechanism based on the basicity/nucleophilicity of the nitrogen atom where

either nucleophilic addition (to form the azaBCHs) or deprotonation/elimination (to form

the cyclobutenyl methanamines) was observed. The cyclobutenyl methanamines can be con-

verted to the corresponding azabicyclohexane via an intramolecular iodoamination where an

addition iodine synthetic handle was installed. Synthetic transformations of the azaBCH

products were demonstrated. The azabicyclohexane structures have potential applications in

pharmaceuticals. Work is ongoing to apply these techniques toward other complex molecule

synthesis via additions to bicyclobutanes. This is crucial for the discovery of new active

pharmaceutical ingredients containing these bicyclic scaffolds.
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3 Synthesis of 2-Oxo-Bicyclohexanes Through

Enolate Addition to Bicyclobutanes

This chapter has been adapted from:

Woelk, K. J.; Dhake, K.; Schley, N. D.; Leitch, D. C. Enolate addition to bicyclobutanes

enables expedient access to 2-oxo-bicyclohexane scaffolds. Chem. Commun. 2023, 59,

13847–13850.

Contributions: The experimental work was completed independently. Support for sub-

strate synthesis and methodology from Kushal Dhake.

Intellectual contributions: Kyla Woelk: Lead conceptualization, data curation, for-

mal analysis, investigation and methodology. Kushal Dhake: Supporting investigation and

methodology.

3.1 Abstract

The synthesis of 2-oxo-bicyclo[2.1.1]hexanes (2-oxo-BCHs) from bicyclobutanes and read-

ily available enolate precursors is reported. We propose this reaction proceeds via initial eno-

late addition to the bicyclobutane, which is followed by an intramolecular acyl substitution

by the resulting enolate intermediate to form the 2-oxo-BCHs. Arylacetate derivatives are

used as enolate precursors, giving 2-oxo-3-aryl-BCH scaffolds from easy to obtain starting

materials. Glycine-derived enolates are also viable precursors, which give access to pro-

tected 2-oxo-3-amino-BCH derivatives with a nitrogen synthetic handle that can be further

functionalized. Different transformations on the 2-oxo-3-amino-BCH derivative nitrogen are

demonstrated including deprotection to the free primary amine.
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Figure 3.1: Synthesis of 2-oxo-bicyclohexanes via enolate addition to bicyclobu-
tanes.178

3.2 Background

One class of Csp3-rich scaffolds of current interest are bicyclo[2.1.1]hexanes. As described

in Chapter 1, these structures are relevant benzene bioisosteres, mimicking a variety of sub-

stitution patterns.16 Until recently, syntheses of substituted BCHs were scarce, and relied on

intramolecular photochemical [2+2] cycloaddition.60–64 This was followed by a surge in syn-

thesis of bicyclohexanes via intermolecular formal [2+2] cycloadditions with BCBs, through

either radical-based mechanisms65–68 or Lewis acid catalysis.121;126

To effectively use BCHs as versatile scaffolds for medicinal chemistry, access to molecules

with synthetic handles for vector elaboration is critical. 2-Oxo-bicyclohexanes, which con-

tain a carbonyl group in the bicyclic system, provide such a handle. The initial direct route

to these motifs, reported by Carpenter, requires UV photochemical intramolecular [2+2]

of oxygen-functionalized dienes (Figure 3.2).61;179 Fessard and Salomé reported a modifica-

tion that uses a photocatalyst to enable use of lower-energy light (Figure 3.2).180 These

methods are very specific and limit the diversity of accessible bicyclohexanes. In addition

to intramolecular synthesis, Studer recently reported an intermolecular cycloaddition using

a Lewis acid catalyzed [2+2] cycloaddition of ketenes to bicyclobutanes, enabling access

to 2-oxo-BCHs with quaternary stereocenters alpha to the carbonyl (Figure 3.2).127 This

demonstrates the ability for bicyclobutanes to be viable starting materials to synthesize

2-oxo-bicyclohexanes; however, a downside to this reactivity is the requirement of highly

reactive ketene starting materials.
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Figure 3.2: Previous syntheses of 2-oxo-bicyclo[2.1.1]hexanes.61;127;179;180

As discussed in Chapter 1, bicyclobutanes are susceptible to attack by nucleophiles, with

a variety of different examples reported in the literature; however, enolates are one class

of nucleophile that have not been previously reported to react with bicyclobutanes. We

hypothesized that a combination of ester-derived enolates and bicyclobutanes in the presence

of a base could result in 2-oxo-BCHs 3 (Figure 3.3). Nucleophilic attack of an enolate to the

electrophilic carbon of a bicyclobutane would result in ring opening and generation of another

enolate intermediate. This enolate could then undergo intramolecular acyl substitution at

the ester to form a 2-oxo-bicyclo[2.1.1]hexane product. This would be a favoured 5-exo-trig

cyclization to form the bicyclohexane bicyclic structure.

E O

+

O

OR
E

E = N, C

Base

Figure 3.3: Proposed enolate addition to bicyclobutanes to form 2-oxo-
bicyclo[2.1.1]hexanes.
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3.3 Reaction Optimization

To assess the viability of the proposed addition/cyclization sequence, a variety of con-

ditions were tested. The conditions were optimized using a monosubstituted bicyclobutane

containing a morpholine amide (1a), and an ethyl glycinate derivative with the nitrogen pro-

tected as the benzaldimine (2a) (Table 3.1). We used the amide electron withdrawing group

on the BCB to avoid competitive 1,2-addition of the enolate to that carbonyl, and the ben-

zaldimine was used as a convenient protected NH2 equivalent without acidic hydrogens. The

first conditions of soft enolization using Lewis acid/weak base combinations failed to gen-

erate any desired product (entries 1 and 2). Following this, hard enolization using lithium

diisopropylamide (LDA), NaH, and potassium bis(trimethylsilyl)amide (KHMDS) also failed

to generate 2-oxo-bicyclohexane 3a (entries 3, 4 and 5). In these cases, only decomposition

of 1a and/or 2a was observed.

Table 3.1: Reaction optimization for synthesis of bicyclo[2.1.1]hexane 3a from 1a and
2a.

O

OEt
NPhN

O

1a 2aO

conditions

N O

N

O

Ph

3a O
Entry Conditions 1a 2a 3a
1 AgOAc (10 mol%), NEt3, DCM 72 24 0
2 Ga(OTf)3 (15 mol%),NEt3, THF 100 78 0
3 LDA (1.1 equiv), −78 °C, THF 0 0 0
4 NaH (2 equiv), THF,1.5 equiv 2a 99 68 0
5 KHMDS (1.5 equiv), THF,1.2 equiv 2a 67 35 0
6 LiHMDS (1 equiv), THF 0 17 20
7 LiHMDS (1 equiv), THF, (0.30 mmol 1a) 15 9 11
8 LiHMDS (1.5 equiv), THF, 1.2 equiv 2a, (0.30 mmol 1a) 11 17 39
9 LiHMDS (1.5 equiv), THF, 0.30 M, 21 0 47

1.2 equiv 2a, (0.30 mmol 1a)
[a]Unless otherwise noted, reactions are performed at room temperature for 24 hours with 0.05 mmol of 1a,

1 equiv of 2a, and 1 mL of solvent ([1a] = 0.05 M). [b] Amounts of 1a, 2a, and 3a are obtained by 1H
NMR spectroscopy (rel. integration vs. internal standard, 1,3,5-trimethoxybenzene (TMB)).
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Using LiHMDS as a base gave a 20% solution yield of 3a on a 0.05 mmol scale (entry

6). On larger scale (0.30 mmol of bicyclobutane), keeping all other variables constant, the

yield of 3a dropped to 11% (entry 7). Using a slight excess of LiHMDS and enolate (1.5 and

1.2 equiv respectively), the yield increased to 39% (entry 8). Finally, increasing the reaction

concentration from 0.05 M to 0.30 M of 1a further improves the yield of 3a to 47% (entry

9). This gives the optimized conditions using LiHMDS as a base with 1.5 equiv, 0.30 M

concentration with THF as a solvent.

3.4 Imine-BCH Modifications

The optimized conditions were carried forward to explore the reactivity of 3a toward

functionalization of the amine and ketone synthetic handles (Figure 3.4). A solution of 3a

was generated using the optimized conditions from Table 5.1, entry 9, and then subject to

a mild aqueous workup (NaHCO3) prior to functionalization. The yields of the resulting

products are calculated over two steps from 1a (solution yield of 3a ∼50%). To reveal the

unprotected primary amine, imine hydrolysis was performed by stirring 3a over silica to

give 4a in 35% yield over two steps (Figure 3.4). Both the imine and ketone were reduced

using sodium borohydride in methanol to give aminoalcohol product 4b in 35% yield (Figure

3.4). Notably, 4b was obtained as a single diastereomer, with syn relative stereochemistry

between the amino and hydroxyl groups. The stereochemistry was determined by 2D NOESY

NMR spectroscopy (Figure 3.5) and confirmed by X-ray crystallography. In the NOESY

spectrum, an NOE correlation can be seen between the hydrogens alpha to the hydroxyl and

amino groups (shown in blue) (Figure 3.5). In addition, the two hydrogens both show NOE

correlations to the same bicyclic hydrogen (shown in red and grey), indicating that the two

hydrogens are syn to each other (Figure 3.5). Tandem acylation and hydrolysis of the imine

was achieved using either benzyl chloroformate (Cbz-Cl) or p-toluoyl chloride, giving the

corresponding carbamate 4c and amide 4d in 47% and 28% yield, respectively (Figure 3.4).

A solid state molecular structure of 4d was also obtained by X-ray diffraction, confirming

the proposed connectivity.
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Figure 3.4: Synthesis of 3a followed by modifications of the imine (and ketone)
synthetic handles.
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Figure 3.5: 2D NOESY NMR spectrum for assigned stereochemistry of 4b.

3.5 Substrate Synthesis

3.5.1 Enolate Precursor Synthesis

To assess the scope of enolates viable in this reaction, acetate derivatives were synthesized.

The imine containing derivatives were made via a condensation reaction between an aldehyde

(or ketone) and glycinate esters in the presence of a drying agent (Na2SO4) giving glycinate

imine derivatives (Figure 3.6 - (1)). In addition to imines, aryl acetates were synthesized via

an acid catalyzed esterification reaction of acetic acid derivatives to form ethyl esters (Figure

3.6 - (2)). Experimental details are reported in Appendix B, Sections B.3.1 and B.3.2.
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Figure 3.6: Synthesis of enolate precursor derivatives.

3.5.2 Monosubstituted Bicyclobutane Synthesis

The synthesis of different bicyclobutane derivatives was developed to explore the scope of

the reaction. Experimental details are reported in Appendix B, Section B.3.3. The synthesis

of disubstituted bicyclobutanes was discussed in Chapter 2. The synthesis of monosubsti-

tuted bicyclobutanes was optimized from literature procedures (Figure 3.7). Starting from

3-oxocyclobutanecarboxylic acid, there are two pathways that can be used to synthesize the

amide derivative II. Following the blue pathway, carbonyl diimidazole (CDI) can be used as

the coupling agent to synthesize the amide directly from the carboxylic acid (Figure 3.7).

H

O
Cl

O

O
OH

O

(COCl)2
DMF cat.

1. CDI

THF

O
NR2

O

2. NHR2

DCM

amine, DIPEA
DCM

NaBH4
MeOH, 0°C HO

NR2

O
NMI, TsCl, NEt3
Toluene, 60°C

TsO
NR2

O
KOtBu
THF NR2

O

I

II III IV

Figure 3.7: Synthesis of monosubstituted bicyclobutane derivatives.

Alternatively, following the green pathway, first the acyl chloride I can be synthesized

using oxalyl chloride with DMF as a catalyst. This is then followed by amide synthesis us-

ing the appropriate amine and DIPEA as a base to give compound II (Figure 3.7). Once

amide II is synthesized, the ketone is reduced using sodium borohydride in methanol to give

alcohol III. The alcohol was then converted to a good leaving group using tosyl chloride.

Literature procedures typically report 4-dimethylaminopyridine (DMAP) as the catalyst,

triethylamine as the base and tosyl chlorde in DCM;65;149 however, this procedure consis-
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tently gave low yields (<40%) of the tosylated product IV. Instead, after optimization it

was found that using N -methylimidazole (NMI) as an additive in toluene at 60 °C gave

the product IV with consistent yields of ∼80-90%. The bicyclobutane was then formed

using potassium tert-butoxide as a base in THF. Additional optimization was required, as

polymerization of the bicyclobutane upon synthesis was observed. Using a THF solvent

that contained 250 ppm BHT as an inhibitor was used for the reaction to help prevent

polymerization. In addition, once synthesized, the bicyclobutane was stored under N2 at

−20 °C. Following this procedure, a set of monosubstitued bicyclobutanes were synthesized,

along with one disubstituted bicyclobutane 1l (Figure 3.8). These substrates were tested in

the scope of the enolate addition reaction.

N

O

N

O

N

O

O

N

O

1a 1m

1n 1o

Figure 3.8: Set of monosubstituted amide bicyclobutanes synthesized.

3.6 Reaction Scope

Using the optimized enolate-addition conditions, we performed an initial survey of the

reaction scope with respect to the BCB (1) and enolate precursors (2) (Figure 3.9). Unless

otherwise noted, yields are for isolated compounds. Automated purification and product

characterization is reported in Appendix B, Section B.5. Imine-containing product 3a is

acid labile, and decomposes during chromatography on silica, so the reported yield of 47%

is obtained by 1H NMR spectroscopy (using 1,3,5-trimethoxybenzene as an internal stan-

dard). Using the more stable benzophenone imine as a protecting group, we were able to

isolate analogue 3b in 42% yield. In addition to enolates from glycinate ester derivatives,

82



we assessed a variety of readily available arylacetate esters as enolate precursors. Ethyl

phenylacetate is an excellent reactant, giving BCH 3c with an isolated yield of 85% on a 0.5

mmol scale, and 60% on a 3.0 mmol scale. Single crystal X-ray diffraction of 3c confirmed

the proposed structure (CCDC 2290170). We also tested other arylacetates with a variety

of (hetero)aromatic substituents. Electron rich aromatics including p-tolyl (3d), 3-naphthyl

(3e), and p-methoxyphenyl (3f) were all successfully incorporated. In addition, halobenzenes

p-fluorophenyl (3g) and p-bromophenyl (3h) as well as heterocycles 3-thiophenyl (3i) and

3-pyridyl (3j) are also compatible with moderate to good isolated yields.

Figure 3.9: Scope of 2-oxo-bicyclo[2.1.1]hexanes enolate addition to bicyclobutanes.
[a]Yields determined by 1H NMR spectroscopy (rel. integration vs. internal standard
TMB). [b]Isolated yield on 3.0 mmol 1 scale, 0.60 M. [c]Isolated yield as part of a
mixture with unreacted bicyclobutane (32%), which could not be separated by column
chromatography.

An α,α-disubstituted enolate precursor was also added successfully to give product 3k

with an excellent 74% yield, despite the additional steric bulk. A disubstituted BCB is
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also compatible with this reaction, giving 3l in 43% solution yield (determined by 1H NMR

spectroscopy); however, attempts to purify this compound by column chromatography under

multiple conditions led to isolation of a mixture of 3l (37% yield) and unreacted bicyclobutane

(32%). Other tertiary amides are supported, such as N,N -diisopropyl (3m), dibenzyl (3n)

and N,N -methylphenyl (3o) with good yields. Finally, an alkenyl substituted enolate was

successfully added (3p); however, attempts to use alkyl-substituted enolates (e.g. from ethyl

propionate) led to no product formation. A bicyclobutane substituted with a benzyl ester

was also tested, leading to multiple products; we were able to isolate a small amount of the

corresponding ethyl ester BCH. Thus product was likely formed via transesterification of the

benzyl ester with ethoxide (12% isolated yield) (Figure 3.10).

+
O

OEt

LiHMDS
THF

(+/-)

O

O

OO

O

Figure 3.10: Isolation of 2-oxo-bicyclohexane from an ester bicyclobutane derivative.

3.7 Mechanistic Insight

The proposed mechanism for this reaction is a step-wise double enolate addition (Figure

3.11). Starting from deprotonation of the enolate precursor 2 with strong base, the enolate

will attack at the electrophilic position of the bicyclobutane 1. This then forms a second

enolate intermediate that can attack at the acetate carbonyl and undergo an acyl substitution

to give bicyclohexane 3 with an alkoxide leaving group.
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Figure 3.11: Proposed mechanism for synthesis of bicyclo[2.1.1]hexanes 3.

To support the mechanism, during larger scale preparation of bicyclohexane 3a and 3c,

we isolated and characterized byproducts of the enolate addition. These byproducts are a

result of only the first enolate addition occurring, giving functionalized cyclobutane products

3aa and 3cc as mixtures of diastereomers (Figure 3.12). The mass of 3cc was confirmed by

high resolution mass spectrometry (HRMS). For 3aa, since the imine is labile, the product

was converted to the p-tolyl amide product 3ab via an acylation/hydrolysis reaction. The

mass of 3ab was confirmed via liquid chromatography-mass spectrometry (LCMS) (Figure

3.12).

O

N

O

O

OEt

3cc

functionalized cyclobutane byproducts

N

O

N

OPh
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O

H
N

O

N

O
OEt

O

O
p-Toluoyl chloride

DCM

3aa 3ab
(~1:1 d.r.) (~1:1 d.r.)

Figure 3.12: Monoenolate addition byproducts isolated.

With respect to the reaction mechanism, we also considered the possibility of in situ

ketene formation and formal [2+2] cycloaddition catalyzed by Li+ as a Lewis acid, analogous

to Studer’s system.127 Notably, Studer’s system does not proceed with amide-based BCBs, or
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with disubstituted BCBs, or with in situ ketene formation. We therefore tested phenylacetyl

chloride as a ketene precursor toward 3e. Performing a reaction in THF with NEt3 (with

or without LiOTf present as a potential Lewis acid catalyst) led to complete consumption

of the acyl chloride, but no conversion of 1a, ruling out a ketene-based mechanism (Figure

3.13).

Figure 3.13: Test in situ ketene addition to 1a.

3.8 Additional Synthetic Pathways

We noted that the strongly basic reaction conditions to generate 3a should be compatible

with the formation of BCB 1a itself from the tosylcyclobutane precursor 1aa. Therefore, we

explored two alternative pathways to prepare BCH 3a via in situ formation of 1a (Figure

3.14). Starting from 1aa, product 3a can be made in 54% solution yield using 1.5 equiv

of LiHMDS, followed by the addition of 2a (1.2 equiv) and more LiHMDS (1.5 equiv) in a

telescoped, one-pot procedure (Figure 3.14). BCH 3a can even be formed by simply mixing

1aa and 2a in THF, and adding excess LiHMDS (2.5 equiv) to both generate 1a and the

enolate of 2a (Figure 3.14). This avoids the need to isolate bicyclobutane 1a, and has the

potential to enable reactions involving less stable and/or difficult to isolate BCBs.
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Figure 3.14: Alternative synthetic pathways to access bicyclo[2.1.1]hexanes without
isolation of bicyclobutane.

3.9 Other Enolate Additions to Bicyclobutane

To push the scope of the reaction further, other enolates and bicyclic structures were

tested under the reaction conditions. The enolate precursor 2c was tested in a reaction

with bicyclo[2.1.0]pentane (“housane”) where successful product formation was detected via

1H NMR spectroscopy (Figure 3.15 - Top). The product 5a, a bicyclo[2.2.1.]heptane, was

formed in a 26% yield with 60% of the starting bicyclo[2.1.0]pentane remaining (Figure

3.15 - Top). This transformation requires further optimization, but demonstrates that the

reactivity is viable with other bicyclic starting materials. In addition, enolate precursor 2c

was tested in a reaction with a disubstituted 3,5-dimethyl N -acyl pyrazole bicyclobutane 1i

under the reaction conditions (Figure 3.15 - Top). This pyrazole can be labile under basic

conditions; therefore, similarly to when the ester derived bicyclobutanes are used (Figure

3.10), the pyrazole was replaced by an ethyl ester during the reaction to give product 5b. This

product was isolated as a 42% yield on a 1.0 mmol scale and allows access to ester-containing

bicyclohexane derivatives with an addition aryl substitution (Figure 3.15 - Top). To see

if the N -acyl pyrazole bicyclohexane could be isolated, enolate precursor 2i was prepared

with a 3,5-dimethyl pyrazole leaving group. This substrate would not generate ethoxide
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during the reaction and instead the free pyrazole anion would be the only byproduct. This

enolate precursor was tested with pyrazole bicyclobutane 1i under the reaction conditions;

unfortunately, no product was observed (Figure 3.15 - Bottom).
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No product observed
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Figure 3.15: Test enolate additions of 3c with bicyclo[2.1.0]pentane (housane) and
disubstituted pyrazole bicyclobutane.

Other enolate precursors were tested with the optimized reaction conditions using bi-

cyclobutane 1a (Figure 3.16). No product was observed using alkyl or alkoxy-substituted

acetate derivatives (Figure 3.16 - Top). Ketone and aldehyde derivatives were also unsuccess-

ful, failing to generate 2-hydroxyl-BCHs (6) (Figure. 3.16 - Bottom). This indicates a need

to develop additional reaction conditions to try and expand the scope of enolate additions to

bicyclobutanes.
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Figure 3.16: Unsuccessful enolate precursors with the optimized conditions.

Other types of carbon-based nucleophiles were tested to see if they would react with the

N -acyl pyrazole bicyclobutane 1i (Figure 3.17). Horner–Wadsworth–Emmons-like phospho-

nates I and II and ethyl ester malonate III were tested with LiHMDS as a base and using

scandium triflate as a Lewis acid to attempt formation of cyclobutane 7 (Figure 3.17). The

phosphonate derivatives showed no reactivity; however, the malonate derivative III gave

trace amounts of product as determined by 1H NMR spectroscopy and LCMS. These find-

ings also indicate a need to develop the reaction conditions further to allow other types of

carbon-based nucleophiles to react with bicyclobutane.
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Figure 3.17: Test for other enolate additions to bicyclobutane with the optimized
conditions and Lewis acid catalysis.
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3.10 Conclusions

An enolate addition reaction with bicyclobutanes to form 2-oxo-BCH products was de-

veloped. The products contain an endocyclic carbonyl that can be used for further function-

alization of the bicyclic core. This will help with the development of these motifs for use as

Csp3-rich bioisosteres in pharmaceuticals. Glycine-derived enolate precursors were used to

synthesize 2-oxo-3-amino-BCH derivatives, giving an additional protected amine synthetic

handle. Transformations at this protected amine were demonstrated including deprotection,

reduction and acylation. The mechanism is proposed to proceed through an enolate addition

to the bicyclobutane followed by a secondary enolate addition and acyl substitution of the

intermediate to give the bicyclohexane product. Experiments showed evidence of the acyclic

addition intermediate and lack of evidence for ketene addition, which supports the proposed

mechanism. The reaction can also be performed in telescoped or one-pot procedures with in

situ formation of the BCB substrate. Additional optimization is needed to expand the scope

of this reactivity to other enolate or enolate-like nucleophiles.
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4 Synthesis of Azabicycloheptanes Through

Pyridinium Ylide Addition to Bicyclobutanes

This chapter has been adapted from:

Dhake K.; Woelk K. J.; Krueckl, L. D. N.; Alberts F.; Mutter, J.; Pohl, M. O.; Thomas,

G. T.; Sharma, M.; Bjornerud-Brown, J.; Fernández, N. P.; Schley, N. D.; and Leitch, D.

C. Diastereoselective dearomative cycloaddition of bicyclobutanes with pyridinium ylides: a

modular approach to multisubstituted azabicyclo[3.1.1]heptanes. Chem. Commun., 2024,

60, 13008-13011.

Contributions:

This work is done with equal contribution from Kushal Dhake.

Intellectual contributions: Kyla Woelk and Kushal Dhake: Co-lead for data curation,

formal analysis, investigation and methodology. Kushal Dhake: Lead conceptualization.

Synthesis of bicyclobutanes 1b-1d, synthesis of pyridinium salts 2q, 2v, 2w-3y and test

cycloaddition reactions were done by Faith Alberts. Synthesis of bicyclobutanes 1h-1i and

synthesis of pyridinium salts 2 were done by Liam D. N. Krueckl. Synthesis of bicyclobutane

1g and test cycloaddition reaction were done by James Mutter. Grignard reactions for the

synthesis of bicyclobutanes 1b-1d were done by Gilian T. Thomas. Synthesis of pyridinium

salts 2 were done by Matthew O. Pohl. Synthesis and optimization of bicyclobutane 1a was

done by Muskan Sharma. X-ray crystallography was done by Prof. Nathan D. Schley.

My contributions to this work are:

� High-throughput screening (Figures 4.1 and 4.2).

� 1H NMR spectroscopy reaction monitoring (Figure 4.14).
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� Control reactions (Figure 4.15 and Table 4.4).

� Synthesis of bicyclobutane 1a and development of synthetic route to bicyclobutane 1e

� Synthesis, purification and characterization of: 3a-3i, 3m-3t, 3v-3ab, 4i, 4q, 4ab,

and 4o

� Purification of cyclobutane 4m.

� Section 4.9

4.1 Abstract

The synthesis of 3-azabicyclo[3.1.1]heptanes via a (3+3) cycloaddition of bicyclobutanes

with pyridinium ylides is developed. The reaction proceeds diastereoselectively with dearoma-

tization of the pyridinium ring to give dihydropyridine-containing azabicycloheptanes. High-

throughput experimentation was used for reaction development and showed the reaction

proceeds with base and without the need for a catalyst. The resulting ring-fused azabicy-

clo[3.1.1]heptanes have diverse synthetic handles for further transformations. Additionally,

a photochemical rearrangement to a highly functionalized cyclobutane was demonstrated.

Figure 4.1: Synthesis of azabicycloheptanes from bicyclobutanes and pyridinium
ylides.

92



4.2 Background

4.2.1 Bicycloheptane Bioisosteres

Expanding on the topic of bicyclic bioisosteres discussed in Chapter 1, bicyclo[3.1.1]-

heptanes have been considered as bioisosteres for meta-substituted benzene rings. Structural

studies on bicyclo[3.1.1]heptanes have revealed that they have similar geometry to meta-

substituted benzene rings as shown in Figure 4.2.83 However, current limitations of these

motifs is the lack of synthetic routes available. For example, the first reported synthesis

requires [3.1.1]propellane.83;181

meta-benzene

vs

bicyclo[3.1.1]heptane

120° 119°
5.04 Å 4.75 Å

Figure 4.2: Geometries of bicyclo[3.1.1]heptanes compared to meta-substituted ben-
zene rings.83

The bicyclo[3.1.1]heptane substituted derivatives of two drug analogues (Sonidegib, an

anticancer drug; and URB597, an anti seizure drug) were synthesized and their biological

activities and pharmacokinetic properties measured (Figure 4.3).83 It was found that the sol-

ubility was retained while the membrane permeability and biological activities were improved

for the bicycloheptane containing analogues.83 These studies demonstrate the potential ap-

plications for bicycloheptanes as bioisosteres in future drug candidates.
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Figure 4.3: Bicyclo[3.1.1]heptane replacements in pharmaceuticals.83

4.2.2 Bicycloheptane Syntheses via Bicyclobutanes

In addition to the formal (3+2) additions to bicyclobutanes discussed earlier, bicyclobu-

tanes have been shown to undergo formal (3+3) cycloadditions to form bicycloheptane struc-

tures. The first example of using a bicyclobutane to access a bicyclo[3.1.1]heptane was

reported by Molander in 2022.182 They reacted cyclopropanes with bicyclobutanes using

photocatalysis with blue LEDs and an iridium photocatalyst (Figure 4.4).182 This was fol-

lowed shortly after by two more reactions of cyclopropanes with bicyclobutanes to form bicy-

clo[3.1.1]heptanes by Li and Waser (Figure 4.5).183;184 Both reactions have similar substrate

scope but use different conditions. The reactions developed use either a diboron/pyridine

catalytic system or photocatalysis with an Ir catalyst and blue light.

ArHN

O

ArHN Ir. cat.
Blue LEDs Molander

2022

O

+

Figure 4.4: First synthesis of bicyclo[3.1.1]heptane from bicyclobutanes.182
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Figure 4.5: Additional syntheses of bicyclo[3.1.1]heptanes from bicyclobutane.183;184

Following these reports of routes to all-carbon bicycloheptanes, syntheses of heteroatom-

containing bicycloheptanes have also emerged in the literature. Deng reported the syn-

thesis of 2-oxa-3-azabicyclo[3.1.1]heptanes via a Lewis acid catalyzed nitrone cycloaddi-

tion with bicyclobutanes (Figure 4.6).185 Later, two more syntheses were developed for 2-

azabicyclo[3.1.1]heptenes using a diboron/pyridine catalytic system, or a titanium catalyst

to afford a cycloaddition of vinyl azides with bicyclobutanes (Figure 4.6).186;187
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+
N3

Zhang
2024

Figure 4.6: Syntheses of heteroatom-bicyclo[3.1.1]heptanes from bicyclobutane.185–187

The synthesis of 3-azabicyclo[3.1.1]heptanes has received a lot of attention recently.

Mykhailiuk reported a synthesis of the 3-azabicyclo[3.1.1]heptane motif from an unexpected

reduction of spirocyclic oxetanyl nitriles (Figure 4.7).77 In addition to the synthesis of the

azabicyclo[3.1.1]heptane derivatives, an analogue of Rupatadine, an antihistamine drug, was

synthesized with the replacement of the pyridine with an azabicyclo[3.1.1]heptane (Figure

4.7).77 The biological properties of this analogue were studied, with improved solubility,
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metabolic stability and lipophilicity compared to Rupatadine. These results encourage the

use of these motifs as bioisosteres in pharmaceuticals and the development of more synthetic

routes to access these molecules. After this synthesis was reported, two more syntheses of

azabicyclo[3.1.1]heptanes followed (Figure 4.7).188;189 Both reactions are cycloadditions with

bicyclobutane. The first reaction is a Lewis acid catalyzed cycloaddition with isocyanides,188

and the second reaction is a copper catalyzed cycloaddition with imines (Figure 4.7).189

O
NC

LiAlH4 or NaBH4

H
N

OH

Mykhailiuk
2023

HN

Me

N

N

Cl

Rupatadine 
Bicycloheptane analogue

O

H
N

O
Glorius
2024

NC

H
N

O
Copper cat. Li

2024

N

Ag2CO3

Figure 4.7: Recent syntheses of 3-azabicyclo[3.1.1]heptanes.77;188;189

4.2.3 Pyridinium Ylides

Pyridinium ylides are useful reagents for cycloaddition reactions and the synthesis of

heterocycles.190 These zwitterionic molecules have both a nucleophilic carbon and an elec-

trophilic carbon adjacent to a positively charged nitrogen, making them ideal candidates for

1,3-dipolar cycloaddition reactions. The ylide is typically formed in situ via deprotonation

of a pyridinium salt (Figure 4.8). An electron withdrawing group is typically present beside

the nucleophilic carbon to help stabilize the ylide.
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N

X

Pyridinium salt
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N

Pyridinium ylide

= EWG

Figure 4.8: Preparation of pyridinium ylides from pyridinium salts.

Pyridinium ylides have been used for the synthesis of different heterocycles.190 In these

syntheses, the pyridine portion of the ylide can have two different roles in the reaction. The

pyridinium ring can be incorporated in the product, or it can act as a leaving group. When the

pyridine from the ylide is present in the product, the most commonly reported heterocycles

formed after the cycloaddition are pyrroles, indolizines, and other azole derivatives (Figure

4.9). The synthesis of pyrroles has been done via a cycloaddition of the pyridinium ylide

with azirines (Figure 4.10). For the indolizine synthesis, the pyridinium ylide will undergo a

cycloaddition with an alkene or alkyne dipolarophile followed by oxidation to the indolizine

(Figure 4.10).

N

Pyridinium ylide

N
H

N R1

R3 R2

pyrrole

N

R1R2

R3 Indolizine

NX
X X

R1R2

R3

X = C, N, O, or S

Other azoles

Figure 4.9: Examples of heterocycle syntheses from pyridinium ylide intermediates.
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Figure 4.10: Synthesis of pyrroles and indolizines from pyridinium ylide cycloaddi-
tions.

The reactivity of the pyridinium ylide is influenced by the electron withdrawing group

and the substitution on the pyridinium ring. The initial studies on pyridinium ylides used

pKa values of the corresponding pyridinium ions to determine the pyridinium nucleophilici-

ties.191;192 However, using pKa to determine the nucleophilicity is not the best indicator for

reactivity. Kinetic studies have been done with different pyridinium ylides towards reactivity

with electrophiles.193 Mayr developed a log scale to rank the reactivity of different pyridinium

ylides with the electrophile quinone methide 3a (Figure 4.11).193 Changing both the elec-

tron withdrawing group and substitution on the pyridine led to large differences in observed

reactivity.
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NMe2O
Ph

Ph

3a

Figure 4.11: Reactivity scale for the reactions of ylides 1a-1i with the quinone methide
3a in DMSO at 20 °C. Reprinted (adapted) with permission from J. Am. Chem. Soc.
2013, 135, 15216–15224. Copyright {2024} American Chemical Society.193

4.2.4 Proposed Reactivity of Pyridinium Ylides with Bicyclobu-

tanes

With the established reactivity of bicyclobutanes and pyridinium ylides in mind, we hy-

pothesized that azabicycloheptanes could be formed via a formal (3+3) cycloaddition reaction

(Figure 4.12). A pyridinium ylide could undergo nucleophilic attack to the electrophilic site

of a bicyclobutane. Then, the resulting bicyclobutane enolate would attack the electrophilic

carbon of the pyridinium group. This would result in dearomatization of the pyridinium

ring and formation of a 3-azabicyclo[3.1.1]heptane with a fused dihydropyridine ring (Figure

4.12). The development of this reactivity will be discussed below.
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Figure 4.12: Proposed cycloaddition of pyridinium ylides with bicyclobutanes.

4.3 Reaction Optimization

4.3.1 High-Throughput Screening

Initial reaction discovery was explored using microscale high-throughput experimentation

and the results were analyzed by 1H NMR spectroscopy (See Section C.2). We hypothesized

that deprotonation of the pyridinium 2a with base to form the ylide, combined with Lewis

acid activation of the bicyclobutane 1a would form the azabicycloheptane 3a. To investi-

gate this reactivity, a multivariate array of 12 Lewis acids, 4 bases and two solvents were

screened at 60 °C for a 96-well screen (Table 4.1). We observed that four Lewis acids (LiOTf,

Mg(OTf)2, Zn(OTf)2, and AgOTf) gave the highest amounts of 3a, with diastereomeric ra-

tios (d.r.) ranging from 1:1-4:1. Using triethylamine as an organic based showed little to no

reactivity, whereas inorganic bases were broadly similar; overall, Cs2CO3 and K3PO4 were

superior. Product yields or diastereomeric ratios did not seem to be affected by the solvent.

Based on the results from the 96-well screen, a more focused 30-well screen was conducted

at room temperature selecting the best four Lewis acids (LiOTf, Mg(OTf)2, Zn(OTf)2, and

AgOTf,) two bases (Cs2CO2 and K3PO4) and the two solvents (THF and MeCN) (Table 4.2).

In addition, the conditions were tested without the addition of a Lewis acid to determine

the effect on the reaction outcome. We observed that running the reaction at room temper-

ature did not decrease the yields. While the diastereoselectivity in THF remained low, in

acetonitrile we only observed the formation of a single diastereomer in all cases. In addition,

it was determined that the use of a Lewis acid is not required for this transformation, and

in some cases it even caused a drop in yield. Overall, K3PO4 as a base with no Lewis acid

in acetonitrile gave the highest yield of 86%, with 3a formed as a single diastereomer.
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Table 4.1: 96-well HTE optimization of pyridinium ylide addition to bicyclobutane

O

N
N

N CO2Me

Lewis-acid 40 mol%

Base (4 equiv)
Solvent (0.125 M) 

60°C, 48h

(2.5 equiv)

1a
2a

+ Br
NMeO2C

Ph
O

H

N3a N(+/-)(0.025 mmol)

K2CO3 Cs2CO3 K3PO4 NEt3 K2CO3 Cs2CO3 K3PO4 NEt3
1 2 3 4 5 6 7 8

LiOTf A 51% 65% 56% 14% 34% 53% 45% 0%
Mg(OTf)2 B 44% 53% 56% 1% 0% 53% 55% 0%

Sc(OTf)3 C 2% 14% 6% 0% 3% 0% 0% 0%

Fe(OTf)3 D 0% 0% 0% 0% 0% 0% 0% 0%
Zn(OTf)2 E 8% 53% 51% 3% 15% 11% 0% 0%
Ga(OTf)3 F 0% 0% 0% 0% 0% 8% 0% 0%
AgOTf G 31% 45% 35% 0% 23% 30% 28% 0%
Sn(OTf)2 H 4% 5% 0% 0% 0% 0% 0% 0%
La(OTf)3 I 0% 0% 2% 0% 0% 0% 0% 0%
Eu(OTf)3 J 0% 4% 0% 0% 0% 0% 0% 0%
Yb(OTf)3 K 0% 0% 0% 0% 0% 0% 0% 0%
Bi(OTf)3 L 0% 0% 0% 0% 0% 0% 0% 0%

K2CO3 Cs2CO3 K3PO4 NEt3 K2CO3 Cs2CO3 K3PO4 NEt3
1 2 3 4 5 6 7 8

LiOTf A 4.1 : 1 3.1 : 1 4.6 : 1 1.8 : 1 3.9 : 1 3.4 : 1 3.5 : 1 -
Mg(OTf)2 B 3.4 : 1 1.2 : 1 1.7 : 1 >20 : 1 - 3.4 : 1 4.0 : 1 -
Sc(OTf)3 C >20 : 1 1.3 : 1 >20 : 1 - >20 : 1 - - -
Fe(OTf)3 D - - - - - - - -
Zn(OTf)2 E 7.0 :1 1.8 : 1 2.4  : 1 2.0 : 1 2.0 : 1 1.8 : 1 - -
Ga(OTf)3 F >20 : 1 - - - - >20 : 1 - -
AgOTf G 3.4 : 1 2.0 : 1 4.8 : 1 - 1.9 : 1 2.3 : 1 2.5 : 1 -
Sn(OTf)2 H >20 : 1 >20 : 1 - - - - - -
La(OTf)3 I - - >20 : 1 - - - - -
Eu(OTf)3 J - >20 : 1 - - - - - -
Yb(OTf)3 K - - - - - - - -
Bi(OTf)3 L - - - - - - - -

K2CO3 Cs2CO3 K3PO4 NEt3 K2CO3 Cs2CO3 K3PO4 NEt3
1 2 3 4 5 6 7 8

LiOTf A 0% 0% 1% 50% 0% 7% 3% 4%
Mg(OTf)2 B 0% 5% 1% 0% 0% 0% 0% 0%
Sc(OTf)3 C 0% 1% 2% 25% 0% 0% 0% 0%
Fe(OTf)3 D 0% 0% 0% 0% 0% 0% 0% 0%
Zn(OTf)2 E 35% 7% 3% 1% 38% 13% 7% 44%
Ga(OTf)3 F 0% 0% 0% 0% 0% 0% 0% 0%
AgOTf G 0% 21% 0% 0% 0% 0% 0% 0%
Sn(OTf)2 H 0% 12% 0% 0% 0% 0% 0% 0%
La(OTf)3 I 3% 8% 5% 4% 0% 0% 0% 4%
Eu(OTf)3 J 0% 6% 16% 36% 0% 0% 0% 0%
Yb(OTf)3 K 0% 3% 5% 0% 0% 0% 0% 70%
Bi(OTf)3 L 0% 0% 0% 0% 0% 1% 0% 0%

MeCN

1a % Remaining
THF MeCN

THF MeCN
3a % Yield

Diastereomeric 
Ratio (d.r.)

THF

Yields and d.r. values are obtained by 1H NMR spectroscopy by relative integration vs. internal standard,
1,3,5-trimethoxybenzene (See Section C.2)
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Table 4.2: 30-well HTE optimization of pyridinium ylide addition to bicyclobutane

O

N
N

N CO2Me

(2.5 equiv)

1a
2a

+ Br

NMeO2C

Ph
O

H

N3a N
(+/-)

Base (4 eq.)
Solvent (0.125 M)

rt, 24h

Lewis-acid (40 mol%)

Cs2CO3 K3PO4 NEt3 Cs2CO3 K3PO4 NEt3

1 2 3 4 5 6
LiOTf A 57% 46% 0% 57% 30% 0%

Mg(OTf)2 B 61% 38% 0% 56% 82% 6%

Zn(OTf)2 C 52% 25% 0% 65% 50% 0%

AgOTf D 31% 68% 0% 64% 36% 0%

none E 69% 70% 0% 73% 86% 0%

3a % Yield
THF MeCN

Cs2CO3 K3PO4 NEt3 Cs2CO3 K3PO4 NEt3

1 2 3 4 5 6
LiOTf A 2.4 : 1 5.6 : 1 - >20 : 1 >20 : 1 -

Mg(OTf)2 B 3.1 : 1 2.8 : 1 - >20 : 1 >20 : 1 >20 : 1

Zn(OTf)2 C 4.8 : 1 4.0 : 1 - >20 : 1 >20 : 1 -

AgOTf D 3.4 : 1 8.7 : 1 - >20 : 1 >20 : 1 -

none E 1.1 : 1 1.6 : 1 - >20 : 1 >20 : 1 -

Diastereomeric 
Ratio (dr)

THF MeCN

Cs2CO3 K3PO4 NEt3 Cs2CO3 K3PO4 NEt3

1 2 3 4 5 6
LiOTf A 15% 37% 90% 15% 3% >99%

Mg(OTf)2 B 17% 50% 81% 0% 0% 74%

Zn(OTf)2 C 24% 60% 80% 3% 6% 58%

AgOTf D 32% 18% 94% 5% 16% 68%

none E 3% 3% >99% 3% 3% 70%

1a % Remaining
THF MeCN

(d.r.)

Yields and d.r. values are obtained by 1H NMR spectroscopy by relative integration vs. internal standard,
1,3,5-trimethoxybenzene (See Section C.2)
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4.3.2 Full Factorial Analysis

The best screening conditions were carried forward into a full factorial screen to optimize

the reagent loading and reaction concentration (Table 4.3). Overall, increasing or decreasing

the equivalents of base, equivalents of pyridinium or reaction concentration did not have

a significant effect on the yield of the reaction, which ranged from 65-76%. These results

indicate that the reaction is quite robust to changes in reagent loading and concentration.

Based on these data, the lower reagent/base loading (1.25 equiv pyridinium and 2.5 equiv

base) and higher concentration (0.25 M) were chosen to carry forward. These conditions gave

a yield of 75%, while requiring less starting materials and solvent quantities. The resulting

yields of 3a observed for this screening were plotted for visualization and shown in Figure

4.13.

Table 4.3: Full factorial screening for reagent loading and concentration

MeCN (x M),
rt, 24h

K3PO4 (x equiv)
O

N
N

N CO2Me

(x equiv)

1a
2a

+ Br

NMeO2C

Ph
O

H

N3a N
(+/-)

Entry Base Loading Concentration Pyridinium 2a Yield 3a Leftover 1a
(equiv) (M) (equiv) (%) (%)

1 1.25 0.125 1.25 65 16
2 2.50 0.125 1.25 71 6
3 1.25 0.250 1.25 73 13
4 2.50 0.250 1.25 75 <5
5 1.25 0.125 0.250 70 16
6 2.50 0.125 0.250 75 <5
7 1.25 0.250 0.250 74 <5
8 2.50 0.250 0.250 75 <5
9 1.88 0.188 1.88 76 <5

Yields and d.r. values are obtained by 1H NMR spectroscopy by relative integration vs. internal standard,
1,3,5-trimethoxybenzene
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Figure 4.13: Visualization of 3a% yield for full factorial screening.

4.3.3 Reaction Monitoring by 1H NMR Spectroscopy

The reaction progress was monitored by 1H NMR spectroscopy to assess mass balance

and stereoselectivity as a function of time (Figure 4.14). We observed the formation of 3a

to occur quite quickly with a 30% solution yield after 15 minutes. Throughout the course

of reaction monitoring, we observed no clear intermediates, and no evidence of the minor

diastereomer being formed. Tracking the mass balance further supports these observations,

with the %1a + %3a averaging 93% with a standard deviation of only 2% (excluding t =

0). The reaction conversion was complete at ∼4 h and remained steady until 5.5 h.
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Figure 4.14: Reaction progress plot, with % yield determined by 1H NMR spec-
troscopy (integration versus internal standard, 1,3,5-trimethoxybenzene).

4.3.4 Control Reactions

To investigate the origin of the diastereoslectivity, the possibility of product epimeriza-

tion under the reaction conditions was explored. A nearly 1:1 diastereomeric mixture of

product 3a was isolated using THF as the reaction solvent. This mixture of diastereomers

was then subjected to the reaction conditions (K3PO4 in MeCN, rt, 24 h) and no change

in the diastereomeric ratio was observed (Figure 4.15). This indicates that the observed

diastereoselectivity is due to kinetic control, rather than thermodynamic control.
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MeCN (0.25 M), 
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K3PO4 (2.5 equiv)
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Stereoselectivity is
not under thermo-
dynamic control

Figure 4.15: Test for control of diastereoselectivity via epimerization of 3a under the
optimized conditions

With the optimized conditions determined, a set of control reactions were carried out

(Table 4.4). When no base is used, 84% of the bicyclobutane 1a is retained (Entry 1) and

no product is observed. With the reaction run at 30 ºC or with the addition of 10 equiv

water (from Na2SO4·10H2O), no significant change to the reaction yield is observed (Entries

2 and 3). When 4 Å molecular sieves are added, a drop in product yield to 66% is observed

(Entry 4). This may be due to inefficient mixing occurring due to the addition of more

insoluble material to the reaction. Overall, the reaction is insensitive to oxygen, water and

slight changes to the reaction temperature, further demonstrating its robustness.

Table 4.4: Control reactions for the synthesis of 3a with optimized conditions.

MeCN (0.25 M)

K3PO4 (2.5 equiv)
O

N
N

N CO2Me

(1.25 equiv)

1a
2a

+ Br

NMeO2C

Ph
O

H

N3a N
(+/-)

Entry Deviation from standard[a] 3a[b][c] 1a[b]

1 No K3PO4 added 0 84
2 Run at 30 °C 81 5
3 Na2SO4·10H2O (1 equiv) 81 6
4 4 Å molecular sieves 66 12

[a]Unless otherwise notes, reactions are performed at room temperature for 24 hours with 0.05 mmol of 1a.
[b]Amounts of 1a and 3a are obtained by 1H NMR spectroscopy by relative integration vs. internal

standard, 1,3,5-trimethoxybenzene (TMB). [c]Only one diastereomer of 3a is observed.
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4.4 Bicyclobutane Synthesis

To explore the scope of the pyridinium addition, a library of bicyclobutanes was synthe-

sized. Ketone bicyclobutane derivatives and the disubstituted pyrazole bicyclobutane deriva-

tives were prepared according to previously reported literature conditions (Figure 4.16).126;132

O

N
N

1a

O

N
N

1b

Cl
O

N
N

1c

F
O

N
N

1d

OMe

O

1h CF3

O

1i OMe

O

1g F

Figure 4.16: Bicyclobutanes synthesized according to literature procedures.126;132

Additionally, we developed the synthesis of a new, unreported monosubstituted bicy-

clobutane 1e with the 3,5-dimethyl N -acylpyrazole electron withdrawing group (Figure 4.17).

Starting from 3-oxocyclobutanecarboxylic acid, acid-catalyzed esterification to the methyl es-

ter I was done in methanol, followed by reduction of the ketone to the alcohol II using NaBH4.

The hydroxyl group was then converted to a tosyl leaving group using p-toluenesulfonyl

chloride, triethylamine, and NMI as an additive. The methyl ester from compound III was

then hydrolyzed using sodium hydroxide followed by amidation using CDI to install the

3,5-dimethylpyrazole amide and give compound V. This intermediate was then converted

to the bicyclobutane using potassium tert-butoxide as a base at −78 °C to obtain the final

bicyclobutane 1e. This bicyclobutane is prone to polymerization upon formation; therefore,

precautions were taken during the synthesis and work-up to prevent this from occurring (see

experimental details in Appendix C). Additionally, for long-term storage, the bicyclobutane

was stored as a frozen stock solution in acetonitrile at −80 °C.
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Figure 4.17: Synthetic route developed for novel monosubstituted pyrazole bicyclobu-
tane 1e.

4.5 Azabicycloheptane Scope

The reaction scope was explored using a diverse set of bicyclobutanes and pyridinium salts.

Initial attempts at isolation of the products showed that the dihydropyridine-containing prod-

ucts were not stable to silica gel chromatography. Alternatively, the products were isolated

using basic alumina following evaporation of the reaction solvent and using re-solubilization

with DCM. DCM was used as the mobile phase to pass the products through the basic alu-

mina plugs. Using this method, the first product 3a was isolated on a 0.30 mmol scale with

a 88% yield and on a 2.0 mmol scale with a 66% isolated yield (Figure 4.18). Following

isolation, the products obtained are stable in their respective physical state.
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4.5.1 Diversification of Bicyclobutanes

The scope of the bicyclobutane was investigated (Figure 4.18). Aryl groups with both

electron donating and electron withdrawing groups worked well, giving products 3b, 3c and

3d with modest yields. Additionally, single crystals of 3c were obtained and the stereo-

chemistry was confirmed using X-ray diffraction analysis. Importantly, both disubstituted

and monosubstituted bicyclobutanes are compatible with this reactivity, which is relatively

rare in the literature. Using the monosubstituted bicyclobutane 1e discussed earlier with

both the methyl ester pyridinium 2a and a ketone-based pyridinium gave products 3e and 3f

respectively. Product 3f was obtained as a 6:1 mixture of diastereomers. Further, both mono

and disubstituted aryl ketone bicyclobutanes also react with this chemistry, giving products

3g, 3h and 3i. Unfortunately, other bicyclobutanes with weaker electron withdrawing groups

(e.g. esters and amides) do not react under these conditions.
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Figure 4.18: Scope of azabicyclo[3.1.1]heptanes 3 via pyridinium ylide addition to
bicyclobutanes - bicyclobutane derivatives. Yields are for isolated compounds following
a basic alumina plug purification and are obtained as a single diastereomer unless other-
wise noted with d.r. values in parentheses (determined by 1H NMR spectroscopy). Sin-
gle crystal XRD structures are deposited with the CCDC: 2374388. [a]Yield determined
by 1H NMR spectroscopy (with internal standard 1,3,5-trimethoxybenzene).[c]Reaction
performed using NaPF6 (1.3 equiv) as an additive.
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4.5.2 Diversification of Pyridinium Ring

The effect of substitution on the pyridine ring of the pyridinium salts was also inves-

tigated (Figure 4.19). We observed that substitution on the pyridine greatly affected the

reactivity. Using 4-phenyl and 4-methyl pyridiniums we were able to isolate products 3j and

3k with 63% and 57% yields respectively; however when using a 4-CF3 pyridinium, only a

7% solution yield was observed with mostly unreacted bicyclobutane remaining. Based on

previous reactivity of pyridinium ylides and the effects observed with solvent and base com-

binations,194;195 we tested the use of a protic solvent to try and increase the reactivity. With

methanol as a solvent, the cycloaddition reaction was achieved in addition to methanolysis

of the N -acylprazole to give product 3l-OMe with a 60% yield (with 15% of unreacted bicy-

clobutane methyl-ester co-eluting during isolation). Since the ester bicyclobutane derivatives

are unreactive with this chemistry, we hypothesize that the cyclization occurs more rapidly

than the methanolysis.
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Figure 4.19: Scope of azabicyclo[3.1.1]heptanes 3 via pyridinium ylide addition to
bicyclobutanes - pyridinium ring derivatives. Yields are for isolated compounds follow-
ing a basic alumina plug purification and are obtained as a single diastereomer unless
otherwise noted with d.r. values in parentheses (determined by 1H NMR spectroscopy).
[b]Isolated yield as part of a mixture with unreacted bicyclobutane starting material.
[e]Reaction performed with methanol as the solvent.
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4.5.3 Diversification of Pyridinium Ester Functional Group

In general, ester-based pyridinium ylides are the most compatible substrates for this chem-

istry (3p-3v) (Figure 4.20). Primary (3q, 3s), secondary (3t, 3u, 3v), and even tertiary (3r)

substituents at oxygen are viable. Additionally, a highly substituted lactone is successful in

this reaction to give product 3p. Notably, this derivative is formed as a nearly 1:1 mixture

of diastereomers. Chiral esters were used to obtain products 3t and 3v, though they do not

induce any significant stereocontrol over the absolute stereochemistry of the resulting prod-

ucts. The d.r. values reported reflect the ratio between the two different anti diastereomers

of the product.
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Figure 4.20: Scope of azabicyclo[3.1.1]heptanes 3 via pyridinium ylide addition to
bicyclobutanes - pyridinium ester derivatives. Yields are for isolated compounds fol-
lowing a basic alumina plug purification and are obtained as a single diastereomer unless
otherwise noted with d.r. values in parentheses (determined by 1H NMR spectroscopy)
[b]Isolated yield as part of a mixture with unreacted bicyclobutane starting material.
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4.5.4 Diversification of Pyridinium EWG

Different electron withdrawing groups on the pyridinium ylide were also explored (Figure

4.21). Both amide and nitrile electron withdrawing groups are successful, giving products 2n

and 3o respectively. The ketone containing electron withdrawing group to give product 3m

initially showed low conversion, so Mg(OTf)2 was tested as a catalyst based on its reactivity

in the screening experiments (Figure 2.7). This improved the solution yield to 80%. The

low solubility of Mg(OTf)2 in acetonitrile led us to consider the possibility of salt metathesis

rather than Lewis acid catalysis as a possible cause for the improved yield. To test this,

NaPF6 was used as an additive. If salt-metathesis occurs, the resulting NaBr would be

almost completely insoluble in acetonitrile, leaving only the hexafluorophosphate pyridinium

salt in solution. Using 1.3 equiv of NaPF6 allowed formation of product 3m with an isolated

yield of 75%, supporting the salt-metathesis hypothesis. This method was used for all ketone-

based pyridinium ylides where both (hetero)aryl and alkyl ketones were suitable (3w-3ab).

This includes the cyclopropyl ketone resulting in 3aa in 75% isolated yield. In all cases, we

observe a single diastereomer, except for the tert-butyl-substituted ketone product 3ab. This

product is generated as a mixture of diastereomers and does contain additional impurities

after alumina treatment. However, the fact that such a sterically-encumbered ylide can still

undergo cycloaddition to some degree is notable.
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Figure 4.21: Scope of azabicyclo[3.1.1]heptanes 3 via pyridinium ylide addition to
bicyclobutanes - pyridinium EWG derivatives. Yields are for isolated compounds fol-
lowing a basic alumina plug purification and are obtained as a single diastereomer
unless otherwise noted with d.r. values in parentheses (determined by 1H NMR spec-
troscopy). [a]Yield determined by 1H NMR spectroscopy (with internal standard 1,3,5-
trimethoxybenzene).[b]Isolated yield as part of a mixture with unreacted bicyclobutane
starting material. [c]Reaction performed using NaPF6 (1.3 equiv) as an additive.
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4.6 Additional Synthetic Transformations

Additional transformations of the azabicyclo[3.1.1]heptane products were demonstrated.

On a 1-gram scale synthesis, the prototype reaction of bicyclobutane 1a and 2a to generate 3a

was performed. This was followed by an in situ methanolysis using methanol and additional

base to generate the methyl ester product 4a via a telescoped synthesis with a 71% isolated

yield (Figure 4.22-A). Following isolation of 4a, reduction of the dihydropyridine was done

using sodium cyanoborohydride (NaBH3CN) and acetic acid in methanol to give compound

4b with a 58% purified yield (Figure 4.22-B). Significantly, this compound is stable to silica-

column chromatography and X-ray crystallography was used to confirm its structure. Based

on literature precedent,196 we subjected the ketone pyridinium product 3m to blue light (470

nm) where it underwent a rearrangement reaction (aza-Norrish type II) via C-N cleavage and

hydrogen atom transfer to form a highly functionalized cyclobutane product (Figure 4.22-C).

This product is obtained as a single diastereomer containing two quaternary centers on the

cyclobutane ring with a 47% yield after purification.
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Figure 4.22: Additional synthetic transformations of the azabicyclo[3.1.1]heptanes.
Single crystal XRD structure of 4b is deposited with the CCDC: 2374389.

In further attempts to isolate azabicyclo[3.1.1]heptane derivatives that are chromato-

graphically stable, a telescoped pathway was developed (Figure 4.23). With the ketone-

derived bicyclobutane 1i, a two-step process was done with the first step being the cycload-

dition with the pyridinium ylide to form the azabicycloheptane product 3i. This product

was not isolated and instead the solvent was swapped to methanol and the reduction of the

dihydropyridine was performed to give product 4i (Figure 4.23). Notably, the ketone from

the bicyclobutane was intact after the reduction conditions. From the N -acyl pyrazole bicy-

clobutane 1a, a three-step telescoped synthesis to the column stable, reduced product was

completed. The first step was the pyridinium ylide cycloadditition to give products 3q and

3ab in situ after 24 hours (Figure 4.23). An additional equivalent of base and methanol was

added to cause methanolysis of the N -acyl pyrazole to the methyl ester. After an additional

24 hours, the reaction was subjected to the reduction conditions directly to give the products

4q and 4ac with an 11% and 25% yield respectively after three-steps and purification by

column chromatography (Figure 4.23). Similarly to the ketone in product 4i, the tert-butyl
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ketone in product 4ab was also intact after the reduction. It is also worth noting that the

silyl ester in 4q remained after the methanolysis step of the reaction pathway. These syn-

theses highlight the possible transformations available to these products and the capability

to purify them by column chromatography.
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Figure 4.23: Telescoped methanolysis, reduction and isolation of the azabicy-
clo[3.1.1]heptane products.

The telescoped reduction and isolation conditions were applied to attempt isolation of

a column stable version of the nitrile azabicycloheptane product 4o (Figure 4.24). After

the synthesis, we discovered that the isolated product was the decyanated azabicycloheptane

(5% overall yield) (Figure 4.24). Upon further examination, we realized that the product

after the reduction of the dihydropyridine is an α-aminonitrile, which are known to undergo

decyanation reactions under acidic conditions.197 This route provides a method to access

unsubstituted azabicyclo[3.1.1]heptanes that would otherwise require the use of a pyridinium

ylide without an EWG; however, the low overall yield means further optimization is required.
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4.7 Proposed Mechanism

The proposed mechanism for the pyridinium ylide addition to bicyclobutane is shown in

Figure 4.25. Following the addition of base (K3PO4), the carbon between the electron with-

drawing group (ester in this case) and the pyridinium is deprotonated to form the pyridinium

ylide intermediate I. Analogous to our previous work on enolate addition to bicyclobutanes

discussed in Chapter 3, the enolate can attack the electrophilic position of bicyclobutane

1 to form the zwitterionic intermediate II. The resulting enolate can then attack the elec-

trophilic carbon of the pyridinium ring (analogous to our bicyclobutane reaction with imines

in Chapter 2), causing dearomatization of the pyridine ring and formation of the azabicy-

clo[3.1.1]heptane product 3. This stepwise pathway is presumed to occur rapidly, as the

quenched product of intermediate II has not been observed. Notably, this contrasts with the

enolate addition reaction described in Chapter 3, where acyclic intermediates were observed

in some cases.
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Figure 4.25: Proposed mechanism for the synthesis of azabicyclo[3.1.1]hepatnes via
ylide addition to bicyclobutane.

4.8 Proposed Stereochemical Model

Based on the proposed mechanism and previous stereochemical model for the imine ad-

dition reaction (Chapter 2), we propose a stereochemical model to explain the observed

diastereoselectivity (Figure 4.26). After the formation of zwitterionic intermediate II, the

enolate can attack at two different positions on the pyridinium ring. From the Newmann

projection of intermediate II, it is clear that following a counter-clockwise bond rotation for

nucleophilic addition would cause torsional strain between the ester group from the pyri-
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dinium and the aryl group from the bicyclobutane (Figure 4.26). On the other hand, a

clockwise bond rotation for nucleophilic addition would minimize torsional strain, leading to

the major diastereomer where Ha and Hb are in an anti configuration (Figure 4.26). This

stereochemical assignment was confirmed by the crystal structure obtained for product 3c.

The role of the solvent on the diastereoselectivity could be due to stabilization of zwitterionic

intermediate II by the more polar solvents, allowing the lower energy conformation to form

and give only the major diastereomer observed. More studies should be done to support this

hypothesis.
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Figure 4.26: Proposed stereochemical model for the synthesis of azabicy-
clo[3.1.1]hepatnes via ylide addition to bicyclobutane.
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4.9 Other Ylide Additions to Bicyclobutane

In addition to the pyridinium ylides, other ylide additions to bicyclobutane have been ex-

plored. Prior to the copper-catalyzed azomethine ylide addition to bicyclobutanes that was

reported by Li,189 we explored the possibility of forming the azabicycloheptane via azome-

thine ylides (Figure 4.27). From a suitable imine, an azomethine ylide could be formed in situ

with either a weak base and catalyst or a strong base. This ylide could then react with the bi-

cyclobutane analogously to the pyridinium ylide addition to form 3-azabicyclo[2.1.1]heptanes

(Figure 4.27).

+ N EWG
[M]

H
NEWG

“Azomethine ylide”

Figure 4.27: Proposed azomethine ylide additions to bicyclobutane to form azabicy-
cloheptanes.

Starting from an ethyl ester derived imine and morpholine amide bicyclobutane, the first

set of conditions tested to form the azomethine ylide were using weak base/catalyst com-

binations (Table 4.5). Variations of base, catalyst and solvent were tested with both the

monosubstituted and disubstituted bicyclobutane; however, no product was observed in any

case. Instead, we observed homocoupling of the azomethine ylide with another equivalent

of imine. This homocoupling reaction has been reported in the literature.198 Notably, when

strongly basic conditions were tested (LiHMDS), we only observed the enolate addition re-

action to form the bicyclohexane that was discussed in Chapter 3.
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Table 4.5: Test for azomethine ylide addition to bicyclobutanes.

ConditionsR
O

N
O

N CO2Et

H
N Ph

R

EtO2C

N

O

O

N

H
N

CO2Et
EtO2C
homocoupling
byproduct
observed

Entry R = Base Lewis acid Solvent Temperature
1 Ph DIPEA (1.0 equiv) Ga(OTf)3 (0.2 equiv) THF rt
2 Ph NEt3 (1.0 equiv) Ga(OTf)3 (0.2 equiv) Toluene 80 °C
3 Ph NEt3 (1.5 equiv) AgOAc (1.5 equiv) MeCN rt
4 Ph NEt3 (0.3 equiv) AgOAc (0.1 equiv) DCM rt
5 H NEt3 (0.3 equiv) AgOAc (0.1 equiv) DCM rt
6 H NEt3 (0.3 equiv) Ga(OTf)3 (0.1 equiv) THF rt
7 H NEt3 (0.3 equiv) Ga(OTf)3 (0.2 equiv) THF 70 °C

Reactions are performed at 0.1 M concentration with 1 equiv of both imine and bicyclobutane. Results are
analyzed by 1H NMR spectroscopy with internal standard, 1,3,5-trimethoxybenzene (TMB).

Due to the competitive enolate addition reaction to form the bicyclohexane (Chapter

3), the ethyl ester group on the imine was swapped for an amide derivative. This imine

was tested under the strongly basic reaction conditions with LiHMDS as a base; however, no

azabicycloheptane product was observed (Figure 4.28). Instead, only a monoenolate addition

cyclobutane byproduct was detected.
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Figure 4.28: Test for azomethine ylide addition with amide electron withdrawing
group with strongly basic conditions (optimized conditions from Chapter 3)

To explore the reactivity with the amide derived imine further, a 48-well high-throughput

screen was designed (Figure 4.29). For this screen, the morpholine amide derived imine and

a monosubstituted amide bicyclobutane were tested. The variables screened were four bases

(NEt3, DIPEA, DBU, LiHMDS), six catalysts/additives (AgOAc, LiBr, Zn(OAc)2, AgOTf,
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Zn(OTf)2, CuOAc) and two solvents (THF and toluene). No product was observed for any

of the combinations and only trace amounts of the monoaddition cyclobutane product was

observed.
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• Solvent (THF, Toluene)

Figure 4.29: 48-well HTE screen for azomethine ylide addition with amide electron-
withdrawing group

The focus was shifted to test for azomethine ylide reactivity using the disubstituted

pyrazole bicyclobutane used for the pyridinium ylide addition reaction. This bicyclobutane

was tested with the ethyl ester imine derivative using two different sets of reaction conditions

(Figure 4.30). Neither silver acetate with triethylamine in DCM nor silver carbonate in DMF

showed any product formation.

N
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N

N CO2Et

H
N PhEtO2C

O

N
N

+ AgOAc, NEt3, DCM
or

Ag2CO3, DMF

No Product Observed

Figure 4.30: Test for azomethine ylide addition with disubstituted pyrazole bicy-
clobutane.

Continuing with the disubstituted pyrazole bicyclobutane, formation of N -acyl iminiums

in situ was explored. Under a N2 atmosphere, the N -acyl iminium of the ethyl ester imine

was generated in situ via acylation with an acyl chloride reagent (Figure 4.31). The pyrazole

bicyclobutane was then added under various reaction conditions (Sc(OTf)3 and K2CO3 or

LiHMDS or K2CO3); however, no product formation was observed (Figure 4.31).
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Figure 4.31: Test for azomethine ylide addition via an N -acyl iminium intermediate
with disubstituted pyrazole bicyclobutane.

Unfortunately, no reaction conditions/substrate combinations explored were able to pro-

duce the azabicycloheptane via azomethine ylides. This highlights the difficulties of designing

new syntheses of bicyclic structures and the potential sensitivity of already delevoped trans-

formations.
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4.10 Conclusions

A diastereoselective dearomatization of pyridinium ylides through a cycloaddition reaction

with bicyclobutanes to form 3-azabicyclo[3.1.1]heptanes was described. Reaction monitoring

and epimerization studies indicate that the diastereoselectivity is not from thermodynamic

control and thus is kinetically controlled. A stereochemical model explains how torsional

strain of the cyclization step leads to the major diastereomer observed. The reaction toler-

ates a set of pyrazole and ketone containing bicyclobutanes with both mono and disubstituted

examples being viable. Examples of substitution of the pyridinium ring and different EWGs

on the ylide (such as nitrile, amide and ketone) were also compatible under the reaction

conditions. Further transformations of the azabicyclo[3.1.1]heptanes were demonstrated in-

cluding a photochemical rearrangement reaction to afford a highly-functionalized cyclobutane

product.
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5 Synthesis of Azabicyclics Through

Intramolecular Substitution

Contributions: Synthesis of starting materials 1a-1c and reaction discovery for the syn-

thesis of compound 2a was completed by Jesse Delmage. All other experimental work was

completed independently.

Intellectual contributions: Kyla Woelk: Lead conceptualization, data curation, formal

analysis, investigation and methodology. Jesse Delmage: Supporting data curation, formal

analysis, and investigation.

5.1 Background

5.1.1 Previous Syntheses of 3-Oxo-2-Azabicyclo[2.1.1]hexanes

3-Oxo-2-azabicyclo[2.1.1]hexanes are an azaBCH derivative that contain an endocyclic

carbonyl adjacent to the nitrogen. As discussed in Chapter 2, azaBCHs have potential

applications in pharmaceuticals as bioisosteres and have been incorporated into potential

drug candidates. The 3-oxo-2-azabicyclo[2.1.1]hexane derivative is especially interesting since

the carbonyl in the bicyclic core would provide a synthetic handle for further derivitizations

of these azaBCH motifs.

Syntheses of 3-oxo-2-azabicyclo[2.1.1]hexane derivatives are very scarce in the literature,

with only two reports (Figure 5.1).199;200 The first example, from 1988, used a photochem-

ical [2+2] addition to form the 3-oxo-2-azabicyclo[2.1.1]hexane.200 The other example was

done recently by Grygorenko, and involves an intramolecular coupling reaction between an

acetate and an amine using trimethylaluminum.200 Both of these reaction conditions are

extremely limited by the starting material required to perform the synthesis. Further, the
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syntheses of these motifs would require either photochemical conditions or trimethylalu-

minum, which is a highly reactive and pyrophoric reagent. If the syntheses of these 3-oxo-

2-azabicyclo[2.1.1]hexane structures could be further developed, they could be used more

readily as bioisosteres in pharmaceuticals.
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[2+2] N
O

R

H2N
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O

AlMe3 HN
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Clardy
1988

Grygorenko
2024

Figure 5.1: Previous syntheses of 3-oxo-2-azabicyclo[2.1.1]hexanes.199;200

5.1.2 3-Oxo-2-Azabicyclo[2.2.1]heptane

Another potential azabicyclic bioisostere is the 3-oxo-2-azabicyclo[2.2.1]heptane. The

synthesis of the 3-oxo-2-azabicyclo[2.2.1]heptane typically involves a reduction of the 3-oxo-

2-azabicyclo[2.2.1]heptene derivative (Figure 5.2).201 This lactam is referred to as the “Vince

lactam” and has been developed as a starting material for the synthesis of nucleoside deriva-

tives.202 This lactam is prepared through a Diels–Alder reaction between a tosyl cyanide and

cyclopentadiene, followed by hydrolysis to give the lactam (Figure 5.2).202 Using the Vince

lactam, various clinical candidates have been prepared, highlighting the importance of this

azabicyclic motif (Figure 5.3)202

N

O

N

O
“Vince lactam” 3-oxo-2-azabicyclo[2.2.1]heptane

N C SO2R
+

Diels–Alder/
hydrolysis Reduction

Figure 5.2: 3-oxo-2-azabicyclo[2.2.1]heptane prepared from 3-oxo-2-
azabicyclo[2.2.1]hept-5-ene.202
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Figure 5.3: Clinical candidates prepared from 3-oxo-2-azabicyclo[2.2.1]hept-5-ene
(Vince lactam).202

Although the synthesis of the Vince lactam is well reported, synthetic routes to this motif

are limited. The main synthetic route to these important structures is via a Diels–Alder

reaction that requires a highly toxic cyanide reagent which limits their applicability.202 Al-

ternatively, if the saturated 3-oxo-2-azabicyclo[2.2.1]heptane could be synthesized first, fol-

lowed by an oxidation to the Vince lactam, it would provide the opportunity to diversify

the products we could access. There is one example of a direct synthesis of the 3-oxo-2-

azabicyclo[2.2.1]heptane, which uses an intramolecular amidation reaction (Figure 5.4).203

However, this reaction requires the use of an acyl azide, which is quite reactive. Considering

the current syntheses in the literature, there is still room for improvement to develop more

synthetic routes to access these 3-oxo-2-azabicyclo[2.2.1]heptane motifs.

HO2C O

N3
DMAP NH

O

Figure 5.4: Alternative synthesis of 3-oxo-2-azabicyclo[2.2.1]heptane.203
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5.1.3 Proposed Reactivity

Considering the intramolecular amidation reactivity seen by Grygorenko,199 it was hy-

pothesized that 3-oxo-2-azabicyclo[2.1.1]hexanes could also be synthesized via a similar in-

tramolecular substitution reaction where an amide is the nucleophile with a leaving group

across the ring (Figure 5.5). This starting material would resemble an intermediate to the syn-

thesis of bicyclo[1.1.0]butanes. Ideally, from this intermediate, the reaction conditions could

be tuned to synthesize either the 3-oxo-2-azabicyclo[2.1.1]hexane or the secondary amide

bicyclo[1.1.0]butane (Figure 5.5). This reactivity could be expanded further to synthesize ei-

ther 3-oxo-2-azabicyclo[2.2.1]heptanes or bicyclo[2.1.0]pentanes (also known as housanes) by

expanding the ring size of the starting material to a cyclopentane (Figure 5.5). The reaction

discovery and optimization of this reactivity will be discussed below.
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3-oxo-2-azabicyclo[2.2.1]heptane

bicyclo[1.1.0]butane

bicyclo[2.1.0]pentane
“housane”

Figure 5.5: Proposed reactivity to form 3-oxo-2-azabicyclo[2.1.1]hexanes and
3-oxo-2-azabicyclo[2.2.1]heptanes via an intramolecular substitution reaction.

5.2 Starting Material Synthesis

To test for the synthesis of 3-oxo-2-azabicyclo[2.1.1]hexanes, first the synthesis of the sec-

ondary amide cyclobutane 1 was optimized (Figure 5.6). Similarily to the synthesis of mono-

substituted bicyclobutanes described in Chapter 3, the first step involves 3-oxocyclobutanecarboxylic

acid undergoing an amidation reaction using CDI and a primary amine. This will give the

secondary amide intermediate, which can be reduced with sodium cyanoborohydride to give

the secondary alcohol. The alcohol is then converted to the toluenesulfonyl leaving group
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using triethylamine as a base in DCM to give starting material 1. Using this procedure,

starting materials 1a-1f were synthesized (Figure 5.6).
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Figure 5.6: Synthesis of cyclobutane amide 1 starting material. Yields are reported
as a total yield over three steps.

For the 3-oxo-2-azabicyclo[2.2.1]heptanes, a cyclopentane starting material was synthe-

sized (Figure 5.7). The synthetic route is the same as the one described for the cyclobutane

1 route, with the only difference being the conditions to access the penultimate intermediate.

Using 4-toluenesulfonyl chloride with triethylamine as a base in toluene at 60 °C converts

the hydroxyl group to a chlorine to give compound 4. Using this synthetic route, compounds

4a-4e were prepared (Figure 5.7).
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Figure 5.7: Synthesis of cyclopentane amide 4 starting material.Yields are reported
as a total yield over three steps.
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5.3 Investigations of Reactivity

Starting from compound 1a, different bases were screened to explore the synthesis of

3-oxo-2-azabicyclo[2.1.1]hexane 2a and bicyclo[1.1.0]butane 3a (Table 5.1). The reaction

was carried out in THF as the solvent (0.25 M) at 60 °C. When using tert-butoxide as a

base, formation of the bicyclo[1.1.0]butane was preferred. Sodium tert-butoxide performed

better than potassium tert-butoxide, giving 59% of product 3a (Entries 1 and 2). When

a weaker inorganic base Cs2CO3 was used, no reactivity was observed (Entry 3). Stronger

bases LDA and NaH showed no product formation, with only consumption/decomposition

of the starting material in the case of LDA (Entries 4 and 5). With LiHMDS, a 26% yield of

3-oxo-2-azabicyclo[2.1.1]hexane 2a was obtained with no starting material remaining (Entry

6). In an effort to optimize this result, the temperature and concentration were adjusted

with no significant improvement of the yield (Entries 8-10). Using a weaker organic base

(DIPEA) and a Lewis acid (trimethylsilyl trifluoromethanesulfonate (TMSOTf)), gave no

products with only starting material observed (Entry 11). Other solvents such as toluene,

CPME, DMSO, DMA, DMF and MeCN showed similar or worse reactivity compared to

THF. Other Lewis acid catalysts were added along with the best reaction conditions (Entry

6) but only trace amounts of 3a was observed. Overall, we found that by using either sodium

tert-butoxide or LiHMDS as the base, the selectivity of the reaction can be controlled to give

either the bicyclobutane 3a or 3-oxo-2-azabicyclo[2.1.1]hexane 2a products respectively.
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Table 5.1: Optimization for synthesis of 3-oxo-2-azabicyclo[2.1.1]hexanes.

N
H

O
TsO

O

HN
N

O

+

1a 2a 3a

Conditions

Entry Conditions Yield 1a(%) Yield 2a(%) Yield 3a(%)
1 KOtBu, 40 °C 0 5 20
2 NaOtBu (1.1 equiv) 0 0 59
3 Cs2CO3 (1.1 equiv) 100 0 0
4 LDA 0 12 0
5 NaH 84 0 0
6 LiHMDS 0 26 0
7 LiHMDS, rt 67 6 6
8 LiHMDS, 40 °C 24 19 0
9 LiHMDS, 0.05 M 0 23 0
10 LiHMDS, 1.0 M 0 21 0
11 DIPEA, TMSOTf 64 0 0

Unless otherwise noted, reactions were performed at 60 °C in THF (0.25 M) and 2.0 equiv of base. Yields
determined by 1H NMR spectroscopy versus 1,3,5-trimethoxybenzene as internal standard.

The conditions from Table 5.1, entry 6 were carried forward to test the potential of the

reaction. The optimized conditions for the 3-oxo-2-azabicyclo[2.1.1]hexane 2a synthesis were

employed on the cyclopentane starting material 4a (Figure 5.8). These conditions formed

the 3-oxo-2-azabicyclo[2.2.1]heptane 5a with an improved solution yield of 56% (obtained by

1H NMR spectroscopy analysis), and a 41% isolated yield.

LiHMDS (2.0 equiv)
THF (0.25 M), 60°C

Cl

O

N
H

41% (56%)

N

O4a 5a

Figure 5.8: Synthesis of 3-oxo-2-azabicyclo[2.2.1]heptanes from cyclopentane. Yield
reported after isolation and purification with 1H NMR solution yield using 1,3,5-
trimethoxybenzene as internal standard in brackets.

The conditions from Table 5.1, entry 2 that favoured the bicyclo[1.1.0]butane formation

were tested on the cyclopentane 4a derivative to try and form the bicyclo[2.1.0]pentane 6a
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(Figure 5.9). Unfortunately, under these conditions, the bicyclo[2.1.0]pentane 6a was only

formed as a minor product with a 22% yield and the 3-oxo-2-azabicyclo[2.2.1]heptane 5a was

the major product with a 41% yield (Figure 5.9).

O

HN
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THF (0.10 M), rt

Cl

O

N
H

6a
41%

N

O5a

+

22%
4a

Figure 5.9: Test synthesis of bicyclo[2.1.0]pentane (housane) from cyclopentane.
Yields reported as 1H NMR solution yields using 1,3,5-trimethoxybenzene as inter-
nal standard.

5.4 Reaction Scope

With the best conditions determined for the synthesis of 3-oxo-2-azabicyclo[2.1.1]hexane

2, the scope of the reaction was explored (Figure 5.10). Due to low yields and difficulties with

isolations, yields are reported as 1H NMR solution yields using 1,3,5-trimethoxybenzene as

internal standard. Both electron withdrawing (2b) and electron donating (2c) benzyl groups

were viable to give an 18% and 14% yield respectively. An allyl amide 2d and bulky tert-

butyl amide (2d) also gave product, although with a drop in yield. Finally, an alkyl CF3

amide (2e) was able to give the 3-oxo-2-azabicyclo[2.1.1]hexane product.
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Figure 5.10: Scope of 3-oxo-2-azabicyclo[2.1.1]hexanes reported as 1H NMR solution
yields using 1,3,5-trimethoxybenzene as internal standard.

The scope of the 3-oxo-2-azabicyclo[2.2.1]heptanes was also explored with yields deter-

mined by 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as internal standard (Figure

5.11). Using an N -phenyl amide was compatible with this reactivity to give product 5b with

a 70% yield. Allyl amide 5c and bulky tert-butyl amide 5e were also successful and gave the

3-oxo-2-azabicyclo[2.2.1]heptane products with a 58% and 51% yield respectively. Notably,

a methyl ester alkyl amine was also able to give product 5d, albeit with a drop in yield to

9%. Overall, the synthesis of the 3-oxo-2-azabicyclo[2.2.1]heptanes gave higher yields than

the 3-oxo-2-azabicyclo[2.1.1]hexane products.
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Figure 5.11: Scope of 3-oxo-2-azabicyclo[2.2.1]heptanes reported as 1H NMR solution
yields using 1,3,5-trimethoxybenzene as internal standard.

5.5 Additional Studies

Additional experiments were performed to see if the yields of the 3-oxo-2-azabicyclo-

[2.1.1]hexane synthesis could be improved. One hypothesis was that if the stereochemistry

of the starting material is not the anti configuration, then the intramolecular substitution

could be slow or unfavoured, leading to low yields. Since the stereochemistry is set after

the reduction with sodium borohydride and only one diastereomer is observed, a NOESY

spectrum of the cyclobutyl alcohol intermediate was analyzed. No NOE correlations were

observed between the two chiral hydrogen, Ha and Hb, suggesting that the product is formed

with the anti configuration (Figure 5.12). To test this hypothesis further, the alcohol was

converted to a bromine with PBr3, which will invert the stereochemistry of the leaving group

(Figure 5.12). The brominated (proposed syn configuration) product was then subjected to

the reaction conditions for the intramolecular substitution reaction and no product forma-

tion was observed (Figure 5.12). These findings suggest that we do in fact have the anti

stereochemistry that is favoured for the intramolecular substitution to proceed.
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Figure 5.12: Test for stereochemical effect on 3-oxo-2-azabicyclo[2.1.1]hexane synthe-
sis.

Other reaction conditions to achieve the intramolecular substitution were explored. We

hypothesized that starting from the alcohol, an intramolecular Mitsunobu reaction could give

the desired 3-oxo-2-azabicyclo[2.1.1]hexane product. Unfortunately, under these conditions

no product was observed (Figure 5.13). To see if other leaving groups would affect the

reaction, a triflate derivative of the starting material was tested but no product was observed

under the optimized reaction conditions (Figure 5.13).
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Figure 5.13: Mitsunobu conditions and test with triflate leaving group for
3-oxo-2-azabicyclo[2.1.1]hexane synthesis.

5.6 Conclusions and Future Work

To summarize, a synthesis of 3-oxo-2-azabicyclo[2.1.1]hexanes and 3-oxo-2-azabicyclo-

[2.2.1]heptanes via an intramolecular substitution reaction was developed. Depending on

the base used, the reactivity can be controlled to select for either the bicyclo[1.1.0]butane
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or 3-oxo-2-azabicyclo[2.1.1]hexane products. Starting from the cyclopentane derivatives to

synthesize the 3-oxo-2-azabicyclo[2.2.1]heptanes gives a higher yield with isolable products.

Scope studies via 1H NMR spectroscopy analysis show that the reaction is compatible with

a variety of other cyclobutane and cyclopentane amide derivatives. Additional studies were

completed to try and improve the yields for the 3-oxo-2-azabicyclo[2.1.1]hexane synthesis but

the optimized conditions with LiHMDS as a base from the tosylated starting material still

gave the best conversion to product.

Further optimization could be done to improve the 3-oxo-2-azabicyclo[2.1.1]hexane syn-

thesis. Trying other leaving groups such as halides in the anti configuration (Cl, Br, I),

N -alkyl nitrobenzenesulfonamides (ONosyl), or methanesulfonyl (OMesyl) could improve

the reactivity. Different Lewis acid/base conditions could also be explored and optimized

using high-throughput experimentation to screen for higher product yields. Additionally,

other reactivity could be explored to try and form the 3-oxo-2-azabicyclo[2.1.1]hexane. One

possible reaction would be a carbamate addition to bicyclo[1.1.0]butanes (Figure 5.14). Anal-

ogous to the enolate addition to bicyclobutanes discussed earlier,178 the nitrogen could act

as a nucleophile and attack the electrophilic position of the bicyclobutane. This would be

followed by the bicyclobutane attacking the carbonyl in an acyl substitution reaction to form

the 3-oxo-2-azabicyclo[2.1.1]hexane. Preliminary studies with a tert-butyl N -benzyl carba-

mate and monosubstituted morpholine amide bicyclobutane with various bases (LiHMDS,

iPrMgCl·LiCl, and TiCl4·2THF) showed no product formation (Figure 5.14). To assess the

viability of this reactivity, high-throughput experimentation should be employed to screen

different reaction condition combinations.
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Figure 5.14: Proposed carbamate addition to bicyclobutanes to form
3-oxo-2-azabicyclo[2.1.1]hexanes.
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6 Conclusions and Future Work

6.1 Thesis Conclusions

The objective of this thesis was to develop syntheses of highly-functionalized bicyclic mo-

tifs. These type of structures are important molecules that are used as bioisosteres in pharma-

ceuticals.7;8 Syntheses of these structures are just beginning to be explored in the literature

and more ways to access these molecules must continue to be developed. Bicyclo[1.1.0]butanes

played a crucial role in this research as a central intermediate to synthesize different bi-

cyclic structures. From bicyclobutanes, we developed the addition of imines to form 2-

azabicyclo[2.1.1]hexanes (Chapter 2), addition of enolates to form 2-oxo-bicyclo[2.1.1]hexanes

(Chapter 3) and addition of pyridinum ylides to form 3-azabicyclo[3.1.1]heptanes (Chapter

4)(Figure 6.1). All three syntheses required a different set of conditions to be optimized,

and the bicyclic products obtained all have applications as bioisosteres in pharmaceuticals.

The reactions developed in this thesis provide more ways to access these highly sought-after

bicyclic structures. High-throughput experimentation was a key aspect for reaction discov-

ery and/or optimization of these new reactions. The reactivity of the bicyclobutane can

continue to be explored to find new and different ways to access these functionalized bicyclic

structures.
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Figure 6.1: Summary of bicyclic structures synthesized from bicyclobutane.

Additional syntheses of bicyclic structures were developed from precursors to bicyclobu-

tane (and housane) that also have applications in pharmaceuticals. Chapter 5 describes

the synthesis of 3-oxo-2-azabicyclo[2.1.1]hexanes and 3-oxo-azabicyclo[2.2.1]heptanes from

cyclobutane and cyclopentane derivatives respectively via an intramolecular substitution re-

action. This method provided an alternative route to the products from the established

literature procedures.199–202

6.2 Future Work

6.2.1 Enantioselectivity

In Chapter 2, the imine addition to bicyclobutanes was performed to generate racemic

products. Chiral auxiliaries were installed on both the bicyclobutane (menthol) and the

imine (α-methyl benzyl), but only modest enantioinduction was observed with the latter in

the cyclobutenyl methanamine synthesis. A next step would be to explore ways to achieve

this imine addition enantioselectively. The first approach to test would be exploring other
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chiral auxiliaries on the imine and bicyclobutane. Using the chiral auxiliaries with the N -alkyl

imine reaction conditions to make cyclobutenyl methanamines would be ideal as a starting

point, as it allows the potential for more types of chiral imines to be used. Examples of chiral

auxiliaries to try for the bicyclobutane would be the Evans auxillary (an oxazolidinone) or

camphorsultam. For the imine, more bulky α-benzyl groups such as isopropyl, tert-butyl or

norephedrine could be explored (Figure 6.2).
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Figure 6.2: Proposed chiral auxiliaries for the imine addition to bicyclobutane.

Alternatively, discovering a chiral gallium Lewis acid catalyst would potentially be a

more general approach to enantioselective synthesis. This could be done by pairing chiral

ligands and gallium triflate (Figure 6.3).204 The resulting mixtures of enantiomers could be

separated by chiral high performance liquid chromatography (HPLC) or supercritical fluid

chromatography (SFC), and the resulting enantioselectivity could be determined.
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Figure 6.3: Chiral ligands that have been paired with Ga(OTf)3 previously.204

In Chapter 3, the enolate addition to bicyclobutanes to form 2-oxo-bicyclohexanes was

described; however, the products obtained were also mixtures of enantiomers. Since this re-

action only requires base, using a chiral catalyst to control enantioselectivity would be chal-

lenging. Alternatively, one way to achieve enantioselectivity could be with chiral auxiliaries.

Using chiral esters on the enolate could induce selectivity during the second, intramolecular

enolate addition that take place in the proposed mechanism (Figure 6.4). Examples of chiral

esters that could be synthesized are (R)-1-phenylethanol, (S )-2-methyl-1-butanol and (−)-

menthol derived acetates (Figure 6.4). Alternatively, chiral ligands such as sparteine could

be added to coordinate to Li center of the enolate.
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Figure 6.4: Mechanism for intramolecular enolate addition with bicyclobutane and
proposed chiral enolates.

6.2.2 Chemoselectivity for Imine Addition to Bicyclobutane

The divergent reactivity observed for the imine addition to bicyclobutanes to give either

the azabicycloheptanes (N -aryl) or cyclobutenyl methanamines (N -alkyl) in Chapter 2 was

proposed to be due to the difference in basicity/nucleophilicity of the imine nitrogen. To help

support the proposed mechanism, additional studies to explore this hypothesis should be per-

formed. For the N -alkyl imine, various electron donating and electron withdrawing groups

can be installed to see if the ratio of the azabicyclohexane to cyclobutenyl methanamine

can be controlled, ideally with selectivity pushed completely to favour the azabicyclohexane

product. A preliminary test was done using an ethyl ester substituted N -alkyl imine deriva-

tive 1q under the Method B reaction conditions (Figure 6.5). This imine gave a 2:1 ratio of

cyclobutenyl methanamine to azabicyclohexane (4qq : 3q). This suggests that an electron

withdrawing group attached to the nitrogen will help it react more like a nucleophile than a

base compared to the standard N -benzyl imine. Understanding this selectivity could help us

design the reaction to allow the formation of only the azabicyclohexane product when using

the N -alkyl imine derivatives.
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Figure 6.5: Ethyl ester N -alkyl imine addition to bicyclobutane.

6.2.3 Expanding Bicyclobutane Scope for Imine Addition

For the imine addition to bicyclobutanes described in Chapter 2, only disubstituted bi-

cyclobutanes were used for the scope. One limitation with many reported bicyclobutane

addition reactions is that they are only compatible with either mono or disubstituted bi-

cyclobutanes. Ideally, the imine addition could be expanded to work for monosubstituted

bicyclobutanes (Figure 6.6). Preliminary studies were done with the amide monosubstituted

bicyclobutanes from Chapter 3 under the standard imine addition conditions from Chapter

2 for both the N -alkyl and N -aryl imines; however, no product formation was observed.

This could be due to the fact that the intermediate carbocation for this reaction would be

a less stable secondary carbocation rather than a tertiary carbocation formed when the dis-

ubstituted bicyclobutanes are used (Figure 6.6). This reaction requires further optimization,

and high-throughput experimentation could be used to find suitable reaction conditions. An

array of different Lewis acid and solvent conditions should be explored to find the optimal

conditions for these bicyclobutanes to react. Alternatively, conditions could be developed

to favour nucleophilic attack by the imine nitrogen to the bicyclobutane itself, which would

remove the need to generate a carbocation intermediate.
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Figure 6.6: Proposed imine addition to monosubstituted bicyclobutanes.

6.2.4 Additional Transformations for Cyclobutenyl Methanamines

We demonstrated in Chapter 2, Section 2.8 that the cyclobutenyl methanamine products

could be converted to azabicyclohexanes via an intramolecular iodoamination reaction. Al-

ternative methods to form the azabicyclohexane from the cyclobutenyl methanamine can be

explored. Two potential pathways would be a hydroamination of the amine with the cy-

clobutene and/or epoxidation of the cyclobutene followed by ring closing via intramolecular

attack of the amine at the epoxide (Figure 6.7). The formation of an epoxide followed by ring

closure would provide a hydroxyl group on the azabicyclohexane as a synthetic handle for

further derivitization. Literature conditions for hydroamination with alkenes,214 and epoxi-

dation of alkenes215;216 can be tested to explore these reactions to form the azabicyclohexane.
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Figure 6.7: Additional transformations proposed for cyclobutenyl methanamines.
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6.2.5 Nucleophilicity vs Bicyclobutane Electrophilicity Studies

It was discussed in Chapter 3, Section 3.9, that many enolates and nucleophiles do not

react with the bicyclobutane. In addition, until we published the enolate addition to bi-

cyclobutanes discussed in Chapter 3, there were no reports of enolate addition reactions

with bicyclobutanes despite reports of many other types of nucleophilic reactions. This in-

dicates an area where improvements could be made to explore how nucleophilicity can be

paired with the electrophilicity of the bicyclobutane for successful reactivity. Unfortunately,

more electrophilic bicyclobutanes (such as ketones) may pose a problem for certain eno-

lates/nucleophiles since they may be prone to undergo an undesired 1,2-addition reaction

at the carbonyl. To explore this reactivity further, computational studies could be done to

rank both bicyclobutanes and nucleophiles based on their electrophilicity and nucleophilicity

respectively. This would provide insight to what different types of reactions are possible be-

tween different bicyclobutanes/enolates and where the limit of potential reactivity is. These

theoretical calculations could be paired with experimental studies to create a model for re-

activity of nucleophiles with bicyclobutanes.

6.2.6 Diastereoselectivity for Pyridinium Ylide Addition to Bicy-

clobutane

The pyridinium ylide addition to bicyclobutanes developed in Chapter 4 proceeded di-

astereoselectively. This was true when acetonitrile was the solvent at room temperature;

however, when THF was used as a solvent and/or the reaction was heated to 60 °C, a

mixture of diastereomers was obtained. The stereochemical model proposed explains how

sterics played a role in the major diastereomer that we observed, but it does not take into

account how the solvent plays a role in the diastereoselectivity (Figure 6.8). In addition,

using the less hindered monosubstituted bicyclobutanes or a more hindered tert-butyl ketone

pyrdinium gave mixtures of diastereomers.
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Figure 6.8: Proposed stereochemical model for the synthesis of azabicy-
clo[3.1.1]hepatnes via ylide addition to bicyclobutane.

More experiments should be done to further test the effects that sterics play on the

diasteroselectivity of the reaction, as well as the role that solvent plays. Various other solvents

can be used under the reaction conditions and the diastereoselectivity can be monitored. For

the sterics, a variety of different types of bulky substituents can be tested on both the

bicyclobutane and the pyrdinium ylide to see how they affect the selectivity. As seen in the

stereochemical model (Figure 6.8), one of the most prominent steric clashes is between the

electron withdrawing group of the pyridinium and the aryl group from the bicyclobutane. In

addition to the findings that the monosubstituted bicyclobutane and tert-butyl pyridinium

give more of the minor diastereomer, it would be useful to see how a more bulky group in

either of those positions effects the diastereomeric ratio. For example, if a tert-butyl group

was installed on the bicyclobutane instead of the aromatic ring, how would that effect the

ratio of diastereomers? These studies would help us get a better understanding of both the

mechanism and stereochemical model for this cycloaddition reaction.
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Appendix A

Supporting Information for Chapter 2

Contributions: The following data reported has been completed independently with
supporting work from supervised undergraduate students.

A.1 General Considerations

Materials:All solvents and common organic reagents were purchased from commercial sup-
pliers and used without further purification. Organic building blocks and starting materials
were purchased from Oakwood Chemicals and used as received. All Lewis acids were pur-
chased from Strem Chemicals and used as received. Anhydrous solvents (SureSeal) were
purchased from MilliporeSigma and used as received.

Techniques:All air-free manipulations were performed under a dry nitrogen atmosphere
using an MBraun glovebox. High-throughput experimentation was performed using 1 mL
capacity glass shell vials in sealable aluminum reaction blocks purchased from Analytical
Sales. Heating/stirring was achieved using rare-earth magnetic tumble stirrers acquired from
V&P Scientific.

Analysis and Spectroscopy: All NMR spectra were acquired on either a Bruker AVANCE
300 MHz spectrometer or a Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C
NMR spectra chemical shifts are calibrated to residual protio-solvents. All NMR spectro-
scopic data is processed using Bruker TopSpin 4.07. High-resolution electrospray ionization
mass spectrometric analysis was performed using a Thermo Scientific Ultimate 3000 ESI-
Orbitrap Exactive Plus.
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A.2 1,2-Addition

General Procedure for Rh catalyzed 1,2-Addition (Table A.1):

Methyl 3-oxocyclobutanecarboxylic acid (20.0 mg, 0.156 mmol, 1 equiv) and phenyl boronic
acid (20.9 mg, 0.172 mmol, 1.1 equiv) were weighed into six 4-mL vials with red septa teflon
caps containing stir bars. The base (K2CO3 (1.1 mg, 0.008 mmol, 5 mol%) or KOAc (0.8
mg, 0.008 mmol, 5 mol%)) was then added to the appropriate vials. The vials were brought
into a N2 glovebox and then the Rh catalyst (either Rh2(OAc)4(P(tBu3)2 precatalyst (1.3
mg, 1 mol %) or Rh2(OAc)4 (7.0 mg, 1 mol %) plus P(tBu)3 50 mol% in toluene (1.51 µL,
4 mol %)) was added to the appropriate vials. CPME (0.25 mL) was added to all of the
vials and then they were sealed and taken out of the glovebox. Then degassed H2O (0.25
mL) was injected to all vials and they were stirred at 90 °C for 1 hour. The solvent was
evaporated and 1H NMR spectra were taken. Product conversion was determiend relative
to remaining starting material by NMR spectroscopy (Starting material 3.55-3.16 ppm and
product 2.97-2.53 ppm).

Table A.1: Rh catalyzed 1,2-Addition Screen

O
O

OMe HO

O

OMe

Rh cat. (1 mol%)
CPME/H2O (1:1)

B
OH

OH

+

Entry Catalyst Base % Conversion
1 Rh2(OAc)4(P(tBu3)2 no base 37
2 Rh2(OAc)4(P(tBu3)2 K2CO3 56
3 Rh2(OAc)4(P(tBu3)2 KOAc 21
4 Rh2(OAc)4 and P(tBu)3 no base 60
5 Rh2(OAc)4 and P(tBu)3 K2CO3 49
6 Rh2(OAc)4 and P(tBu)3 KOAc 52
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1H NMR (300 MHz, CDCl3, 292K, ppm) Table A.1, Entry 1:
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1H NMR (300 MHz, CDCl3, 292K, ppm) Table A.1, Entry 3:
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1H NMR (300 MHz, CDCl3, 292K, ppm) Table A.1, Entry 4:
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1H NMR (300 MHz, CDCl3, 292K, ppm) Table A.1, Entry 5:
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1H NMR (300 MHz, CDCl3, 292K, ppm) Table A.1, Entry 6
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General Procedure for HTE Screening for Pd catalyzed 1,2-Addition (Table A.2):

Under a N2 atmosphere, the palladium source was dispensed into all 24 reaction vials (1 mL
shells) then the ligand was added to the appropriate vials. Two stock solutions of Methyl
3-oxocyclobutanecarboxylic acid (0.04 mmol, 1 equiv) and phenyl boronic acid (0.08 mmol, 2
equiv) were prepared in THF (one with K2CO3 and one without base) and the solution was
added to all vials. The vials were sealed then stirred at 70 °C for 24 hours. The solvent was
then evaporated and the results were analyzed by 1H NMR spectroscopy. Only ring opened
product was observed.

Table A.2: Pd catalyzed HTE Screen Variables

O
O

OMe HO

O

OMe

Pd cat. (5 mol%)
Ligand (15 mol%)

THF, 70°C
B

OH

OH

+ +

O

CO2Me

(1.0 equiv) (2.0 equiv)

Pd Source (5 mol%) Ligand Base (1.5 equiv)
Pd(OAc)2 bpy (15 mol%) no base

[Pd(allyl)Cl]2 PPh3 (30 mol%) K2CO3

NHC (15 mol%)
BINAP (30 mol%)
dppf (15 mol%)
dppp (15 mol%)

bpy = 2,2’-Bipyridine, NHC = 1,3-Bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene, BINAP =
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl, dppf = 1,1’-Bis(diphenylphosphino)ferrocene, and dppe =

1,2-Bis(diphenylphosphino)ethane

General Procedure for HTE Screening for Pd catalyzed 1,2-Addition with NHC
ligand (Table A.3):

Under a N2 atmosphere, the palladium source was dispensed into all 24 reaction vials (1 mL
shells) then the ligand was added to the vials. Stock solutions of Methyl 3-oxocyclobutane-
carboxylic acid (0.04 mmol, 1 equiv) and phenyl boronic acid (0.08 mmol, 2 equiv) were
prepared in the appropriate solvents (one with K2CO3 and one without base) and the solution
was added to all vials. The additive was then added to the appropriate vials. The vials were
sealed then stirred at 70 °C for 24 hours. The solvent was then evaporated and the results
were analyzed by 1H NMR spectroscopy. Only ring opened product was observed.
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Table A.3: Pd/NHC catalyzed HTE Screen Variables

O
O

OMe HO

O

OMe

Pd cat. (5 mol%)
NHC (30 mol%)

solvent, 70°C
B

OH

OH

+ +

O

CO2Me

(1.0 equiv) (2.0 equiv)

Pd Source (5 mol%) Solvent Additive (1.5 equiv)
Pd(OAc)2 Toluene no base

THF K2CO3 (1.5 equiv)
t-amyl alcohol Ac2O (0.2 or 1.5 equiv)

DMA AcOH (0.2 or 1.5 equiv)

1,2-Addition on benzyl 3-oxocyclobutanecarboxylic acid using zinc:

1. iPr•MgCl•LiCl
2. Zn(OPiv)2

Br

CN

3. AlMe3

ZnMe

CN

+ O
O

OBn THF HO

O

OBn

NC

In a 20-mL vial containing a stir bar was added 4-bromobenzonitrile (0.20 g, 1.0 equiv, 1.1
mmol) and brought into a N2 glovebox. THF (5.0 mL, 0.22 M) was added to the vial and it
was cooled down to −20 °C in the glovebox freezer followed by the dropwise addition of 1.3 M
iPr·MgCl·LiCl solution in THF (0.93 mL, 1.1 equiv, 1.2 mmol) and the reaction was stirred
overnight at room temperature. Solid zinc pivalate (388.2 mg, 1.2 equiv, 1.5 equiv) was added
to the reaction and it was left to stir at rt for 15 minutes in the glovebox. A solution of 2.0 M
Trimethylaluminium in toluene (0.55 mL, 1.0 equiv, 1.1 mmol) was added to the vial and it
was left to stir for 10 minutes at room temperature. Benzyl 3-oxocyclobutanecarboxylic acid
(224.4 mg, 1.0 equiv, 1.1 mmol) was dissolved in THF (2 mL) and added quantitatively to
the reaction vial and it was left to stir at room temperature for 24 hours. The reaction was
quenched with 1M HCl (10 mL) and extracted with diethyl ether (3 x 10 mL). The combined
organic layers were dried with Mg2SO4, filtered and the solvent was evaporated to give the
crude product. The product was purified by column chromatography (Biotage® Sfär 10g
Column, 0-100% EtOAc/hexanes). 7 mg of a white solid was obtained (2% Yield).
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1H NMR (300 MHz, CDCl3, 292K, ppm): δ 7.77 (s, 2H), 7.71 (s, 2H), 7.37 (m, 5H),
5.19 (s, 2H), 3.53 – 3.24 (m, 5H).
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A.3 Screening - N -benzylimine

Procedure for Lewis acid screening in DCM, toluene, and THF (Table A.4):

Preparation of reaction stock solutions: six stock solutions (3 for 2a and 3 for 1aa) were
made for 3 solvents (DCM, toluene and THF). Stock solution for 2a: To three vials was
added 2a (45.2 mg, 0.240 mmol). 1200 µL of DCM, THF and toluene were added separately
to the three vials respectively, ensuring 2a was solubilized. Stock solution for 1aa: To three
vials was added 1aa (70.3 mg, 0.360 mmol). 1200 µL of DCM, THF and toluene were added
separately to the three vials respectively, ensuring 1aa was solubilized. These stock solutions
were taken inside the glovebox. In 2 mL vials, 20 mol% (0.004 mmol) of the appropriate
Lewis acid was added as a solid. 24 such vials were prepared: 3 vials of each Lewis acid for 3
different solvents. To each vial, 100 µL of 1aa stock solution and 100 µL of 2a stock solution
were added. Stock solutions were arrayed to achieve 24 Lewis acid/solvent combinations.
Micro stir bars were added to the vials followed by sealing the vials with aluminum crimp
caps with a PTFE liner. Vials were taken outside the glovebox and subject to stirring at
room temperature for 24 h. After 24 hours, all the vials were unsealed and solvent was
evaporated in a GeneVac centrifugal evaporator. After the solvent evaporation was done, a
stock solution of 1,3,5-trimethoxybenzene was made (1.85 mg/mL of 1,3,5-trimethoxybenzene
in CDCl3). Into each vial was added 0.6 mL (0.0066 mmol, 0.33 equiv) of internal standard
stock solution, and 1H NMR spectra were recorded for each sample.
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Table A.4: Microscale screening data for the reaction of 1aa and 2a. Percentages are
solution yields determined by 1H NMR spectroscopy based on relative integration to
the internal standard.

4aa

Ph
H

BnHN

Ph
CO2Me

3aa

N
Bn Ph

H

Ph CO2Mesolvent,
rt, 24 h

Ph CO2Me
+

N
H
Ph

Bn
Lewis acid
(20 mol%)

+

5

Ph CO2Me+

(1.5 equiv)

(1.0 equiv)

Entry Solvent Catalyst 2a 3aa 4aa 5
1 DCM AgOTf 39% 0% 0% 1%
2 DCM Bi(OTf)3 5% 7% 2% 26%
3 DCM Ga(OTf)3 5% 5% 2% 21%
4 DCM Mg(OTf)2 58% 1% 1% 7%
5 DCM Sc(OTf)3 21% 4% 2% 20%
6 DCM Sn(OTf)2 21% 4% 2% 20%
7 DCM Yb(OTf)3 8% 0% 1% 29%
8 DCM Zn(OTf)2 9% 4% 2% 25%
9 Toluene AgOTf 53% 0% 0% 0%
10 Toluene Bi(OTf)3 3% 5% 2% 26%
11 Toluene Ga(OTf)3 68% 5% 4% 38%
12 Toluene Mg(OTf)2 88% 0% 0% 2%
13 Toluene Sc(OTf)3 1% 3% 1% 15%
14 Toluene Sn(OTf)2 1% 4% 2% 19%
15 Toluene Yb(OTf)3 0% 0% 0% 16%
16 Toluene Zn(OTf)2 10% 3% 2% 16%
17 THF AgOTf 65% 0% 0% 1%
18 THF Bi(OTf)3 8% 12% 2% 20%
19 THF Ga(OTf)3 6% 20% 2% 22%
20 THF Mg(OTf)2 61% 0% 0% 3%
21 THF Sc(OTf)3 6% 11% 2% 21%
22 THF Sn(OTf)2 0% 16% 1% 14%
23 THF Yb(OTf)3 6% 0% 3% 21%
24 THF Zn(OTf)2 7% 3% 3% 19%
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A.4 Product Interconversion Experiment

Experimental for product interconversion testing

 

Synthesis and isolation of 3aa:

 

A vial was charged with 2a (0.1000 g, 0.53 mmol) and 1aa (0.1556 g, 0.80 mmol, 1.5 equiv)
and was taken inside the glovebox. In an another vial, Ga(OTf)3 (0.0549 g, 20 mol%) was
added as a solid. THF (3 mL) was added to first vial. Once the solution was homogeneous,
it was transferred to the vial containing Ga(OTf)3. A stir bar was added, the vial was
capped, and the mixture was stirred outside the glovebox at room temperature for 24 h.
After 24 h, the solvent was evaporated. The residue was dissolved in toluene (5 mL) and
washed with NaHCO3 (5 mL) and brine (5 mL). The compound was then purified by column
chromatography (Biotage® Sfär Amino 11g, 0-100% EtOAc/hexanes, eluted at 10% EtOAc).
Compound 3aa was isolated as a white solid (15.5 mg, 8%).

HRMS(ESI): calc’d for [C26H25NO2 + H+], 384.19581; found: 384.19583.
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1H NMR of 3aa (500 MHz, CDCl3, 292K, ppm): δ 7.49 (d, J=7.26 Hz, 2H),
7.46-7.35 (m, 4H), 7.35-7.29 (m, 1H), 7.18 (t, J=7.01 Hz, 2H), 7.16-7.09 (m, 3H), 7.06-6.95
(m, 3H), 4.29 (s, 1H), 3.85 (d, J=12.68 Hz, 1H), 3.63 (s, 3H), 3.46 (d, J=12.68 Hz, 1H),
2.87-2.79 (dd, J=7.21, 9.84 Hz 1H), 2.49 (d, J=6.17 Hz, 2H), 1.96 (d, J=6.17 Hz, 1H).

N H

Ph CO2Me

Bn
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13C NMR of 3aa (126 MHz, CDCl3, 292K, ppm): δ 171.80, 140.82, 138.85, 129.31,
128.40, 127.85, 127.64, 127.53, 127.35, 127.09, 126.78, 126.44, 71.82, 56.97, 54.18, 51.48,
42.81, 42.53.

N H

Ph CO2Me

Bn
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1H-13C HSQC (3aa):

N H

Ph CO2Me

Bn

1H-13C HMBC (3aa):

N H

Ph CO2Me

Bn
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A small vial was charged with 3aa (0.0155 g, 0.04 mmol) and Ga(OTf)3 (0.0031 g, 15 mol%),
which were dissolved in d6-benzene. The resulting solution was transferred to a J. Young
NMR tube. The sealed tube was heated to 80 °C for 24 hours. After 24 hours, a 1H NMR
spectrum was recorded, revealing no formation of 4aa.

1H NMR (300 MHz, CDCl3, 292K)
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A small vial was charged with 4aa (0.0383 g, 0.1 mmol) and Ga(OTf)3 (0.0077 g, 15 mol%),
which were dissolved in d6-benzene. The resulting solution was transferred to a J. Young
NMR tube. The sealed tube was heated to 80 °C for 24 hours. After 24 hours, a 1H NMR
spectrum was recorded, revealing no formation of 3aa.

1H NMR (300 MHz, CDCl3, 292K)
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A.5 Substrate Synthesis

A.5.1 Imine Synthesis

General procedure: An aldehyde (1.1 equiv, 1.25-11 mmol) and an amine (1.1 equiv,
1.25-11 mmol) were dissolved in DCM (6-50 ml) in an appropriately-sized vial (20-40 mL)
or round bottomed flask (50-250 mL). Anhydrous Na2SO4 was added as a drying agent, and
the mixture was stirred at room temperature overnight. The drying agent was removed by
filtration, and the solvent was evaporated to give the desired imine.

N -aryl Imines
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N -alkyl Imines
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A.5.2 Bicyclobutane Synthesis

General Procedure 1 (3-Hydroxy-3-arylcyclobutane carboxylic acids)114;125;154

Solid 3-oxocyclobutane carboxylic acid was added to a 3-necked round bottom flask contain-
ing a stir bar and fitted with a gas inlet adapter, a septum, and an addition funnel. The
apparatus was purged with nitrogen gas. Anhydrous THF was transferred to the flask via
cannula, and the 3-oxocyclobutane carboxylic acid was dissolved with stirring. A solution
of the Grignard reagent (2.05 equiv) was added to an addition funnel via cannula transfer,
followed by slow dropwise addition to the reaction mixture over 6 hours. After the addition
was complete, the reaction mixture was quenched with 6 M HCl. The aqueous layer was
extracted with diethyl ether and the organic layer was dried with Mg2SO4. The solvent was
removed under vacuum and the product was re-dissolved in saturated NaHCO3. An equal
amount of diethyl ether was added to extract the aqueous layer. The aqueous layer was acid-
ified using concentrated HCl and a precipitate was formed which was filtered with vacuum
filtration. The product was used in the next step without further purification.

General Procedure 2 (3-Chloro-3-arylcyclobutane carboxylic acids)114;125;154

The 3-hydroxy-3-arylcyclobutane carboxylic acid was dissolved in toluene and then an equal
volume of concentrated hydrochloric acid was added. The reaction mixture was stirred at
room temperature for 6 hours. The two layers were separated, and the aqueous layer was
extracted with toluene. The organic layers were combined and washed with water and brine.
The solution was then dried with Mg2SO4 and the solvent was removed under vacuum. The
product was used in the next step without further purification.

General Procedure 3 (Methyl 3-chloro-3-arylcyclobutane carboxylates)125

The 3-chloro-3-arylcyclobutane carboxylic acid was dissolved in 2,2-dimethoxy-
propane (5.12 equiv) and then methanol (2.25 equiv) and p-TsOH (5 mol%) were added
to the reaction mixture. The reaction was stirred at room temperature for 24 hours. The re-
action mixture was washed with NaHCO3 and the aqueous layer was extracted with TBME.
The organic layer was dried with Mg2SO4 and the solvent was removed under vacuum.

General Procedure 4 (3-Chloro-3-arylcyclobutane esters and amides)
The alcohol or amide (1.2 equiv) and DIPEA (1 equiv) was added to a vial, dissolved in
DCM and then cooled to 0 °C. 3-chloro-3-phenylcyclobutane-1-carbonyl chloride (1 equiv)
dissolved in DCM was added dropwise to the vial. The reaction mixture was then warmed to
room temperature and left to stir for 2 hours. The reaction mixture was washed with water
and then the solvent was removed under vacuum to give the crude product.

General Procedure 5 (Bicyclobutane Synthesis)114;125;154

The 3-chloro-3-arylcyclobutane ester or amide (1 equiv) was added to a vial and dissolved in
THF or toluene under a nitrogen atmosphere. NaHMDS (1.2 equiv) was added to the vial
and the reaction mixture was stirred at room temperature or 70 °C for 5 hours. The mixture
was cooled to room temperature, diluted with TBME, washed with NH4Cl and then filtered.
The filtrate was collected and washed with NaHCO3 and brine. The organic layer was dried
with Mg2SO4, filtered and the solvent was removed under vacuum. The product was used
without further purification.
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3-(4-fluorophenyl)-3-hydroxycyclobutane-1-carboxylic acid

HO

O

OH

F

This product was prepared using General Procedure 1. 3-oxobutanecarboxylic acid (5.566
g, 48.8 mmol), 4-fluorophenylmagnesium bromide 1.0 M in THF (100 mL, 100 mmol) in 150
mL THF. 5.215 g of a white solid was obtained (51%).

1H NMR (300 MHz, CDCl3/DMSO-d6, 292K, ppm): δ 7.34-7.27 (m, 2H), 6.89-6.60
(m, 2H), 3.63-2.36 (m, 5H).

HO

O

OH

F
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19F NMR (300 MHz, CDCl3/DMSO-d6, 292K, ppm): δ -115.46

HO

O

OH

F

3-(4-chlorophenyl)-3-hydroxycyclobutane-1-carboxylic acid

HO

O

OH

Cl

This product was prepared using General Procedure 1. 3-oxobutanecarboxylic acid (5.566
g, 48.8 mmol), 4-chlorophenylmagnesium bromide 1.0 M in THF (100 mL, 100 mmol) in 150
mL THF. 5.215 g of a white solid was obtained (51%).

HRMS(ESI): calc’d for [C11H11
35ClO3 - H]-, 225.03240; found: 225.03223.
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1H NMR (300 MHz, CDCl3, 292K, ppm): δ 7.47-7.38 (d, J=7.05 Hz, 2H), 7.34-7.29
(d, J=7.05 Hz, 2H), 2.89-2.76 (m, 3H), 2.65-2.55 (m, 2H).

HO

O

OH

Cl

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 178.50, 143.97, 132.97, 128.43, 126.56,
73.21, 40.85, 30.04.

HO

O

OH

Cl
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3-Chloro-3-(4-fluorophenyl)cyclobutane-1-carboxylic acid

Cl

O

OH

F

The product was prepared usingGeneral Procedure 2. 3-(4-fluorophenyl)-3-hydroxycyclo-
butane-1-carboxylic acid (4.65 g, 22.12 mmol), 50 mL of toluene and 50 mL of conc. HCl.
3.90 g of a white solid was obtained (77%).

1H NMR (300 MHz, CDCl3, 292K, ppm): δ 7.47-6.93 (m, 4H), 3.66 (q, J=8.73,
0.5H), 3.13 (d, J=8.73 Hz, 1H), 2.97 (d, J=8.73 Hz, 2H), 2.91-2.77 (m, 0.32H).

Cl

O

OH

F
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19F NMR (300 MHz, CDCl3, 292K, ppm): δ -113.86.

Cl

O

OH

F

3-chloro-3-(4-chlorophenyl)cyclobutane-1-carboxylic acid

Cl

O

OH

Cl

The product was prepared using General Procedure 2. 3-(4-chlorophenyl)-3-hydroxy-
cyclobutane-1-carboxylic acid (8.89 g, 39.22 mmol), 40 mL of toluene and 40 mL of concen-
trated HCl. 6.91 g of a white solid was obtained (72%).

HRMS(ESI): calc’d for [C11H10
35Cl2O2 - H]-, 242.99851; found: 242.99881.
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1H NMR (300 MHz, CDCl3, 292K, ppm): δ 7.43-7.10 (m, 4H), 3.71-3.55 (m, 2H),
3.16-3.06 (m, 0.5H), 3.02-2.81 (m, 2H), 2.66-2.49 (m, 1.5H).

Cl

O

OH

Cl

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 180.31, 179.90, 148.45, 138.26, 133.40,
131.47, 130.74, 72.56, 58.53, 54.09, 46.40, 37.36, 37.20, 34.07, 31.74.

Cl

O

OH

Cl
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Methyl 3-chloro-3-(4-fluorophenyl)cyclobutane-1-carboxylate

Cl

O

O

F

The product was prepared using General Procedure 3. 3-chloro-3-(4-fluorophenyl)cyclo-
butane-1-carboxylic acid (3.90 g, 17.1 mmol), methanol (1.55 mL, 38.4 mmol), p-TsOH
(0.1622 g, 5 mol%), and 2,2-dimethoxypropane (11 mL, 87.3 mmol). The crude product was
purified by column chromatography (SiO2, 0-100% EtOAc/hexanes, eluted at 25% EtOAc).
3.16 g of a clear colourless oil was obtained as a mixture of diastereomers (76%).

1H NMR (300 MHz, CDCl3, 292K, ppm): δ 7.54-7.29 (m, 2H), 7.13-7.00 (m, 2H),
3.77-3.66 (m, 3.4H), 3.17 (d, 8.39H, 2H), 3.07-2.98 (m, 1.5H), 2.93-2.79 (m, 0.6H).

Cl

O

O

F
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19F NMR (300 MHz, CDCl3 292K, ppm): δ -113.60, -113.66.

Cl

O

O

F

Methyl 3-chloro-3-(4-chlorophenyl)cyclobutane-1-carboxylate

Cl

O

O

Cl

The product was prepared using General Procedure 3. 3-chloro-3-(4-chlorophenyl)cyclo-
butane-1-carboxylic acid (6.47 g, 26.4 mmol), methanol (2.40 mL, 59.39 mmol), p-TsOH
(0.2511 g, 5 mol%), and 2,2-dimethoxypropane (16.6 mL, 135.15 mmol). The crude prod-
uct was purified by column chromatography (SiO2, 0-100% EtOAc/hexanes, eluted at 25%
EtOAc). 5.17 g of a yellow solid was obtained as a mixture of diastereomers (76%).

HRMS(ESI): calc’d for [C12H12
35Cl2O2 - 35Cl]+, 223.05203; found: 223.05208.
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1H NMR (300 MHz, CDCl3, 292K, ppm): δ 2.50-7.26 (m, 4H), 3.79-3.67 (m, 3.6H),
3.20-3.15 (m, 0.4H), 3.10-2.54 (m, 4H).

Cl

O

O

Cl

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.28, 143.40, 133.92, 128.85, 128.80,
128.65, 128.62, 127.40, 126.57, 126.52, 126.27, 67.63, 52.03, 42.52, 41.73, 40.92, 39.63, 32.61.

Cl

O

O

Cl
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3-chloro-3-phenylcyclobutane-1-carbonyl chloride

Cl O

Cl

3-hydroxy-3-phenylcyclobutane-1-carboxylic acid (2.98 g, 15.5 mmol) was added to a 100
mL round bottom flask and dissolved in 20 mL of DCM. A drop a DMF was added to the
reaction mixture. Oxalyl chloride (3.5 mL, 38.8 mmol) dissolved in 5 mL DCM was added
dropwise over a period of 20 minutes at room temperature. The reaction mixture was stirred
for 24 hours. Oxalyl chloride (3.5 mL, 38.8 mmol) dissolved in 5 mL DCM was added again
dropwise over 20 minutes and the mixture is stirred for another 24 hours. The solvent was
removed by vacuum filtration and a brown oil was isolated as a mixture of diastereomers
(2.74 g, 77%). The product was used in the next step without further purification.

LRMS (EI): calc’d for [C11H10Cl2O], 208; found: 208. calc’d for [C18H17ClO2 - Cl]+, 193;
found: 193.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.30-7.55 (m, 5H), 7.81-7.74 (q, J=8.70
Hz, 0.8H), 3.30-2.90 (m, 4.1H).

Cl O

Cl
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 180.13, 144.74, 128.71, 128.66, 128.09,
125.84, 124.98, 68.23, 41.64, 32.73.

Cl O

Cl

Benzyl 3-chloro-3-phenylcyclobutane-1-carboxylate

Cl O

O

This product was prepared by General Procedure 4. benzyl alcohol (250 µL, 2.4 mmol),
DIPEA (349 µL, 2.0 mmol), and 3-chloro-3-phenylcarbonyl chloride (0.4582 g, 2.0 mmol) in
15 mL of DCM. The crude product was purified by column chromatography (SiO2, 0-100%
EtOAc/hexanes, eluted at 30% EtOAc). 383 mg of a pale-yellow solid was obtained as a
mixture of diastereomers (64%).

HRMS(ESI): calc’d for [C18H17ClO2 - Cl]+, 265.12231; found: 265.12233.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.55-7.43 (m, 10H), 5.20 (s, 0.83H), 5.14
(s, 1.17), 3.82-3.73 (q, J=8.70 Hz, 0.65H), 3.27-3.19 (m, 1.37H), 3.12-3.01 (m, 2.49H),
2.90-2.75 (q, J=8.70 Hz, 0.34).

Cl O

O

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 173.80, 144.86, 135.75, 135.72, 128.66,
128.62, 128.35, 128.21, 128.20, 128.13, 128.01, 125.86, 125.03, 66.60, 42.53, 41.73, 32.95,
32.09.

Cl O

O
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(1S,2R,5S)-2-isopropyl-5-methylcyclohexyl 3-chloro-3-phenylcyclobutane-1-
carboxylate

Cl O

O

This product was prepared by General Procedure 4. (1S,2R,5S )-(+)-Menthol (0.8196 g,
5.24 mmol), DIPEA (763 µL, 4.37 mmol), and 3-chloro-3-phenylcarbonyl chloride (1.0013 g,
4.37 mmol) in 30 mL of DCM. The crude product was purified by column chromatography
(SiO2, 0-100% EtOAc/hexanes, eluted at 30% EtOAc) 1.0675 g of a clear colourless solid was
obtained as a mixture of diastereomers (70%).

HRMS(ESI): calc’d for [C21H29O2 - Cl]+, 313.21621; found: 313.21603

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.56-7.30 (m, 5H), 4.81-4.62 (m, 1H),
3.75-3.64 (q, J=9.09 Hz, 0.30H), 3.50-3.42 (q, J=9.09 Hz, 0.35H), 3.27-3.14 (m, 0.95H),
3.10-2.98 (m, 1.17H), 2.96-2.80 (m, 1.31H), 2.67-2.56 (m, 0.92H), 2.12-1.77 (m, 3H),
1.76-1.65 (m, 2.69H), 1.64-1.45 (m, 4H), 1.45-1.34 (m, 1.19H), 1.31-1.24 (m, 0.55H),
1.20-0.97 (m, 2.39H), 0.97-0.83 (m, 9.46H), 0.83-0.78 (m, 1.85H), 0.78-0.73 (m, 1.84H).

Cl O

O
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.73, 128.63, 128.59, 128.51, 127.49,
125.89, 125.09, 124.74, 75.16, 74.78, 74.57, 74.30, 47.07, 47.01, 46.97, 42.54, 42.46, 41.75,
41.62, 39.54, 39.44, 34.26, 34.21, 33.18, 32.33, 31.92, 31.43, 31.40, 31.37, 26.32, 23.50, 23.47,
22.03, 20.74, 16.36.

Cl O

O

Tert-Butyl 3-chloro-3-phenylcyclobutane-1-carboxylate

Cl O

O

This product is prepared by General Procedure 4. Tert-butanol (497 µL, 5.24 mmol),
DIPEA (762 µL, 4.37 mmol), and 3-chloro-3-phenylcarbonyl chloride (1.0000 g, 4.37 mmol)
in 30 mL of DCM. The crude product was purified by column chromatography (SiO2, 0-100%
EtOAc/hexanes, eluted at 15% EtOAc). 290 mg of a yellow oil was obtained as a mixture
of diastereomers (25%).
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.48-7.20 (m, 5H), 3.58-3.44 (q, J=8.67
Hz, 0.80H), 3.14-2.95 (m, 1.30H), 2.95-2.83 (m, 2.52), 2.75-2.62 (q, J=8.66 Hz, 0.29H), 1.39
(s, 4.29H), 1.33 (s, 4.79H).

Cl O

O

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 1152.24, 128.60, 128.57, 128.02, 127.92,
125.89, 125.10, 80.93, 80.76, 42.54, 42.45, 41.71, 33.92, 33.09, 28.05, 28.01.

Cl O

O
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(3-Chloro-3-phenylcyclobutyl)(morpholino)methanone

Cl O

N

O

This product is prepared by General Procedure 4 using morpholine (233 µL, 2.68 mmol),
DIPEA (390 µL, 2.23 mmol), and 3-chloro-3-phenylcarbonyl chloride (0.5100 g, 2.23 mmol)
in 15 mL of DCM. The crude product is purified by column chromatography (SiO2, 0-100%
EtOAc/hexanes, eluted at 50% EtOAc). 469 mg of a dark orange solid was obtained as a
mixture of diastereomers (75%).

HRMS(ESI): calc’d for [C15H18ClNO2 + H+], 280.10989; found: 280.11016.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.60-7.25 (m, 5H), 3.89-3.39 (m, 7.34H),
3.30-2.79 (m, 5H), 2.76-2.48 (m, 0.66H).

Cl O

N

O
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 178.45, 171.71, 144.84, 128.74, 128.69,
128.66, 128.63, 128.60, 128.58, 128.51, 128.45, 128.37, 128.31, 128.17, 128.04, 128.00, 127.65,
127.46, 127.43, 126.03, 125.86, 125.09, 125.05, 125.03, 125.01, 124.99, 124.09, 68.87, 68.37,
66.86, 66.72, 45.68, 42.45, 42.33, 42.30, 41.66, 41.56, 40.54, 40.42, 39.41, 39.22, 32.70, 31.93,
30.97, 30.71, 29.67, 28.02, 20.75.

Cl O

N

O

Methyl 3-(4-fluorophenyl)bicyclo[1.1.0]butane-1-carboxylate114;154

O

O
F

This product is prepared by General Procedure 5 using toluene as a solvent at room tem-
perature. methyl 3-chloro-3-(4-fluorophenyl)cyclobutane-1-carboxylate (2.072 g, 8.54 mmol),
NaHMDS (10 mL, 10.25 mmol) in 20 mL toluene. The product was isolated as a yellow solid
(0.4860 g, 28%).
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.10 (m, 3H), 6.84 (m, 2H), 3.34 (s, 3H),
2.72 (m, 2H), 1.45 (m, 2H).

O

O
F

19F NMR (500 MHz, CDCl3, 292K, ppm): δ 115.16.

O

O
F
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Methyl 3-(4-chlorophenyl)bicyclo[1.1.0]butane-1-carboxylate

O

O
Cl

This product was prepared by General Procedure 5 using THF at room temperature. 3-
chloro-3-(4-chlorophenyl)cyclobutane-1-carboxylate (0.39230 g, 1.51 mmol), LiHMDS (1.51
mL, 1.51 mmol) in 17.6 mL THF. The product was isolated as an orange solid (0.3371 g,
90%).

HRMS(ESI): calc’d for [C12H11
35ClO2 + H+], 223.05204; found: 223.05204.

1H NMR (300 MHz, CDCl3, 292K, ppm): δ 7.14 – 7.03 (m, 4H), 3.35 (s, 3H), 2.74 (s,
2H), 1.46 (s, 2H).

O

O
Cl
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 168.43, 131.55, 131.06, 127.40, 127.37,
125.86, 50.60, 34.57, 33.56, 30.80, 22.20.

O

O
Cl

Benzyl 3-phenylbicyclo[1.1.0]butane-1-carboxylate

O

O

This product was prepared by General Procedure 5 using THF and a reaction temperature
of 70 °C. benzyl 3-chloro-3-phenylcyclobutane-1-carboxylate (0.8619 g, 2.87 mmol), NaHMDS
(3.44 mL, 3.44 mmol) in 9 mL THF. The product was isolated as an orange solid (0.577 g,
76%).

HRMS(ESI): calc’d for [C18H16O2 + H+], 265.12231; found: 265.12229.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.41-7.21 (m, 8H), 7.05-7.00 (m, 2H),
4.96 (s, 2H), 3.00 (s, 2H), 1.65 (s, 2H).

O

O

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 169.64, 136.16, 133.44, 128.59, 128.54,
128.52, 128.35, 127.83, 127.75, 127.00, 125.99, 66.16, 35.89, 35.40, 23.18.

O

O
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(1S,2R,5S)-2-Isopropyl-5-methylcyclohexyl-3-phenylbicyclo[1.1.0]butane-1-
carboxylate

O

O

HRMS(ESI): calc’d for [C21H28O2 + H+], 313.21621; found: 313.21628.

This product was prepared by General Procedure 5 using THF and a reaction temper-
ature of 70 °C. (1S,2R,5S )-2-isopropyl-5-methylcyclohexyl 3-chloro-3-phenylcyclobutane-1-
carboxylate (0.3000 g, 0.86 mmol), NaHMDS (1.03 mL, 1.03 mmol) in 3 mL THF. The
product was isolated as a yellow solid (0.2687 g, 65%).

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.34-7.19 (m, 5H), 4.54-4.42 (dt,
J=11.16,4.34 Hz, 1H), 3.02-2.97 (dd, J=6.79,1.94 Hz, 1H), 2.97-2.91 (dd, 6.69,1.94 Hz, 1H),
1.66-1.53 (m, 5H), 1.53-1.48 (m, 1H), 1.46-1.38 (m, 1H), 1.37-1.27 (m, 1H), 1.25-1.16 (m,
1H), 0.96-0.86 (m, 1H), 0.81-0.71 (m, 7H), 0.72-0.63 (q, J=11.41 Hz, 1H), 0.46-0.40 (d,
J=7.03 Hz, 3H).

O

O
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 1169.22, 133.73, 128.38, 126.87, 125.91,
74.25, 46.72, 41.04, 35.70, 35.48, 34.19, 32.63, 31.21, 25.74, 23.55, 23.10, 21.86, 20.76, 15.72.

O

O

Tert-butyl 3-phenylbicyclo[1.1.0]butane-1-carboxylate

O

O

This product was prepared by General Procedure 5 using THF and a reaction tempera-
ture of 70 °C. Tert-butyl 3-chloro-3-phenylcyclobutane-1-carboxylate (0.2900 g, 1.09 mmol),
NaHMDS (1.30 mL, 1.30 mmol) in 3 mL THF. The product was isolated as a yellow oil
(0.167 g, 67%).
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.17-7.02 (m, 5H), 2.75 (m, 2H), 1.40 (m,
2H), 0.97 (s, 9H).

O

O

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 136.47, 133.44, 128.70, 128.10, 82.61,
54.45, 51.47, 41.57, 27.79.

O

O
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Morpholino(3-phenylbicyclo[1.1.0]butan-1-yl)methanone

O

N

O

(3-chloro-3-phenylcyclobutyl)(morpholino)methanone (0.4776g, 1.70 mmol) was added to a
20 mL vial and dissolved in 5 mL THF under a N2 atmosphere at 0 °C. NaHMDS (2.04 mL,
2.04 mmol) was added to the vial and the reaction mixture was stirred at 0 °C for 4 hours.
The reaction mixture was diluted with DCM and washed with water. The organic layer was
dried with Mg2SO4 and the solvent was removed by evaporation. The product was isolated
as an orange solid and used without further purification (0.394, 95%).

HRMS(ESI): calc’d for [C15H17NO2 + H+], 244.13321; found: 244.13324.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.37-7.18 (m, 5H), 3.61 (s, 8H), 2.77 (s,
2H), 1.60 (s, 2H).

O

N

O
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 166.30, 132.44, 126.89, 125.20, 124.99,
65.56, 35.27, 29.87, 19.88.

O

N

O
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A.6 Azabicyclohexane Synthesis

Method A General Procedure:

 

A vial was charged with a bicyclobutane (0.500 mmol) and an N -arylimine (1.1 equiv) and
then taken inside the glovebox. Ga(OTf)3 (0.025 mmol, 5 mol%) was added to a second vial.
The substrates were dissolved in THF (3 mL). Once the substrates were completely dissolved,
this solution was transferred to the vial containing Ga(OTf)3. A stir bar was added, the vial
was capped, and stirring was commenced outside the glovebox. After stirring at rt for 24 h,
the vial was opened and the solvent was evaporated. The resulting residue was dissolved in
toluene (5 mL) and washed with saturated NaHCO3 (5 mL) and brine (5 mL). The toluene
layer was directly loaded onto a silica gel column for purification.

Methyl-2-(4-methoxyphenyl)-1,3-diphenyl-2-azabicyclo[2.1.1]hexane-4-
carboxylate (3e)

 

The product was prepared by Method A using 2a (0.1914 g, 1.02 mmol), 1e (0.2363 g,
1.12 mmol) and Ga(OTf)3 (0.0263 g, 5 mol%). The compound was purified by column chro-
matography (Biotage® Sfär 10g Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc).
179 mg of a dark brown solid was obtained (44%). 98% peak area by LCMS.

IR: C=O 1741 cm -1

Melting point range: 119.1 – 121.4 °C

HRMS(ESI): calc’d for [C26H25NO3 + H+], 400.19702; found: 400.19702.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.76 (d, J=8.27 Hz, 2H), 7.31-7.56 (m,
8H), 6.55-6.61 (m, 4H), 4.91 (s, 1H), 3.73 (s, 3H), 3.68 (s, 3H), 2.86 (d, J=7.66 Hz, 1H),
2.78 (m, 1H), 2.56 (m, 1H), 2.05 (d, J=7.66 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 171.01, 153.68, 144.62, 141.06, 139.69,
128.78, 128.34, 127.91, 127.61, 127.32, 126.16, 120.45, 113.88, 74.42, 70.48, 55.39, 54.37,
51.65, 45.58, 44.62.

0102030405060708090100110120130140150160170180190200210220
f1 (ppm)

4
4
.6

4

4
5
.6

1

5
1
.6

6

5
4
.4

0

5
5
.4

0

7
0
.4

9

7
4
.4

5

1
1

3
.9

1

1
2

0
.4

8

1
2

6
.1

8

1
2

7
.3

5

1
2

7
.6

4

1
2

7
.9

3

1
2

8
.3

7

1
2

8
.8

0

1
3

9
.7

2

1
4

1
.0

9

1
4

4
.6

5

1
5

3
.7

1

1
7

1
.0

2

ATR IR spectrum:
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

5.0e-3

1.0e-2

1.5e-2

2.0e-2

2.5e-2

3.0e-2

3.5e-2

4.0e-2

4.5e-2

5.0e-2

5.5e-2

6.0e-2

6.5e-2

7.0e-2

7.5e-2

8.0e-2

8.5e-2

KJW-2022-063-3e Sb (1,80.00 ) 2: Diode Array 
300

Range: 8.909e-2
Area

4.18
2585

3.99
57

m/z=400
98% Area

m/z=n/a

Methyl-3-(4-cyanophenyl)-2-(4-methoxyphenyl)-1-phenyl-2-azabicyclo[2.1.1]-
hexane-4-carboxylate (3i)

 

The product was prepared by Method A using 2a (0.0941 g, 0.50 mmol), 1i (0.1299 g,
0.55 mmol) and Ga(OTf)3 (0.0129 g, 5 mol%). The compound was purified by column chro-
matography (Biotage® Sfär 10g Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc).
111.1 mg of a yellow solid was obtained (52%). 98% peak area (2% 4i) by LCMS

IR: C≡N 2228 cm-1, C=O 1731 cm-1

Melting point range: 95.4 – 98.3 °C

HRMS(ESI): calc’d for [C27H24N2O3 + H+], 425.18597; found: 425.18577.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 77.78 (d, J = 8.18 Hz, 2H), 7.64 (d, J =
8.18 Hz, 2H), 7.36 m, 2H), 7.29 (m, 3H), 6.45 (m, 2H), 6.41 (m, 2H), 4.79 (s, 1H), 3.61 (s,
3H), 3.57 (s, 3H), 2.76 (d, J = 7.10 Hz, 1H), 2.69 (dd, J = 9.9, 7.0 Hz, 1H) 2.30 (dd, J =
9.9, 7.8 Hz, 1H), 1.97 (d, J = 7.66 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 170.45, 154.14, 146.55, 143.67, 138.94,
132.16, 128.87,128.80, 127.55,126.14, 120.83, 118.91, 113.97, 111.57, 73.59, 70.91, 55.37,
54.34, 51.86, 45.25, 44.96.

ATR IR spectrum:
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

8.0e-1

8.5e-1

9.0e-1

9.5e-1

1.0

1.05

1.1

1.15

KJW-2022-036 Sb (1,80.00 ) 2: Diode Array 
220

Range: 1.372
Area

4.00
35360

3.83
645

m/z=425
98% Area

m/z=425
2% Area

Methyl-3-(benzo[b]thiophen-3-yl)-2-(4-methoxyphenyl)-1-phenyl-2-azabicyclo-
[2.1.1]hexane-4-carboxylate (3k)

 

The product was prepared by Method A using 2a (0.0941 g, 0.50 mmol), 1k (0.1470 g,
0.55 mmol) and Ga(OTf)3 (0.0129 g, 5 mol%). The compound was purified by column chro-
matography (Biotage® Sfär 10g Column, 0-100% EtOAc/hexanes, eluted at 30% EtOAc).
68 mg of a yellow oil was obtained (30%). 98% peak area by LCMS.

IR: C=O 1727 cm-1

HRMS(ESI): calc’d for [C28H25NO3S + H+], 456.16279; found: 456.16265.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.90 (d, J=0.73, 1H), 7.80 (m, 1H), 7.72
(m, 1H), 7.40 (m, 2H), 7.27 (m, 5H), 6.47 (m, 4H), 5.05 (s, 1H), 3.54 (s, 3H), 3.30 (s, 3H),
2.79 (d, J=6.99, 1H), 2.71 (m, 1H), 2.63 (m, 1H), 1.99 (m, 1H).

 

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 171.25, 153.94, 144.32, 141.06, 139.39,
137.76, 136.81, 128.79, 127.37, 126.37, 126.20, 124.34, 123.87, 122.98, 121.89, 120.73, 113.91,
70.47, 69.79, 55.37, 53.38, 21.64, 47.25, 43.65.
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ATR IR spectrum:

 

LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

1.0e-1

2.0e-1

3.0e-1

4.0e-1

5.0e-1

6.0e-1

7.0e-1

8.0e-1

9.0e-1

1.0

1.1

1.2

1.3

KJW-37-600 Sb (1,80.00 ) 2: Diode Array 
220

Range: 1.645
Area

4.40
46536

2.74
1036

m/z=457
98% Area

m/z=n/a
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Methyl-2-(4-iodophenyl)-1-phenyl-3-(thiophen-2-yl)-2-azabicyclo[2.1.1]hexane-
4-carboxylate (3m)

 

The product was prepared by Method A using 2a (0.0941 g, 0.50 mmol), 1m (0.1722 g,
0.55 mmol) and Ga(OTf)3 (0.0129 g, 5 mol%). The compound was purified by column chro-
matography (Biotage® Sfär 10g Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc).
136 mg of a white solid was obtained (54%). 100% peak area by LCMS.

IR: C=O 1729 cm-1

Melting point range: 152.7 – 154.0 °C

HRMS(ESI): calc’d for [C23H20INO2S + H+], 502.03322; found: 502.03318.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.22 (m, 9H), 7.09 (m, 1H), 6.32 (m,
2H), 4.94 (s, 1H), 3.66 (s, 3H), 2.74 (d, J=6.75 Hz, 1H), 2.53 (m, 1H), 2.46 (m, 1H), 2.05
(m, 1H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 170.05, 150.51, 145.19, 137.26, 128.98,
127.67, 127.36, 125.87, 125.36, 125.17, 121.17, 83.22, 70.92, 70.46, 54.37, 51.89, 46.64, 44.38.

ATR IR spectrum:
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

2.0e-2

4.0e-2

6.0e-2

8.0e-2

1.0e-1

1.2e-1

1.4e-1

1.6e-1

1.8e-1

2.0e-1

2.2e-1

2.4e-1

2.6e-1

2.8e-1

3.0e-1

3.2e-1

3.4e-1

3.6e-1

3.8e-1

4.0e-1

KJW-38-2500 Sb (1,80.00 ) 2: Diode Array 
220

Range: 7.244e-1
Area

4.75
11882

m/z=502
100% Area

Methyl-1-(4-chlorophenyl)-2,3-diphenyl-2-azabicyclo[2.1.1]hexane-4-
carboxylate (3p)

N H

CO2Me
Cl

The product was prepared by Method A using methyl 3-(4-chlorophenyl)bicyclo[1.1.0]-
butane-1-carboxylate (0.1113 g, 0.50 mmol), 2b (0.0997 g, 0.55 mmol) and Ga(OTf)3 (0.0129
g, 5 mol%). The compound was purified by column chromatography (Biotage® Sfär 10g
Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc).152 mg of a yellow oil was obtained
(75%, 69% 3p & 6% 4p by NMR spectroscopy [peaks chosen 4.83 ppm & 6.26 ppm]). 95%
product and 5% 4p by LCMS area.

IR: C=O 1738 cm-1

HRMS(ESI): calc’d for [C25H22
35ClNO2 + H+], 404.14119; found: 404.14115.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.65 – 7.56 (m, 2H), 7.42 – 7.21 (m, 7H),
6.96 – 6.83 (m, 2H), 6.74 – 6.63 (m, 1H), 6.43 (m, 2H), 4.83 (s, 1H), 3.61 (s, 3H), 2.72 (d, J
= 6.8 Hz, 1H), 2.59 (dd, J = 9.7, 6.9 Hz, 1H), 2.40 (dd, J = 9.8, 7.7 Hz, 1H), 1.89 (dd, J =
7.6, 1.3 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 170.70, 151.06, 140.76, 138.40, 133.17,
129.16, 128.65, 128.50, 127.82, 127.46, 120.46, 118.96, 74.50, 69.81, 54.46, 51.79, 45.90,
44.75.
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ATR IR spectrum:
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

A
U

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

KJW-64 Sb (1,80.00 ) 2: Diode Array 
220

Range: 9.185e-1
Area

4.53
21435

4.34
1085

m/z=405
95% Area

m/z=405
5% Area

N H

CO2Me
Cl

Methyl-1-(4-fluorophenyl)-2,3-diphenyl-2-azabicyclo[2.1.1]hexane-4-carboxylate
(3q)

 

The product was prepared by Method A using methyl 3-(4-fluorophenyl)bicyclo[1.1.0]-
butane-1-carboxylate (0.1031 g, 0.50 mmol), 2c (0.0997 g, 0.55 mmol) and Ga(OTf)3 (0.0129
g, 5 mol%). The compound was purified by column chromatography (Biotage® Sfär KP-
Amino 11g Column, 0-100% EtOAc/hexanes, eluted at 0% EtOAc). 69.6 mg of a yellow solid
was obtained (36%). 97% by LCMS.

IR: C=O 1730 cm-1

HRMS(ESI): calc’d for [C25H22FNO2+ H+], 388.17074; found: 388.17065.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ7.72 (d, J=7.76 Hz, 2H), 7.53-7.50 (m,
2H), 7.47 (t, J=7.28 Hz, 2H), 7.39 (t, J=7.28 Hz, 1H), 7.11 (t, J=8.68 Hz, 2H), 7.01 (t,
J=7.90 Hz, 2H) 6.78 (t, J=7.40 Hz, 1H), 6.57 (d, J=8.21 Hz, 2H), 4.97 (s, 1H), 3.73 (s, 3H),
2.84 (d, J=7.75 Hz, 1H), 2.72 (dd, J= 9.73 Hz & 6.83 Hz, 2H), 2.54 (m, 2H), 2.02 (d,
J=7.75 Hz, 1H).

 

19F NMR (500 MHz, CDCl3, 292K, ppm): δ -114.62
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 170.73, 162.00 (d, J=246.15 Hz, 1C),
151.07, 140.75, 135.61 (d, J=3.23 Hz, 1C), 128.47 (d, J=15.10 Hz, 1C), 127.76, 127.70 (d,
J=5.18 Hz, 1C), 127.61, 120.29, 118.92, 115.81 (d, J=21.62 Hz, 1C), 74.36, 69.78, 54.32,
51.71, 45.72, 44.83.

 

ATR IR spectrum:
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

A
U

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

KJW-3p Sb (1,80.00 ) 2: Diode Array 
220

Range: 8.967e-1
Area

4.33
18162

2.33
553

m/z=390
97% Area

m/z=n/a

 

Benzyl-1,2,3-triphenyl-2-azabicyclo[2.1.1]hexane-4-carboxylate (3r)

N H

Ph CO2Bn

The product was prepared by Method A using benzyl 3-phenylbicyclo[1.1.0]butane-1-
carboxylate 2d (0.1322 g, 0.50 mmol), N -benzylidene aniline (0.0997 g, 0.55 mmol) and
Ga(OTf)3 (0.0129 g, 5 mol%). The compound was purified by column chromatography (Bio-
tage® Sfär KP-Amino 11g Column, 0-100% EtOAc/hexanes, eluted at 1% EtOAc). 100.1
mg of a yellow solid was obtained (45%). 97% peak area by LCMS.

IR: C=O 1730 cm-1

Melting point range: 78.8 – 81.3 °C

HRMS(ESI): calc’d for [C31H27NO2 + H+], 446.21146; found: 446.21143.

224



1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.67 (d, J=7.37 Hz, 2H), 7.57 (d, J=6.96
Hz, 2H), 7.57-7.27 (m, 11H), 7.00 (t, J=8.11 Hz, 2H), 6.77 (t, J=7.10 Hz, 1H), 6.59 (d,
J=8.06 Hz, 2H), 5.28 (d, J=12.18 Hz, 1H), 5.15 (d, J=12.18 Hz, 1H), 4.98 (s, 1H), 2.90 (d,
J = 6.70 Hz, 1H), 2.74 (dd, J = 9.9, 6.9 Hz, 1H), 2.59 (dd, J = 9.9, 7.8 Hz, 1H), 2.07 (d, J
= 7.88 Hz, 1H).

N H

Ph CO2Bn
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 170.25,160.45, 151.32, 140.79, 139.79,
131.44, 129.21, 128.90, 128.64, 128.57, 128.50, 128.42, 128.40, 127.84, 127.63, 127.39, 125.97,
120.94, 120.06, 118.76, 74.40, 70.33, 66.45, 54.45, 45.79, 44.76.

N H

Ph CO2Bn

ATR IR spectrum:

N H

Ph CO2Bn
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

A
U

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

8.0e-1

8.5e-1

9.0e-1

9.5e-1

KJW-3q Sb (1,80.00 ) 2: Diode Array 
220

Range: 1.212
Area

4.77
27204

4.52
6381.86

112

m/z=446
97% Area

m/z=n/a
m/z=n/a

N H

Ph CO2Bn

[(1R,2R,5S)-2-isopropyl-5-methylcyclohexyl]-1,2,3-triphenyl-2-azabicyclo[2.1.1]-
hexane-4-carboxylate (3s)
[(1R,2R,5S)-2-isopropyl-5-methylcyclohexyl]-3-phenyl-1-(phenyl(phenylamino)-
methyl)cyclobut-2-ene-1-carboxylate) (4s)

Ph

HN

H

O

O

Ph

N H

Ph O

O

The product was prepared by Method A using (1S,2R,5S )-2-isopropyl-5-methylcyclohexyl
3-phenylbicyclo[1.1.0]butane-1-carboxylate 2e (0.1562 g, 0.50 mmol), 1a (0.0997 g, 0.55
mmol) and Ga(OTf)3 (0.0129 g, 5 mol%). The compound was purified by column chro-
matography (Biotage® Sfär KP-Amino 11g Column, 0-100% EtOAc/hexanes, eluted at 0%
EtOAc). 176 mg of a white solid was obtained (71% total yield) as a 6:1 mixture of 3s (60%)
to 4s (11%). Compound 3s is also a 1.4:1 mixture of diastereomers. A small fraction of 4s
was also isolated during chromatography to enable characterization. 90% peak area (9% 4s)
by LCMS.

IR: C=O 1720 cm-1

HRMS(ESI): calc’d for [C34H39NO2 + H+], 494.30536; found: 494.30555.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.82 (t, J=7.88 Hz, 2H), 7.59 (d, J=7.88
Hz, 2H), 7.51-7.28 (m, 6H), 7.02 (t, J=7.59 Hz, 2H), 6.79 (t, J=6.90 Hz, 1H), 6.65-6.57 (m,
2H), 5.01 (s, 0.58H), 4.99 (s, 0.41H), 4.84-4.73 (m, 1H), 2.87 (t, J=6.96 Hz, 1H), 2.77-2.71
(m, 1H), 2.59 (t, J=9.05 Hz, 1H), 2.18-2.10 (m, 0.64 H), 2.07 (d, J=11.50 Hz, 0.64H),
2.07-1.91 (m, 1.38H), 1.8-1.67 (m, 2.3H), 1.67-1.48 (m, 2.36H), 1.48-1.32 (m, 1.38H), 1.12
(m, 1.90H), 1.01 (d, J=6.14 Hz, 1.85H), 0.97 (d, J=6.61 Hz, 2.82H), 0.97-0.79 (m, 5.31H),
0.79-0.71 (d, J=6.61 Hz, 1.93H).

N H

Ph O

O
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 170.32 169.93, 151.49, 151.41, 141.03,
140.97, 139.97, 139.94, 129.18, 128.94, 128.91, 128.89, 128.87, 128.64, 128.50, 128.38, 128.33,
128.32, 128.27, 128.03, 127.98, 127.96, 127.94, 127.62, 127.50, 127.36, 127.33, 127.30, 127.27,
126.02, 125.98, 125.001 119.99, 119.97, 118.75, 117.01, 113.15, 74.84, 74.70, 74.39, 74.22,
70.28, 70.07, 54.79, 54.63, 47.03, 46.82, 46.08, 45.66, 45.01, 44.75, 41.05, 40.73, 34.29, 34.20,
31.47, 31.38, 26.32, 26.15, 23.58, 23.32, 22.14, 22.04, 20.93, 20.73, 16.47, 16.25.

N H

Ph O

O

ATR IR spectrum:

N H

Ph O

O
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LCMS Chromatogram:

Time
-0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00
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3r-again Sb (1,90.00 ); Sb (1,80.00 ) 2: Diode Array 
220

Range: 7.746e-1
Area
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22449
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15488
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3896
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m/z=494
53% Area

m/z=494
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m/z=n/a m/z=n/a
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1H-13C HSQC (3s):
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1D sel TOCSY (menthyl spin system for one diastereomer of 3s:

N H

Ph O

O

1D sel TOCSY (menthyl spin system for second diastereomer of 3s):

N H

Ph O

O
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1H NMR spectrum for isolated fraction of 4s:

Ph

HN

H

O

O

Ph

13C NMR spectrum for isolated fraction of 4s:

Ph

HN

H

O

O

Ph
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1H-1H COSY (4s):
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1H-13C HMBC (4s):
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Tert-butyl-1,2,3-triphenyl-2-azabicyclo[2.1.1]hexane-4-carboxylate (3t)

N H

Ph CO2tBu

The product was prepared by Method A using tert-butyl 3-phenylbicyclo[1.1.0]butane-1-
carboxylate 2f (0.0990 g, 0.43 mmol), 1a (0.0857 g, 0.47 mmol) and Ga(OTf)3 (0.0111 g,
5 mol%). The compound was purified by column chromatography (Biotage® Sfär Column,
0-100% EtOAc/hexanes, eluted at 25% EtOAc). 123 mg of a white solid was obtained (70%
total yield) which was a 6:1 mixture of 3t (60%) and the cyclobutenyl amine 4t (10%). 86%
peak area (12% 4t) by LCMS.

IR: C=O 1724 cm-1

Melting point range: 126.7 – 129.2 °C

HRMS(ESI): calc’d for [C28H29NO2 + H+], 412.22711; found: 412.22713.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.80 (d, J=7.55 Hz, 2H), 7.56 (d, J=7.55
Hz, 2H), 7.50-7.25 (m, 6H), 7.00 (t, J=8.01 Hz, 2H), 6.76 (t, J=6.94 Hz, 1H), 6.58 (d,
J=7.63 Hz, 2H), 4.94 (s, 1H), 2.83 (d, J=6.62 Hz, 1H), 2.66 (dd, J = 9.9, 6.8 Hz, 1H), 2.52
(dd, J = 9.9, 7.7 Hz, 1H), 1.98 (d, J=7.93 Hz, 1H), 1.49 (s, 9H).

N H

Ph CO2tBu

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 168.66, 150.42, 140.07, 138.97, 128.05,
127.76, 127.38, 127.14, 126.94, 126.51, 126.17, 124.86, 123.86, 118.78, 117.62, 112.05, 80.10,
73.26, 68.77, 54.20, 44.68, 43.58, 27.04.

N H

Ph CO2tBu
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ATR IR spectrum:

N H

Ph CO2tBu

LCMS Chromatogram:

Time
-0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00
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0.0

1.0e-1

2.0e-1

3.0e-1

4.0e-1

5.0e-1

6.0e-1

7.0e-1

8.0e-1

9.0e-1

1.0

1.1

1.2

1.3

3s Sb (1,80.00 ) 2: Diode Array 
220

Range: 1.675
Area

4.86
57978

4.69
7025

4.64
11

m/z=412
86% Area

m/z=412
12% Area

m/z=n/a

N H

Ph CO2tBu
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Morpholino-1,2,3-triphenyl-2-azabicyclo[2.1.1]hexan-4-yl)methanone (3u)

N H

Ph O

N

O

The product was prepared by Method A using morpholino(3-phenylbicyclo[1.1.0]butan-1-
yl)methanone 2g (0.1219g, 0.50 mmol), 1a (0.0997 g, 0.55 mmol) and Ga(OTf)3 (0.0129 g, 5
mol%). The compound was purified by column chromatography (Biotage® Sfär KP-Amino
11g Column, 0-100% EtOAc/hexanes, eluted at 40% EtOAc). 212.6 mg of a yellow solid was
obtained (50%). 99% peak area by LCMS.

IR: C=O 1624 cm-1, C-N 1597 cm-1

Melting point range: 210.3 – 211.8 °C

HRMS(ESI): calc’d for [C28H28N2O2 + H+], 425.22236; found: 425.22235.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.73 (d, J=7.46 Hz, 2H), 7.56 (d, J=7.46
Hz, 2H), 7.50 (t, J=7.46 Hz, 2H), 7.41 (t, J-7.93 Hz, 3H), 7.33 (t, J=7.40 Hz, 1H), 6.98 (t,
J=7.76 Hz, 2H), 6.76 (t, J=7.24 Hz, 2H), 6.58 (d, J=8.28 Hz, 2H), 4.89 (s, 1H), 3.84-3.76
(m, 1H), 3.76-3.65 (m, 1H), 3.65-3.54 (m, 1H), 3.54-3.44 (m, 1H), 3.44-3.33 (m, 1H),
3.14-3.02 (m, 1H), 3.02-2.90 (m, 1H), 2.87 (d, J=7.24 Hz, 1H), 2.80 (t, 7.66 Hz, 1H),
2.77-2.64 (m, 2H), 2.08 (d, J=7.11 Hz, 1H).

N H

Ph O

N

O
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 168.95, 151.17, 140.89, 139.52, 128.90,
128.69, 128.49, 127.99, 127.63, 127.39, 126.02, 120.22, 118.94, 75.54, 69.69, 66.73, 66.03,
55.27, 48.35, 45.36, 45.30, 42.27.

N H

Ph O

N

O

ATR IR spectrum:

N H

Ph O

N

O
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00
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3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1
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1.0
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KJW-3t Sb (1,80.00 ) 2: Diode Array 
220

Range: 1.31
Area
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1H-13C HSQC (3u):
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A.7 Cylobutenyl Methanamine Synthesis

Method B General Procedure:

 

A screw-cap vial was charged with bicyclobutane substrate (0.500 mmol) and N -alkylimine
substrate (0.550 mmol, 1.1 equiv). The vial was then taken inside an inert-atmosphere (N2)
glovebox. Ga(OTf)3 (38.8 mg, 0.075 mmol, 15 mol%) was added to a second vial, along
with a Teflon-coated stirbar. The substrates were dissolved in anhydrous toluene (3 mL)
and transferred via syringe to the vial containing Ga(OTf)3. The vial was sealed with a
Teflon-lined screw cap, and stirring was commenced in an 80 °C aluminium block outside the
glovebox. After stirring at 80 °C for 24 h, the vial was cooled to room temperature, followed
by the addition of additional toluene (3 mL). The organic layer was washed with saturated
NaHCO3 (5 mL) and brine (5 mL). The toluene solution was directly loaded onto a silica
gel column for purification by automated flash chromatography. The diastereomeric ratio
from the NMR spectra was calculated using the benzylic proton (s, 4 ppm-5 ppm) at the
stereocenter or alkene hydrogen just above 6 ppm from the 1H NMR spectra.

Methyl-1-((benzylamino)(phenyl)methyl)-3-phenylcyclobut-2-ene-1-carboxylate
(4aa)

The product was prepared by Method B using 2a (0.1882 g, 1 mmol), 1aa (0.2929 g,
1.5 mmol) and Ga(OTf)3 (0.0775 g, 15 mol%). The compound was purified by column
chromatography (Silica, DCM:Methanol:Et3N = 97:2:1). 253.1 mg (66%) of a light yellow
solid was obtained with a 27:1 d.r.(d.r. by NMR spectra of isolated compound, peaks chosen
4.14 ppm & 4.21 ppm). 95% major and 2% minor diastereomer area from LCMS.

IR: N-H 3324 cm-1, C=O 1712 cm-1

Melting point range: 89.7-91.2 °C

HRMS(ESI): calc’d for [C26H25NO2 + H+], 384.19581; found: 384.19581.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.39-7.25 (m, 15H), 6.32 (s, 1H), 4.14 (s,
1H), 3.77 (d, J=13.96 Hz, 1H), 3.65 (s, 3H), 3.53 (d, J=13.96 Hz, 1H), 3.06 (d, J=13.32 Hz,
1H), 2.93 (d, J=13.32 Hz, 1H).

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.30, 147.89, 140.48, 139.61, 133.53,
128.45, 128.36, 128.30, 128.20, 128.00, 127.55, 126.87, 126.43, 124.91, 65.84, 55.86, 51.80,
51.33, 36.06.
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ATR IR spectrum:

LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00
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2.6e-1

KDD-4aa-2 Sb (1,80.00 ) 2: Diode Array 
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Range: 4.621e-1
Area
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95% Area
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244



Methyl-1-((4-methoxybenzyl)amino)(phenyl)methyl)-3-phenylcyclobut-2-ene-1-
carboxylate (4bb)

CO2Me
Ph

HN

H

O

The product was prepared by Method B using 2a (0.0941 g, 0.50 mmol), 1bb (0.1600 g,
0.75 mmol) and Ga(OTf)3 (0.0388 g, 15 mol%). The compound was purified by column
chromatography (Biotage® Sfär KP-Amino 11g Column, 0-100% EtOAc/hexanes, eluted at
30% EtOAc). 88.8 mg of an orange solid was obtained with a 13:1 d.r. (44%). 94% peak
area by LCMS.

IR: N-H 3350 cm-1, C=O 1713 cm-1

Melting point range: 99.2 – 101.8 °C

HRMS(ESI): calc’d for [C27H27NO3 + H+], 414.20637; found: 414.20656.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.42-7.27 (m, 10H), 7.20 (d, J=8.47 Hz,
2H), 6.87 (d, J=8.47 Hz, 2H), 6.32 (s, 1H), 4.13 (s, 1H), 3.82 (s, 3H), 3.72 (d, J=13.22 Hz,
1H), 3.47 (d, J=13.22 Hz, 1H), 3.06 (d, J=13.13 Hz, 1H), 2.92 (d, J=13.13 Hz, 1H).

CO2Me
Ph

HN

H

O
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.33, 125.60, 147.87, 1235.54, 132.46,
130.34, 129.37, 128.61, 128.54, 128.17, 127.85, 127.74, 127.60, 127.39, 127.07, 126.77, 126.30,
124.91, 113.71, 65.65, 55.82, 51.80, 50.65, 36.08.

CO2Me
Ph

HN

H

O

ATR IR spectrum:

CO2Me
Ph

HN

H

O
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00
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5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

8.0e-1

8.5e-1

9.0e-1

9.5e-1

1.0

1.05
KJW-4bb Sb (1,80.00 ) 2: Diode Array 

220
Range: 1.222

Area

2.48
55960

2.00
2744

2.43
279 3.10

178
2.74
325 4.95

131
4.61
101

m/z=414
94% Area

m/z=295
m/z=n/a m/z=n/am/z=n/a

CO2Me
Ph

HN

H

O

Methyl-1-((cyclohexylamino)(phenyl)methyl)-3-phenylcyclobut-2-ene-1-
carboxylate (4cc)

CO2Me
Ph

NH

H

The product was prepared by Method B using 2a (0.0941 g, 0.50 mmol), 1cc (0.1405 g,
0.75 mmol) and Ga(OTf)3 (0.0388 g, 15 mol%). The compound was purified by column
chromatography (Biotage® Sfär KP-Amino 11g Column, 0-100% EtOAc/hexanes, eluted
at 0% EtOAc). 36.3 mg of a white solid was obtained with a 33:1 d.r. (19%). 98% major
diastereomer and 1% minor diastereomer area by LCMS.

IR: N-H 3313 cm-1, C=O 1724 cm-1

Melting point range: 109.2 – 110.7 °C

HRMS(ESI): calc’d for [C25H29NO2 + H+], 376.22711; found: 376.22718.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.37-7.22 (m, 10H), 6.33 (s, 1H), 4.25 (s,
1H), 3.65 (s, 3H), 3.04 (d, J=13.15 Hz, 1H), 2.88 (d, J=13.15 Hz, 1H), 2.27 (m, 1H),
1.99-1.90 (m, 1H), 1.66 (m, 3H), 1.53 (m, 1H), 1.22-1.00 (m, 4H).

CO2Me
Ph

NH

H
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.52, 147.48, 133.62, 128.40, 128.37,
128.34, 128.31, 128.09, 127.81, 127.27, 126.75, 124.87, 63.95, 53.66, 51.76, 36.39, 34.61,
32.51, 26.16, 25.05, 24.60.

CO2Me
Ph

NH

H

ATR IR spectrum:

CO2Me
Ph

NH

H
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00
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8.0e-2

1.0e-1

1.2e-1

1.4e-1

1.6e-1

1.8e-1

2.0e-1

2.2e-1

2.4e-1

2.6e-1

2.8e-1

3.0e-1

3.2e-1

3.4e-1

3.6e-1

3.8e-1

KJW-4cc Sb (1,80.00 ) 2: Diode Array 
220

Range: 5.46e-1
Area

2.43
18632

2.31
145

2.63
200 2.7358

m/z=376
98% Area

m/z=376
1% Aream/z=n/a

CO2Me
Ph

NH

H

Methyl-1-((tert-butylamino)(phenyl)methyl)-3-phenylcyclobut-2-ene-1-
carboxylate (4dd)

CO2Me
Ph

NH

H

The product was prepared by Method B using 2a (0.0941 g, 0.50 mmol), 1dd (0.1209 g,
0.75 mmol) and Ga(OTf)3 (0.0388 g, 15 mol%). The compound was purified by column
chromatography (Biotage® Sfär KP-Amino 11g Column, 0-100% EtOAc/hexanes, eluted
at 0% EtOAc). 27.5 mg of a yellow oil was obtained with a >50:1 d.r. (16%). 95% major
diastereomer and 4% minor diastereomer area by LCMS.

IR: C=O 1722 cm-1

HRMS(ESI): calc’d for [C23H27NO2 + H+], 350.21146; found: 350.21147.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.42-7.17 (m, 10H), 6.32 (s, 1H), 4.27 (s,
1H), 3.65 (s, 3H), 2.99 (d, J=13.02 Hz, 1H), 2.78 (d, J=13.02 Hz, 1H), 0.98 (s, 9H).

CO2Me
Ph

NH

H
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.49, 147.38, 143.56, 133.58, 128.49,
128.39, 128.35, 128.33, 128.05, 127.51, 126.88, 125.95, 124.88, 61.19, 51.82, 51.70, 51.09,
35.81, 30.16.

CO2Me
Ph

NH

H

ATR IR spectrum:

CO2Me
Ph

NH

H
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

A
U

0.0

2.5e-2

5.0e-2

7.5e-2

1.0e-1

1.25e-1

1.5e-1

1.75e-1

2.0e-1

2.25e-1

2.5e-1

2.75e-1

3.0e-1

3.25e-1

3.5e-1

3.75e-1

4.0e-1

4.25e-1

4.5e-1

4.75e-1

5.0e-1

5.25e-1

KJW-4dd Sb (1,80.00 ) 2: Diode Array 
220

Range: 7.161e-1
Area

2.25
26598

2.16
217

2.92
1009

2.73
30

m/z=350
95% Area

m/z=n/a
m/z=n/a

m/z=350
4% Area

CO2Me
Ph

NH

H

Methyl-1-((benzylamino)(1,3-dimethyl-1H-pyrazol-4-yl)methyl)-3-phenylcyclo-
but-2-ene-1-carboxylate (4gg)

CO2Me
Ph

NH

H
N
NPh

The product was prepared by Method B using 2a (0.0941 g, 0.50 mmol), 1hh (0.1600 g,
0.75 mmol) and Ga(OTf)3 (0.0388 g, 15 mol%). The compound was purified by column
chromatography (Biotage® Sfär KP-Amino 11g Column, 0-100% EtOAc/hexanes, eluted at
25% EtOAc). 64 mg of an colourless oily solid was obtained (32%, d.r. = 9:1 [peaks chosen
2.18 ppm & 2.16 ppm). 96% major diastereomer and 1% minor diastereomer area by LCMS.

IR: N-H 3334.9 cm-1, C=O 1722 cm-1

HRMS(ESI): calc’d for [C17H19NO + H+], 402.21761; found: 402.21771.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.39-7.24 (m, 14H), 6.32 (s, 1H), 4.07 (s,
1H), 3.82 (d, J= 11.76 Hz, 1H), 3.80 (s, 3H), 3.69 (s, 3H), 3.60 (d, J= 13.45 Hz, 1H), 3.10
(d, J= 12.80 Hz, 1H), 2.84 (d, J= 12.85 Hz, 1H), 2.16 (s, 3H).

CO2Me
Ph

NH

H
N
NPh

13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.63, 148.29, 147.76, 140.36, 133.55,
129.46, 128.50, 128.40, 128.32, 128.17, 126.90, 126.39, 124.89, 117.66, 56.42, 55.82, 51.89,
51.35, 38.75, 36.20, 11.99.

CO2Me
Ph

NH

H
N
NPh
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ATR IR spectrum:

CO2Me
Ph

NH

H
N
NPh

LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

2.0e-2

4.0e-2

6.0e-2

8.0e-2

1.0e-1

1.2e-1

1.4e-1

1.6e-1

1.8e-1

2.0e-1

2.2e-1

2.4e-1

2.6e-1

2.8e-1

3.0e-1

3.2e-1

3.4e-1

3.6e-1

KDD-4hh Sb (1,80.00 ) 2: Diode Array 
220

Range: 5.266e-1
Area

2.03
12584

1.63
75

2.20
142 2.43

200

m/z=402
96% Area

m/z=402
1% Area

m/z=n/a
m/z=n/am/z=n/a

CO2Me
Ph

NH

H
N
NPh
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Methyl (S)-3-phenyl-1-((R)-phenyl(((S)-1-phenylethyl)amino)methyl)cyclobut-
2-ene-1-carboxylate (4ii)

 

The product was prepared by Method B using 2a (0.0941 g, 0.50 mmol), 1jj (0.1570 g,
0.75 mmol) and Ga(OTf)3 (0.0388 g, 15 mol%). The compound was purified by column
chromatography (Biotage® Sfär Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc).
106.5 mg of a yellow oil was obtained with a 6:1 d.r. (54%). 95% major diastereomer and
5% minor diastereomers area by LCMS.

IR: N-H (broad) 3349 cm-1, C=O 1721 cm-1

HRMS(ESI): calc’d for [C23H27NO2 + H+], 350.21146; found: 350.21147.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.17 (m, 15H), 6.22 (s, 1H), 4.19 (s, 1H),
3.55 (m, 4H), 2.94 (d, J=12.74 Hz, 1H), 2.79 (d, J=12.74 Hz, 1H), 1.20 (d, J=6.03 Hz, 3H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.63, 147.24, 146.40, 139.88, 133.63,
128.39, 128.37, 128.34, 128.19, 127.88, 127.36, 126.95, 126.81, 126.70, 126.61, 124.89, 124.86,
64.56, 55.74, 54.76, 51.80, 36.59, 25.17, 22.11.

 

ATR IR spectrum:
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

A
U

0.0

1.0e-2

2.0e-2

3.0e-2

4.0e-2

5.0e-2

6.0e-2

7.0e-2

8.0e-2

9.0e-2

1.0e-1

1.1e-1

1.2e-1

1.3e-1

1.4e-1

1.5e-1

1.6e-1

KJW-2022-049 Sb (1,80.00 ) 2: Diode Array 
220

Range: 3.131e-1
Area

2.68
5493

2.77
211

2.80;56

m/z=399
95% Area

m/z=399
5% Area

 

Benzyl (S)-3-phenyl-1-((R)-phenyl(((S)-1-phenylethyl)amino)methyl)cyclobut-
2-ene-1-carboxylate (4jj)

CO2Bn
Ph

NH

H

Ph

The product was prepared by Method B using benzyl 3-phenylbicyclo[1.1.0]butane-1-
carboxylate (0.1322 g, 0.50 mmol), 1jj (0.1570 g, 0.75 mmol) and Ga(OTf)3 (0.0388 g,
15 mol%). The compound was purified by column chromatography (Biotage® Sfär 10g Col-
umn, 0-100% EtOAc/hexanes, eluted at 20% EtOAc). 119.4 mg of a yellow oil was obtained
with an 8:1 d.r. (50%). 92% major diastereomer, 4% minor diastereomer and 3% 3jj area by
LCMS.

IR: N-H 3349 cm-1, C=O 1721 cm-1

HRMS(ESI): calc’d for [C33H31NO2 + H+], 474.24276; found: 474.24277.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.31 – 7.00 (m, 20H), 6.25 (s, 1H), 5.03
(dd, J = 7.7, 1.0 Hz, 2H), 4.23 (s, 1H), 3.53 (q, J = 6.5 Hz, 1H), 2.97 (d, J = 13.1, 1H),
2.78 (d, J = 13.2, 1H), 1.17 (d, J = 6.5, 3H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.01, 147.22, 136.04, 133.61, 128.49,
128.38, 128.35, 128.32, 128.26, 128.09, 127.89, 127.38, 126.84, 126.72, 126.47, 124.90, 124.88,
66.45, 64.53, 54.78, 36.63, 21.89.

0102030405060708090100110120130140150160170180190200210220
f1 (ppm)

2
1
.8

9

3
6
.6

3

5
4
.7

8

6
4
.5

3

6
6
.4

5

1
2

4
.8

8

1
2

4
.9

0

1
2

6
.4

7

1
2

6
.7

2

1
2

6
.8

4

1
2

7
.3

8

1
2

7
.8

9

1
2

8
.0

9

1
2

8
.2

6

1
2

8
.3

2

1
2

8
.3

5

1
2

8
.3

8

1
2

8
.4

9

1
3

3
.6

1

1
3

6
.0

4

1
4

7
.2

2

1
7

4
.0

1
CO2Bn

Ph

NH

H

Ph

ATR IR spectrum:

CO2Bn
Ph

NH

H

Ph

260



LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

3.5e-1

4.0e-1

4.5e-1

5.0e-1

5.5e-1

6.0e-1

6.5e-1

7.0e-1

7.5e-1

8.0e-1

KJW-4kk Sb (1,80.00 ) 2: Diode Array 
220

Range: 1.039
Area

3.25
28602

2.33
384

3.38
1218

3.48
836

m/z=474
92% Area

m/z=474
4% Area

m/z=474
3% Area

CO2Bn
Ph

NH

H

Ph

Methyl-1-(naphthalen-2-yl(((S)-1-phenylethyl)amino)methyl)-3-phenylcyclo-
but-2-ene-1-carboxylate (4kk)

CO2Me
Ph

NH

H

Ph

The product was prepared by Method B using 2a (0.0941 g, 0.50 mmol), 1ll (0.1945 g, 0.75
mmol) and Ga(OTf)3 (0.0388 g, 15 mol%). The compound was purified by column chro-
matography (Biotage® Sfär 10g Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc).
123.5 mg of a yellow solid was obtained with a 6:1 d.r. (55%). 81% major diastereomer,
12:3:1% minor diastereomers and 3% 3kk area by LCMS.

IR: N-H 3291 cm-1, C=O 1727 cm-1

Melting point range: 134.5 – 136.9 °C

HRMS(ESI): calc’d for [C31H29NO2 + H+], 448.22711; found: 448.22695.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.90-7.79 (m, 5 H), 7.55-7.47 (m, 4H),
7.42-7.23 (m, 7H), 6.43 (s, 1H), 4.53 (s, 1H), 3.71 (s, 3H), 3.76-3.70 (m, 1H), 3.15 (d,
J=12.92 Hz, 1H), 3.02 (d, J=12.92 Hz, 1H), 1.39 (d, J=6.38 Hz, 3H).

CO2Me
Ph

NH

H

Ph
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.68, 147.36, 146.36, 137.65, 133.59,
133.16, 133.00, 128.44, 127.92, 127.70, 127.54, 127.53, 126.86, 126.66, 125.95, 125.93, 125.71,
124.93, 64.80, 55.81, 54.81, 51.87, 36.80, 22.10.

CO2Me
Ph

NH

H

Ph

ATR IR spectrum:

CO2Me
Ph

NH

H

Ph
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LCMS Chromatogram:

Time
-0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00

A
U

0.0

1.0e-1

2.0e-1

3.0e-1

4.0e-1

5.0e-1

6.0e-1

7.0e-1

8.0e-1

9.0e-1

1.0

1.1

1.2

1.3

1.4

1.5

4ll-again Sb (1,80.00 ) 2: Diode Array 
220

Range: 1.779
Area

3.00
49228

2.31
296

2.39
147 2.82

103

3.05
6955

3.12
1418 4.28

946
3.33
617 3.91

168

CO2Me
Ph

NH

H

Ph

Minor diastereomer of methyl-1-(naphthalen-2-yl(((S)-1-phenylethyl)amino)-
methyl)-3-phenylcyclobut-2-ene-1-carboxylate (4kk′)

 

During chromatographic purification of 4kk, we were able to isolate a small amount of the
minor diastereomer to enable further spectroscopic characterization.
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1H NMR (300 MHz, CDCl3, 292K, ppm): δ 7.71 (m, 3H), 7.41 (s, 1H), 7.37 (m, 4H),
7.25-7.15 (m, 7H), 7.10 (m, 2H), 6.19 (s, 1H), 3.81 (s, 1H), 3.53 (s, 3H), 3.39 (q, J=6.66 Hz,
1H), 2.93 (d, J=12.97 Hz, 1H), 2.73 (d, J=12.97 Hz, 1H), 1.22 (d, J=6.77 Hz, 3H).

 

Methyl-1-((benzylamino)(phenyl)methyl)-3-(4-chlorophenyl)cyclobut-2-ene-1-
carboxylate (4ll)

CO2Me

HN

H

Ph

Cl

The product was prepared by Method B using methyl 3-(4-chlorophenyl)bicyclo[1.1.0]-
butane-1-carboxylate (0.1113 g, 0.50 mmol), 1aa (0.1074 g, 0.55 mmol) and Ga(OTf)3 (0.0388
g, 15 mol%). The compound was purified by column chromatography (Biotage® Sfär 10g
Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc). 86 mg of a yellow oil was obtained
with a 22:1 d.r. (41%). 98% product and1% 3ll area by LCMS.

IR: N-H 3291 cm-1, C=O 1727 cm-1

HRMS(ESI): calc’d for [C26H24
35ClNO2+ H+], 418.15684; found: 418.15683.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.29 – 7.07 (m, 14H), 6.21 (s, 1H), 4.02
(s, 1H), 3.65 (d, J = 13.4 Hz, 1H), 3.54 (s, 3H), 3.41 (d, J = 13.4 Hz, 1H), 2.90 (d, J = 13.1
Hz, 1H), 2.75 (d, J = 13.1 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.14, 146.67, 140.39, 139.39, 134.19,
131.98, 128.58, 128.30, 128.28, 128.20, 128.01, 127.62, 127.09, 126.90, 126.22, 65.76, 55.82,
51.86, 51.33, 36.02.

0102030405060708090100110120130140150160170180190200210220
f1 (ppm)

3
6
.0

2

5
1
.3

3

5
1
.8

6

5
5
.8

2

6
5
.7

6

1
2

6
.2

2

1
2

6
.9

0

1
2

7
.0

9

1
2

7
.6

2

1
2

8
.0

1

1
2

8
.2

0

1
2

8
.2

8

1
2

8
.3

0

1
2

8
.5

8

1
3

1
.9

8

1
3

4
.1

9

1
3

9
.3

9

1
4

0
.3

9

1
4

6
.6

7

1
7

4
.1

4

CO2Me

HN

H

Ph

Cl

ATR IR spectrum:

CO2Me

HN

H

Ph

Cl

267



LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

2.0e-2

4.0e-2

6.0e-2

8.0e-2

1.0e-1

1.2e-1

1.4e-1

1.6e-1

1.8e-1

2.0e-1

2.2e-1

2.4e-1

2.6e-1

2.8e-1

3.0e-1

3.2e-1

3.4e-1

3.6e-1

3.8e-1

4.0e-1

KJW-2022-040 Sb (1,80.00 ) 2: Diode Array 
220

Range: 5.481e-1
Area

2.74
15501

2.23
64

4.24
184

m/z=419
98% Area

m/z=419
1% Aream/z=n/a

CO2Me

HN

H

Ph

Cl

Methyl-1-((benzylamino)(phenyl)methyl)-3-(4-fluorophenyl)cyclobut-2-ene-1-
carboxylate (4mm)

 

The product was prepared by Method B using methyl 3-(4-fluorophenyl)bicyclo[1.1.0]-
butane-1-carboxylate (0.1031 g, 0.50 mmol), 1aa (0.1074 g, 0.55 mmol) and Ga(OTf)3 (0.0388
g, 15 mol%). The compound was purified by column chromatography (Biotage® Sfär 10g
Column, 0-100% EtOAc/hexanes, eluted at 30% EtOAc). 70.4 mg of a yellow oil was obtained
with a 31:1 d.r. (35%). 99% major diastereomer and 1% minor diastereomer area by LCMS.

IR: N-H 3349 cm-1, C=O 1722 cm-1

HRMS(ESI): calc’d for [C25H22FNO2+ H+], 402.18639; found: 402.18632.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.43 – 7.23 (m, 12H), 7.06 – 6.97 (m,
2H), 6.27 (s, 1H), 4.17 (s, 1H), 3.82 (d, J = 13.4 Hz, 1H), 3.67 (s, 3H), 3.56 (d, J = 13.4 Hz,
1H), 3.02 (d, J = 13.0 Hz, 1H), 2.90 (d, J = 13.0 Hz, 1H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

1
.1

5

1
.1

7

1
.1

4

3
.0

5

1
.1

2

1
.0

7

1
.0

0

2
.1

1

1
2
.7

2

2
.8

7

2
.9

0

2
.9

0

3
.0

2

3
.0

2

3
.0

5

3
.5

4

3
.5

7

3
.6

6

3
.6

7

3
.8

0

3
.8

3

4
.1

7

6
.2

7

7
.0

0

7
.0

0

7
.0

2

7
.0

2

7
.0

3

7
.3

0

7
.3

7

7
.3

8

 

19F NMR (500 MHz, CDCl3, 292K, ppm): δ112.51

-300-280-260-240-220-200-180-160-140-120-100-80-60-40-20020406080100
f1 (ppm)

-
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1
2

.5
1
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 174.28, 163.82, 161.84, 146.89, 129.83,
129.81, 128.38, 128.36, 128.33, 128.10, 127.76, 127.10, 126.80, 126.74, 125.68, 115.48, 115.31,
65.65, 51.93, 51.16, 36.15.
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ATR IR spectrum:
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

A
U

0.0

1.0e-2

2.0e-2

3.0e-2

4.0e-2

5.0e-2

6.0e-2

7.0e-2

8.0e-2

9.0e-2

1.0e-1

1.1e-1

1.2e-1

1.3e-1

1.4e-1

1.5e-1

1.6e-1

1.7e-1

1.8e-1

1.9e-1

2.0e-1

KJW-2021-233-2 Sb (1,80.00 ) 2: Diode Array 
220

Range: 3.74e-1
Area

2.54
8446

3.03
91

m/z=402
99% Area

m/z=402
1% Area

 

Benzyl-1-((benzylamino)(phenyl)methyl)-3-phenylcyclobut-2-ene-1-carboxylate
(4nn)

CO2Bn
Ph

HN

H

Ph

The product was prepared by Method B using benzyl 3-phenylbicyclo[1.1.0]butane-1-
carboxylate (0.1322 g, 0.50 mmol), 1aa (0.1464 g, 0.75 mmol) and Ga(OTf)3 (0.0388 g,
15 mol%). The compound was purified by column chromatography (Biotage® Sfär KP-
Amino 11g Column, 0-100% EtOAc/hexanes, eluted at 35% EtOAc). 81.2 mg of a yellow oil
was obtained with a 22:1 d.r. (55%). 89% major diastereomer and 10% minor diastereomer
area by LCMS.

IR: N-H 3333 cm-1, C=O 1719 cm-1

HRMS(ESI): calc’d for [C32H29NO2 + H+], 460.22711; found: 460.22712.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.26 – 7.03 (m, 20H), 6.22 (s, 1H), 5.01
(d, J = 12.4 Hz, 1H), 4.95 (d, J = 12.4 Hz, 1H), 4.05 (s, 1H), 3.62 (d, J = 13.4 Hz, 1H),
3.40 (d, J = 13.4 Hz, 1H), 2.97 (d, J = 13.1 Hz, 1H), 2.83 (d, J = 13.1 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 173.02, 147.67, 140.68, 139.80, 136.34,
133.63, 128.43, 128.29, 128.23, 128.19, 128.15, 128.10, 127.84, 127.35, 126.77, 126.75, 124.86,
66.34, 66.10, 55.92, 51.38, 36.31.
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

AU

0.0

2.5e-2

5.0e-2

7.5e-2

1.0e-1

1.25e-1

1.5e-1

1.75e-1

2.0e-1

2.25e-1

2.5e-1

2.75e-1

3.0e-1

3.25e-1

3.5e-1

3.75e-1

4.0e-1

4.25e-1

4.5e-1

4.75e-1

5.0e-1

5.25e-1

5.5e-1

5.75e-1

6.0e-1

6.25e-1

6.5e-1

KJW-2022-062-lessconc Sb (1,80.00 ) 2: Diode Array 
220

Range: 8.655e-1
Area

2.94
26859

2.39
438

3.01
2964

m/z=460
89% Area

m/z=460
10% Area

m/z=n/a

CO2Bn
Ph

HN

H

Ph

Tert-butyl-1-((benzylamino)(phenyl)methyl)-3-phenylcyclobut-2-ene-1-
carboxylate (4oo)

CO2tBu
Ph

HN

H

Ph

The product was prepared by Method B using tert-butyl 3-phenylbicyclo[1.1.0]butane-1-
carboxylate (0.1152 g, 0.50 mmol), 1aa (0.1464 g, 0.75 mmol) and Ga(OTf)3 (0.0388 g, 15
mol%). The compound was purified by column chromatography (Biotage® Sfär KP-Amino
11g Column, 0-100% EtOAc/hexanes, eluted at 0% EtOAc). 83 mg of a yellow solid was
obtained with a 22:1 d.r. (39%). 95% peak area by LCMS.

IR: N-H 3357 cm-1, C=O 1702 cm-1

Melting point range: 92.3 – 94.5 °C

HRMS(ESI): calc’d for [C29H31NO2 + H+], 426.24276; found: 426.24298
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.47 – 7.23 (m, 15H), 6.33 (s, 1H), 4.16
(s, 1H), 3.77 (d, J = 13.4 Hz, 1H), 3.56 (d, J = 13.4 Hz, 1H), 3.04 (d, J = 12.9 Hz, 1H),
2.93 (d, J = 12.9 Hz, 1H), 1.41 (s, 9H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 173.03, 147.65, 140.58, 139.87, 133.80,
128.64, 128.32, 128.28, 128.26, 128.21, 127.85, 127.42, 127.13, 126.82, 124.90, 80.76, 65.86,
56.45, 51.48, 35.84, 27.98.
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LCMS Chromatogram:

Time
-0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80 6.00

A
U

0.0

2.0e-2

4.0e-2

6.0e-2

8.0e-2

1.0e-1

1.2e-1

1.4e-1

1.6e-1

1.8e-1

2.0e-1

2.2e-1

2.4e-1

2.6e-1

2.8e-1

3.0e-1

3.2e-1

3.4e-1

3.6e-1

KJW-4oo Sb (1,80.00 ) 2: Diode Array 
220

Range: 5.469e-1
Area

2.92
13273

2.41
501 2.52

116
2.73
81

m/z=426
95% Area

m/z=n/a
m/z=n/a

CO2tBu
Ph

HN
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Ph

(1R,2R,5S)-2-isopropyl-5-methylcyclohexyl-1-((benzylamino)(phenyl)methyl)-
3-phenylcyclobut-2-ene-1-carboxylate (4pp)

Ph

HN

H

Ph

O

O

The product was prepared by Method B using (1S,2R,5S )-2-isopropyl-5-methylcyclohexyl
3-phenylbicyclo[1.1.0]butane-1-carboxylate (0.1562 g, 0.50 mmol), 1aa (0.1464 g, 0.75 mmol)
and Ga(OTf)3 (0.0388 g, 15 mol%). The compound was purified by column chromatography
(Biotage® Sfär KP-Amino 11g Column, 0-100% EtOAc/hexanes, eluted at 0% EtOAc). 148
mg of a yellow solid was obtained with a 28:22:1:1 d.r. (58%). 68% major diastereomer,
28:3:2% minor diastereomers and 3% 3pp area by LCMS.

IR: N-H 3361 cm-1, C=O 1701 cm-1

Melting point range: 108.9 – 111.7 °C

HRMS(ESI): calc’d for [C35H41NO2 + H+], 508.32101; found: 508.32128.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.53-7.25 (m, 15H), 6.48 (s, 0.38H), 6.46
(s, 0.58H), 4.78-4.65 (m, 1H), 4.25 (s, 0.59H), 4.22 (s, 0.39H), 3.81-3.71 (m, 1H), 3.63-3.56
(m, 1H), 3.13-2.90 (m, 2H), 2.46-2.27 (m, 1.25H), 2.05-1.94 (m, 1.23H), 1.84-1.64 (m,
3.88H), 1.57-1.44 (m, 1.52), 1.44-1.31 (m, 1.48H), 1.17-.02 (m, 1.56), 1.00-0.79 (m, 10.59H),
0.79-0.69 (m, 3.40H).
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HN
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 173.76, 173.45, 147.84, 147.35, 140.56,
140.53, 139.72, 139.59, 133.77, 139.32, 128.67, 128.63, 128.61, 128.50, 128.43, 128.37, 128.33,
128.30, 128.25, 128.20, 128.12, 127.93, 127.93, 127.62, 127.55, 127, 50, 127.45, 127.42,
127.41, 127.31, 127.15, 127.12, 127.03, 126.86, 126.81, 126.76, 126.74, 126.72, 126.62, 124.94,
124.92, 124.90, 124.78, 74.74, 74.62, 66.08, 66.05, 56.11, 55.70, 51.67, 51.56, 46.96, 46.86,
40.84, 40.62, 36.30, 36.02, 34.32, 34.30, 31.42, 31.39, 26.18, 23.54, 23.45, 22.10, 20.81, 20.76,
16.40, 16.33.
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ATR IR spectrum:
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LCMS Chromatogram:

Time
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1H-13C HSQC (4pp):
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1H-13C HMBC (4pp):
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One of the diastereomers of 4pp was isolated by column chromatography, providing a sample
for characterization by NMR spectroscopy.
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1H spectrum (4pp, single diastereomer):
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13C spectrum (4pp, single diastereomer):
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1H-1H COSY (4pp, single diastereomer):

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f2 (ppm)

0

1

2

3

4

5

6

7

8

9

f1
 (

p
p
m

)

Ph

HN

H

Ph

O

O

1H-13C HSQC (4pp, single diastereomer):

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f2 (ppm)

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

f1
 (

p
p
m

)

Ph

HN

H

Ph

O

O

283



1H-13C HMBC (4pp, single diastereomer):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f2 (ppm)
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A.8 Iodoamination and Stereochemical Analysis

Initial iodoamination reactions were performed by adapting a literature procedure.177

Methyl (1R,3s,4S,5S)-5-iodo-1,3-diphenyl-2-((S)-1-phenylethyl)-2-azabicyclo-
[2.1.1]hexane-4-carboxylate (6ii)

N(S) H

Ph CO2Me
I

Me
Ph

4ii (0.1089 g, 0.275 mmol) was added to a 4 mL vial and dissolved in 1 mL of acetonitrile.
I2 (0.1151 g, 1.37 mmol, 3 equiv) and NaHCO3 (0.2086 g, 0.82 mmol, 5 equiv) were added
to the reaction mixture at -20 °C and the solution was stirred for 2 hours. The mixture was
then warmed to room temperature and stirred for 22 hours. The solution was quenched with
saturated Na2S2O3 and the aqueous layer was extracted with ethyl acetate. The organic
layers were combined and dried with Mg2SO4, the solvent was removed under vacuum and
the product was purified by column chromatography (SiO2, 0-100% EtOAc/hexanes, eluted
at 1% EtOAc). 39.6 mg of a yellow oil was obtained (28%). 86% major diastereomer and
5% minor diastereomer area by LCMS.

IR: C=O 1732 cm-1

HRMS(ESI): calc’d for [C27H26INO2 + H+], 524.10810; found: 524.10816.
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1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.72-7.15 (m, 13H), 7.13-7.02 (m, 2H),
4.61 (s, 1H), 4.16 (d, J=8.54 Hz, 1H), 3.99 (q, J=7.00 Hz, 1H), 3.62 (s, 3H), 2.73 (d, J=8.11
Hz, 1H), 2.64 (t, 8.29 Hz, 1H), 1.01 (d, J=7.00 Hz, 3H).

N(S) H

Ph CO2Me
I

Me
Ph
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 169.45, 141.97, 141.22, 136.34, 128.95,
128.69, 128.66, 128.54, 128.49, 128.39, 128.37, 128.32, 128.29, 128.26, 128.23, 128.13, 127.99,
127.91, 127.88, 127.66, 127.60, 127.51, 127.49, 127.27, 127.05, 126.86, 126.77, 73.50, 63.70,
59.45, 57.44, 51.67, 41.22, 36.29, 22.57.

N(S) H

Ph CO2Me
I

Me
Ph
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ATR IR spectrum:

N(S) H

Ph CO2Me
I

Me
Ph

LCMS Chromatogram:

Time
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6ee Sb (1,80.00 ) 2: Diode Array 
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Range: 8.399e-1
Area
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1H-13C HSQC (6ii):
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1H-1H NOESY (6ii):

Key correlations are observed for through-space coupling between the ortho Ph–H signals
shown (7.54 ppm, assigned using HSQC and HMBC data) and the indicated azaBCH ring
C–H (2.64 ppm) and the methyl group on the (S )-α-methylbenzyl substituent (1.00 ppm).
This indicates that all three of these hydrogens are on the same side of the azabicyclohexane
ring, consistent with the proposed stereochemistry.
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1H-1H NOESY - zoomed (6ii):

 

More key correlations are observed between the three indicated methine hydrogens (Ha at
4.00 ppm, Hb at 4.61 ppm, and Hc at 4.17 ppm). These sets of correlations indicate that all
three of these hydrogens are on the same side of the azabicyclohexane ring, opposite to the
hydrogens discussed above. Thus, the combination of correlations observed between these
hydrogens are all consistent with the proposed absolute stereochemical assignment.
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Benzyl-2-benzyl-5-iodo-1,3-diphenyl-2-azabicyclo[2.1.1]hexane-4-carboxylate
(6nn)

N
Bn

H

Ph CO2Bn
I

4nn (0.0707 g, 0.154 mmol) was added to a vial and dissolved in 1 mL of acetonitrile. I2
(0.1171g, 0.46 mmol, 3 equiv) and NaHCO3 (0.0646 g, 0.77 mmol, 5 equiv) were added to
the reaction mixture and the solution was stirred for 24 hours at room temperature. The
solvent was removed under vacuum and the resulting crude product was purified by column
chromatography (SiO2, 0-100% EtOAc/hexanes, eluted at 20% EtOAc). 15.6 mg of a yellow
solid was obtained (19%). 96% major diastereomer and 3% minor diastereomer area by
LCMS.

IR: C=O 1728 cm-1

HRMS(ESI): calc’d for [C32H28INO2 + H+], 586.12375; found: 586.12377.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.46-7.39 (m, 4H), 7.38-7.31 (m, 4H),
7.30-7.25 (m, 4H), 7.15-7.07 (m, 3H), 7.04-6.94 (m, 5H), 5.19 (d, J=12.22 Hz, 1H), 5.13 (d,
J=12.22 Hz, 1H), 4.99 (d, J=8.35 Hz, 1H), 4.39 (s, 1H), 3.83 (d, J=12.70 Hz, 1H), 3.54 (d,
J=12.70 Hz, 1H), 2.87 (d, J=8.38 Hz, 1H), 2.69 (t, J=8.38 Hz, 1H).

N
Bn

H

Ph CO2Bn
I
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 168.95, 139.33, 127.78, 125.50, 125.38,
129.20, 128.64, 128.47, 128.31, 128.26, 128.05, 127.62, 127.58, 127.36, 127.23, 126.65, 73.70,
70.16, 66.64, 59.92, 55.63, 39.98, 35.69.
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LCMS Chromatogram:

Time
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1H-13C HMBC (6nn):
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1H-1H NOESY (6nn):
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1H-1H NOESY - Zoomed (6nn):
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Iodoamination of the minor diastereomer of methyl-1-(naphthalen-2-yl(((S)-1-
phenylethyl)amino)methyl)-3-phenylcyclobut-2-ene-1-carboxylate (6kk′)

NH

PhMeO2C

(S)Ph

I

4kk′ (0.021.5 g, 0.048 mmol) was added to a vial and dissolved in 1 mL of acetonitrile and
the vial was cooled down to −20 °C. I2 (0.0366 g, 0.14 mmol, 3 equiv) and NaHCO3 (0.0202
g, 0.24 mmol, 5 equiv) were added to the reaction mixture and the solution was warmed
up and stirred for 24 hours at room temperature. The reaction was quenched with 1 mL
of saturated Na2SO3 and then the aqueous layer was extracted three times with 1 mL of
ethyl acetate. The organic layers were dried with Mg2SO4, the solution was filtered and then
the solvent was removed under vacuum to give the crude product 6kk′. The product was
dissolved in CDCl3 and a 1H NMR and NOESY spectrum was taken.

1H NMR (500 MHz, CDCl3, 292K, ppm):
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1H-1H NOESY:
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A.9 Synthetic Transformations of AzaBCHs

Methyl-1,3-diphenyl-2-azabicyclo[2.1.1]hexane-4-carboxylate (7a):

HN H

Ph CO2Me

Compound 3e (0.1487 g, 0.37 mmol) was dissolved in acetonitrile (3.5 mL). Cerium am-
monium nitrate (1.0204 g, 1.86 mmol, 5 equiv) was dissolved in water (10 mL) and added
dropwise to the acetonitrile mixture. The reaction mixture was stirred at room temperature
for 24 hours. The mixture was then diluted with DCM (10 mL) and then quenched with
NaHCO3 until basic. The aqueous layer was then extracted with DCM (10 mL), dried with
Mg2SO4, filtered, and then concentrated under vacuum. The residue was redissolved in 1 M
HCl (10 mL) and then extracted with hexanes (10 mL). The aqueous layer was basified with 1
M NaOH, and then extracted with DCM (10 mL). The organic layer was dried with Mg2SO4,
filtered and the solvent was evaporated under vacuum to give product 7a as a brown solid
(92 mg, 84% yield). 98% peak area by LCMS.

IR: 3302, 1733 cm-1

HRMS(ESI): calc’d for [C19H19NO2 + H+], 294.14886; found: 294.14892.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.58(m, 2H), 7.52 (m, 2H), 7.40 (m, 6H),
4.93 (s, 1H), 3.72 (s, 3H), 2.57 (d, J = 6.6 Hz, 1H), 2.40 (m, 1H), 2.26 (m, 1H), 2.10 (d, J =
7.4 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292K, ppm): δ 170.88, 140.20, 138.41, 127.37, 127.11,
126.62, 126.42, 126.23, 125.22, 66.69, 62.15, 53.48, 50.80, 50.55, 39.26.
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LCMS Chromatogram:

Time
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2-(4-(Ethoxycarbonyl)phenyl)-1,3-diphenyl-2-azabicyclo[2.1.1]hexane-4-
carboxylic acid (7d)

N O

OH

H

EtO2C

A 1-dram vial was charged with a stirbar, 3f (86.2 mg, 0.20 mmol), and LiOH�H2O (16.4
mg, 2 equiv). The solids were dissolved in a 1:1 v/v THF/water mixture (0.5 mL total).
The reaction mixture was acidified with 1 M HCl to adjust the pH to 4-6. Once the solution
reached the desired pH range, the aqueous phase was extracted with DCM (3 x 2 mL). The
organic layer was dried using anhydrous Mg2SO4 and concentrated under reduced pressure
to give 83.5 mg (100%) of 7d as a yellow oil.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.71 (d, J = 7.2 Hz, 2H), 7.62 (d, J = 9.0
Hz, 2H), 7.57 – 7.30 (m, 8H), 6.45 (d, J = 9.0 Hz, 2H), 4.99 (s, 1H), 4.24 (q, J = 7.1 Hz,
2H), 2.94 – 2.82 (m, 1H), 2.67 – 2.50 (m, 2H), 2.05 (dd, J = 7.3, 1.4 Hz, 1H), 1.28 (t, J =
7.1 Hz, 3H).
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3-(4-Cyanophenyl)-2-(4-methoxyphenyl)-1-phenyl-2-azabicyclo[2.1.1]hexane-4-
carboxylic acid (7e)

N O

OH

H

MeO CN

A 1-dram vial was charged with a stirbar, 3i (70.6 mg, 0.17 mmol), and LiOH�H2O (14.0
mg, 2 equiv). The solids were dissolved in a 1:1 v/v THF/water mixture (0.5 mL total).
The reaction mixture was acidified with 1 M HCl to adjust the pH to 4-6. Once the solution
reached the desired pH range, the aqueous phase was extracted with DCM (3 x 2 mL). The
organic layer was dried using anhydrous Mg2SO4 and concentrated under reduced pressure
to give 68.3 mg (100%) of 7e as a yellow oil.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.91 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 8.2
Hz, 2H), 7.50 – 7.26 (m, 5H), 6.58 – 6.53 (m, 2H), 6.48 (d, J = 9.1 Hz, 2H), 4.88 (s, 1H),
3.64 (s, 3H), 2.91 (d, J = 6.9 Hz, 1H), 2.80 (dd, J = 9.9, 7.0 Hz, 1H), 2.49 – 2.35 (m, 1H),
2.08 (d, J = 7.9 Hz, 1H).
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3-(6-chloropyridin-3-yl)-2-(4-iodophenyl)-1-phenyl-2-azabicyclo[2.1.1]hexane-4-
carboxylic acid (7f)

N O

OH

H

N

I Cl

A 1-dram vial was charged with a stirbar, 3l (59.2 mg, 0.11 mmol), and LiOH�H2O (9.4 mg,
2 equiv). The solids were dissolved in a 1:1 v/v THF/water mixture (0.5 mL total). The
reaction mixture was acidified with 1 M HCl to adjust the pH to 4-6. Once the solution
reached the desired pH range, the aqueous phase was extracted with DCM (3 x 2 mL). The
organic layer was dried using anhydrous Mg2SO4 and concentrated under reduced pressure
to give 46.0 mg (80%) of 7f as a yellow oil.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 8.75 (d, J = 2.4 Hz, 1H), 8.12 (d, J = 7.7
Hz, 1H), 7.47 – 7.28 (m, 5H), 6.24 (d, J = 9.0 Hz, 2H), 4.88 (s, 1H), 2.94 (d, J = 7.0 Hz,
1H), 2.65 (dd, J = 9.9, 7.2 Hz, 1H), 2.43 – 2.30 (m, 1H), 2.12 (d, J = 8.2 Hz, 1H).
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1-(4-Chlorophenyl)-2,3-diphenyl-2-azabicyclo[2.1.1]hexane-4-carboxylic acid (7g)

N O

OH

H
Cl

A 1-dram vial was charged with a stirbar, 3p (89.8 mg, 0.22 mmol), and LiOH�H2O (18.7
mg, 2 equiv). The solids were dissolved in a 1:1 v/v THF/water mixture (0.5 mL total).
The reaction mixture was acidified with 1 M HCl to adjust the pH to 4-6. Once the solution
reached the desired pH range, the aqueous phase was extracted with DCM (3 x 2 mL). The
organic layer was dried using anhydrous Mg2SO4 and concentrated under reduced pressure
to give 86.7 mg (100%) of 7g as a yellow oil.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.73 (d, J = 7.6 Hz, 2H), 7.51 – 7.28 (m,
7H), 7.01 – 6.93 (m, 2H), 6.76 (t, J = 7.3 Hz, 1H), 6.51 (d, J = 8.0 Hz, 2H), 4.92 (s, 1H),
2.86 (d, J = 6.8 Hz, 1H), 2.70 (dd, J = 9.9, 6.8 Hz, 1H), 2.57 – 2.45 (m, 1H), 2.00 (d, J =
7.8 Hz, 1H).
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1-(4-chlorophenyl)-2,3-diphenyl-2-azabicyclo[2.1.1]hexan-4-yl)(3,5-dimethyl-
1H-pyrazol-1-yl)methanone (8g)

N O

N

H
Cl

N

A 1-dram vial was charged with a stirbar and 7g (89.8 mg, 0.22 mmol) then dissolved in
THF (1.0 mL, 0.22 M). Carbonyldiimidazole (37.9 mg, 0.23 mmol, 1.05 equiv) was added as
a solid to the reaction mixture and it was left to stir for 1 hour at room temperature. Then
3,5-dimethylpyrazole (37.9 mg, 0.23 mmol, 1.05 equiv) was added to the reaction mixture
as a solid and it was left to stir at room temperature overnight. The reaction mixture was
quenched with 1 mL of NH4Cl and the aqueous later was extracted with ethyl acetate (3 x 2
mL). The combined organic laters were washed with 5 mL NH4Cl and brine (2 x 5 mL). The
organic layer was dried using anhydrous Mg2SO4 and concentrated under reduced pressure
to give the crude product. The product was purified by column chromatography (Biotage®
Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 5% EtOAc). 15.0 mg (14%) of 8g was
obtained as a white solid.

1H NMR (500 MHz, CDCl3, 292K, ppm): δ 7.50 – 7.42 (m, 2H), 7.38 – 7.27 (m, 7H),
7.04 – 6.93 (m, 2H), 6.81 – 6.72 (m, 1H), 6.60 – 6.50 (m, 2H), 6.00 (d, J = 1.1 Hz, 1H), 5.45
– 5.39 (m, 1H), 3.01 (dd, J = 9.6, 7.1 Hz, 1H), 2.96 (d, J = 7.1 Hz, 1H), 2.58 (dd, J = 9.6,
7.8 Hz, 1H), 2.48 (d, J = 1.0 Hz, 3H), 2.19 (s, 3H), 1.98 (dd, J = 7.7, 1.3 Hz, 1H).
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Appendix B

Supporting Information for Chapter 3

Contributions: The following data reported has been completed independently with
supporting work from supervised undergraduate students.

B.1 General

Materials. All solvents and common organic reagents were purchased from commercial
suppliers and used without further purification. Organic building blocks and starting ma-
terials were purchased from Oakwood Chemicals and MilliporeSigma and used as received.
Anhydrous solvents (SureSeal) were purchased from MilliporeSigma and used as received.

Techniques. All air-free manipulations were performed under a dry nitrogen atmosphere
using an MBraun glovebox.

Analysis and Spectroscopy. All NMR spectra were acquired on either a Bruker AVANCE
300 MHz spectrometer or a Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C
NMR spectroscopy chemical shifts are calibrated to residual protio-solvents. All NMR spec-
troscopic data is processed using MestReNova v14.2.2. High-resolution electrospray ioniza-
tion mass spectrometric analysis was performed using a Thermo Scientific Ultimate 3000
ESI-Orbitrap Exactive Plus.

X-Ray Crystallography. A suitable crystal of each sample (3c, 4b, and 4d) was selected
for analysis and mounted in a polyimide loop. All measurements were made on a Rigaku
Oxford Diffraction Supernova Eos CCD with filtered Cu Kα radiation at a temperature of
100 K. Using Olex2, the structure was solved with the ShelXT structure solution program
using Direct Methods and refined with the ShelXL refinement package using Least Squares
minimization. The structure of compounds 3c and 4b were refined without restraint. The
structure of compound 4d was refined to model conformational disorder. The morpholinyl
group was modeled over two positions with similarity restraints placed on bond distances
and atomic thermal parameters. CIFs of 3c, 4b, and 4d are available from the Cambridge
Crystallographic Data Centre (CCDC): CCDC 2290170-2290171, 2298459.
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B.2 Optimization and Control Reactions

Table 3.1 reaction conditions

O

OEt
N conditionsPh

N

O N O

N

O

Ph

1a 2a 3a
O

O

+
Ha

Hb Hb
Hc

Table 3.1, entry 1

In one vial, the bicyclobutane (8.4 mg, 1 equiv) and 1,3,5-trimethoxybenzene (2.8 mg, 0.33
equiv) were added and to another vial, the imine (9.6 mg, 1 equiv), silver acetate (0.8 mg,
0.1 equiv) and triethylamine (2.1 µL, 0.3 equiv) were added under a nitrogen atmosphere.
50% of the THF solvent (1 mL total, 0.05 mmol) was added to each vial then the imine
solution was added to the bicyclobutane, and the reaction was left to stir for 24 hours at
room temperature. The solvent was evaporated, and the amounts of product and starting
materials were determined by NMR spectroscopy relative to the internal standard (1,3,5-
trimethoxybenzene). No product (no peak at 4.06 ppm, Ha), 25% imine (4.39 ppm peak,
Hb), 1% benzaldehyde (from imine hydrolysis, 10.02 ppm peak), and 72% bicyclobutane (1.99
ppm peak, Hc).

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 2

In one vial, the bicyclobutane (8.4 mg, 1 equiv) and 1,3,5-trimethoxybenzene (2.8 mg, 0.33
equiv) were added and to another vial, the imine (9.6 mg, 1 equiv), Ga(OTf)3 (2.6 mg,
0.1 equiv) and triethylamine (2.1 µL, 0.3 equiv) were added under a nitrogen atmosphere.
50% of the THF solvent (1 mL total, 0.05 mmol) was added to each vial then the imine
solution was added to the bicyclobutane, and the reaction was left to stir for 24 hours at
room temperature. The solvent was evaporated, and the amounts of product and starting
materials were determined by NMR spectroscopy relative to the internal standard (1,3,5-
trimethoxybenzene). No product (no peak at 4.06 ppm, Ha), 78% imine (4.39 ppm peak,
Hb), 14% benzaldehyde (from imine hydrolysis, 10.02 ppm peak), and 100% bicyclobutane
(1.99 ppm peak, Hc).

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 3

In one vial, the bicyclobutane (8.4 mg, 1 equiv) and 1,3,5-trimethoxybenzene (2.8 mg, 0.33
equiv) were added followed by 50% of the THF solvent (1 mL total, 0.05 M). To another vial,
the imine (9.6 mg, 1 equiv), was added under a nitrogen atmosphere and dissolved in 25% of
the THF solvent. In another vial n-BuLi (2.5 M in hexanes, 0.022 mL, 1.1 equiv) was added
and dissolved in 25% of the THF solvent and placed in the freezer for 10 minutes. Diiso-
propylamine (8 µL, 1.1 equiv) was then added to the n-BuLi vial and stirred for 10 minutes
before the imine dissolved in 25% of the THF vial was added. This mixture was stirred for
10 minutes before being cooled in the freezer for 10 minutes along with the bicyclobutane
vial. The imine vial was then added dropwise to the bicyclobutane, and the mixture was
left to stir at room temperature overnight. The reaction was quenched with NH4Cl and
extracted with TBME. The organic layers were dried with Mg2SO4, filtered and the solvent
was evaporated. the amounts of product and starting materials were determined by NMR
spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene). No product (no
peak at 4.06 ppm, Ha), imine (no peak at 4.39 ppm, Hb), or BCB (no peak at 1.99 ppm, Hc)
were observed.

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 4

In one vial, the bicyclobutane (8.4 mg, 1 equiv), imine (14.3 mg, 1.5 equiv) and 1,3,5-
trimethoxybenzene (2.8 mg, 0.33 equiv) were added and flushed with nitrogen followed by
the addition of 50% of the anhydrous THF solvent (1 mL total, 0.05 M). To another vial, NaH
in 60% mineral oil (2.2 mg, 2 equiv) was added and flushed with nitrogen and then dissolved
in 50% of the anhydrous THF solvent. The NaH solution was then added dropwise to the
BCB, and imine solution and the mixture was left to stir at room temperature overnight. The
reaction was quenched with water and extracted with ethyl acetate. The organic layers were
dried with Mg2SO4, filtered and the solvent was evaporated. the amounts of product and
starting materials were determined by NMR spectroscopy relative to the internal standard
(1,3,5-trimethoxybenzene). No product (no peak at 4.06 ppm, Ha), 68% imine (4.42 ppm
peak, Hb) and 99% BCB (1.99 ppm peak, Hc) was observed.

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 5

In one vial, the bicyclobutane (8.4 mg, 1 equiv) and 1,3,5-trimethoxybenzene (2.8 mg, 0.33
equiv) were added and to another vial, the imine (11.5 mg, 1.2 equiv), was added under a
nitrogen atmosphere. 50% of the THF solvent (1 mL total, 0.05 mmol) was added to the
bicyclobutane and 25% of the THF was added to the imine and 25% to a separate vial that
contained KHMDS (0.5 M in toluene, 0.15 mL, 1.5 equiv). The imine was added dropwise
to the KHMDS and left to stir for 10 minutes at room temperature. The imine/KHMDS
mixture was added dropwise to the bicyclobutane vial. The reaction was left to stir for 24
hours at room temperature. The reaction was quenched with water and the organic solvent
was dried with Mg2SO4, filtered and the solvent was evaporated. The amounts of product and
starting materials were determined by NMR spectroscopy relative to the internal standard
(1,3,5-trimethoxybenzene). No product (no peak at 4.06 ppm, Ha), 35% imine (4.40 ppm
peak, Hb), and 67% bicyclobutane (1.99 ppm peak, Hc) was observed.

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 6

In one vial, the bicyclobutane (8.4 mg, 1 equiv) and 1,3,5-trimethoxybenzene (2.8 mg, 0.33
equiv) were added and to another vial, the imine (9.6 mg, 1 equiv), was added under a
nitrogen atmosphere. 50% of the THF solvent (1 mL total, 0.05 mmol) was added to the
bicyclobutane and 25% of the THF was added to the imine and 25% to a separate vial that
contained LiHMDS (1.0M in THF, 0.05 mL, 1 equiv). The imine was added dropwise to the
LiHMDS and left to stir for 10 minutes at room temperature. The imine/LiHMDS mixture
was added dropwise to the bicyclobutane vial. The reaction was left to stir for 24 hours at
room temperature. The reaction was quenched with NH4Cl, and the organic solvent was
dried with Mg2SO4, filtered and the solvent was evaporated. The amounts of product and
starting materials were determined by NMR spectroscopy relative to the internal standard
(1,3,5-trimethoxybenzene). 20% product (4.06 ppm, Ha peak), 17% imine (4.39 ppm peak,
Hb), 18% benzaldehyde (from imine hydrolysis, 10.02 ppm peak), and no bicyclobutane (no
1.99 ppm peak, Hc) was observed.

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 7

In one vial, the bicyclobutane (50.2 mg, 1 equiv) and 1,3,5-trimethoxybenzene (16.8 mg, 0.33
equiv) were added and to another vial, the imine (57.4 mg, 1 equiv), was added under a
nitrogen atmosphere. 50% of the THF solvent (1 mL total, 0.05 mmol) was added to the
bicyclobutane and 25% of the THF was added to the imine and 25% to a separate vial that
contained LiHMDS (1.0M in THF, 0.30 mL, 1 equiv). The imine was added dropwise to the
LiHMDS and left to stir for 10 minutes at room temperature. The imine/LiHMDS mixture
was added dropwise to the bicyclobutane vial. The reaction was left to stir for 24 hours at
room temperature. The reaction was quenched with NH4Cl, and the organic solvent was
dried with Mg2SO4, filtered and the solvent was evaporated. The amounts of product and
starting materials were determined by NMR spectroscopy relative to the internal standard
(1,3,5-trimethoxybenzene). 11% product (4.06 ppm, Ha peak), 9% imine (4.39 ppm peak,
Hb), 4% benzaldehyde (from imine hydrolysis, 10.02 ppm peak), and 15% bicyclobutane (2.22
ppm peak, Hc).

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 8

In one vial, the bicyclobutane (50.2 mg, 1 equiv) and 1,3,5-trimethoxybenzene (16.8 mg, 0.33
equiv) were added and to another vial, the imine (68.8 mg, 1.2 equiv), was added under a
nitrogen atmosphere. 50% of the THF solvent (6 mL total, 0.05 mmol) was added to the
bicyclobutane and 25% of the THF was added to the imine and 25% to a separate vial that
contained LiHMDS (1.0M in THF, 0.45 mL, 1.5 equiv). The imine was added dropwise to the
LiHMDS and left to stir for 10 minutes at room temperature. The imine/LiHMDS mixture
was added dropwise to the bicyclobutane vial. The reaction was left to stir for 24 hours at
room temperature. The reaction was quenched with NaHCO3, and the organic solvent was
dried with Mg2SO4, filtered and the solvent was evaporated. The amounts of product and
starting materials were determined by NMR spectroscopy relative to the internal standard
(1,3,5-trimethoxybenzene). 39% product (4.01 ppm peak, Ha), 17% imine (4.33 ppm peak,
Hb), 10% benzaldehyde (from imine hydrolysis, 9.94 ppm peak), and 11% bicyclobutane (2.15
ppm peak, Hc).

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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Table 3.1, entry 9

In one vial, the bicyclobutane (50.2 mg, 1 equiv) and 1,3,5-trimethoxybenzene (16.8 mg,
0.33 equiv) were added and to another vial, the imine (68.8 mg, 1.2 equiv), was added
under a nitrogen atmosphere. 50% of the THF solvent (1 mL total, 0.3 mmol) was added
to the bicyclobutane and 50% of the THF was added to the imine. LiHMDS (1.0M in
THF, 0.45 mL, 1.5 equiv) was added to the imine vial and left to stir for 10 minutes at
room temperature. The two vials were then cooled in the freezer for 10 minutes followed
by a dropwise addition of the BCB to the enolate vial. The reaction was left to stir for 24
hours at room temperature. The reaction was quenched with NaHCO3 and extracted with
ethyl acetate 3 times. The organic layers were dried with Mg2SO4, filtered and the solvent
was evaporated. The amounts of product and starting materials were determined by NMR
spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene). 47% product (2.89
ppm peak, Ha), no imine (no peak at 4.33 ppm, Hb) and 21% bicyclobutane (2.22 ppm peak,
Hc).

1H NMR (300 MHz, CDCl3, 292 K, ppm)
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B.3 Substrate Synthesis

B.3.1 Imine Synthesis

General Procedure: The aldehyde (1 equiv) and amine (1.2 equiv) were added to a vial and
dissolved in Toluene (0.6 M). Then DIPEA (1.3 equiv) and excess anhydrous Na2SO4 was
added to the vial, and it was left to stir at room temperature for 24 hours. The solution
was then filtered, and the solvent was evaporated to give the desired imine without further
purification.

Imine 2b was purchased from Oakwood chemicals.

O

OEt
N

O

OtBu
N

2a 2b

B.3.2 Ethyl Ester Acetate Synthesis

General Procedure: The acetic acid derivative (1 equiv) was dissolved in ethanol in a vial
and sulfuric acid was added (0.5 equiv). The vial was heated to 70 °C overnight then the vial
was cooled, and the solvent was evaporated. The residue was quenched with NaHCO3 until
the solution was basic, determined by pH indicator paper. The solution was then extracted
by TBME, dried with Mg2SO4, filtered and the solvent was evaporated to give the desired
ethyl ester acetate without further purification.205–210
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B.3.3 Bicyclobutane Synthesis

Bicyclobutanes synthesized.65;106;121;144;150;213

N

O

N

O

N

O

O
N

O

O

O

N

O

O1a 1m 1n 1o 1p1l

General Procedure 1a (Amidation/Esterification from acyl chloride)121

The alcohol or amide (1.2 equiv) and DIPEA (1 equiv) was added to the reaction vessel,
dissolved in DCM, and then cooled to 0 °C. 3-oxocyclobutane-1-carbonyl chloride (1 equiv)
dissolved in DCM was added dropwise to the solution. The reaction mixture was then
warmed to room temperature and left to stir overnight. The reaction mixture was quenched
with water and extracted with DCM. The organic solvent was dried with Mg2SO4, filtered
and the solvent was evaporated to give the crude product. The compound was purified by
column chromatography.

General Procedure 1b (Amidation/Esterification from carboxylic acid)211

3-Oxocyclobutane-1-carboxylic acid (1 equiv) was dissolved in THF (0.40 M) in a round
bottom flask and the solution was cooled down to 0 °C. Carbonyl diimidazole (1.05 equiv)
was added to the flask. The solution was warmed to room temperature and left to stir for
2-3 hours before the solution was cooled back down to 0 °C and the amine (1.05 equiv)
was added dropwise. The solution was then warmed to room temperature and left to stir
overnight. The reaction was then quenched with NH4Cl and then extracted with DCM. The
combined organic layers were dried with Mg2SO4, filtered and the solvent was evaporated.
The compound was purified by column chromatography.

General procedure 2 (Cyclobutanone reduction)212

The cyclobutanone ester or amide (1 equiv) was dissolved in methanol and cooled down to 0
°C. Sodium borohydride was added portion-wise to the reaction mixture. The solution was
allowed to warm to room temperature and left to stir for 2-3 hours at room temperature.
The solution was quenched with NH4Cl and extracted with DCM. The organic layer was
dried with Mg2SO4, filtered and the solvent was evaporated to give the product which was
used without further purification.

General procedure 3 (Tosylation)212

The cyclobutane alcohol (1 equiv) was dissolved in DCM and cooled down to 0 °C. 4-toluene-
sulfonyl chloride (1.3 equiv) was added to the reaction mixture followed by triethylamine (1.3
equiv). The solution was then heated to 40 °C for 24 hours. The reaction was quenched with
NH4Cl and then extracted with DCM. The organic solvent was dried with Mg2SO4, filtered
and the solvent was evaporated to give the crude product. The compound was purified by
column chromatography.
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General procedure 4 (Bicyclobutane synthesis)212

The cyclobutane tosylate (1 equiv) was dissolved in THF (0.15 M) under a nitrogen atmo-
sphere. The reaction was cooled down to 0 °C then potassium tert-butoxide (1.1 equiv) was
added to the reaction mixture. The reaction was warmed to room temperature and stirred
overnight. The reaction was quenched with NH4Cl and extracted with TBME. The organic
layer was washed with NaHCO3, brine before being dried with Mg2SO4, filtered and the
solvent was evaporated to give the product without further purification.
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3-Phenyl-3-hydroxycyclobutane-1-carboxylic acid114;125;154

OH

O

HO

Solid 3-oxocyclobutane carboxylic acid was added to a 3-necked round bottom flask contain-
ing a stir bar and fitted with a gas inlet adapter, a septum, and an addition funnel. The
apparatus was purged with nitrogen gas. Anhydrous THF was transferred to the flask via
cannula, and the 3-oxocyclobutane carboxylic acid was dissolved with stirring. A solution
of the Grignard reagent (2.05 equiv) was added to an addition funnel via cannula transfer,
followed by slow dropwise addition to the reaction mixture over 6 hours. After the addition
was complete, the reaction mixture was quenched with 6 M HCl. The aqueous layer was
extracted with diethyl ether and the organic layer was dried with Mg2SO4. The solvent was
removed under vacuum and the product was re-dissolved in saturated NaHCO3. An equal
amount of diethyl ether was added to extract the aqueous layer. The aqueous layer was acid-
ified using concentrated HCl and a precipitate was formed which was filtered with vacuum
filtration. The product was used in the next step without further purification.

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.64 – 7.20 (m, 7H), 3.56 (s, 1H), 2.94 (s,
3H), 2.73 (d, J = 0.6 Hz, 3H).
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3-Phenyl-3-chlorocyclobutane-1-carboxylic acid125

OH

O

Cl

The 3-hydroxy-3-arylcyclobutane carboxylic acid was dissolved in toluene and then an equal
volume of concentrated hydrochloric acid was added. The reaction mixture was stirred at
room temperature for 6 hours. The two layers were separated, and the aqueous layer was
extracted with toluene. The organic layers were combined and washed with water and brine.
The solution was then dried with Mg2SO4 and the solvent was removed under vacuum. The
product was used in the next step without further purification.

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.33 (s, 5H), 3.92 – 3.75 (m, 0.7H), 3.32
(m, 1H), 3.15 (m, 3H), 3.00 (m, 0.4H).
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(3-Chloro-3-phenylcyclobutyl)(morpholino)methanone

N

O

Cl

O

This product was prepared using general procedure 1b. The compound was purified by
column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/hexanes, eluted at
43% EtOAc). 876 mg of an orange oil was obtained (66% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.34 (m, 5H), 3.89 – 3.73 (m, 1H), 3.66
(m, 6H), 3.46 (m, 2H), 3.11 (m, 2H), 2.96 (m, 2H).
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3-Oxocyclobutane-1-carbonyl chloride121

O
Cl

O

3-oxocyclobutane-1-carboxylic acid (5.0 g. 43.8 mmol) was added to a round bottom flask
and dissolved in DCM. A drop of DMF was added and the solution was cooled down to 0 °C.
Oxalyl chloride (5.6 mL, 1.5 equiv) was added dropwise to the reaction flask. The solution
was allowed to warm to room temperature and was left to stir for 24 hours. The solvent was
then evaporated to give the product with quantitative yield as a brown oil.

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 5.62-5.75 (m, 1H), 5.43-5.57 (m, 2H),
5.28-5.43 (m, 2H).
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3-(Morpholine-4-carbonyl)cyclobutan-1-one

O
N

O

O

This product was prepared using general procedure 1b. The compound was purified by
column chromatography (Biotage® Sfär 50g Column, 0-100% MeOH/DCM, eluted at 15%
MeOH). 3.03 grams of an orange oil was obtained (94% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 3.74-3.62 (m, 6H), 3.58-3.46 (m, 4H),
3.39-3.13 (m, 3H).
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N,N -Diisopropyl-3-oxocyclobutane-1-carboxamide

O
N

O

This product was prepared using general procedure 1a. Isolated 689 mg of an orange oil
(93% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 3.98 (septet, 1H), 3.62-3.41 (m, 3H),
3.35-3.21 (m, 1H), 3.20-3.07 (m, 2H), 1.40 (d, 6H), 1.23 (d, 6H).
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N,N -Dibenzyl-3-oxocyclobutane-1-carboxamide

O
N

O

This product was prepared using general procedure 1b. The compound was purified by
column chromatography (Biotage® Sfär 50g Column, 0-100% EtOAc/hexanes, eluted at
24% EtOAc). 3.3 g of a yellow oil was obtained (100% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ7.35 (m, 10H), 4.69 (s, 2H), 4.50 (s, 2H),
3.53 (m, 2H), 3.39 (m, 1H), 3.16 (m, 2H).
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N -Methyl-3-oxo-N -phenylcyclobutane-1-carboxamide

O
N

O

This product was prepared using general procedure 1b. The compound was purified by
column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/hexanes, eluted at
35% EtOAc). 890 mg of a yellow oil was obtained (28% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.47 (dd, J = 8.4, 6.9 Hz, 2H), 7.44 –
7.35 (m, 1H), 7.20 (d, J = 7.0 Hz, 2H), 3.50 (m, 2H), 3.35 (s, 3H), 3.05 (dq, J = 9.0, 7.2 Hz,
1H), 2.97 – 2.83 (m, 2H).
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Benzyl 3-oxocyclobutane-1-carboxylate

O
O

O

3-Oxocyclobutane carboxylic acid (2.0 g, 17.5 mmol) was dissolved in acetonitrile in a round
bottom flask and potassium carbonate (3.63 g, 1.5 equiv) was added. Then benzyl bromide
(2.29 mL, 1.1 equiv) was added to the flask and the reaction was left to stir overnight
at 50 °C. The reaction was quenched with water and extracted with ethyl acetate. The
organic layers were dried with Mg2SO4, filtered and the solvent was evaporated to obtain the
crude product. The compound was purified by column chromatography (Biotage® Sfär 50g
Column, 0-100% EtOAc/hexanes, eluted at 35% EtOAc). 1.84 grams of a white solid was
obtained (51% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.37 (m, 5H), 5.19 (s, 2H), 3.52 – 3.20
(m, 5H).
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(3-Hydroxycyclobutyl)(morpholino)methanone

HO
N

O

O

This product was prepared using general procedure 2. Isolated 4.21 grams of a white
powder (94% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 4.18 (septet, 1H), 3.69-3.58 (m, 6H),
3.43-3.36 (m, 2H), 2.80-2.67 (m, 1H), 2.62-2.49 (m, 2H), 2.28-2.15 (m, 2H).
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3-Hydroxy-N,N -diisopropylcyclobutane-1-carboxamide

HO
N

O

This product was prepared using general procedure 2. Isolated 600 mg of a brown solid
(86% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 4.17 (sextet, J = 7.3 Hz, 1H), 3.87 (s,
1H), 2.71 (m, 1H), 2.54 (s, 3H), 2.20 (s, 2H), 1.37 (d, J = 6.8 Hz, 7H), 1.16 (d, J = 6.7 Hz,
6H).
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N,N -Dibenzyl-3-hydroxycyclobutane-1-carboxamide

HO
N

O

This product was prepared using general procedure 2. Isolated 3.23 grams of a clear
colourless oil (100% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.25 – 6.99 (m, 10H), 4.51 (s, 2H), 4.30
(s, 2H), 4.13 – 3.99 (m, 1H), 2.86 – 2.68 (m, 1H), 2.44 (m, 2H), 2.31 – 2.15 (m, 2H).
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3-Hydroxy-N -methyl-N -phenylcyclobutane-1-carboxamide

HO
N

O

This product was prepared using general procedure 2. Isolated 740.7 mg of a white powder
(82% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.43 (m, 3H), 7.19 – 7.09 (m, 2H), 3.99
(p, J = 7.1 Hz, 1H), 3.29 (s, 3H), 2.58 – 2.44 (m, 1H), 2.28 (m, 2H), 2.22 (m, 2H).
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Benzyl 3-hydroxycyclobutane-1-carboxylate

HO
O

O

This product was prepared using general procedure 2. Isolated 1.32 grams of a white
powder (100% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.35 (m, 6H), 5.12 (s, 2H), 4.20 (m, 1H),
2.64 (m, 3H), 2.28 – 2.10 (m, 2H).
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3-(Morpholine-4-carbonyl)cyclobutyl 4-methylbenzenesulfonate

TsO
N

O

O

This product was prepared using general procedure 3. The compound was purified by
column chromatography (Biotage® Sfär 50g Column, 0-100% MeOH/DCM, eluted at 10%
MeOH). 6.86 grams of a yellow oil was obtained (89% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.76 (d, 2H), 7.35 (d, 2H), 4.80 (quintet,
1H), 3.67-3.53 (m, 6H), 3.34-3.27 (m, 2H), 2.78-2.64 (m, 1H), 2.54-2.39 (m, 7H).
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3-(Diisopropylcarbamoyl)cyclobutyl 4-methylbenzenesulfonate

TsO
N

O

This product was prepared using general procedure 3. The compound was purified by
column chromatography (Biotage® Sfär 50g Column, 0-100% MeOH/DCM, eluted at 13%
MeOH). 2.11 grams of a white solid was obtained (60% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.71 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 8.0
Hz, 2H), 4.72 (m, 1H), 3.68 (hept, J = 6.6 Hz, 1H), 3.41 – 3.24 (m, 1H), 2.58 (m, 1H), 2.37
(s, 7H), 1.28 (d, J = 6.8 Hz, 6H), 1.06 (d, J = 6.7 Hz, 6H).
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3-(Dibenzylcarbamoyl)cyclobutyl 4-methylbenzenesulfonate

TsO
N

O

This product was prepared using general procedure 3. The compound was purified by
column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/hexanes, eluted at
30% EtOAc). 2.32 grams of an orange oil was obtained (47% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.70 (d, J = 8.3 Hz, 2H), 7.31 – 7.20 (m,
7H), 7.09 (m, 3H), 7.00 – 6.91 (m, 2H), 4.75 – 4.58 (m, 1H), 4.48 (s, 2H), 4.25 (s, 2H), 2.70
(m, 1H), 2.49 (m, 2H), 2.37 (s, 3H), 2.30 (m, 2H).
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3-(Methyl(phenyl)carbamoyl)cyclobutyl 4-methylbenzenesulfonate

TsO
N

O

This product was prepared using general procedure 3. The compound was purified by
column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/hexanes, eluted at
40% EtOAc). 1.21 grams of a yellow oil was obtained (93% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.73 (d, J = 8.3 Hz, 2H), 7.38 (m, 5H),
7.07 (m, 2H), 4.61 – 4.45 (m, 1H), 3.23 (s, 3H), 2.43 (m, 6H), 2.07 (m, 2H).
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Benzyl 3-(tosyloxy)cyclobutane-1-carboxylate

TsO
N

O

This product was prepared using general procedure 3. The compound was purified by
column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/hexanes, eluted at
35% EtOAc). 1.02 grams of a white solid was obtained (44% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.78 (d, J = 8.3 Hz, 2H), 7.33 (m, J =
5.7 Hz, 7H), 5.09 (s, 2H), 4.74 (m, 1H), 2.67 (m, 1H), 2.45 (m, 7H).
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Bicyclo[1.1.0]butan-1-yl(morpholino)methanone (1a)106

O

N

O

This product was prepared using general procedure 4. 338 mg of an orange oil was
obtained (89% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 3.54 (m, 8H), 2.07 (d, J = 3.4 Hz, 2H),
1.84 (m, 1H), 1.02 (d, J = 2.5 Hz, 2H).
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Morpholino(3-phenylbicyclo[1.1.0]butan-1-yl)methanone (1l)121

N

O

O

(3-chloro-3-phenylcyclobutyl)(morpholino)methanone (0.4776 g, 1.70 mmol) was added to a
20 mL vial and dissolved in 5 mL THF under a N2 atmosphere at 0 °C. NaHMDS (2.04 mL,
2.04 mmol) was added to the vial and the reaction mixture was stirred at 0 °C for 4 hours.
The reaction mixture was diluted with DCM and washed with water. The organic layer was
dried with Mg2SO4 and the solvent was removed by evaporation. The product was isolated
as an orange solid and used without further purification (0.394 mg, 95%).

1H NMR (500 MHz, CDCl3, 292 K, ppm):δ 7.37-7.18 (m, 5H), 3.61 (s, 8H), 2.77 (s,
2H), 1.60 (s, 2H).

N
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N,N -Diisopropylbicyclo[1.1.0]butane-1-carboxamide (1m)150

O

N

This product was prepared using general procedure 4. 896 mg of an orange solid was
obtained (83% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 4.71 (broad s, 1H), 3.36 (broad s, 1H),
2.01 (d, J = 3.3 Hz, 2H), 1.72 (m, 1H), 1.24 (m, 6H), 1.07 (m, 6H), 0.90 (d, J = 2.2 Hz, 2H).
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N,N -Dibenzylbicyclo[1.1.0]butane-1-carboxamide (1n)211

O

N

Synthesis adapted from Agasti et al.68 3-(Dibenzylcarbamoyl)cyclobutyl 4-methylbenzene-
sulfonate (1 equiv) was dissolved in THF (0.15 M) under a nitrogen atmosphere. The reaction
was cooled down to 0 °C then NaHMDS (1.0M in THF, 1.1 equiv) was added to the reaction
mixture. The reaction was stirred at 0 °C for 2 hours. The reaction was quenched with
NH4Cl and extracted with ethyl acetate. The organic layers were washed with NaHCO3

and brine. The organic layer was then dried with Mg2SO4, filtered and the solvent was
evaporated. The crude compound was purified by column chromatography (Biotage® Sfär
5g Column, 0-100% EtOAc/hexanes, eluted at 28% EtOAc). 109.5 mg of a clear colourless
oil was obtained (68% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.31 (m, 6H), 7.21 (m, 4H), 4.82 (s, 2H),
4.57 (s, 2H), 2.27 (d, J = 3.4 Hz, 2H), 2.13 – 2.07 (m, 1H), 1.11 (d, J = 2.4 Hz, 2H).
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N -Methyl-N -phenylbicyclo[1.1.0]butane-1-carboxamide (1o)213

O

N

Synthesis adapted from Agasti et al.68 3-(Methyl(phenyl)carbamoyl)cyclobutyl 4-methyl-
benzenesulfonate (1 equiv) was dissolved in THF (0.15 M) under a nitrogen atmosphere.
The reaction was cooled down to 0 °C then NaHMDS (1.0M in THF, 1.1 equiv) was added
to the reaction mixture. The reaction was stirred at 0 °C for 1.5 hours. The reaction was
quenched with NH4Cl and extracted with ethyl acetate. The organic layers were washed with
NaHCO3 and brine. The organic layer was then dried with Mg2SO4, filtered and the solvent
was evaporated to give the product without further purification. 126 mg of a yellow solid
was obtained (80% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.44 – 7.30 (m, 2H), 7.23 (m, 3H), 3.34 (s,
3H), 2.02 (ddd, J = 5.8, 3.3, 2.5 Hz, 1H), 1.80 (d, J = 3.3 Hz, 2H), 0.77 (d, J = 2.6 Hz, 2H).
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Benzyl bicyclo[1.1.0]butane-1-carboxylate (1p)144

O

O

Benzyl 3-(tosyloxy)cyclobutane-1-carboxylate (1 equiv) was dissolved in THF (0.19 M) under
a nitrogen atmosphere. The reaction was cooled down to 0 °C then LiHMDS (1.0M in THF,
1.1 equiv) was added to the reaction mixture. The reaction was stirred at rt overnight. The
reaction was quenched with NH4Cl and extracted with ethyl acetate. The organic layer was
then dried with Mg2SO4, filtered and the solvent was evaporated to give the crude product.
The compound was purified by column chromatography (Biotage® Sfär 25g Column, 0-100%
EtOAc/hexanes, eluted at 12% EtOAc). 718 mg of a clear colourless oil was obtained (40%
Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm):δ 7.19 (m, 5H), 5.00 (s, 2H), 2.24 (m, 2H),
1.95 (m, 1H), 1.02 (m, 2H).
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B.4 Imine Bicyclohexane Transformations

General Procedure for Bicyclohexane Synthesis

In two separate vials, the bicyclobutane 1 (1 equiv) and acetate 2 (1.2 equiv) were added
and put under a nitrogen atmosphere. The acetate was dissolved in 50% of the THF and
LiHMDS (1.0M in THF, 1.5 equiv) was added to the vial and then left to stir for 15 minutes
at room temperature to form the enolate. Then 50% of the THF solvent was added to
the bicyclobutane vial and then it was cooled in the glovebox freezer for 15 minutes along
with the enolate vial. The bicyclobutane was then added dropwise to the enolate vial. The
reaction was left to stir at room temperature overnight. The reaction was quenched with
NaHCO3 and extracted three times with ethyl acetate. The organic layers were dried with
Mg2SO4, filtered and the solvent was evaporated to give the crude product 3.

3-((Benzylidene)amino)-1-(morpholine-4-carbonyl)bicyclo[2.1.1]hexan-2-one
(3a)

N O

N

O

O
(+/-)

The product was prepared following the general procedure for bicyclohexane synthesis and
carried into the next transformation without purification. Amount of reagents used: bicyclo-
[1.1.0]butan-1-yl(morpholino)methanone 1a (83.6 mg, 1 equiv), ethyl (E )-2-(benzylidene-
amino)acetate 2a (105.2 mg, 1.1 equiv), LiHMDS (1.0 M in THF, 0.75 mL, 1.5 equiv) and
THF (10 mL, 0.06 M). This was used directly in the next step without purification. Crude
1H NMR spectroscopy solution yield of 47% (peak at 2.89 ppm).

One sample was isolated and purified by column chromatography for characterization (Bio-
tage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 100% EtOAc). Isolated 8 mg of
a yellow oil (13% yield).

HRMS(ESI): calc’d for [C18H20N2O3 + H+], 313.15467; found: 313.15446.
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Crude 1H NMR spectrum, including 1,3,5-trimethoxybenzene as internal
standard (500 MHz, CDCl3, 292 K):
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Isolated sample of 3a after chromatography: 1H NMR (500 MHz, CDCl3, 292
K, ppm): δ 8.48 (s, 1H), 7.81 – 7.70 (m, 2H), 7.43 (m, 3H), 4.06 (s, 1H), 3.83 – 3.60 (m,
6H), 3.57 (m, 1H), 3.24 (d, J = 4.4 Hz, 2H), 2.89 (m, 1H), 2.79 (dd, J = 9.4, 7.5 Hz, 1H),
2.64 (m, 2H), 2.03 (t, J = 8.7 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 204.60, 166.53, 164.48, 135.90, 131.34,
128.75, 128.59, 75.82, 67.08, 66.98, 66.77, 46.49, 42.54, 41.57, 39.42, 37.35.
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1H-1H COSY (3a):
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1H-13C HMBC (3a):

1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f2 (ppm)
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Synthesis of Ethyl 2-(4-methylbenzamido)-2-(3-(morpholine-4-carbonyl)-
cyclobutyl)acetate 3ab:

N

O

N

OPh
OEt

O

H
N

O

N

O
OEt

O

O
p-Toloyl chloride

DCM

3aa 3ab

An additional sample of the byproduct 3aa was isolated. The isolated crude product was
acylated by taking 3aa (17.9 mg, 0.05 mmol, 1 equiv) and dissolving it in DCM. p-Toluoyl
chloride (0.033 mL, 0.25 mmol, 5 equiv) was added and the reaction was left to stir at rt
overnight. The reaction was quenched with NaHCO3 and extracted three times with ethyl
acetate. The combined organic layers were dried with Mg2SO4, filtered and the solvent was
evaporated to give the crude product 3ab. The mass was confirmed via LCMS (expected
389.5 and found 389.5 m/z)
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Crude 1H NMR spectra of 3ab (300 MHz, CDCl3, 292 K, ppm):
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3-Amino-1-(morpholine-4-carbonyl)bicyclo[2.1.1]hexan-2-one (4a)

H2N O

N

O

O
(+/-)

Crude 3a was dissolved in DCM (3 mL) and silica gel was added to the vial (0.875 g). The
mixture was stirred overnight at room temperature. The mixture was then filtered, and the
silica was washed with DCM (3 times) to remove benzaldehyde from the hydrolysis and any
organic impurities. The silica was then washed with 50% MeOH/DCM and the organic layer
was collected, dried with Mg2SO4, filtered and evaporated to give the primary amine product
4a. Isolated 23.3 mg of an orange solid (35% yield over two steps).

HRMS(ESI): calc’d for [C11H17N2O3 + H+], 225.12337; found: 225.12335.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 3.64 (m, 9H), 3.27 (m, 2H), 3.00 (d, J =
2.9 Hz, 1H), 2.57 (dd, J = 7.6, 3.5 Hz, 1H), 2.48 (m, 1H), 2.14 (dd, J = 9.6, 7.6 Hz, 1H),
1.65 (dd, J = 9.6, 7.5 Hz, 1H).

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.5
f1 (ppm)

0
.7
9

0
.9
9

0
.9
7

0
.9
1

0
.8
5

1
.7
6

9
.5
2

1
.6
3

1
.6
5

1
.6
5

1
.6
6

2
.1
2

2
.1
3

2
.1
3

2
.1
5

2
.4
7

2
.5
6

2
.5
6

2
.5
7

2
.5
8

2
.9
9

3
.2
7

3
.6
3

3
.6
4

3
.8
1

7
.2
6

C
D
C
l3

H2N O

N

O

O
(+/-)

13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 183.22, 167.46, 67.44, 66.94, 59.30,
46.55, 43.29, 43.14, 42.51, 35.69.
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3-(Benzylamino)-2-hydroxybicyclo[2.1.1]hexan-1-yl)(morpholino)methanone
(4b)

NH OH

N

O

Ph

O

(+/-)

Crude 3a was dissolved in methanol (5 mL, 0.1 M) then NaBH4 (94.6 mg, 5 equiv) was added
and then the reaction was stirred at room temperature overnight. The reaction was quenched
with NaHCO3 and extracted with DCM. The organic layers were dried with Mg2SO4, filtered
and the solvent was evaporated to give the crude product. The compound was purified by
column chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 20%
EtOAc). 60 mg of a red oil was obtained as a single diastereomer (35% Yield over two steps).
syn stereochemistry was assigned through NOESY and 2D NMR experiments.

HRMS(ESI): calc’d for [C18H24N2O3 + H+],317.18597; found: 317.18601.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.26 – 7.15 (m, 5H), 4.12 (dd, J = 6.5,
1.5 Hz, 1H), 3.78 (s, 2H), 3.68 – 3.47 (m, 6H), 3.31 – 3.22 (m, 2H), 3.19 (d, J = 6.5 Hz,
1H), 2.24 (s, 1H), 1.84 – 1.79 (m, 1H), 1.75 (m, 1H), 1.71 (dd, J = 7.9, 3.4 Hz, 1H), 1.33 –
1.27 (m, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 171.25, 138.62, 128.83, 128.38, 127.78,
71.66, 67.30, 67.02, 59.94, 58.08, 53.07, 46.11, 42.51, 39.14, 38.40, 35.27.
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1H-13C HSQC (4b):

1.52.02.53.03.54.04.55.05.56.06.57.07.58.0
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1H-1H NOESY (4b):
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Benzyl (4-(morpholine-4-carbonyl)-3-oxobicyclo[2.1.1]hexan-2-yl)carbamate (4c)

NH O

N

O

BnO

O

O
(+/-)

3a was dissolved in DCM (5 mL, 0.1 M) and benzyl chloroformate (0.284 mL, 4 equiv)
was added and then the reaction was stirred at room temperature overnight. The reac-
tion was quenched with NaHCO3 and extracted with DCM. The organic layers were dried
with Mg2SO4, filtered and the solvent was evaporated to give the crude product. The
compound was purified by column chromatography (Biotage® Sfär 5g Column, 0-100%
MeOH/EtOAc/hexanes, eluted at 8% MeOH). 74 mg of a yellow solid was obtained (47%
Yield over two steps).

HRMS(ESI): calc’d for [C19H22N2O5 + Na+], 381.14209; found: 381.14193.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.36 (m, 5H), 5.13 (s, 2H), 4.26 (m, 1H),
3.68 (m, 7H), 3.21 (m, 2H), 2.97 (m, 1H), 2.56 (m, 2H), 2.19 (t, J = 8.9 Hz, 1H), 1.97 (t, J
= 8.7 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 205.70, 165.96, 156.56, 136.10, 128.63,
128.39, 128.35, 67.31, 67.02, 66.83, 66.78, 59.32, 46.38, 42.50, 40.49, 40.22, 36.41, 28.42.
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4-methyl-N -(4-(morpholine-4-carbonyl)-3-oxobicyclo[2.1.1]hexan-2-yl)-
benzamide (4d)

NH O

N

OO

O

(+/-)

3a was dissolved in DCM (5 mL, 0.1 M) and p-toluoyl chloride (0.264 mL, 4 equiv) was added
and then the reaction was stirred at room temperature overnight. The reaction was quenched
with NaHCO3 and extracted with DCM. The organic layers were dried with Mg2SO4, filtered
and the solvent was evaporated to give the crude product. The compound was purified by
column chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 100%
EtOAc). 44 mg of a white solid was obtained (28% Yield over two steps).

HRMS(ESI): calc’d for [C19H22N2O4 + H+], 343.16524; found: 343.16528.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.70 (d, J = 8.3 Hz, 2H), 7.22 (d, J =
7.9 Hz, 2H), 6.91 (d, J = 6.1 Hz, 1H), 4.60 (t, J = 4.7 Hz, 1H), 3.67 (m, 5H), 3.52 (m, 1H),
3.26 (m, 2H), 3.02 (m, 1H), 2.61 (dd, J = 7.9, 3.9 Hz, 1H), 2.53 (dt, J = 7.7, 3.7 Hz, 1H),
2.39 (s, 3H), 2.35 – 2.28 (m, 1H), 2.07 (dd, J = 9.5, 7.9 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 206.36, 168.33, 166.02, 142.63, 130.80,
129.40, 127.35, 67.39, 66.95, 66.88, 58.79, 46.52, 42.60, 40.97, 40.74, 36.57, 21.62.
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1H-1H COSY (4d):
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1H-13C HMBC (4d):
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B.5 Bicyclohexane Synthesis Scope

General Procedure for Bicyclohexane Synthesis

In two separate vials, the bicyclobutane 1 (1 equiv) and enolate precursor 2 (1.2 equiv) were
added and put under a nitrogen atmosphere. The acetate was dissolved in 50% of the THF
(0.3 M) and LiHMDS (1.0M in THF, 1.5 equiv) was added dropwise to the vial containing
the acetate and then left to stir for 15 minutes at room temperature to form the enolate. 50%
of the THF solvent was added to the bicyclobutane vial and then it was cooled in the freezer
for 15 minutes along with the enolate vial. The bicyclobutane was then added dropwise
to the enolate. The reaction was left to stir at room temperature overnight. The reaction
was quenched with NaHCO3 and extracted with ethyl acetate (3 times). The organic layers
were dried with Mg2SO4, filtered and the solvent was evaporated to give the crude product.
Products were purified by column chromatography.

3-((Benzylidene)amino)-1-(morpholine-4-carbonyl)bicyclo[2.1.1]hexan-2-one
(3a)

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2a on a 0.30 mmol bicyclobutane scale. 1,3,5-Trimethoxybenzene was used as an
internal standard for calculating a solution yield of 47% (peak at 2.89 ppm).

1H NMR (500 MHz, CDCl3, 292 K, ppm):
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3-((Diphenylmethylene)amino)-1-(morpholine-4-carbonyl)bicyclo[2.1.1]hexan-2-
one (3b)

N O

N

O

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2b on a 0.30 mmol bicyclobutane scale with a reaction concentration of 0.1 M.
The compound was purified by column chromatography (Biotage® Sfär 5g Column, 0-100%
EtOAc/hexanes, eluted at 75% EtOAc). 45 mg of a white solid was obtained (42% Yield).

HRMS(ESI): calc’d for [C24H24N2O3 + H+], 389.18597; found: 389.18601.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.65 – 7.61 (m, 2H), 7.51 – 7.43 (m,
3H), 7.42 – 7.36 (m, 3H), 7.36 – 7.30 (m, 2H), z14 (m, 1H), 3.79 (m, 1H), 3.68 (m, 4H),
3.55 – 3.44 (m, 1H), 3.28 (m, 2H), 3.02 (dd, J = 9.4, 7.2 Hz, 1H), 2.68 (m, 1H), 2.63 (dt, J
= 7.1, 3.5 Hz, 1H), 2.52 (dd, J = 8.1, 3.9 Hz, 1H), 1.87 (dd, J = 9.3, 8.1 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 205.14, 171.70, 166.71, 139.67, 136.01,
130.54, 130.22, 129.09, 128.99, 128.80, 128.59, 128.18, 70.30, 67.50, 67.16, 67.02, 46.49,
42.51, 41.98, 39.47, 37.91.
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1-(Morpholine-4-carbonyl)-3-phenylbicyclo[2.1.1]hexan-2-one (3c):

O

N

O

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2c on a 0.50 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 80% EtOAc).
120.6 mg of a white solid was obtained (85% Yield).

This product was also prepared following the general procedure for bicyclohexane synthesis
using 3 mmol of 1a with an increase of concentration to 0.60 M. The compound was purified
by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/hexanes, eluted at
72% EtOAc). 513.5 mg of a white solid was obtained (60% Yield). On larger scale, an enolate
addition product 3cc is also observed as a mixture of diastereomers, but can be separated
from the desired product by column chromatography.

HRMS(ESI): calc’d for [C17H19NO3 + H+], 286.14377; found: 286.14379.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.37 – 7.22 (m, 5H), 3.75 – 3.57 (m,
7H), 3.20 (t, J = 4.8 Hz, 2H), 3.08 (t, J = 3.7 Hz, 1H), 2.62 (dd, J = 7.6, 3.8 Hz, 1H), 2.51
(dt, J = 7.8, 3.7 Hz, 1H), 2.29 – 2.20 (m, 1H), 2.19 – 2.11 (m, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 206.74, 166.51, 135.83, 128.76, 127.45,
127.14, 67.85, 66.91, 54.86, 46.42, 43.11, 42.45, 41.65, 35.17.
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1H-1H COSY (3c):

1.52.02.53.03.54.04.55.05.56.06.57.07.5
f2 (ppm)
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1H-13C HMBC (3c):

1.52.02.53.03.54.04.55.05.56.06.57.07.5
f2 (ppm)
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Isolated By-product Ethyl 2-(3-(morpholine-4-carbonyl)cyclobutyl)-2-phenyl-
acetate (3cc):

O

N

O

O

OEt

HRMS(ESI): calc’d for [C19H25NO4 + H+], 332.18564; found: 332.18565.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.36 – 7.20 (m, 5H), 4.17 – 3.99 (m,
2H), 3.71 – 3.53 (m, 6H), 3.50 (d, J = 11.0 Hz, 0.6H), 3.31 (d, J = 4.6 Hz, 1.1H), 3.25 (d, J
= 3.4 Hz, 0.8H), 3.15 (m, 0.5H), 3.09 – 2.98 (m, 1H), 2.94 – 2.83 (m, 0.6H), 2.57 (m, 0.5H),
2.46 – 2.38 (m, 1H), 2.27 (m, 0.5H), 2.14 (m, 0.6H), 2.03 (m, 1H), 1.95 (m, 1.2H), 1.82 (m,
0.5H), 1.19 (m, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.09, 172.90, 172.84, 172.73, 137.20,
128.61, 128.25, 127.99, 127.44, 127.33, 66.92, 66.73, 66.60, 60.78, 60.72, 58.11, 57.58, 45.51,
42.13, 42.10, 34.16, 14.12, 32.90, 32.64, 30.63, 29.41, 29.03, 27.98, 14.20, 14.18.
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1H-13C HSQC (3cc):
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1-(Morpholine-4-carbonyl)-3-(p-tolyl)bicyclo[2.1.1]hexan-2-one (3d)

O

N

O

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2d on a 0.30 mmol bicyclobutane scale. The crude compound was crystallized in a
vial and was washed with hexanes. 58 mg of a white solid was obtained (65% Yield).

HRMS(ESI): calc’d for [C18H21NO3 + H+], 300.15942; found: 300.15946.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.21 (d, J = 7.6 Hz, 2H), 7.14 (d, J =
7.9 Hz, 2zH), 3.71 – 3.56 (m, 7H), 3.20 (t, J = 4.8 Hz, 2H), 3.05 (td, J = 3.7, 1.4 Hz, 1H),
2.61 (ddd, J = 7.6, 3.9, 1.0 Hz, 1H), 2.49 (dt, J = 7.7, 3.8 Hz, 1H), 2.32 (s, 3H), 2.25 (dd, J
= 9.5, 7.7 Hz, 1H), 2.14 (dd, J = 9.5, 7.5 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 206.99, 166.56, 136.77, 132.81, 129.43,
127.32, 67.85, 66.91, 54.57, 46.41, 43.12, 42.42, 41.66, 35.25, 21.09.
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1-(Morpholine-4-carbonyl)-3-(naphthalen-2-yl)bicyclo[2.1.1]hexan-2-one (3e)

O

N

O

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2e on a 0.50 mmol bicyclobutane scale using a reaction concentration of 0.05 M.
The compound was purified by column chromatography (Biotage® Sfär 5g Column, 0-100%
EtOAc/hexanes, eluted at 80% EtOAc). 127 mg of a light brown solid was obtained (76%
Yield).

HRMS(ESI): calc’d for [C21H21NO3 + H+], 336.15942; found: 336.15947.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.86 – 7.78 (m, 3H), 7.74 (sz, 1H), 7.53
– 7.43 (m, 3H), 3.85 (d, J = 3.9 Hz, 1H), 3.72 – 3.61 (m, 5H), 3.21 (m, 3H), 2.68 (ddd, J =
7.5, 3.9, 1.0 Hz, 1H), 2.56 (dt, J = 7.7, 3.8 Hz, 1H), 2.33 (dd, J = 9.5, 7.8 Hz, 1H), 2.21
(dd, J = 9.5, 7.6 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 206.72, 166.48, 133.38, 133.33, 132.44,
128.48, 127.88, 127.70, 126.38, 126.05, 125.94, 125.71, 67.94, 66.91, 54.94, 46.43, 43.11,
42.45, 41.79, 35.17.
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3-(4-Methoxyphenyl)-1-(morpholine-4-carbonyl)bicyclo[2.1.1]hexan-2-one (3f)

O

N

O

O

MeO

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2f on a 0.50 mmol bicyclobutane scale using a reaction concentration of 0.1 M. The
compound was purified by column chromatography (Biotage® Sfär 10g Column, 0-100%
EtOAc/hexanes, eluted at 68% EtOAc). 37.2 mg of a clear colourless oil was obtained (24%
Yield).

HRMS(ESI): calc’d for [C18H2NO4 + Na+], 338.13628; found: 338.13626.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.24 (m, 2H), 6.91 – 6.86 (m, 2H), 3.80
(s, 3H), 3.65 (m, 7H), 3.21 (t, J = 4.8 Hz, 2H), 3.05 (td, J = 3.7, 1.4 Hz, 1H), 2.62 (ddd, J
= 7.6, 3.9, 0.9 Hz, 1H), 2.51 (dt, J = 7.7, 3.8 Hz, 1H), 2.25 (dd, J = 9.5, 7.7 Hz, 1H), 2.15
(dd, J = 9.5, 7.6 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 207.11, 166.51, 158.64, 129.42,128.42,
127.82, 114.12, 67.80, 66.85, 55.28, 54.10, 46.36, 43.08, 42.37, 41.56, 36.51, 35.28, 28.37.
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3-(4-Fluorophenyl)-1-(morpholine-4-carbonyl)bicyclo[2.1.1]hexan-2-one (3g)

O

N

O

O

F

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2g on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 82% EtOAc).
74 mg of a white solid was obtained (68% Yield).

HRMS(ESI): calc’d for [C17H18FNO3 + H+], 304.13435; found: 304.13435.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.32 – 7.26 (m, 2H), 7.01 (m, 2H), 3.70
– 3.59 (m, 7H), 3.18 (t, J = 4.8 Hz, 2H), 3.06 (td, J = 3.7, 1.4 Hz, 1H), 2.62 (ddd, J = 7.5,
3.8, 1.0 Hz, 1H), 2.51 (dt, J = 7.6, 3.8 Hz, 1H), 2.20 (dd, J = 9.6, 7.6 Hz, 1H), 2.13 (dd, J
= 9.5, 7.5 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 206.56, 166.32, 162.94, 160.99, 131.51,
131.48, 128.99, 128.92, 115.72, 115.55, 67.82, 66.88, 54.05, 46.40, 43.06, 42.43, 41.50, 35.13,
28.42.
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19F NMR (500 MHz, CDCl3, 292 K, ppm): δ 115.44.

-300-280-260-240-220-200-180-160-140-120-100-80-60-40-20020406080100
f1 (ppm)
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3-(4-Bromophenyl)-1-(morpholine-4-carbonyl)bicyclo[2.1.1]hexan-2-one (3h)

O

N

O

O

Br

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2h on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 82% EtOAc).
62 mg of a white solid was obtained (57% Yield).

HRMS(ESI): calc’d for [C17H18BrNO3 + H+], 364.05429; found: 364.05441.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.46 (d, J = 8.5 Hz, 2H), 7.23 – 7.19 (m,
2H), 3.70 – 3.59 (m, 7H), 3.17 (m, 2H), 3.07 (m, 1H), 2.62 (ddd, J = 7.3, 3.9, 0.9 Hz, 1H),
2.51 (dt, J = 7.6, 3.8 Hz, 1H), 2.21 – 2.10 (m, 2H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

2
.0
3

1
.0
1

1
.0
0

1
.0
0

1
.9
4

7
.0
1

1
.9
6

1
.9
3

2
.1
2

2
.1
3

2
.1
4

2
.1
5

2
.1
6

2
.1
8

2
.1
8

2
.2
0

2
.5
0

2
.5
1

2
.5
1

2
.5
2

2
.5
3

2
.6
1

2
.6
1

2
.6
2

2
.6
2

2
.6
3

2
.6
3

2
.6
3

2
.6
4

3
.0
7

3
.0
7

3
.1
7

3
.6
1

3
.6
1

3
.6
2

3
.6
3

3
.6
4

3
.6
4

3
.6
7

3
.6
8

7
.2
0

7
.2
2

7
.2
2

7
.4
5

7
.4
7

O

N

O

O

Br

13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 206.12, 166.24, 134.73, 131.87, 129.12,
121.24, 67.78, 66.89, 54.20, 46.40, 42.96, 42.45, 41.55, 34.87.
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1-(Morpholine-4-carbonyl)-3-(thiophen-3-yl)bicyclo[2.1.1]hexan-2-one (3i)

O

N

O

O

S

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2i on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 75% EtOAc).
23 mg of a white solid was obtained (27% Yield).

HRMS(ESI): calc’d for [C15H17NO3S + H+], 292.10019; found: 292.10017.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.22 (m, 1H), 6.97 (m, 1H), 6.95 (m,
1H), 3.85 (d, J = 3.8 Hz, 1H), 3.67 (m, 7H), 3.21 (m, 2H), 3.02 (m, 1H), 2.63 (ddd, J = 7.7,
3.8, 0.9 Hz, 1H), 2.53 (dt, J = 7.7, 3.7 Hz, 1H), 2.30 (dd, J = 9.6, 7.9 Hz, 1H), 2.15 (dd, J
= 9.6, 7.7 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 205.57, 166.18, 138.39, 127.05, 125.18,
124.74, 67.92, 66.91, 51.61, 46.47, 43.19, 42.48, 42.19, 37.00.
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1-(Morpholine-4-carbonyl)-3-(pyridin-3-yl)bicyclo[2.1.1]hexan-2-one (3j)

O

N

O

O

N

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2j on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% MeOH/EtOAc, eluted at 44% MeOH).
57 mg of a white solid was obtained (67% Yield).

HRMS(ESI): calc’d for [C16H18N2O3 + H+], 287.13902; found: 287.13889.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 8.59 – 8.54 (m, 1H), 8.51 (m, 1H), 7.73 –
7.67 (m, 1H), 7.30 – 7.26 (m, 1H), 3.74 – 3.59 (m, 7H), 3.19 (t, J = 4.8 Hz, 2H), 3.14 (td, J
= 3.7, 1.3 Hz, 1H), 2.66 (d, J = 3.1 Hz, 1H), 2.55 (d, J = 3.7 Hz, 1H), 2.24 – 2.14 (m, 2H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 205.75, 166.11, 148.62, 135.30, 131.56,
123.67, 67.87, 66.90, 52.79, 46.45, 43.17, 42.50, 41.41, 34.73.
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1-(Morpholine-4-carbonyl)-3,3-diphenylbicyclo[2.1.1]hexan-2-one (3k)

O

N

O

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2k on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 62% EtOAc).
80 mg of a white solid was obtained (74% Yield).

HRMS(ESI): calc’d for [C23H23NO3 + H+], 362.17507; found: 362.17477.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.49 – 7.41 (m, 4H), 7.28 (t, J = 7.8 Hz,
4H), 7.18 (t, J = 7.4 Hz, 2H), 3.68 (dd, J = 20.8, 5.1 Hz, 6H), 3.58 (t, J = 3.8 Hz, 1H), 3.18
(d, J = 4.8 Hz, 2H), 2.54 (ddd, J = 5.6, 3.7, 2.2 Hz, 2H), 2.19 (dd, J = 5.2, 2.3 Hz, 2H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 207.22, 166.29, 141.62, 128.80, 126.88,
126.87, 67.34, 66.91, 66.87, 62.21, 46.44, 42.45, 41.15, 39.37, 28.44.
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1-(Morpholine-4-carbonyl)-3,4-diphenylbicyclo[2.1.1]hexan-2-one (3l):

O
O

N

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1l and 2c on a 0.30 mmol bicyclobutane scale. An NMR spectroscopy yield of 43% (3.97 ppm
peak) is reported compared to internal standard (1,3,5-trimethoxybenzene). The compound
was attempted to be purified by column chromatography (Biotage® Sfär 5g Column, 0-
100% EtOAc/hexanes) but the product and bicyclobutane starting material co-eluted at
43% ethyl acetate. 64.3 mg of a yellow solid was obtained as a mixture of 3o and unreacted
bicyclobutane (1 : 0.87 mol ratio, determined by NMR spectrscopy with peak at 2.83 ppm
for bicyclobutane and 3.98 ppm for 3l) (37% Yield of 3o, 32% of bicyclobutane).

HRMS(ESI): calc’d for [C23H23NO3 + H+], 362.17507; found: 362.17487.
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Crude 1H NMR, including 1,3,5-trimethoxybenzene (500 MHz, CDCl3, 292 K,
ppm):
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.33 (m, 6H), 7.00 (m, 2H), 6.89 (m,
2H), 4.02 – 3.92 (m, 1H), 3.76 (m, 6H), 3.38 (m, 2H), 2.83 (m, 1H), 2.75 – 2.53 (m, 3H).
Bicyclobutane peaks: 7.27 (m, 5H), 3.64 (m, 8H), 2.78 (t, J = 0.7 Hz, 2H), 1.62 (t, J = 0.7
Hz, 2H).
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N,N -diisopropyl-2-oxo-3-phenylbicyclo[2.1.1]hexane-1-carboxamide (3m)

O
O

N

The product was prepared following the general procedure for bicyclohexane synthesis from
1m and 2c on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 42% EtOAc).
39 mg of a clear colourless oil was obtained (43% Yield).

HRMS(ESI): calc’d for [C19H25NO2 + H+], 300.19581; found: 300.19577.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ7.29 – 7.21 (m, 4H), 7.21 – 7.14 (m, 1H),
3.60 (d, J = 4.0 Hz, 1H), 3.45 (p, J = 6.6 Hz, 1H), 3.27 (p, J = 6.8 Hz, 1H), 2.93 (s, 1H),
2.54 – 2.49 (m, 1H), 2.39 (dt, J = 7.8, 3.8 Hz, 1H), 2.14 (dd, J = 9.5, 7.7 Hz, 1H), 2.04 (dd,
J = 9.5, 7.5 Hz, 1H), 1.35 (t, J = 6.8 Hz, 6H), 1.11 – 1.03 (m, 6H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 207.14, 166.95, 136.28, 128.68, 127.58,
126.99, 69.53, 54.98, 49.52, 46.24, 43.47, 41.58, 34.71, 20.86, 20.84, 20.64, 20.62.
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N,N -Dibenzyl-2-oxo-3-phenylbicyclo[2.1.1]hexane-1-carboxamide (3n)

O

N

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1n and 2c on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 36% EtOAc).
81 mg of a clear colourless oil was obtained (68% Yield).

HRMS(ESI): calc’d for [C27H25NO2 + H+], 396.19581; found: 396.19583.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.33 (m, 8H), 7.28 (m, 5H), 7.12 (d, J =
6.8 Hz, 2H), 4.65 (d, J = 15.1 Hz, 1H), 4.51 (d, J = 15.2 Hz, 1H), 4.29 (d, J = 3.7 Hz, 2H),
3.71 (d, J = 4.0 Hz, 1H), 3.04 (td, J = 3.7, 1.3 Hz, 1H), 2.67 (ddd, J = 7.6, 3.9, 1.0 Hz,
1H), 2.56 (dt, J = 7.8, 3.8 Hz, 1H), 2.25 (dd, J = 9.6, 7.9 Hz, 1H), 2.19 – 2.10 (m, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 207.27, 168.96, 136.45, 136.25, 135.91,
129.00, 128.79, 128.76, 127.87, 127.84, 127.55, 127.38, 127.16, 126.91, 68.37, 54.84, 50.14,
47.81, 43.95, 42.34, 35.06.
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N -Methyl-2-oxo-N,3-diphenylbicyclo[2.1.1]hexane-1-carboxamide (3o)

O

N

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1o and 2c on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 71% EtOAc).
42 mg of a clear colourless oil was obtained (46% Yield).

HRMS(ESI): calc’d for [C20H19NO2 + H+], 306.14886; found: 306.14879.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.37 – 7.25 (m, 7H), 7.25 – 7.18 (m,
1H), 7.12 (d, J = 7.1 Hz, 2H), 3.46 (s, 1H), 3.33 (s, 3H), 2.74 – 2.67 (m, 1H), 2.27 (d, J =
3.5 Hz, 1H), 2.13 – 2.07 (m, 1H), 1.50 – 1.42 (m, 2H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 207.76, 168.22, 142.85, 136.30, 129.46,
128.48, 128.46, 128.00, 127.72, 126.90, 69.03, 54.38, 43.72, 41.74, 38.09, 35.54, 31.69, 22.75,
14.22.
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1-(Morpholine-4-carbonyl)-3-((E)-styryl)bicyclo[2.1.1]hexan-2-one (3p)

O

N

O

O

The product was prepared following the general procedure for bicyclohexane synthesis from
1a and 2p on a 0.30 mmol bicyclobutane scale. The compound was purified by column
chromatography (Biotage® Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 50% EtOAc).
66 mg of a white solid was obtained (71% Yield).

HRMS(ESI): calc’d for [C19H21NO3 + H+], 312.15942; found: 312.15937.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.39 (d, J = 7.3 Hz, 2H), 7.33 (t, J =
7.5 Hz, 2H), 7.27 (m, 1H), 6.61 (d, J = 16.0 Hz, 1H), 6.20 (dd, J = 16.1, 6.2 Hz, 1H), 3.71
(m, 6H), 3.25 (m, 3H), 2.86 (m, 1H), 2.61 (dd, J = 7.7, 3.8 Hz, 1H), 2.55 (dt, J = 7.7, 3.8
Hz, 1H), 2.35 (dd, J = 9.5, 7.8 Hz, 1H), 2.10 (dd, J = 9.5, 7.6 Hz, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 207.26, 166.51, 136.61, 133.55, 128.70,
127.91, 126.35, 123.70, 67.70, 66.95, 66.92, 54.46, 46.44, 43.31, 42.45, 41.66, 35.33.
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Synthesis of bicyclo[2.1.1]hexane with a benzyl ester bicyclobutane derivative

+
O

OEt

LiHMDS
THF

(+/-)

O

O

OO

O

The benzyl ester bicyclobutane and aryl enolate were used following the general procedure
for bicyclohexane synthesis from 1p and 2c on a 0.70 mmol bicyclobutane scale. With the
ester on the bicyclobutane, side reactions with the enolate and intermediates resulted a low
solution yield and formation of multiple products, with only the ethyl ester product shown
(due to transesterification of the benzyl ester with the ethoxide byproduct of the reaction).
The ethyl ester product was purified by column chromatography (Biotage® Sfär 10g Column,
0-100% EtOAc/hexanes, eluted at 8% EtOAc). 21 mg of a clear colourless oil was obtained
(12% Yield).

HRMS(ESI): calc’d for [C15H16O3 + Na+], 267.09916; found: 267.09924.

Crude 1H NMR (300 MHz, CDCl3, 292 K):
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.39 – 7.31 (m, 5H), 4.22 (q, J = 7.1 Hz,
2H), 3.69 (d, J = 3.6 Hz, 1H), 3.05 (td, J = 3.7, 1.4 Hz, 1H), 2.56 (ddd, J = 7.5, 3.9, 0.9
Hz, 1H), 2.44 (dt, J = 7.7, 3.8 Hz, 1H), 2.24 (dd, J = 9.4, 7.8 Hz, 1H), 2.12 (dd, J = 9.4,
7.5 Hz, 1H), 1.28 (t, J = 7.1 Hz, 4H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 205.48, 168.70, 136.02, 128.74, 127.64,
127.14, 66.03, 61.18, 54.40, 42.22, 40.58, 35.30, 14.35.
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B.6 Additional Reactions

Telescoped synthesis of bicyclohexane 3a:

N

O

TsO
N

O
N O

N

O

Ph

54%
3a1aa 1a 2a

O

O

O

LiHMDS 
(1.5 equiv)

THF, rt

LiHMDS 
(1.5 equiv)

(1.2 equiv)

In one vial, 3-(morpholine-4-carbonyl)cyclobutyl 4-methylbenzenesulfonate (33.9 mg, 0.10
mmol) and 1,3,5-trimethoxybenzene (5.6 mg, 0.33 equiv) were added and dissolved in 50%
of the THF solvent (1 mL total, 0.10 M) under a nitrogen atmosphere. LiHMDS (1.0M in
THF, 0.15 mL, 1.5 equiv) was added to the vial and it was left to stir for 15 minutes at
room temperature. In another vial, the imine 2a (68.8 mg, 1.2 equiv) was dissolved in 50%
of the THF solvent. LiHMDS (1.0M in THF, 0.15 mL, 1.5 equiv) was added to the imine
vial and left to stir for 10 minutes at room temperature. The two vials were then cooled in
the freezer for 10 minutes followed by a dropwise addition of the BCB vial to the enolate
vial. The reaction was left to stir for 24 hours at room temperature. The reaction was
quenched with NaHCO3 and extracted with ethyl acetate 3 times. The organic layers were
dried with Mg2SO4, filtered and the solvent was evaporated. The amounts of product and
starting materials were determined by NMR spectroscopy relative to the internal standard
(1,3,5-trimethoxybenzene). 54% product (2.74 ppm peak).

1H NMR (500 MHz, CDCl3, 292 K, ppm):
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All-at-once one pot synthesis of bicyclohexane 3a:

+TsO
N

O N O

N

O

Ph

LiHMDS (2.5 equiv)

THF, rt

O

OEt
NPh

57%

1aa 2a
3aO

O
(1.2 equiv)

In one vial, the 3-(morpholine-4-carbonyl)cyclobutyl 4-methylbenzenesulfonate (101.8 mg,
0.30 mmol) and 1,3,5-trimethoxybenzene (16.8 mg, 0.33 equiv) were added. In another vial,
the imine 2a (68.8 mg, 1.2 equiv), was added and the vials were put under a nitrogen
atmosphere in the glovebox. 50% of the THF solvent (2 mL total, 0.15 M) was added to the
tosylated cyclobutane and 50% of the THF was added to the imine vial. LiHMDS (1.0M
in THF, 0.75 mL, 2.5 equiv) was added to the imine vial and left to stir for 10 minutes at
room temperature. The two vials were then cooled in the freezer for 10 minutes followed by a
dropwise addition of the tosylated cyclobutane to the enolate vial. The reaction was left to stir
for 24 hours at room temperature. The reaction was quenched with NaHCO3 and extracted
with ethyl acetate 3 times. The organic layers were dried with Mg2SO4, filtered and the
solvent was evaporated. The amounts of product and starting materials were determined by
NMR spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene). 57% product
(2.74 ppm peak).

1H NMR (500 MHz, CDCl3, 292 K, ppm):
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Test for ketene addition to bicyclobutanes:

To test if the mechanism proceeds through a ketene addition to the bicyclobutane, phenyl
acetyl chloride was reacted with triethylamine and the bicyclobutane with or without the
presence of LiOTf in THF at room temperature as follows:

THF

O

N

O

O

O

Cl
N

O

O

NEt3+

In one vial, phenyl acetyl chloride (7.9 µL, 1.2 equiv) and 1,3,5-trimethoxybenzene (2.8 mg,
0.33 equiv) were added and dissolved in 50% of the THF solvent (0.17 mL total, 0.30 M)
under a nitrogen atmosphere. Triethylamine (10.5 µL, 1.5 equiv) was added to the vial and
it was left to stir for 5 minutes at room temperature. In another vial, the bicyclobutane 1a
(8.4 mg, 1 equiv, 0.05 mmol) was dissolved in 50% of the THF solvent. The two vials were
then cooled in the freezer for 10 minutes followed by a dropwise addition of the BCB vial to
the ketene vial. The reaction was left to stir overnight at room temperature. The reaction
was quenched with NaHCO3 and extracted with ethyl acetate. The organic layer was dried
with Mg2SO4, filtered and the solvent was evaporated. Decomposition of the phenyl acetyl
chloride was observed and no bicyclohexane product was formed (no peak at 4.06 ppm).

1H NMR (500 MHz, CDCl3, 292 K, ppm):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

1
.9

1

0
.8

5

1
.6

8

0
.9

5

394



THF

O

N

O

O

O

Cl
N

O

O

NEt3, LiOTf (20 mol%)
+

In one vial, phenyl acetyl chloride (7.9 µL, 1.2 equiv) and 1,3,5-trimethoxybenzene (2.8 mg,
0.33 equiv) were added and dissolved in 33% of the THF solvent (0.26 mL total, 0.2 M)
under a nitrogen atmosphere. Triethylamine (10.5 µL, 1.5 equiv) was added to the vial and
it was left to stir for 5 minutes at room temperature. In another vial, the bicyclobutane 1a
(8.4 mg, 1 equiv, 0.05 mmol) was dissolved in 33% of the THF solvent. The two vials were
then cooled in the freezer for 10 minutes followed by a dropwise addition of the BCB vial
to the ketene vial. LiOTf was dissolved in 33% of the THF solvent and then added to the
reaction mixture. The reaction was left to stir overnight at room temperature. The reaction
was quenched with NaHCO3 and extracted with ethyl acetate. The organic layer was dried
with Mg2SO4, filtered and the solvent was evaporated. Decomposition of the phenyl acetyl
chloride was observed and no bicyclohexane product was formed (no peak at 4.06 ppm).

1H NMR (500 MHz, CDCl3, 292 K, ppm):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
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B.7 Other Enolate Additions to Bicyclobutane

Synthesis of N -methyl-2-oxo-N,3-diphenylbicyclo[2.2.1]heptane-1-carboxamide
(5a)

O

N

O

In a 1-dram vial, ethyl ester phenyl acetate 2c (40.9 mg, 1.2 equiv) and TMB (10.1 mg,
0.06 mmol, 0.33 equiv) were added and put under a nitrogen atmosphere. The starting
material was dissolved in THF (0.20 mL, 0.9 M) and 1.0 M LiHMDS in THF (0.269 mL,
0.27 mmol, 1.50 equiv) was added to the vial and it was stirred at rt for 10 minutes. The
contents of the vial were then transferred to another 1-dram vial containing N -methyl-N -
phenylbicyclo[2.1.0]pentane-1-carboxamide “housane” (36.1 mg, 0.18 mmol, 1.0 equiv) and
the reaction was lfet to stir at rt overnight. The reaction was quenched with NaHCO3 and
extracted three times with ethyl acetate. The organic layers were dried with Mg2SO4, filtered
and the solvent was evaporated to give the crude product 5a (26% yield (peak at 2.57 ppm)
compared to internal standard TMB, 65% starting material remaining (housane, 2.22 ppm
peak)).

1H NMR (500 MHz, CDCl3, 292 K, ppm): 2.57 ppm peak is product and 2.22
ppm is starting material, housane.
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Isolated fraction of product: 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.40
(s, 4H), 7.31 (t, J = 7.7 Hz, 3H), 7.25 (d, J = 7.4 Hz, 1H), 7.10 – 7.03 (m, 2H), 3.36 (s,
3H), 3.19 (s, 1H), 2.60 (s, 1H), 2.25 – 2.20 (m, 1H), 1.73 (d, J = 10.4 Hz, 1H), 1.58 – 1.32
(m, 3H).
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Synthesis of bicyclo[2.1.1]hexane with a N -acyl pyrazole bicyclobutane derivative

O

O

2c

O

O

ON

O

N

5b
42%

LiHMDS
THF

1i

+

The N -acyl pyrazole bicyclobutane and aryl enolate were used following the general procedure
for bicyclohexane synthesis from 1i and 2c on a 1.20 mmol bicyclobutane scale. With the N -
acyl pyrazole on the bicyclobutane, side reactions with the enolate resulted with only the ethyl
ester product obtained (due to transesterification of the N -acyl pyrazole with the ethoxide
byproduct of the reaction). The ethyl ester product was purified by column chromatography
(Biotage® Sfär 10g Column, 0-100% EtOAc/hexanes, eluted at 8% EtOAc). 133.5 mg of a
clear colourless oil was obtained (42% Yield).

397



1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.26 – 7.09 (m, 8H), 7.03 – 6.96 (m,
2H), 4.50 (s, 1H), 4.08 – 3.94 (m, 2H), 3.06 (dd, J = 6.8, 2.5 Hz, 1H), 3.00 (dd, J = 6.8, 2.4
Hz, 1H), 1.66 (dd, J = 6.4, 2.4 Hz, 2H), 1.11 (t, J = 7.1 Hz, 3H).
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Test for the synthesis of 3,5-dimethylpyrazole bicyclo[2.1.1]hexane with a N -acyl
pyrazole bicyclobutane and enolate derivatives

N

O

2i

LiHMDS
THFN

O

NN

+ O

N

O

N
No product observed

1i

The N -acyl pyrazole bicyclobutane and 3,5-dimethyl N -pyrazole enolate were used following
the general procedure for bicyclohexane synthesis from 1i and 2i on a 0.05 mmol bicyclobu-
tane scale with TMB internal standard (0.33 equiv). Under these conditions, no product was
formed.
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Crude 1H NMR (500 MHz, CDCl3, 292 K):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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General procedure for Lewis-acid catalyzed nucleophilic addition to bicyclobu-
tane
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N
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Sc(OTf)3 20 mol%

EtO P
O
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OEt

O

EtO P
O

EtO

EtO

O

OEt

O

LiHMDS
+

O

NNu

N1i

I

II

III

(2.5 equiv)

7

In a N2 glovebox, the nucleophile (I-III, 2.5 equiv, 0.13 mmol) was added to a 4-mL vial
with a stir bar and dissolved in THF (0.25 mL) and then 1.0 M LiHMDS in THF (0.15 mL,
3 equiv, 0.15 mmol) was added to the vial and it was left to stir for 10 minutes. In another
4-mL vial the bicyclobutane (12.6 mg, 1.0 equiv, 0.05 mmol) and Sc(OTf)3 (4.9 mg, 20 mol%)
was added and dissoled in THF (0.25 mL), stirred for 10 minutes at room temperature and
then added to the vial containing the enolate. The reaction mixture was stirred for 2 hours at
room temperature and then it was heated to 70 °C for 24 hours. The reaction was quenched
with water (1 mL) and extracted with ethyl acetate (2 x 2 mL). The organic layer was dried
with Mg2SO4, filtered and the solvent was removed. A 1H NMR spectra was taken with
internal standard (1,3,5-trimethyoxybenzene, 0.33 equiv).

399



1H NMR (300 MHz, CDCl3, 292 K): Nucleophile I.
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1H NMR (300 MHz, CDCl3, 292 K): Nucleophile II.
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1H NMR (300 MHz, CDCl3, 292 K): Nucleophile III. Detected 413.4 m/z in
LCMS (expected 413.5 m/z)
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Appendix C

Supporting Information for Chapter 4

Contributions: The following data reported has been completed independently with
supporting work from supervised undergraduate students.

C.1 General

Materials. All solvents and common organic reagents were purchased from commercial
suppliers and used without further purification. Organic building blocks and starting ma-
terials were purchased from Oakwood Chemicals, Sigma Aldrich, or AmBeed and used as
received. All Lewis acids were purchased from Strem Chemicals and used as received. All
non-commerical compounds were prepared using literature procedures, or syntheses as de-
scribed in Section V.

Techniques. High-throughput experimentation was performed using 1 mL capacity glass
shell vials in sealable aluminum reaction blocks purchased from Analytical Sales. Heat-
ing/stirring was achieved using rare-earth magnetic tumble stirrers acquired from V&P Sci-
entific. Photochemistry was performed using a Lumidox® II LED Controller and Lumidox®
II LumLamp from Analytical Sales.

Analysis and Spectroscopy. All NMR spectra were acquired on either a Bruker AVANCE
300 MHz spectrometer or a Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C
NMR spectra chemical shifts are calibrated to residual protio-solvents, and 19F NMR spectra
chemical shifts are calibrated to an external standard. High-resolution electrospray ionization
mass spectrometric analysis was performed using a Thermo Scientific Ultimate 3000 ESI-
Orbitrap Exactive Plus.
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C.2 Reaction Optimization

96-well HTE Screen Procedure: (From Table 4.1):

A stock solution for the methyl ester pyridinium 2a in methanol was prepared and dispensed
to all 96 x 1 mL shell vials (0.063 mmol, 2.5 equiv), followed by solvent evaporation and
the addition of micro stir bars to each vial. Two stock solution were prepared for the bicy-
clobutane 1a, one in THF and another in MeCN. To two vials was added 1a (454.2 mg, 1.8
mmol) and then 7.20 mL of THF or MeCN was added to each vial. The inorganic bases were
weighed into the reaction vials containing the pyridinium 2a using calibrated scoops, and
triethylamine was added to the remaining vials. To all vials containing the base and 2a, 100
µL of THF or MeCN was added, and the mixtures were left to stir at rt for 10 minutes. Mean-
while, 24 stock solutions were prepared for the 12 triflate Lewis acids in the two solvents by
weighing out the Lewis acid into the vial followed by addition of the bicyclobutane 1a stock
solution (0.48 mL to each vial). The bicyclobutane 1a and Lewis acid mixtures were left to
stir for 10 minutes at rt before 100 µL of the mixture was added to each reaction vial. The
vials were then sealed and left to stir at 60 °C for 48 hours. The solvent was then evaporated
using a Genevac centrifugal evaporator and then a stock solution of 1,3,5-trimethoxybenzene
in CDCl3 (1.4 mg, 0.33 equiv, 0.6 mL) was added to each vial. The mixtures were stirred for
5 minutes, and then the samples were centrifuged before the supernatants were removed for
analysis by NMR spectroscopy compared to 1,3,5-tromethoxybenzene as internal standard.

Table C.1: 96-well High-throughput screen at 60 °C:

O

N
N

N CO2Me

Lewis-acid 40 mol%

Base (4 equiv)
Solvent (0.125 M) 

60°C, 48h

(2.5 equiv)

1a
2a

+ Br
NMeO2C

Ph
O

H

N3a N(+/-)(0.025 mmol)

Ha

Entry Catalyst Solvent Base % 3a d.r. (major : 1) % 1a left
A1 LiOTf THF K2CO3 51 4.1 0
B1 Mg(OTf)2 THF K2CO3 44 3.4 0
C1 Sc(OTf)3 THF K2CO3 2 - 0
D1 Fe(OTf)3 THF K2CO3 0 - 0
E1 Zn(OTf)2 THF K2CO3 8 7.0 35
F1 Ga(OTf)3 THF K2CO3 0 - 0
G1 AgOTf THF Cs2CO3 31 3.4 0
H1 Sn(OTf)2 THF K2CO3 4 - 0
I1 La(OTf)3 THF K2CO3 0 - 3
J1 Eu(OTf)3 THF K2CO3 0 - 0
K1 Yb(OTf)3 THF K2CO3 0 - 0
L1 Bi(OTf)3 THF K2CO3 0 - 0
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Entry Catalyst Solvent Base % 3a d.r. (major : 1) % 1a left
A2 LiOTf THF Cs2CO3 65 3.1 0
B2 Mg(OTf)2 THF Cs2CO3 53 1.2 5
C2 Sc(OTf)3 THF Cs2CO3 14 1.3 1
D2 Fe(OTf)3 THF Cs2CO3 0 - 0
E2 Zn(OTf)2 THF Cs2CO3 53 1.8 7
F2 Ga(OTf)3 THF Cs2CO3 0 - 0
G2 AgOTf THF Cs2CO3 45 2.0 21
H2 Sn(OTf)2 THF Cs2CO3 5 - 12
I2 La(OTf)3 THF Cs2CO3 0 - 8
J2 Eu(OTf)3 THF Cs2CO3 4 - 6
K2 Yb(OTf)3 THF Cs2CO3 0 - 3
L2 Bi(OTf)3 THF Cs2CO3 0 - 0
A3 LiOTf THF K3PO4 56 4.6 1
B3 Mg(OTf)2 THF K3PO4 56 1.7 1
C3 Sc(OTf)3 THF K3PO4 6 - 2
D3 Fe(OTf)3 THF K3PO4 0 - 0
E3 Zn(OTf)2 THF K3PO4 51 2.4 3
F3 Ga(OTf)3 THF K3PO4 0 - 0
G3 AgOTf THF K3PO4 35 4.8 0
H3 Sn(OTf)2 THF K3PO4 0 - 0
I3 La(OTf)3 THF K3PO4 2 - 5
J3 Eu(OTf)3 THF K3PO4 0 - 16
K3 Yb(OTf)3 THF K3PO4 0 - 5
L3 Bi(OTf)3 THF K3PO4 0 - 0
A4 LiOTf THF NEt3 14 1.8 50
B4 Mg(OTf)2 THF NEt3 1 - 0
C4 Sc(OTf)3 THF NEt3 0 - 25
D4 Fe(OTf)3 THF NEt3 0 - 0
E4 Zn(OTf)2 THF NEt3 3 2.0 1
F4 Ga(OTf)3 THF NEt3 0 - 0
G4 AgOTf THF NEt3 0 - 0
H4 Sn(OTf)2 THF NEt3 0 - 0
I4 La(OTf)3 THF NEt3 0 - 4
J4 Eu(OTf)3 THF NEt3 0 - 36
K4 Yb(OTf)3 THF NEt3 0 - 0
L4 Bi(OTf)3 THF NEt3 0 - 0
A5 LiOTf MeCN K2CO3 34 3.9 0
B5 Mg(OTf)2 MeCN K2CO3 0 - 0
C5 Sc(OTf)3 MeCN K2CO3 3 - 0
D5 Fe(OTf)3 MeCN K2CO3 0 - 0
E5 Zn(OTf)2 MeCN K2CO3 15 2.0 38
F5 Ga(OTf)3 MeCN K2CO3 0 - 0
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Entry Catalyst Solvent Base % 3a d.r. (major : 1) % 1a left
G5 AgOTf MeCN Cs2CO3 23 1.9 0
H5 Sn(OTf)2 MeCN K2CO3 0 - 0
I5 La(OTf)3 MeCN K2CO3 0 - 0
J5 Eu(OTf)3 MeCN K2CO3 0 - 0
K5 Yb(OTf)3 MeCN K2CO3 0 - 0
L5 Bi(OTf)3 MeCN K2CO3 0 - 0
A6 LiOTf MeCN Cs2CO3 53 3.4 7
B6 Mg(OTf)2 MeCN Cs2CO3 53 3.4 0
C6 Sc(OTf)3 MeCN Cs2CO3 0 - 0
D6 Fe(OTf)3 MeCN Cs2CO3 0 - 0
E6 Zn(OTf)2 MeCN Cs2CO3 11 1.8 13
F6 Ga(OTf)3 MeCN Cs2CO3 8 - 0
G6 AgOTf MeCN Cs2CO3 30 2.3 0
H6 Sn(OTf)2 MeCN Cs2CO3 0 - 0
I6 La(OTf)3 MeCN Cs2CO3 0 - 0
J6 Eu(OTf)3 MeCN Cs2CO3 0 - 0
K6 Yb(OTf)3 MeCN Cs2CO3 0 - 0
L6 Bi(OTf)3 MeCN Cs2CO3 0 - 1
A7 LiOTf MeCN K3PO4 45 3.5 3
B7 Mg(OTf)2 MeCN K3PO4 55 4.0 0
C7 Sc(OTf)3 MeCN K3PO4 0 - 0
D7 Fe(OTf)3 MeCN K3PO4 0 - 0
E7 Zn(OTf)2 MeCN K3PO4 0 - 7
F7 Ga(OTf)3 MeCN K3PO4 0 - 0
G7 AgOTf MeCN K3PO4 28 2.5 0
H7 Sn(OTf)2 MeCN K3PO4 0 - 0
I7 La(OTf)3 MeCN K3PO4 0 - 0
J7 Eu(OTf)3 MeCN K3PO4 0 - 0
K7 Yb(OTf)3 MeCN K3PO4 0 - 0
L7 Bi(OTf)3 MeCN K3PO4 0 - 0
A8 LiOTf MeCN NEt3 0 - 4
B8 Mg(OTf)2 MeCN NEt3 0 - 0
C8 Sc(OTf)3 MeCN NEt3 0 - 0
D8 Fe(OTf)3 MeCN NEt3 0 - 0
E8 Zn(OTf)2 MeCN NEt3 0 - 44
F8 Ga(OTf)3 MeCN NEt3 0 - 0
G8 AgOTf MeCN NEt3 0 - 0
H8 Sn(OTf)2 MeCN NEt3 0 - 0
I8 La(OTf)3 MeCN NEt3 0 - 4
J8 Eu(OTf)3 MeCN NEt3 0 - 0
K8 Yb(OTf)3 MeCN NEt3 0 - 70
L8 Bi(OTf)3 MeCN NEt3 0 - 0
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1H NMR spectrum in CDCl3 for Table C.1, entry A2: 4.94 ppm peak is the
major diastereomer of the product and 5.19 ppm is the minor diastereomer of
the product (Ha)
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1H NMR spectrum in CDCl3 for Table C.1, entry B7: 4.94 ppm peak is the
major diastereomer of the product and 5.19 ppm is the minor diastereomer of
the product (Ha)
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30-well HTE Screen Procedure: (From Table 4.2):

For the vials with Lewis acid (A-D): a stock solution for the methyl ester pyridinium 2a in
methanol was prepared and dispensed to 24 x 1 mL glass shell vials (0.063 mmol, 2.5 equiv)
followed by solvent evaporation and the addition of micro parylene-coated stir bars to each
vial. Two stock solution were prepared for the bicyclobutane 1a, one in THF and another
in MeCN. To two vials was added 1a (454.2 mg, 1.8 mmol), followed by 7.20 mL of THF or
MeCN. The inorganic bases were weighed into the vials containing the pyridinium 2a using
calibrated scoops and triethylamine was added to the remaining vials. To all vials with the
base and 2a, 100 µL of THF or MeCN was added, and the vials were left to stir at rt for
10 minutes. Meanwhile, 24 stock solutions were prepared for the 12 triflate Lewis acids in
the two solvents by weighing out the Lewis acid into the vial followed by addition of the
bicyclobutane 1a stock solution (0.48 mL to each vial). The bicyclobutane 1a and Lewis
acids were left to stir for 10 minutes at rt before 100 µL of the mixture was added to each
vial (0.125 M concentration). The vials were then sealed and left to stir at rt for 24 hours.

For the vials without Lewis acid (E), pyridinium 2a (14.5 mg, 0.063 mmol, 2.5 equiv) and
base was weighed into the 1 mL shell vials followed by the addition of stir bars. Half of
the acetonitrile solvent (100 µL) was added to all six vials, and they were left to stir for 10
minutes at rt. Two stock solutions of bicyclobutane were made by adding 22.7 mg of 1a to
two vials followed by 0.36 mL of THF and acetonitrile to the vials. The bicyclobutane stock
solution was added to each vial (100 µL, 0.125 M) and the reactions were left to stir at rt
for 24 hours.

One the reaction time was complete, the solvent was evaporated using a Genevac centrifugal
evaporator. A stock solution of 1,3,5-trimethoxybenzene in CDCl3 (1.4 mg, 0.33 equiv, 0.7
mL) was then added to each vial. The mixtures were stirred for 5 minutes, followed by
centrifugation. The supernatant solutions were removed for analysis by NMR spectroscopy
compared to 1,3,5-tromethoxybenzene as internal standard.
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Table C.2: 30-well High-throughput screen at rt:

O

N
N

N CO2Me

(2.5 equiv)

1a
2a

+ Br
Base (4 equiv)

Solvent (0.125M)
rt, 24h

Lewis-acid (40 mol%)

(0.025 mmol)

NMeO2C

Ph
O

H

N3a N(+/-)

Ha

Entry Catalyst Solvent Base % 3a d.r. (major : 1) % 1a left
A1 LiOTf THF Cs2CO3 57 2.4 15
B1 Mg(OTf)2 THF Cs2CO3 61 3.1 17
C1 Zn(OTf)2 THF Cs2CO3 52 4.8 24
D1 AgOTf THF Cs2CO3 31 3.4 32
E1 none THF Cs2CO3 69 1.1 3
A2 LiOTf THF K3PO4 46 5.6 37
B2 Mg(OTf)2 THF K3PO4 38 2.8 50
C2 Zn(OTf)2 THF K3PO4 25 4.0 60
D2 AgOTf THF K3PO4 68 8.7 18
E2 none THF K3PO4 70 1.6 3
A3 LiOTf THF NEt3 0 - 90
B3 Mg(OTf)2 THF NEt3 0 - 81
C3 Zn(OTf)2 THF NEt3 0 - 80
D3 AgOTf THF NEt3 0 - 94
E3 none THF NEt3 0 - 100
A4 LiOTf MeCN Cs2CO3 57 >20 15
B4 Mg(OTf)2 MeCN Cs2CO3 56 >20 0
C4 Zn(OTf)2 MeCN Cs2CO3 65 >20 3
D4 AgOTf MeCN Cs2CO3 64 >20 5
E4 none MeCN Cs2CO3 73 >20 3
A5 LiOTf MeCN K3PO4 30 >20 33
B5 Mg(OTf)2 MeCN K3PO4 82 >20 1
C5 Zn(OTf)2 MeCN K3PO4 50 >20 6
D5 AgOTf MeCN K3PO4 36 >20 16
E5 none MeCN K3PO4 86 >20 3
A6 LiOTf MeCN NEt3 0 - 100
B6 Mg(OTf)2 MeCN NEt3 6 >20 74
C6 Zn(OTf)2 MeCN NEt3 0 - 58
D6 AgOTf MeCN NEt3 0 - 68
E6 none MeCN NEt3 0 - 70
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1H NMR spectrum in CDCl3 for Table C.2, entry B5: 4.95 ppm peak is the
major diastereomer of the product (Ha)
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1H NMR spectrum in CDCl3 for Table C.2, entry E5: 4.94 ppm peak is the
major diastereomer of the product (Ha)
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C.3 Reaction Progress Monitoring

d-MeCN (0.25M), rt

K3PO4 (2.5 equiv)
O

N
N

N CO2Me

(1.25 equiv.)

1a
2a

+ Br

NMeO2C

Ph
O

H

N3a N
(+/-)

Ha

Hb

Procedure (Table C.3): Pyridinium 2a (145.0 mg, 0.63 mmol, 1.25 equiv) and K3PO4 (265.4
mg, 0.50 mmol, 2.5 equiv) were weighed into a 20 mL vial, followed by the addition of
a Teflon-coated stir bar. d-MeCN (1.0 mL) was added to the vial, and the mixture was
stirred for 2 minutes at rt. Then, the bicyclobutane 1a (126.2 mg, 0.50 mmol, 1 equiv) and
1,3,5-trimethoxybenzene internal standard (28.0 mg, 0.17 mmol, 0.33 equiv) were dissolved
in d-MeCN (0.50 mL) in a 4 mL vial, and the solution added to the reaction vial. The
bicyclobutane vial was washed with another 0.50 mL of d-MeCN, and this was added to the
reaction mixture, which represented t = 0.

At each time point, a 50 µL sample was withdrawn from the reaction mixture via pipette,
diluted with d-MeCN, and passed through a 0.45 µm syringe filter. The filter was washed
with an additional 0.3 mL of d-MeCN, and then the sample was analyzed by NMR spec-
troscopy compared to 1,3,5-tromethoxybenzene as internal standard. Peak at 5.94 ppm is
the bicyclobutane (Hb) and 4.84 ppm is product (Ha).

Table C.3: Reaction progress monitoring data (From Figure 4.14).

Time (h) % 1a left % 3a % 1a + %3a
0.0 100 0 100
0.25 60 30 90
0.50 50 41 91
0.75 43 49 92
1.0 36 56 92
1.5 26 67 93
2.0 19 76 95
2.5 13 82 95
3.0 8 87 95
3.5 6 89 95
4.0 4 89 93
5.0 3 90 93
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1H NMR spectrum in CDCl3 for Table C.3, t = 0 h:
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1H NMR spectrum in CDCl3 for Table C.3, t = 0 h, 30% 3a (4.84 ppm peak,
Ha):
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1H NMR spectrum in CDCl3 for Table C.3, t = 1 h, 56% 3a (4.84 ppm peak,
Ha):
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1H NMR spectrum in CDCl3 for Table C.3, t = 5 h, 90% 3a (4.84 ppm peak,
Ha):
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C.4 Control Reactions

General Procedure for Sensitivity Reactions (Table C.4):

Pyridinium 2a (29.0 mg, 0.13 mmol, 1.25 equiv) and K3PO4 (53.1 mg, 0.25 mmol, 2.5 equiv)
were weighed into four 4 mL vials, followed by the addition of stir bars. MeCN (0.2 mL)
was added to all four vials, and they were left to stir for 5 minutes at rt. A stock solution of
1a was made from 121.1 mg of 1a and 0.96 mL of MeCN. The bicyclobutane stock solution
was then added to each vial (0.2 mL, 0.25 M) and the reaction mixtures were left to stir at
rt for 24 hours. The solvent was then evaporated using a Genevac centrifugal evaporator,
followed by dilution with a stock solution of 1,3,5-trimethoxybenzene in CDCl3 (0.7 mL,
containing 5.6 mg, 0.33 equiv of internal standard). The mixtures were stirred for 5 minutes,
centrifuged, and the supernatant removed for analysis by NMR spectroscopy compared to
1,3,5-tromethoxybenzene as internal standard (peak at 5.81 ppm is bicyclobutane (Hb) and
4.93 ppm is product (Ha)).

Deviations from the general procedure:

Entry 1: No base was added to the reaction.
Entry 2: The reaction mixture was stirred at 30 °C.
Entry 3: Na2SO4·10H2O (32.2 mg, 0.10 mmol, 1 equiv) was added to the pyridinium/base
vial before solvent was added.
Entry 1: 4 Åmolecular sieves (100 mg) was added to the pyridinium/base vial before solvent
was added.

Table C.4: Sensitivity Reactions (From Figure 4.4).

O

N
N

N CO2Me MeCN (0.25M), rt, 24h

(1.25 equiv)

1a
2a

+ Br
K3PO4 (2.5 equiv) NMeO2C

Ph
O

H

N3a N
(+/-)

Ha

Hb

Entry Conditions[a] % 3a[b] % 1a[b]

1 No K3PO4 added 0 84
2 Run at 30 °C 81 5
3 Na2SO4·10H2O (1 equiv) 81 6
4 Molecular Sieves 66 12

[a]Unless otherwise noted, reactions are performed at room temperature for 24 hours with 0.05 mmol of 1a
and 3a is formed as a single diastereomer. [b]Amounts of 1a and 3a are obtained by 1H NMR spectroscopy

by relative integration vs. internal standard, 1,3,5-trimethoxybenzene (TMB).
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1H NMR spectrum in CDCl3 for Table C.4, Entry 1:
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1H NMR spectrum in CDCl3 for Table C.4, Entry 2:
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1H NMR spectrum in CDCl3 for Table C.4, Entry 3:
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1H NMR spectrum in CDCl3 for Table C.4, Entry 4:
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Epimerization test reaction

O

N
N

NBr CO2Me THF (0.25 M), rt, 24h

(1.25 equiv)

K3PO4 (2.5 equiv)
+

1a
2a

3a - I
(1.3:1 dr)

MeCN (0.25 M), rt, 24h

K3PO4 (2.5 equiv)

3a - II
(1.3:1 dr)

NMeO2C

Ph
O

H

N
N

NMeO2C

Ph
O

H

N
N

Procedure: Pyridinium 2a (58.0 mg, 0.25 mmol, 1.25 equiv) and K3PO4 (106.1 mg, 0.50
mmol, 2.5 equiv) were weighed into a 4 mL vial, followed by the addition of a stir bar. THF
(0.4 mL) was added to the vial, and the mixture stirred for 5 minutes at rt. After 5 minutes,
1a (50.5 mg, 0.20 mmol) was dissolved in THF (0.4 mL) and added to the reaction mixture.
The reaction mixture was stirred at rt for 24 hours. The solvent was then evaporated using a
Genevac centrifugal evaporator. The crude 3a – I obtained was dissolved in dichloromethane
and eluted through a plug of basic alumina. Solvent evaporation provided 3a – I as a mixture
of diastereomers as determined by NMR spectroscopy (1.3:1 d.r.). This compound was then
dissolved in MeCN (0.8 mL, 0.25 M), and K3PO4 (106.1 mg, 0.50 mmol, 2.5 equiv) was
added to the vial. The reaction mixture was stirred for 24 hours at rt. The solvent was then
evaporated using a Genevac centrifugal evaporator. Analysis by NMR spectroscopy revealed
the diastereomeric ratio was unchanged (1.3:1 d.r.).

1H NMR spectrum in CDCl3 for 3a - I: peak at 5.20 ppm is minor diastereomer
and 4.95 ppm is major diastereomer
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(1.3:1 dr)

NMeO2C
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O

H

N
N

(+/-)
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1H NMR spectrum in CDCl3 for 3a - II: peak at 5.19 ppm is minor
diastereomer and 4.94 ppm is major diastereomer
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C.5 Substrate Synthesis

C.5.1 Bicyclobutane Synthesis

O

N
N

1a

O

N
N

1b

Cl
O

N
N

1c

F
O

N
N

1d

OMe

O

N
N

1e

O

1h CF3

O

1i OMe

O

1g F

Bicyclobutane substrates 1a-1d,126 1g-h,132 have been reported and were prepared according
to the literature procedures.

Unsuccessful bicyclobutanes in the cycloaddition reaction are listed below:

O

O

O

N

O

O

N

O

O

O

NO2

Synthesis of novel
bicyclo[1.1.0]butan-1-yl(3,5-dimethyl-1H-pyrazol-1-yl)methanone (1e):

O

N
N

1e

O

CO2H

1. H2SO4, MeOH
2. H2O, reflux

O

CO2Me

NaBH4
MeOH

HO

CO2Me

TsCl, NMI, NEt3
Toluene

TsO

CO2Me

NaOH
THF

TsO

CO2H

TsO

CO2H

1. CDI

THF
2. 3,5-dimethylpyrazole

TsO

N

O

N

KOtBu
THF, -78°C

54%

48%

76%81%67%73%

I II III IV

IV V
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Methyl 3-oxocyclobutane-1-carboxylate (I) synthesis: 3-Oxocyclobutanecarboxylic
acid (10.0 g, 87.6 mmol) was dissolved in methanol (100 mL, 0.88 M) and then concentrated
sulfuric acid was added dropwise (0.47 mL, 10 mol%). The reaction mixture was left to stir
at rt for 4 hours, followed by the addition of water (100 mL). The mixture was then stirred
at 90 °C overnight. The acidic mixture was quenched with saturated sodium bicarbonate
until the pH was basic (pH > 9), and then the aqueous solution was extracted with DCM (5
x 50 mL). The organic layers were combined, dried with Mg2SO4, filtered, and the solvent
evaporated to give compound I without further purification (8.16 g, 73% yield).

Methyl 3-hydroxycyclobutane-1-carboxylate (II) synthesis: Compound I (8.16 g,
63.7 mmol) was dissolved in methanol (80 mL, 0.8 M). The mixture was cooled to 0 °C
followed by the portionwise addition of solid NaBH4 (1.20 g, 0.5 equiv, 31.8 mmol). The
mixture was warmed to rt and left to stir overnight. The reaction was quenched with satu-
rated ammonium chloride (80 mL) and then extracted with DCM (3 x 80 mL). The organic
layers were combined, dried with Mg2SO4, filtered and then the solvent was evaporated to
give compound II without further purification (5.53 g, 67% yield).

Methyl 3-(tosyloxy)cyclobutane-1-carboxylate (III) synthesis: Compound II (5.53
g, 42.5 mmol) was dissolved in toluene (80 mL, 0.53 M) followed by the addition of N -
methylimidazole (3.4 mL, 1.0 equiv, 42.5 mmol). 4-Toluenesulfonyl chloride (12.2 g, 1.5
equiv, 63.7 mmol) was then added, followed by triethylamine (8.9 mL, 1.5 equiv, 63.7 mmol),
and the mixture stirred at 60 °C overnight. The reaction was quenched with saturated
ammonium chloride (80 mL) and then extracted with toluene (3 x 80 mL). The organic
layers were combined, dried with Mg2SO4, filtered and then the solvent was evaporated to
give compound III without further purification (9.8 g, 81% yield).

3-(Tosyloxy)cyclobutane-1-carboxylic acid (IV) synthesis: Compound III (9.8 g,
34.5 mmol) was dissolved in THF (40 mL, 0.86 M) and then 1 M NaOH (40 mL) was
added to the mixture, which was stirred at rt overnight. The reaction mixture was acidified
with 1 M HCl (pH < 3) and then extracted with DCM (3 x 40 mL). The organic layers
were combined, dried with Mg2SO4, filtered and then the solvent was evaporated to give
compoundIV without further purification (7.11 g, 76% yield).

3-(3,5-dimethyl-1H-pyrazole-1-carbonyl)cyclobutyl 4-methylbenzenesulfonate
(VI) synthesis: Compound IV (7.11 g, 26.3 mmol) was dissolved in THF (50 mL, 0.53
mmol) and then the solution was cooled to 0 °C before addition of carbonyldiimidazole (4.48
g, 1.05 equiv, 27.6 mmol). The mixture was stirred at rt for 1 hour, followed by the addition
of 3,5-dimethylpyrazole (2.65 g, 1.05 equiv, 27.6 mmol). The mixture was then stirred at
rt overnight. The reaction was quenched with saturated ammonium chloride (50 mL) and
then extracted with ethyl acetate (3 x 50 mL). The organic layers were combined, dried
with Mg2SO4, filtered and then the solvent was evaporated. The product was purified by
column chromatography (Biotage® Sfär 100g Column, 0-100% EtOAc/hexanes, eluted at
20% EtOAc) to give compound V as a white solid (4.39 g, 48% yield).
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Bicyclo[1.1.0]butan-1-yl(3,5-dimethyl-1H-pyrazol-1-yl)methanone (1e) synthesis:

O

N
N

Compound VI (209.5 mg, 0.60 mmol) was dissolved in anhydrous THF containing 250 ppm
BHT as inhibitor (12.0 mL, 0.05 M) in a 40 mL vial. The solution was cooled to −78
°C. Potassium tert-butoxide (74.1 mg, 1.1 equiv, 0.66 mmol) was added as a solid, and the
reaction was stirred at −78 °C for 2 hours. While keeping the mixture as cold as possible, the
reaction was quenched with cold (∼2-4 °C) ammonium chloride (10 mL), and the aqueous
layer extracted with cold (∼2-4 °C) THF (containing 250 ppm BHT as inhibitor, 3 x 10 mL).
The THF layers were combined and dried with Mg2SO4 (being cautious that the solution
remained cold AT ALL TIMES), filtered, and then concentrated on a rotary evaporator using
a water bath that remained at ∼10-15 °C. The crude product was purified using column
chromatography, with the crude material loaded using cold hexanes (Biotage® Sfär 10g
Column, 0-100% EtOAc/hexanes, eluted at 10% EtOAc). The product 1e was obtained as
a clear colourless oil (57.0 mg, 54% yield). NOTE: The neat product is prone to rapid
polymerization at ambient temperature. For short term storage, we stored neat 1e in a −20
°C freezer; for long term storage, we stored 1e as a 0.5 M stock solution in frozen acetonitrile
in a −80 °C freezer.

HRMS(ESI): calc’d for [C10H12N3O + H+], 177.10224; found: 177.10216.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 5.94 (d, J = 1.1 Hz, 1H), 2.84 (dt, J =
3.4, 0.9 Hz, 2H), 2.52 (d, J = 1.0 Hz, 3H), 2.50 – 2.46 (m, 1H), 2.22 (s, 3H), 1.40 (dt, J =
3.1, 0.9 Hz, 2H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 172.57, 151.58, 144.14, 110.45, 38.60,
29.55, 21.30, 14.57, 13.96, 12.32.
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C.5.2 Pyridinium Synthesis

N CO2Me

Br

N COPh

Br

2a 2f

N CO2Me

Br

2k

N CO2Me

Br

2l

F3C

N CO2Me

Br

2j

Ph

N CONMe2

Br

2n

N CN

Br

2o

N

Br

2r

O

O
N

Br

2s

O

O

N

Br

2t
O

O
(R) N

Br

2u

O

O

N

Br

2w

O
S N

Br

2x

O
N

Br

2y

O

Cl

N

Br

2z

O

F

N

Br

2aa

O
N

Br

2ab

O

N

Br

O

O
Si

N

Br

O

O

(R)

O

2q OMe

2v

N

PF6

2p
O

O

Pyridinium substrates 2a-p, 2r, and 2w-ab have been reported and were prepared according
to the literature procedures.3-17 Pyridiniums 2q, and 2s-2v are not reported previously and
were prepared according to the general procedure outlined below.

Unsuccessful pyridiniums in the cycloaddition reaction:

N

Br

O

O

Cl

OMe

N
Br

N
Br CN

N
Br

N
Br

CO2Me
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General procedure for pyridinium synthesis: To a 40 mL vial containing a stir bar
was added the appropriate bromoester (2.00 mmol, 1 equiv) and ethyl acetate (10 mL, 0.20
M). The reaction mixture was stirred at room temperature for 2 minutes before adding
pyridine (158 mg, 161 µL, 2.00 mmol, 1 equiv). The reaction mixture was stirred for 12 h at
room temperature. Then, the solvent was evaporated to give the desired pyridinium salt. If
required, the crude product was stirred in excess diethyl ether for 1 h, collected by filtration,
and dried in vacuo to remove soluble impurities.

Characterization data for new pyridinium salts:

1-(2-Oxo-2-(2-(trimethylsilyl)ethoxy)ethyl)pyridin-1-ium bromide (2q)

N

Br

O

O
Si

HRMS(ESI): calc’d for [C12H20BrNO2Si
+ - Br-], 238.12578; found: 238.12605.

1H NMR (500 MHz, DMSO-d6, 292 K, ppm): δ 9.05 – 9.00 (m, 2H), 8.71 – 8.65 (m,
1H), 8.21 (dd, J = 7.9, 6.6 Hz, 2H), 5.63 (s, 2H), 4.29 – 4.20 (m, 2H), 1.03 – 0.92 (m, 2H),
0.00 (s, 9H).
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13C NMR (126 MHz, DMSO-d6, 292 K, ppm): δ 166.36, 146.79, 146.27, 127.86,
64.60, 60.36, 16.84.
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(R)-1-(2-Oxo-2-((tetrahydrofuran-3-yl)oxy)ethyl)pyridin-1-ium bromide (2v)

N

Br

O

O

(R)

O

HRMS(ESI): calc’d for [C11H14BrNO3 - Br-], 208.09682; found: 208.09693.

1H NMR (500 MHz, DMSO-d6, 292 K, ppm): δ 9.09 – 9.03 (m, 2H), 8.75 – 8.69 (m,
1H), 8.25 (dd, J = 8.0, 6.7 Hz, 2H), 5.68 (s, 2H), 5.37 (ddt, J = 6.0, 3.6, 1.7 Hz, 1H), 3.86 –
3.69 (m, 4H), 2.23 – 2.13 (m, 1H), 2.03 – 1.98 (m, 1H).
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13C NMR (126 MHz, DMSO-d6, 292 K, ppm): δ 166.23, 146.84, 146.31, 127.83,
77.28, 71.93, 66.24, 60.36, 31.97.
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(R)-1-(2-Oxo-2-(1-phenylethoxy)ethyl)pyridin-1-ium bromide (2t)

N

Br

O

O

(R)

HRMS(ESI): calc’d for [C15H16BrNO2 - Br-], 242.11755; found: 242.11738.

1H NMR (500 MHz, DMSO-d6, 292 K, ppm): δ 9.14 – 9.04 (m, 2H), 8.74 – 8.65 (m,
1H), 8.22 (dd, J = 7.9, 6.6 Hz, 2H), 7.39 – 7.26 (m, 5H), 5.91 (q, J = 6.5 Hz, 1H), 5.78 (s,
2H), 1.52 (d, J = 6.6 Hz, 3H).
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13C NMR (126 MHz, DMSO-d6, 292 K, ppm): δ 165.75, 146.82, 146.28, 146.25,
140.43, 128.50, 128.48, 128.12, 128.11, 127.86, 127.84, 126.03, 74.51, 60.31, 21.96.
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1-(2-((4-Methoxybenzyl)oxy)-2-oxoethyl)pyridin-1-ium bromide (2s)

N

Br

O

O

OMe

HRMS(ESI): calc’d for [C15H16BrNO3 - Br-], 258.11247; found: 258.11294.

1H NMR (500 MHz, DMSO-d6, 292 K, ppm): δ 9.11 – 9.04 (m, 2H), 8.76 – 8.66 (m,
1H), 8.24 (dd, J = 7.8, 6.5 Hz, 2H), 7.34 (d, J = 8.7 Hz, 2H), 6.94 (d, J = 8.7 Hz, 2H), 5.74
(s, 2H), 5.17 (s, 2H), 3.74 (s, 3H).
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13C NMR (126 MHz, DMSO-d6, 292 K, ppm): δ 166.38, 159.49, 146.84, 146.27,
130.36, 127.88, 126.80, 126.79, 113.90, 67.50, 60.29, 55.19.
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C.6 Azabicyclo[3.1.1]heptane Synthesis

Two general procedures are given below (A and B). Specific amounts of reactants, reagents,
and solvents are given for each example.

General Procedure A:

To a 4 mL vial was added the appropriate pyridinium salt 2, K3PO4, and a stir bar. Half
of the total acetonitrile solvent was added to this vial, and the mixture stirred for 2 minutes
at room temperature. The appropriate bicyclobutane 1 was weighed into another 4 mL vial,
and quantitatively transferred to the vial containing pyridinium/base using the other half
of the acetonitrile reaction solvent. The reaction mixture was stirred for 24 hours at room
temperature. The solvent was then evaporated, the residue dissolved in dichloromethane, and
the resulting solution passed through a plug of basic alumina, using excess dichloromethane
to elute. Evaporation of the eluent provided the products 3.

General Procedure B (ketone-based pyridinium salts):

To a 4 mL vial was added the appropriate pyridinium 2, NaPF6, and a stir bar. Half of
the total acetonitrile solvent was added to the vial, and the mixture stirred for 2 hours at
room temperature. The K3PO4 base was then added to the reaction vial, and the mixture
stirred for 2 minutes at room temperature. The appropriate bicyclobutane 1 was weighed
into another 4 mL vial, and quantitatively transferred to the vial containing pyridinium/base
using the other half of the acetonitrile reaction solvent. The reaction mixture was stirred for
24 hours at room temperature. The solvent was then evaporated, the residue dissolved in
dichloromethane, and the resulting solution passed through a plug of basic alumina, using
excess dichloromethane to elute. Evaporation of the eluent provided the products 3.
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Methyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,9a-tetrahydro-
2H-1,3-methanoquinolizine-4-carboxylate (3a)

NMeO2C

Ph
O

H

N
N(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2a (1.25 equiv, 87.0 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M).
Isolated 106.4 mg of an orange solid (88% yield).

HRMS(ESI): calc’d for [C31H31N3O4 + H+], 404.19687; found: 404.19668.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.30 (m, 2H), 7.24 – 7.19 (m, 1H), 7.11
– 7.04 (m, 2H), 6.02 (dt, J = 7.1, 0.9 Hz, 1H), 5.97 – 5.91 (m, 2H), 5.48 – 5.43 (m, 1H),
4.95 (ddd, J = 7.0, 5.4, 1.3 Hz, 1H), 4.64 (ddt, J = 9.4, 2.3, 1.1 Hz, 1H), 4.09 (s, 1H), 3.52
(s, 3H), 3.17 (dd, J = 10.2, 7.4 Hz, 1H), 2.97 (dd, J = 9.7, 7.4 Hz, 1H), 2.62 (dd, J = 10.2,
0.9 Hz, 1H), 2.51 (d, J = 1.1 Hz, 3H), 2.46 (d, J = 9.7 Hz, 1H), 2.22 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.05, 172.28, 152.47, 144.10, 144.02,
135.78, 128.34, 128.31, 126.91, 126.35, 125.96, 125.93, 125.93, 111.27, 111.09, 98.30, 70.99,
59.32, 51.61, 49.66, 42.92, 40.24, 37.39, 14.45, 14.09.
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Methyl 3-(4-chlorophenyl)-1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-1,3,4,9a-
tetrahydro-2H-1,3-methanoquinolizine-4-carboxylate (3b)

NMeO2C

O
H

N
NCl

Product was synthesized following general procedure A on a 0.20 mmol scale. Reagent
amounts used: bicyclobutane 1b (57.4 mg, 0.20 mmol), pyridinium 2a (1.25 equiv, 57.8 mg,
0.25 mmol), and K3PO4 (2.5 equiv, 106.1 mg, 0.50 mmol) in 0.8 mL acetonitrile (0.25 M).
Isolated 77.9 mg of a yellow oil (71% yield).

HRMS(ESI): calc’d for [C24H24ClN3O3 + H+], 438.15790; found: 438.15843.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.32 – 7.28 (m, 2H), 7.07 – 7.02 (m,
2H), 6.04 (d, J = 7.1 Hz, 1H), 5.99 – 5.92 (m, 2H), 5.47 (s, 1H), 4.97 (ddd, J = 7.0, 5.4, 1.3
Hz, 1H), 4.66 (ddt, J = 9.4, 2.2, 1.1 Hz, 1H), 4.08 (s, 1H), 3.58 (s, 3H), 3.16 (dd, J = 10.2,
7.4 Hz, 1H), 2.99 (dd, J = 9.7, 7.4 Hz, 1H), 2.62 (dd, J = 10.2, 1.0 Hz, 1H), 2.54 (d, J = 1.1
Hz, 3H), 2.44 (d, J = 9.7 Hz, 1H), 2.24 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 172.79, 172.01, 152.53, 144.09, 142.58,
135.67, 132.74, 128.50, 127.44, 127.42, 126.34, 111.27, 111.13, 98.31, 70.73, 59.28, 51.69,
49.61, 42.46, 40.28, 37.34, 14.40, 14.04.
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Methyl (3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-(4-fluorophenyl)-1,3,4,9a-
tetrahydro-2H-1,3-methanoquinolizine-4-carboxylate (3c)

NMeO2C

O
H

N
NF

(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1c (81.1 mg, 0.30 mmol), pyridinium 2a (1.25 equiv, 87.0 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M).
Isolated 89.0 mg of an orange solid (57% yield). Single crystals for X-ray diffraction were
grown from a supersaturated solution of 3c in dichloromethane at −20 °C.

HRMS(ESI): calc’d for [C24H24FN3O3 + H+], 422.18745; found: 422.18770.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.07 – 6.93 (m, 4H), 6.01 (d, J = 7.1 Hz,
1H), 5.92 (m, 2H), 5.46 – 5.40 (m, 1H), 4.94 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.67 – 4.59 (m,
1H), 4.05 (s, 1H), 3.54 (s, 3H), 3.14 (dd, J = 10.2, 7.4 Hz, 1H), 2.94 (dd, J = 9.7, 7.4 Hz,
1H), 2.59 (d, J = 10.2, 1H), 2.50 (d, J = 1.0 Hz, 3H), 2.41 (d, J = 9.7 Hz, 1H), 2.21 (s, 3H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1	(ppm)

3
.0
7

1
.1
1

3
.1
4

1
.0
7

1
.0
2

1
.0
0

2
.7
3

0
.8
9

0
.9
1

0
.9
0

0
.8
9

1
.9
0

0
.9
8

4
.4
2

2
.2
1

2
.4
0

2
.4
3

2
.5
0

2
.5
0

2
.5
7

2
.5
7

2
.6
0

2
.6
1

2
.9
2

2
.9
4

2
.9
7

3
.1
1

3
.1
4

3
.1
5

3
.5
4

4
.0
5

4
.6
1

4
.6
4

4
.9
4

5
.4
3

5
.9
0

5
.9
0

5
.9
2

5
.9
2

5
.9
2

6
.0
0

6
.0
2

7
.0
0

7
.0
1

7
.0
3

7
.2
6

C
D
C
l3

NMeO2C

O
H

N
NF

436



19F NMR (500 MHz, CDCl3, 292 K, ppm): δ 115.69.
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 172.87, 172.11, 162.72, 160.77, 152.50,
144.09, 139.86, 139.83, 135.67, 127.63, 127.57, 126.34, 115.28, 115.11, 111.23, 111.11, 98.37,
70.93, 59.26, 51.64, 49.55, 42.36, 40.30, 37.42, 14.39, 14.03.
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Methyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-(3-methoxyphenyl)-1,3,4,9a-
tetrahydro-2H-1,3-methanoquinolizine-4-carboxylate (3d)

NMeO2C

O
H

N
N

OMe

(+/-)

Product was synthesized following general procedure on a 0.30 mmol scale. Reagent amounts
used: bicyclobutane 1d (81.1 mg, 0.30 mmol), pyridinium 2a (1.25 equiv, 86.7 mg, 0.38
mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M). Isolated
51.9 mg of an orange solid (32% yield).

HRMS(ESI): calc’d for [C25H27N3O4 + H+], 434.20744; found: 434.20746.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.20 (t, J = 7.9 Hz, 1H), 6.76 (dd, J =
8.1, 2.4 Hz, 1H), 6.66 (d, J = 7.7 Hz, 1H), 6.61 (m, 1H), 6.02 (d, J = 7.1 Hz, 1H), 5.96 –
5.90 (m, 2H), 5.44 (s, 1H), 4.94 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.65 – 4.60 (m, 1H), 4.08 (s,
1H), 3.77 (s, 3H), 3.54 (s, 3H), 3.16 (dd, J = 10.2, 7.4 Hz, 1H), 2.94 (dd, J = 9.7, 7.4 Hz,
1H), 2.60 (d, J = 10.2 Hz, 1H), 2.51 (d, J = 1.1 Hz, 3H), 2.45 (d, J = 9.7 Hz, 1H), 2.22 (s,
3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.01, 172.25, 159.65, 152.47, 145.65,
144.09, 135.75, 129.36, 126.33, 118.34, 112.29, 111.76, 111.26, 111.08, 98.26, 70.88, 59.30,
55.30, 51.63, 49.57, 42.94, 40.27, 37.40, 14.42, 14.07.
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Methyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-1,3,4,9a-tetrahydro-2H-1,3-
methanoquinolizine-4-carboxylate (3e)

NMeO2C

O
H

N
N

(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1e (52.9 mg, 0.30 mmol), pyridinium 2a (1.25 equiv, 87.0 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.20 mL acetonitrile (0.25 M).
Isolated 43.0 mg of an orange oil (35% yield)

HRMS(ESI): calc’d for [C18H21N3O3 + H+], 328.16557; found: 328.16540.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 6.08 – 6.03 (m, 1H), 5.93 – 5.84 (m,
2H), 5.31 (t, J = 2.1 Hz, 1H), 4.90 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.53 (dddd, J = 9.4, 2.2,
1.3, 0.8 Hz, 1H), 4.07 (d, J = 4.1 Hz, 1H), 3.78 (s, 3H), 2.64 – 2.56 (m, 1H), 2.50 (d, J =
1.1 Hz, 3H), 2.48 – 2.33 (m, 3H), 2.24 – 2.17 (m, 1H), 2.15 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.48, 173.11, 152.31, 143.98, 136.71,
126.39, 111.01, 110.96, 97.53, 64.96, 59.75, 52.34, 52.24, 37.93, 30.68, 30.16, 14.43, 14.43,
14.00.
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(4-benzoyl-3,4-dihydro-2H-1,3-methanoquinolizin-1(9aH)-yl)(3,5-dimethyl-1H-
pyrazol-1-yl)methanone (3f)

NPhOC

O
H

N
N(+/-)

Product was synthesized following general procedure B on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1e (52.9 mg, 0.30 mmol), pyridinium 2f (1.25 equiv, 103.9 mg,
0.38 mmol), NaPF6 (1.3 equiv, 65.5 mg), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2
mL acetonitrile (0.25 M). Isolated 27.8 mg of an orange solid as a mixture of diastereomers
(25% yield, 6:1 d.r.).

HRMS(ESI): calc’d for [C23H23N3O2 + H+], 374.18631; found: 374.18672.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.96 – 7.92 (m, 2H), 7.61 – 7.56 (m,
1H), 7.50 – 7.46 (m, 2H), 6.01 (d, J = 7.0 Hz, 1H), 5.95 (dddd, J = 9.3, 5.4, 2.2, 0.8 Hz,
1H), 5.90 (d, J = 1.2 Hz, 1H), 5.35 (t, J = 2.4 Hz, 1H), 5.09 (d, J = 3.6 Hz, 1H), 5.00 (ddd,
J = 6.9, 5.4, 1.4 Hz, 1H), 4.63 – 4.58 (m, 1H), 2.67 – 2.62 (m, 1H), 2.58 – 2.44 (m, 5H),
2.33 – 2.24 (m, 2H), 2.18 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 199.20, 173.60, 152.39, 143.98, 136.93,
135.64, 133.53, 133.51, 128.99, 128.96, 128.35, 128.34, 128.30, 126.68, 111.09, 110.39, 98.46,
67.76, 59.93, 52.02, 36.35, 31.51, 30.59, 29.84, 14.47, 14.05.
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Methyl 1-(4-fluorobenzoyl)-1,3,4,9a-tetrahydro-2H-1,3-methanoquinolizine-4-
carboxylate (3g)

NMeO2C

O
H

F

(+/-)

Product was synthesized following general procedure A on a 0.05 mmol scale. Reagent
amounts used: bicyclobutane 1g (8.8 mg, 0.05 mmol), pyridinium 2a (1.25 equiv, 14.5 mg,
0.06 mmol), and K3PO4 (2.5 equiv, 26.5 mg, 0.13 mmol) in 0.2 mL d-MeCN (0.25 M). Solu-
tion yield determined by NMR spectroscopy using 1,3,5-trimethoxybenzene internal standard
(72% solution yield, 5:1 d.r.).

HRMS(ESI): calc’d for [C19H18FNO3 + H+], 328.13435; found: 328.13393.

1H NMR (500 MHz, CDCl3, 292 K, ppm): Product peak at 5.84 ppm.
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19F NMR (300 MHz, CDCl3, 292 K, ppm): 106.94, 106.97.
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Methyl 3-phenyl-1-(4-(trifluoromethyl)benzoyl)-1,3,4,9a-tetrahydro-2H-1,3-
methanoquinolizine-4-carboxylate (3h)

NMeO2C

O
H

CF3

(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1h (90.7 mg, 0.30 mmol), pyridinium 2a (1.25 equiv, 86.7 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.8 mL acetonitrile (0.17 M).
Isolated 32.1 mg of an orange oil (24% yield).

HRMS(ESI): calc’d for [C26H22FNO3 + H+], 454.16246; found: 454.16208.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.98 (d, J = 8.2 Hz, 1H), 7.71 (d, J =
8.2 Hz, 2H), 7.35 – 7.28 (m, 2H), 7.25 – 7.21 (m, 1H), 7.12 – 7.06 (m, 2H), 6.10 (dt, J =
7.0, 0.8 Hz, 1H), 6.03 (ddd, J = 9.0, 5.2, 2.2 Hz, 1H), 5.24 (ddd, J = 6.8, 5.3, 1.3 Hz, 1H),
4.79 (ddd, J = 8.9, 2.5, 1.2 Hz, 1H), 4.56 (t, J = 2.5 Hz, 1H), 4.43 (s, 1H), 3.32 (m, 4H),
2.79 – 2.69 (m, 2H), 2.55 (d, J = 10.0 Hz, 1H).
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19F NMR (300 MHz, CDCl3, 292 K, ppm): δ 63.23
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 200.30, 171.21, 142.56, 138.60, 134.44,
129.17, 128.54, 127.51, 127.36, 125.88, 125.85, 125.82, 125.80, 109.79, 102.46, 70.81, 60.16,
51.73, 50.29, 45.07, 43.50, 31.45, 29.84.
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Methyl 1-(4-methoxybenzoyl)-3-phenyl-1,3,4,9a-tetrahydro-2H-1,3-methano-
quinolizine-4-carboxylate (3i)

NMeO2C

O
H

OMe

(+/-)

Product was synthesized following general procedure A on a 0.025 mmol scale. Reagent
amounts used: bicyclobutane 1a (6.6 mg, 0.025 mmol), pyridinium 2a (1.25 equiv, 7.3 mg,
0.031 mmol), and K3PO4 (2.5 equiv, 13.3 mg, 0.063 mmol) in 0.1 mL acetonitrile (0.25
M). Solution yield determined by NMR spectroscopy using 1,3,5-trimethoxybenzene internal
standard (65% solution yield).

HRMS(ESI): calc’d for [C26H25NO4 + H+], 416.18564; found: 416.18549.

1H NMR (500 MHz, CDCl3, 292 K, ppm): Product peak at 6.11 ppm.
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4-Benzoyl-3-phenyl-3,4-dihydro-2H-1,3-methanoquinolizin-1(9aH)-yl)(3,5-
dimethyl-1H-pyrazol-1-yl)methanone (3m)

NPhOC

Ph
O

H

N
N(+/-)

Product was synthesized following general procedure B on a 1.0 mmol scale. Reagent amounts
used: bicyclobutane 1a (252.3 mg, 1.0 mmol), pyridinium 2f (1.25 equiv, 318.7 mg, 1.15
mmol), NaPF6 (1.3 equiv, 218.3 mg, 1.30 mmol) and K3PO4 (2.5 equiv, 530.7 mg, 2.5 mmol)
in 4.0 mL acetonitrile (0.25 M). Isolated 338.7 mg of an orange solid (75% yield).

HRMS(ESI): calc’d for [C29H27N3O2 + H+], 450.21761; found: 450.21745.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.35 (m, 2H), 7.29 (m, 1H), 7.11 – 7.06
(m, 2H), 7.03 – 6.94 (m, 3H), 6.92 – 6.88 (m, 2H), 5.98 – 5.88 (m, 3H), 5.60 (t, J = 2.3 Hz,
1H), 5.15 (s, 1H), 4.95 (ddd, J = 6.9, 5.4, 1.4 Hz, 1H), 4.67 (ddt, J = 9.3, 2.2, 1.1 Hz, 1H),
3.32 (dd, J = 10.1, 7.4 Hz, 1H), 3.15 (dd, J = 9.5, 7.4 Hz, 1H), 2.55 – 2.48 (m, 5H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 201.87, 173.19, 152.44, 144.00, 143.74,
137.86, 136.26, 132.66, 128.18, 128.04, 127.92, 126.74, 126.43, 126.26, 111.08, 110.76, 98.53,
70.76, 59.85, 49.51, 43.72, 39.33, 37.98, 14.42, 14.08.
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1-(3,5-Dimethyl-1H-pyrazole-1-carbonyl)-N,N -dimethyl-3-phenyl-1,3,4,9a-tetra-
hydro-2H-1,3-methanoquinolizine-4-carboxamide (3n)

NMe2NOC

Ph
O

H

N
N(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. The reaction
was conducted for 24 hours before a second charge of pyridinium and base was added, and
stirred for another 24 hours. Reagent amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol),
pyridinium 2n (2.5 equiv, 183.1 mg, 0.75 mmol, two portions), and K3PO4 (4 equiv, 254.7
mg, 1.20 mmol, two portions) in 1.2 mL acetonitrile (0.25 M). Product was purified by two
successive elutions through a basic alumina plug. Isolated 42.3 mg of an orange oil (34%
yield)

HRMS(ESI): calc’d for [C25H28N4O2 + H+], 417.22851; found: 417.22821.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.31 – 7.24 (m, 2H), 7.24 – 7.16 (m,
1H), 7.14 – 7.05 (m, 2H), 5.96 – 5.86 (m, 3H), 5.50 (t, J = 2.5 Hz, 1H), 4.97 (ddd, J = 6.8,
5.3, 1.3 Hz, 1H), 4.68 – 4.59 (m, 1H), 4.43 (s, 1H), 3.72 (dd, J = 9.9, 7.4 Hz, 1H), 2.99 (dd,
J = 9.5, 7.4 Hz, 1H), 2.78 (s, 3H), 2.53 (d, J = 9.5 Hz, 1H), 2.50 (d, J = 1.1 Hz, 3H), 2.40
(d, J = 9.9 Hz, 1H), 2.21 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.49, 171.52, 152.40, 144.27, 143.95,
135.62, 128.44, 127.08, 126.42, 126.27, 126.25, 111.08, 110.67, 98.82, 65.32, 59.41, 53.56,
49.44, 43.54, 39.82, 37.41, 36.58, 35.88, 14.46, 14.06.
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1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,9a-tetrahydro-2H-1,3-
methanoquinolizine-4-carbonitrile (3o)

NNC

Ph
O

H

N
N(+/-)

Product was synthesized following general procedure B on a 0.30 mmol scale with a 72 h
reaction time. Reagent amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium
2o (1.25 equiv, 74.3 mg, 0.38 mmol), NaPF6 (1.3 equiv, 65.5 mg, 0.39 mmol) and K3PO4

(2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M). Isolated 78.3 mg of a pale
yellow oil (46% yield, additional 25% unreacted 1a).

HRMS(ESI): calc’d for [C31H31N3O4 + H+], 371.18664; found: 371.18638.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.38 – 7.27 (m, 5H), 6.18 (dd, J = 7.2,
1.0 Hz, 1H), 5.97 – 5.90 (m, 2H), 5.84 (d, J = 1.3 Hz, 1H), 5.36 (t, J = 2.3 Hz, 1H), 5.04
(ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.73 (ddt, J = 9.5, 2.2, 1.1 Hz, 1H), 4.21 (s, 1H), 3.05 (dd,
J = 10.6, 7.5 Hz, 1H), 2.95 (dd, J = 9.9, 7.5 Hz, 1H), 2.79 (dd, J = 10.6, 1.3 Hz, 1H), 2.52
(d, J = 1.1 Hz, 3H), 2.49 (d, J = 10.0 Hz, 1H), 2.24 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 172.22, 152.92, 144.10, 141.76, 134.27,
128.85, 128.46, 127.80, 127.26, 126.39, 126.21, 126.06, 117.60, 113.07, 111.31, 110.08, 100.22,
61.69, 59.07, 49.45, 43.07, 42.79, 38.87, 34.13, 14.33, 14.03, 13.92, 13.88.
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1’-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3’-phenyl-1’,2’,3’,4,5,9a’-hexahydro-
2H-spiro[furan-3,4’-[1,3]methanoquinolizin]-2-one (3p)

N

Ph
O

H

N
N

O
O

(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale with a reaction
time of 72 h. Reagent amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium
2p (1.25 equiv, 91.5 mg, 0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2
mL acetonitrile (0.25 M). Isolated 87.9 mg of an orange solid as a mixture of diastereomers
(59% yield, 1.5:1 dr, additional 13% unreacted 1a).

HRMS(ESI): calc’d for [C25H25N3O3 + H+], 416.19687; found: 416.19723.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.32 (dd, J = 8.4, 7.6 Hz, 3H), 7.27 –
7.21 (m, 2H), 6.14 (d, J = 7.0 Hz, 0.6H), 6.04 (ddd, J = 9.0, 5.1, 2.2 Hz, 0.4H), 5.94 (m,
1H), 5.42 (ddd, J = 6.7, 5.1, 1.3 Hz, 0.6H), 5.31 – 5.27 (m, 0.4H), 5.01 (m, 1H), 4.95 (dddd,
J = 8.9, 2.9, 1.3, 0.7 Hz, 0.6H), 4.88 – 4.81 (m, 0.4H), 3.98 – 3.88 (m, 1H), 3.74 (dd, J =
10.4, 7.2 Hz, 0.6H), 3.62 (dd, J = 10.2, 7.2 Hz, 0.4H), 3.00 (dd, J = 10.4, 7.2 Hz, 0.4H),
2.87 (dd, J = 10.1, 7.2 Hz, 0.6H), 2.81 (d, J = 10.3 Hz, 0.4H), 2.74 (ddd, J = 13.7, 7.7, 2.0
Hz, 0.4H), 2.65 (d, J = 10.1 Hz, 1H), 2.59 – 2.54 (m, 0.6H), 2.53 (dd, J = 2.4, 1.0 Hz, 3H),
2.50 (d, J = 10.4 Hz, 0.6H), 2.48 – 2.32 (m, 2H), 2.24 (d, J = 3.0 Hz, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 177.46, 175.91, 173.12, 172.68, 152.65,
152.33, 144.36, 144.09, 141.77, 141.52, 133.09, 131.52, 128.75, 128.50, 127.78, 127.75, 127.30,
127.04, 126.86, 126.81, 126.42, 111.82, 111.28, 111.09, 110.37, 110.12, 105.07, 102.75, 71.92,
70.63, 64.31, 64.10, 59.22, 59.18, 47.78, 47.63, 46.29, 45.74, 42.47, 40.74, 38.94, 38.91, 35.55,
33.71, 32.35, 30.82, 14.48, 14.46, 14.07, 13.91.
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2-(Trimethylsilyl)ethyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,-
9a-tetrahydro-2H-1,3-methanoquinolizine-4-carboxylate (3q)

N

Ph
O

H

N
N

O

O
Si

(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2q (1.25 equiv, 119.4 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M).
Isolated 124.0 mg of an orange oil (75% yield, additional 9% unreacted 1a).

HRMS(ESI): calc’d for [C28H35N3O3Si + H+], 490.25205; found: 490.25209.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.32 – 7.26 (m, 2H), 7.25 – 7.17 (m,
1H), 7.11 – 7.06 (m, 2H), 6.03 (dt, J = 7.0, 0.9 Hz, 1H), 5.98 – 5.90 (m, 2H), 5.44 (d, J =
2.3 Hz, 1H), 4.95 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.63 (dddd, J = 9.4, 2.3, 1.3, 0.9 Hz, 1H),
4.17 – 4.07 (m, 1H), 4.06 (d, J = 1.4 Hz, 1H), 3.93 (td, J = 10.9, 6.5 Hz, 1H), 3.21 (dd, J =
10.2, 7.4 Hz, 1H), 2.96 (dd, J = 9.7, 7.4 Hz, 1H), 2.65 – 2.59 (m, 1H), 2.51 (d, J = 1.1 Hz,
3H), 2.44 (d, J = 9.7 Hz, 1H), 2.21 (s, 3H), 0.78 – 0.66 (m, 2H), -0.04 (s, 9H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.09, 171.93, 152.36, 144.06, 135.85,
128.48, 128.27, 126.82, 126.41, 126.35, 126.10, 111.10, 111.03, 98.20, 71.01, 63.02, 59.29,
49.62, 42.94, 40.08, 38.89, 37.55, 17.36, 14.41, 14.04.
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Tert-butyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,9a-tetra-
hydro-2H-1,3-methanoquinolizine-4-carboxylate (3r)

N

Ph
O

H

N
N

O

O

(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (81.1 mg, 0.30 mmol), pyridinium 2r (1.25 equiv, 102.4 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M).
Isolated 101.7 mg of an orange oil (61% yield).

HRMS(ESI): calc’d for [C27H31N3O3 + H+], 446.24382; found: 446.24392.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.31 – 7.27 (m, 2H), 7.24 – 7.18 (m, 1H),
7.14 – 7.07 (m, 2H), 6.04 (dd, J = 7.1, 0.9 Hz, 1H), 5.96 – 5.88 (m, 2H), 5.43 (t, J = 2.4 Hz,
1H), 4.95 (ddt, J = 6.7, 5.4, 1.2 Hz, 1H), 4.62 (ddt, J = 9.4, 2.3, 1.1 Hz, 1H), 4.02 (s, 1H),
3.17 (ddd, J = 10.2, 7.5, 2.9 Hz, 1H), 2.96 (dd, J = 9.6, 7.4 Hz, 1H), 2.66 (dd, J = 10.1, 1.2
Hz, 1H), 2.51 (d, J = 1.0 Hz, 3H), 2.40 (d, J = 9.6 Hz, 1H), 2.21 (s, 3H), 1.28 (s, 9H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.15, 170.71, 152.29, 144.02, 136.00,
135.96, 128.18, 128.17, 126.71, 126.36, 126.26, 110.97, 98.00, 97.98, 81.55, 71.32, 59.13,
59.11, 49.49, 42.80, 39.67, 39.64, 37.88, 37.85, 27.96, 14.39, 14.02.
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4-Methoxybenzyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,9a-
tetrahydro-2H-1,3-methanoquinolizine-4-carboxylate (3s)

N

Ph
O

H

N
N

O

O

OMe

(+/-)

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (81.1 mg, 0.30 mmol), pyridinium 2s (1.25 equiv, 126.4 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M).
Isolated 136.2 mg of an orange oil (71% yield).

HRMS(ESI): calc’d for [C31H31N3O4 + H+], 510.23874; found: 510.24009.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.30 – 7.21 (m, 3H), 7.07 – 7.00 (m,
4H), 6.84 – 6.80 (m, 2H), 6.04 (d, J = 7.0,1H), 5.99 – 5.92 (m, 2H), 5.52 – 5.47 (m, 1H),
5.03 (d, J = 12.0 Hz, 1H), 4.97 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.86 (d, J = 12.0 Hz, 1H),
4.67 (ddt, J = 9.4, 2.2, 1.1 Hz, 1H), 4.16 (s, 1H), 3.81 (s, 3H), 3.20 (dd, J = 10.2, 7.4 Hz,
1H), 2.99 (dd, J = 9.7, 7.4 Hz, 1H), 2.63 (d, J = 10.3, 1H), 2.54 (d, J = 1.1 Hz, 3H), 2.46
(d, J = 9.7 Hz, 1H), 2.24 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 172.97, 171.72, 159.62, 152.34, 144.01,
143.83, 135.75, 130.13, 128.32, 127.49, 126.74, 126.31, 126.01, 113.78, 111.12, 111.00, 98.23,
70.87, 66.35, 59.23, 55.30, 49.55, 42.86, 39.98, 37.54, 14.36, 13.99.
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(R)-1-Phenylethyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,9a-
tetrahydro-2H-1,3-methanoquinolizine-4-carboxylate (3t)

 

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (81.1 mg, 0.30 mmol), pyridinium 2t (1.25 equiv, 120.4 mg,
0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25 M).
Isolated 120.2 mg of an orange oil (65% yield, 1:1.4 d.r.).

HRMS(ESI): calc’d for [C31H31N3O3 + H+], 494.24382; found: 494.24426.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.37 – 7.25 (m, 5H), 7.23 – 7.03 (m,
5H), 6.05 (d, J = 7.0 Hz, 0.4H), 6.00 – 5.93 (m, 2.6H), 5.89 (q, J = 6.5 Hz, 0.4H), 5.77 (q, J
= 6.6 Hz, 0.6H), 5.56 (s, 0.4H), 5.49 (s, 0.6H), 4.96 (dtd, J = 6.9, 5.3, 1.3 Hz, 1H), 4.67
(ddq, J = 9.1, 2.3, 1.3 Hz, 1H), 4.18 (d, J = 6.2 Hz, 1H), 3.25 (dd, J = 10.2, 7.5 Hz, 0.4H),
3.18 (dd, J = 10.2, 7.4 Hz, 0.6H), 3.02 (dt, J = 9.7, 7.7 Hz, 1H), 2.67 (td, J = 10.3, 1.1 Hz,
1H), 2.54 (d, J = 1.1 Hz, 3H), 2.45 (t, J = 10.1 Hz, 1H), 2.24 (s, 3H), 1.56 (d, J = 6.6 Hz,
1H), 1.25 (dd, J = 6.6, 2H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.02, 173.00, 171.03, 170.97, 152.36,
152.31, 144.03, 143.87, 143.56, 141.36, 140.90, 135.85, 135.82, 128.50, 128.40, 128.38, 128.33,
127.98, 127.73, 126.82, 126.75, 126.35, 126.33, 126.22, 126.14, 126.10, 125.98, 111.24, 111.09,
111.02, 110.97, 98.32, 97.94, 73.34, 73.32, 73.12, 70.98, 70.88, 59.22, 59.19, 49.69, 49.46,
42.85, 42.82, 40.06, 39.78, 37.74, 37.71, 22.61, 22.25, 14.39, 14.37, 14.02.
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(R)-Tetrahydrofuran-3-yl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-
1,3, 4,9a-tetrahydro-2H-1,3-methanoquinolizine-4-carboxylate (3v)

 

Product was synthesized following general procedure A on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2v (1.25 equiv, 108.1
mg, 0.38 mmol), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in 1.2 mL acetonitrile (0.25
M). Isolated 67.2 mg of an orange oil as a mixture of diastereomers (70% yield, 1.2:1 d.r.).

HRMS(ESI): calc’d for [C27H29N3O4 + H+], 460.22309; found: 460.22293.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.29 (m, 2H), 7.22 (m, 1H), 7.13 – 7.06
(m, 2H), 6.00 (dd, J = 7.1, 2.6 Hz, 1H), 5.93 (s, 2H), 5.43 (d, J = 7.3 Hz, 1H), 5.17 (d, J =
17.0 Hz, 1H), 4.96 (q, J = 6.2 Hz, 1H), 4.65 (d, J = 9.6 Hz, 1H), 4.11 (s, 1H), 3.86 (dd, J =
10.6, 4.6 Hz, 0.5H), 3.79 – 3.67 (m, 2H), 3.62 (td, J = 8.7, 6.5 Hz, 0.5H), 3.54 (td, J = 8.7,
6.5 Hz, 0.5H), 3.33 – 3.26 (m, 0.5H), 3.14 (ddd, J = 29.3, 10.2, 7.4 Hz, 1H), 2.97 (ddd, J =
9.7, 7.4, 5.4 Hz, 1H), 2.66 (dd, J = 10.2, 2.7 Hz, 1H), 2.51 (s, 3H), 2.43 (dd, J = 9.7, 1.7
Hz, 1H), 2.22 (d, J = 1.5 Hz, 3H), 2.06 (dd, J = 14.1, 7.9 Hz, 0.5H), 1.96 – 1.79 (m, 1H),
1.48 (d, J = 13.4 Hz, 0.5H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 171.84, 171.83, 170.52, 170.47, 151.34,
142.98, 142.58, 142.55, 134.56, 134.43, 127.26, 125.85, 125.23, 125.21, 124.97, 124.93, 124.89,
110.24, 110.18, 109.95, 97.48, 97.29, 76.27, 76.02, 75.76, 74.28, 74.17, 72.10, 71.63, 69.66,
69.64, 65.82, 65.77, 58.14, 58.07, 52.41, 48.45, 48.37, 41.82, 41.80, 38.78, 38.65, 36.59, 36.53,
31.97, 31.33, 13.28, 12.92, 12.90.
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(3,5-Dimethyl-1H-pyrazol-1-yl)(3-phenyl-4-(thiophene-2-carbonyl)-3,4-dihydro-
2H-1,3-methanoquinolizin-1(9aH)-yl)methanone (3w)

N

Ph
O

H

N
N

O

S

(+/-)

Product was synthesized following general procedure B on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2w (1.25 equiv, 106.6
mg, 0.38 mmol), NaPF6 (1.3 equiv, 65.5 mg), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol)
in 1.2 mL acetonitrile (0.25 M). Isolated 21.7 mg of an orange solid (16% yield).

HRMS(ESI): calc’d for [C31H31N3O4 + H+], 456.17403; found: 456.17402.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.44 (dd, J = 4.9, 1.1 Hz, 1H), 7.12 –
7.07 (m, 2H), 7.06 – 7.01 (m, 1H), 7.00 – 6.97 (m, 2H), 6.86 (dd, J = 3.9, 1.1 Hz, 1H), 6.72
(dd, J = 4.9, 3.9 Hz, 1H), 5.99 – 5.91 (m, 3H), 5.57 (s, 1H), 4.97 (ddd, J = 7.0, 5.5, 1.4 Hz,
1H), 4.85 (s, 1H), 4.69 (ddt, J = 9.5, 2.2, 1.1 Hz, 1H), 3.41 (dd, J = 10.3, 7.4 Hz, 1H), 3.11
(dd, J = 9.6, 7.4 Hz, 1H), 2.59 – 2.53 (m, 2H), 2.52 (s, 3H), 2.24 (s, 3H), 1.26 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 193.97, 173.22, 152.50, 144.62, 144.08,
144.06, 136.09, 134.31, 132.61, 128.30, 128.26, 128.01, 126.91, 126.45, 126.27, 126.23, 111.12,
111.04, 98.95, 72.74, 59.86, 49.53, 43.95, 39.46, 37.88, 29.85, 14.46, 14.11.
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(3,5-Dimethyl-1H-pyrazol-1-yl)(-4-(4-methylbenzoyl)-3-phenyl-3,4-dihydro-2H-
1,3-methanoquinolizin-1(9aH)-yl)methanone (3x)

N

Ph
O

H

N
N

O

(+/-)

Product was synthesized following general procedure B on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2x (1.25 equiv, 109.2 mg,
0.38 mmol), NaPF6 (1.3 equiv, 65.5 mg, 0.39 mmol) and K3PO4 (2.5 equiv, 159.2 mg, 0.75
mmol) in 1.2 mL acetonitrile (0.25 M). Isolated 109.1 mg of an orange solid (78% yield).

HRMS(ESI): calc’d for [C30H29N3O2 + H+], 464.23326; found: 464.23339.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.27 – 7.24 (m, 2H), 7.05 – 6.98 (m,
3H), 6.94 – 6.87 (m, 4H), 5.97 – 5.92 (m, 2H), 5.91 (d, J = 7.0 Hz, 1H), 5.59 (t, J = 2.4 Hz,
1H), 5.11 (s, 1H), 4.93 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.66 (ddt, J = 9.2, 2.2, 1.0 Hz, 1H),
3.37 (dd, J = 10.1, 7.4 Hz, 1H), 3.14 (dd, J = 9.5, 7.4 Hz, 1H), 2.55 – 2.47 (m, 5H), 2.26 (s,
3H), 2.25 (s, 3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 201.44, 173.33, 152.48, 144.06, 143.99,
143.59, 136.34, 135.44, 128.80, 128.77, 128.24, 128.16, 126.71, 126.46, 126.35, 111.11, 110.77,
98.47, 70.52, 59.91, 49.61, 43.83, 39.46, 38.04, 21.65, 14.48, 14.14.
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(4-(4-Chlorobenzoyl)-3-phenyl-3,4-dihydro-2H-1,3-methanoquinolizin-1(9aH)-
yl)(3,5-dimethyl-1H-pyrazol-1-yl)methanone (3y)

N

Ph
O

H

N
N

O

Cl

(+/-)

Product was synthesized following general procedure B on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2y (1.25 equiv, 116.8
mg, 0.38 mmol), NaPF6 (1.3 equiv, 65.5 mg, 0.39 mmol) and K3PO4 (2.5 equiv, 159.2 mg,
0.75 mmol) in 1.2 mL acetonitrile (0.25 M). Isolated 122.5 mg of an orange solid (84% yield).

HRMS(ESI): calc’d for [C29H26ClN3O2 + H+], 484.17863; found: 484.17963.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.29 (dd, J = 8.7, 2.0 Hz, 2H), 7.10 –
7.04 (m, 5H), 6.95 – 6.90 (m, 2H), 6.00 – 5.94 (m, 2H), 5.91 (d, J = 7.0 Hz, 1H), 5.60 (s,
1H), 5.10 (s, 1H), 4.98 (ddd, J = 6.9, 5.4, 1.4 Hz, 1H), 4.70 (ddd, J = 9.4, 2.3, 1.1 Hz, 1H),
3.29 (dd, J = 10.2, 7.4 Hz, 1H), 3.16 (dd, J = 9.5, 7.4 Hz, 1H), 2.58 – 2.51 (m, 5H), 2.28 (s,
3H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 200.83, 173.15, 152.54, 144.10, 143.71,
139.24, 136.15, 136.11, 129.35, 128.43, 128.40, 128.39, 128.35, 127.00, 126.46, 126.30, 111.16,
111.03, 98.84, 71.05, 59.89, 49.51, 43.80, 43.80, 39.34, 37.97, 14.47, 14.14, 14.13.
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(3,5-Dimethyl-1H-pyrazol-1-yl)(4-(4-fluorobenzoyl)-3-phenyl-3,4-dihydro-2H-
1,3-methanoquinolizin-1(9aH)-yl)methanone (3z)

N

Ph
O

H

N
N

O

F

(+/-)

Product was synthesized following general procedure B on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2z (1.25 equiv, 111.1 mg,
0.38 mmol), NaPF6 (1.3 equiv, 65.5 mg), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in
1.2 mL acetonitrile (0.25 M). Isolated 101.7 mg of an orange oil (61% yield).

HRMS(ESI): calc’d for [C31H31N3O4 + H+], 468.20819; found: 468.20805.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.20 – 7.11 (m, 2H), 6.75 (m, 3H), 6.67
(m, 2H), 6.58 – 6.48 (m, 2H), 5.77 (s, 1H), 5.73 – 5.62 (m, 2H), 5.26 (s, 1H), 4.97 (s, 1H),
4.61 (ddt, J = 7.7, 5.4, 1.1 Hz, 1H), 4.30 (dddd, J = 9.4, 2.3, 1.4, 0.8 Hz, 1H), 2.89 – 2.79
(m, 2H), 2.24 (m, 4H), 2.19 – 2.13 (m, 1H), 1.99 (d, J = 0.9 Hz, 3H).
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19F NMR (300 MHz, CDCl3, 292 K, ppm): δ 106.86.
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 199.58, 172.01, 166.03, 162.68, 151.59,
143.35, 142.94, 136.02, 133.68, 133.65, 130.02, 129.90, 127.34, 125.89, 125.79, 125.55, 116.34,
114.28, 113.99, 110.23, 109.40, 96.63, 69.93, 59.17, 48.85, 42.70, 38.35, 37.12, 13.18, 12.78.
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4-(Cyclopropanecarbonyl)-3-phenyl-3,4-dihydro-2H-1,3-methanoquinolizin-1-
(9aH)-yl)(3,5-dimethyl-1H-pyrazol-1-yl)methanone (3aa)

N

Ph
O

H

N
N

O

(+/-)

Product was synthesized following general procedure B on a 0.30 mmol scale. Reagent
amounts used: bicyclobutane 1a (75.7 mg, 0.30 mmol), pyridinium 2aa (1.25 equiv, 90.8 mg,
0.38 mmol), NaPF6 (1.3 equiv, 65.5 mg), and K3PO4 (2.5 equiv, 159.2 mg, 0.75 mmol) in
1.2 mL acetonitrile (0.25 M). Isolated 92.8 mg of an orange solid (75% yield).

HRMS(ESI): calc’d for [C31H31N3O4 + H+], 414.21761; found: 414.21722.

1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.34 – 7.29 (m, 2H), 7.25 – 7.18 (m,
3H), 6.05 (d, J = 1.2 Hz, 1H), 5.97 (d, J = 7.0, 1H), 5.89 (dddd, J = 9.4, 5.5, 2.2, 0.9 Hz,
1H), 5.36 (t, J = 2.3 Hz, 1H), 4.83 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 4.53 – 4.46 (m, 2H), 2.97
(dd, J = 9.5, 7.3 Hz, 1H), 2.78 (dd, J = 10.1, 7.3 Hz, 1H), 2.64 (dd, J = 10.1, 0.9 Hz, 1H),
2.47 (d, J = 1.1 Hz, 3H), 2.30 (d, J = 9.5 Hz, 1H), 2.18 (s, 3H), 1.23 – 1.16 (m, 1H), 0.85 –
0.80 (m, 2H), 0.81 – 0.74 (m, 1H), 0.50 – 0.41 (m, 1H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)

1
.0
7

1
.1
9

2
.0
8

1
.0
7

3
.2
2

1
.2
3

3
.3
3

1
.0
5

1
.0
6

1
.0
5

1
.9
9

0
.9
8

0
.9
8

1
.0
0

1
.0
2

0
.9
2

3
.1
2

2
.1
5

0
.4
6

0
.4
7

0
.7
8

0
.8
2

0
.8
3

1
.1
8

1
.1
8

1
.1
9

1
.2
0

1
.9
4

C
D
3
C
N

2
.1
8

2
.4
7

2
.4
7

2
.6
3

2
.6
3

2
.6
5

2
.7
6

2
.6
5

2
.7
8

2
.8
0

2
.9
5

2
.9
6

2
.9
7

4
.5
0

4
.8
3

5
.3
6

5
.8
9

5
.8
9

5
.8
9

5
.9
6

5
.9
6

5
.9
6

5
.9
7

5
.9
8

5
.9
8

6
.0
4

6
.0
5

7
.2
1

7
.2
1

7
.3
2

N

Ph
O

H

N
N

O

475



13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 211.70, 173.55, 153.31, 145.25, 145.18,
137.89, 129.16, 127.71, 127.60, 127.31, 127.28, 118.27, 111.74, 110.62, 97.64, 78.03, 60.79,
50.51, 43.50, 43.49, 40.13, 39.09, 21.57, 14.48, 13.98, 13.14, 12.44.
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1-(1-(3,5-Dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,9a-tetrahydro-2H-
1,3-methanoquinolizin-4-yl)-2,2-dimethylpropan-1-one (3ab)

N

Ph
O

H

N
N

O

(+/-)

Product was synthesized following general procedure B on a 0.05 mmol scale. Reagent
amounts used: bicyclobutane 1a (12.6 mg, 0.05 mmol), pyridinium 2ab (1.25 equiv, 16.1
mg, 0.06 mmol), NaPF6 (1.3 equiv, 10.9 mg, 0.06 mmol) and K3PO4 (2.5 equiv, 26.4 mg,
0.13 mmol) in 0.2 mL acetonitrile (0.25 M). Solution yield determined by NMR spectroscopy
using 1,3,5-trimethoxybenzene internal standard (48% solution yield, 5:1 d.r.).

HRMS(ESI): calc’d for [C27H31N3O2 + H+], 430.24891; found: 430.24905.

1H NMR (500 MHz, CDCl3, 292 K, ppm): Major diastereomer product peak at
5.6 ppm and minor at 5.2 ppm.
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C.7 Larger Scale Synthesis

Methyl 1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-3-phenyl-1,3,4,9a-tetrahydro-
2H-1,3-methanoquinolizine-4-carboxylate (3a)

NMeO2C

Ph
O

H

N
N(+/-)

Product was synthesized following general procedure A on a 2.0 mmol scale. Reagent
amounts used: bicyclobutane 1a (504.6 mg, 2.0 mmol), pyridinium 2a (1.25 equiv, 580.2
mg, 2.5 mmol), and K3PO4 (2.5 equiv, 1.0614 g, 5.0 mmol) in 8.0 mL acetonitrile (0.25 M).
Isolated 655.0 mg of an orange solid (65% yield).

1H NMR (500 MHz, CDCl3, 292 K, ppm):
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C.8 Diversification Reactions

Methyl 1-(4-methoxybenzoyl)-3-phenyl-1,3,4,6,7,9a-hexahydro-2H-1,3-methano-
quinolizine-4-carboxylate (4i)

NMeO2C

O
H

OMe

(+/-)

To a 4 mL vial was added the pyridinium salt 2i (1.25 equiv, 46.2 mg, 0.20 mmol), K3PO4,
(2.5 equiv, 84.9 mg, 0.40 mmol), bicyclobutane 1i (1 equiv, 42.3 mg, 0.16 mmol) and a stir
bar. Acetonitrile was added to the vial (0.64 mL, 0.25 M) and the reaction mixture was stirred
for 24 hours at room temperature. The solvent was then evaporated, the residue redissolved
in methanol and cooled down to 0 °C Then NaBH3CN (25.1 mg, 2.5 equiv, 0.40 mmol) and
acetic acid (9.2 µL, 1 equiv, 0.16 mmol) was added to the cooled solution and it was allowed
to warm to room temperature and left to stir overnight. The reaction mixture was quenched
with NaHCO3 (5 mL) and then extracted DCM (3 x 5 mL). The organic layers were combined
then dried with Mg2SO4. The solution was filtered and the solvent was evaporated to give
the crude product. The product was purified further by column chromatography (Biotage®
Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 35% EtOAc) to obtain a white solid (16.5
mg, 25% Yield).

HRMS(ESI): calc’d for [C26H27NO4 + H+], 418.20129; found: 418.20115.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 8.01 (d, J = 8.9 Hz, 2H), 7.26 (d, J =
15.0 Hz, 2H), 7.20 – 7.15 (m, 1H), 7.09 – 7.05 (m, 2H), 6.94 (d, J = 8.9 Hz, 2H), 5.97 (ddd,
J = 7.1, 4.8, 2.8 Hz, 1H), 5.46 (ddt, J = 10.4, 2.9, 1.4 Hz, 1H), 4.56 (s, 1H), 3.88 (s, 3H),
3.83 (s, 1H), 3.64 – 3.59 (m, 1H), 3.30 (s, 3H), 3.14 (ddd, J = 14.0, 11.9, 4.1 Hz, 1H), 2.85
(dd, J = 14.1, 5.2 Hz, 1H), 2.45 – 2.34 (m, 3H), 2.26 (dd, J = 9.7, 7.4 Hz, 1H), 1.84 – 1.74
(m, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 199.91, 173.29, 163.63, 143.88, 131.78,
128.21, 128.07, 127.93, 127.66, 126.83, 125.90, 113.89, 69.63, 58.51, 55.65, 51.53, 51.31,
46.08, 44.07, 38.71, 37.31, 19.42.
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1-Methyl 4-(2-(trimethylsilyl)ethyl) 3-phenyl-3,4,7,9a-tetrahydro-2H-1,3-
methano- quinolizine-1,4(6H)-dicarboxylate (4q)

N

Ph
O

H

OMe

O

O
Si

(+/-)

To a 4 mL vial was added the pyridinium salt 2q (1.25 equiv, 119.4 mg, 0.38 mmol), K3PO4,
(2.5 equiv, 159.2 mg, 0.75 mmol) and a stir bar. Acetonitrile (0.6 mL) was added, and the
mixture stirred for 5 minutes at room temperature. Then, bicyclobutane 1a (1 equiv, 75.7 g,
0.30 mmol) was weighed into a 1 mL vial. Using acetonitrile (0.6 mL), 1a was quantitatively
transferred to the reaction vial. The mixture was stirred for 24 hours at room temperature.
Then, an equal volume of methanol (1.2 mL) and additional K3PO4 (1.0 equiv, 63.7 mg,
0.30 mmol) were added to the reaction mixture, which was stirred at rt for 24 hours. Then,
the solvent was evaporated in vacuo and the residue was redissolved in methanol (3 mL),
filtered quantitatively though a 0.45 µm syringe filter and the solution was cooled down to
0 °C. Then NaBH3CN (47.1 mg, 2.5 equiv, 0.75 mmol) and acetic acid (17.2 µL, 1 equiv,
0.30 mmol) was added to the reaction vial and it was allowed to warm to room temperature
and left to stir overnight. The reaction mixture was quenched with NaHCO3 (5 mL) and
then extracted DCM (3 x 5 mL). The organic layers were combined then dried with Mg2SO4.
The solution was filtered, and the solvent was evaporated to give the crude product. The
product was purified further by column chromatography (Biotage® Sfär 5g Column, 0-100%
EtOAc/hexanes, eluted at 25% EtOAc) to obtain a white solid (14.0 mg, 11% Yield over three
steps).

HRMS(ESI): calc’d for [C24H33NO4Si + H+], 428.22517; found: 428.22500.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.36 – 7.32 (m, 2H), 7.31 – 7.23 (m,
1H), 7.16 – 7.09 (m, 2H), 6.14 – 6.07 (m, 1H), 5.70 (ddt, J = 10.3, 2.8, 1.4 Hz, 1H), 4.53 –
4.44 (m, 1H), 3.90 (ddd, J = 11.8, 10.8, 5.7 Hz, 1H), 3.80 (s, 1H), 3.77 (s, 3H), 3.66 (ddd, J
= 12.0, 10.8, 5.3 Hz, 1H), 3.30 – 3.17 (m, 2H), 2.89 (ddt, J = 14.1, 5.4, 1.2 Hz, 1H), 2.52 –
2.41 (m, 2H), 2.39 (d, J = 8.8 Hz, 1H), 2.15 (dd, J = 9.4, 7.5 Hz, 1H), 1.87 (ddt, J = 17.3,
4.2, 1.3 Hz, 1H), 0.62 (ddd, J = 13.7, 12.0, 5.7 Hz, 1H), 0.49 (ddd, J = 13.7, 11.8, 5.3 Hz,
1H), 0.00 (s, 9H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.56, 172.89, 144.03, 128.82, 128.16,
128.14, 126.74, 126.07, 126.05, 69.23, 62.63, 57.20, 52.09, 45.89, 45.16, 44.71, 38.24, 35.76,
19.52, 17.02.
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Methyl 3-phenyl-4-pivaloyl-3,4,7,9a-tetrahydro-2H-1,3-methanoquinolizine-
1(6H)-carboxylate (4ab)

N

Ph
O

H

O

OMe(+/-)

To a 4 mL vial was added the pyridinium salt 2ab (1.25 equiv, 96.8 mg, 0.38 mmol), NaPF6

(1.3 equiv, 65.5 mg, 0.39 mmol), and a stir bar. Acetonitrile (0.6 mL) was added, and the
solution was stirred for 2 hours at room temperature. K3PO4, (2.5 equiv, 159.2 mg, 0.75
mmol) was added to the vial and the mixture stirred for 5 minutes at room temperature.
Then, bicyclobutane 1a (1 equiv, 75.7 g, 0.30 mmol) was weighed into a 1 mL vial. Using
acetonitrile (0.6 mL), 1a was quantitatively transferred to the reaction vial. The mixture was
stirred for 24 hours at room temperature. Then, an equal volume of methanol (1.2 mL) and
additional K3PO4 (1.0 equiv, 63.7 mg, 0.30 mmol) were added to the reaction mixture, which
was stirred at rt for 24 hours. Then, the solvent was evaporated in vacuo and the residue was
redissolved in methanol (3 mL), filtered quantitatively though a 0.45 µm syringe filter and
the solution was cooled down to 0 °C. Then NaBH3CN (47.1 mg, 2.5 equiv, 0.75 mmol) and
acetic acid (17.2 µL, 1 equiv, 0.30 mmol) was added to the reaction vial and it was allowed
to warm to room temperature and left to stir overnight. The reaction mixture was quenched
with NaHCO3 (5 mL) and then extracted DCM (3 x 5 mL). The organic layers were combined
then dried with Mg2SO4. The solution was filtered, and the solvent was evaporated to give
the crude product. The product was purified further by column chromatography (Biotage®
Sfär 5g Column, 0-100% EtOAc/hexanes, eluted at 25% EtOAc) to obtain a white solid (25.0
mg, 23% Yield (20% of the major diastereomer and 3% of the minor diastereomer isolated
separately) over three steps).

HRMS(ESI): calc’d for [C23H29NO3 + H+], 368.22202; found: 368.22250.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.29 – 7.22 (m, 2H), 7.22 – 7.12 (m,
1H), 7.05 – 6.95 (m, 2H), 6.08 – 5.96 (m, 1H), 5.61 (ddt, J = 10.4, 2.9, 1.4 Hz, 1H), 4.39
(m, 2H), 3.68 (s, 3H), 3.44 – 3.36 (m, 1H), 3.07 (ddd, J = 13.9, 11.9, 4.0 Hz, 1H), 2.78 –
2.68 (m, 1H), 2.46 – 2.32 (m, 2H), 2.23 – 2.12 (m, 2H), 1.89 – 1.77 (m, 1H), 0.63 (s, 9H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 219.31, 173.62, 144.81, 129.15, 128.34,
127.77, 127.46, 126.91, 65.74, 57.74, 52.02, 46.25, 45.59, 45.18, 44.45, 38.34, 36.81, 26.96,
20.62.
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Methyl 3-phenyl-3,4-dihydro-2H-1,3-methanoquinolizine-1(9aH)-carboxylate
(4o)

N

Ph
O

H

OMe

H
H

To a 4 mL vial was added the pyridinium salt 2o (1.25 equiv, 74.3 mg, 0.38 mmol), K3PO4,
(2.5 equiv, 159.2 mg, 0.75 mmol) and a stir bar. Acetonitrile (0.6 mL) was added, and the
mixture stirred for 5 minutes at room temperature. Then, bicyclobutane 1a (1 equiv, 75.7 g,
0.30 mmol) was weighed into a 1 mL vial. Using acetonitrile (0.6 mL), 1a was quantitatively
transferred to the reaction vial. The mixture was stirred for 24 hours at room temperature.
Then, an equal volume of methanol (1.2 mL) and additional K3PO4 (1.0 equiv, 63.7 mg,
0.30 mmol) were added to the reaction mixture, which was stirred at rt for 24 hours. Then,
the solvent was evaporated in vacuo and the residue was redissolved in methanol (3 mL),
filtered quantitatively though a 0.45 µm syringe filter and the solution was cooled down to
0 °C. Then NaBH3CN (47.1 mg, 2.5 equiv, 0.75 mmol) and acetic acid (17.2 µL, 1 equiv,
0.30 mmol) was added to the reaction vial and it was allowed to warm to room temperature
and left to stir overnight. The reaction mixture was quenched with NaHCO3 (5 mL) and
then extracted DCM (3 x 5 mL). The organic layers were combined then dried with Mg2SO4.
The solution was filtered, and the solvent was evaporated to give the crude product. The
product was purified further by column chromatography (Biotage® Sfär 5g Column, 0-100%
EtOAc/hexanes, eluted at 35% EtOAc) to obtain a white solid (3.9 mg, 5% Yield over three
steps).

HRMS(ESI): calc’d for [C18H21NO2 + H+], 284.16451; found: 284.16491.
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1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.34 – 7.29 (m, 2H), 7.25 – 7.16 (m, 1H),
7.17 – 7.11 (m, 2H), 6.03 – 5.95 (m, 1H), 5.66 – 5.57 (m, 1H), 4.13 (s, 1H), 3.70 (s, 3H),
3.11 (ddd, J = 13.7, 11.6, 4.2 Hz, 1H), 3.03 – 2.92 (m, 3H), 2.79 (t, J = 8.0 Hz, 1H), 2.44 –
2.31 (m, 2H), 2.26 (d, J = 8.3 Hz, 1H), 1.97 (dd, J = 9.0, 7.6 Hz, 1H), 1.83 – 1.71 (m, 1H).
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13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 174.19, 146.57, 128.64, 128.43, 128.41,
127.91, 126.39, 125.31, 125.29, 59.00, 57.41, 52.02, 52.01, 46.94, 45.35, 42.19, 38.60, 37.09,
19.58.
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1H-13C HSQC (4o):

1.52.02.53.03.54.04.55.05.56.06.57.07.5
f2	(ppm)

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

f1
	(p
pm
)

1H-13C HMBC (4o):

1.52.02.53.03.54.04.55.05.56.06.57.07.5
f2	(ppm)

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

f1
	(p
pm
)

491



C.9 Tests for Other Ylide Additions to Bicyclobutane

C.9.1 Azomethine Ylides

General Procedure for Table 4.5:

ConditionsR
O

N
O

N CO2Et

H
N Ph

R

EtO2C

N

O

O

The imine (9.6 mg, 0.05 mmol, 1 equiv), Base, and catalyst/additive was added to a 1-
dram vial and dissolved in solvent (0.50 mL, 0.10 M). The bicyclobutane (8.4 mg for mono-
substituted or 12.2 mg for disubstituted, 0.05 mmol, 1 equiv) was then added to the reaction
mixture and it was left to stir at the assigned temperature for 24 hours. The solvent was
then evaporated and a 1H NMR spectrum was taken in CDCl3. No product observed.

1H NMR 300 MHz in CDCl3 for Table 4.5, Entry 1:

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)
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1H NMR 300 MHz in CDCl3 for Table 4.5, Entry 2:

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)

1H NMR 300 MHz in CDCl3 for Table 4.5, Entry 3:

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)
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1H NMR 300 MHz in CDCl3 for Table 4.5, Entry 4:

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)

1H NMR 300 MHz in CDCl3 for Table 4.5, Entry 5:

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)
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1H NMR 300 MHz in CDCl3 for Table 4.5, Entry 6:

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.5
f1	(ppm)

1H NMR 300 MHz in CDCl3 for Table 4.5, Entry 7:

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.5
f1	(ppm)
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Appendix D

Supporting Information for Chapter 5

Contributions: The following data reported has been completed independently with
supporting work from supervised undergraduate students.

D.1 General

Materials. All solvents and common organic reagents were purchased from commercial
suppliers and used without further purification. Organic building blocks and starting ma-
terials were purchased from Oakwood Chemicals, Sigma Aldrich, or AmBeed and used as
received. All Lewis acids were purchased from Strem Chemicals and used as received. All
non-commerical compounds were prepared using literature procedures, or syntheses as de-
scribed.

Analysis and Spectroscopy. All NMR spectra were acquired on either a Bruker AVANCE
300 MHz spectrometer or a Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C
NMR spectra chemical shifts are calibrated to residual protio-solvents, and 19F NMR spectra
chemical shifts are calibrated to an external standard.
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D.2 Substrate Synthesis

O
O

OH

CDI, RNH2
THF, rt O

O

HN R

NaBH4
MeOH

TsCl, NEt3
DCM

HO
O

HN R
TsO

O

HN RI II III

O

O

OH
CDI, RNH2

THF, rt O

O

N
H

HO

O

N
H

NaBH4
MeOH

TsCl, NEt3

Toluene, 60°C Cl

O

N
H

N-methylimidazole RR R

2
I II III

1

General Procedure 1: (Amidation) 3-Oxocyclobutane-1-carboxylic acid or 3-Oxocyclo-
pentane-1-carboxylic acid I (1 equiv) was dissolved in THF (0.55 M) in a round bottom
flask and the solution was cooled down to 0 °C. Carbonyl diimidazole (1.05 equiv) was
added to the flask. The solution was warmed to room temperature and left to stir for 1
hour before the solution was cooled back down to 0 °C and the amine (1.05 equiv) was added
dropwise. The solution was then warmed to room temperature and left to stir overnight. The
reaction was then quenched with NH4Cl and then extracted with ethyl acetate 3 times. The
combined organic layers were dried with Mg2SO4, filtered and the solvent was evaporated.
The compound II was purified by column chromatography in most cases.

General procedure 2 (Reduction)212 The cyclobutanone or cyclopentanone amide II (1
equiv) was dissolved in methanol and cooled down to 0 °C. Sodium borohydride (0.5 equiv)
was added portion-wise to the reaction mixture. The solution was allowed to warm to room
temperature and left to stir for 2-3 hours at room temperature. The solution was quenched
with NH4Cl and extracted with ethyl acetate 3 times. The organic layer was dried with
Mg2SO4, filtered and the solvent was evaporated to give the product III which was used
without further purification.

General procedure 3 (Tosylation of cyclobutanols)212 The cyclobutane or cyclopentane
alcohol III (1 equiv) was dissolved in DCM and cooled down and 4-toluenesulfonyl chloride
(1.2 equiv) was added to the reaction mixture followed by triethylamine (1.3 equiv). The
solution was then heated to 40 °C for 24 hours. The reaction was quenched with NH4Cl and
then extracted with DCM 3 times. The organic solvent was dried with Mg2SO4, filtered and
the solvent was evaporated to give the crude product IV . The compound was purified by
column chromatography.

General procedure 3 (Tosylation of cyclopentanols)212 The cyclopentane alcohol III
was dissolved in toluene (0.53 M) followed by the addition of N -methylimidazole (1.0 equiv).
4-Toluenesulfonyl chloride (1.5 equiv) was then added, followed by triethylamine (1.5 equiv),
and the mixture was stirred at 60 °C overnight. The reaction was quenched with saturated
ammonium chloride and then extracted with toluene 3 times. The organic layers were com-
bined, dried with Mg2SO4, filtered and then the solvent was evaporated to give the crude
product IV. The compound was purified by column chromatography.
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N -benzyl-3-oxocyclobutane-1-carboxamide

O
O

HN

This product was prepared using General Procedure 1 on a 44.8 mmol scale and 9.45 g
of a beige solid was obtained (92% Yield). This product was carried forward without further
purification.

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.50 – 7.13 (m, 5H), 5.93 (s, 1H), 4.49
(d, J = 5.7 Hz, 2H), 3.61 – 3.45 (m, 2H), 3.32 – 3.10 (m, 2H), 3.11 – 2.88 (m, 1H).
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N -(4-methoxybenzyl)-3-oxocyclobutane-1-carboxamide

O
O

HN

OMe

This product was prepared using General Procedure 1 on a 4.4 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 80% EtOAc) and 277.7 mg of a white solid was obtained (27% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.24 – 7.17 (m, 2H), 6.88 (d, J = 8.8 Hz,
2H), 4.43 (d, J = 5.6 Hz, 2H), 3.81 (s, 3H), 3.60 – 3.43 (m, 2H), 3.27 – 3.11 (m, 2H), 3.03 –
2.89 (m, 1H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)
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N -(4-fluorobenzyl)-3-oxocyclobutane-1-carboxamide

O
O

HN

F

This product was prepared using General Procedure 1 on a 4.4 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 61% EtOAc) and 360.2 mg of a white solid was obtained (37% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.24 – 7.17 (m, 2H), 6.88 (d, J = 8.8 Hz,
2H), 4.43 (d, J = 5.6 Hz, 2H), 3.81 (s, 3H), 3.60 – 3.43 (m, 2H), 3.27 – 3.11 (m, 2H), 3.03 –
2.89 (m, 1H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)
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19F NMR (300 MHz, CDCl3, 292 K, ppm): δ 114.12.

O
O

HN

F

-290-280-270-260-250-240-230-220-210-200-190-180-170-160-150-140-130-120-110-100-90-80-70-60-50-40-30-20-100102030405060708090
f1	(ppm)
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2
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N -allyl-3-oxocyclobutane-1-carboxamide

O
O

HN

This product was prepared using General Procedure 1 on a 4.4 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 85% EtOAc) and 131.4 mg of a white solid was obtained (20% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.86 (ddt, J = 17.1, 10.2, 5.8 Hz, 1H),
5.64 (s, 1H), 5.28 – 5.12 (m, 2H), 3.95 (tt, J = 5.8, 1.5 Hz, 2H), 3.61 – 3.42 (m, 2H), 3.30 –
3.12 (m, 2H), 3.08 – 2.91 (m, 1H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)
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N -(tert-butyl)-3-oxocyclobutane-1-carboxamide

O
O

HN

This product was prepared using General Procedure 1 on a 4.4 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 75% EtOAc) and 141.6 mg of a white solid was obtained (19% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 3.54 – 3.34 (m, 2H), 3.24 – 3.03 (m,
2H), 2.99 – 2.78 (m, 1H), 1.38 (s, 9H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
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3-oxo-N -(2,2,2-trifluoroethyl)cyclobutane-1-carboxamide

O
O

HN
CF3

This product was prepared using General Procedure 1 on a 1.75 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 75% EtOAc) and 178.7 mg of a white solid was obtained (52% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.86 (s, 1H), 3.99 (qd, J = 9.0, 6.5 Hz,
2H), 3.61 – 3.39 (m, 2H), 3.38 – 3.17 (m, 2H), 3.18 – 2.92 (m, 1H).
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N -benzyl-3-oxocyclopentane-1-carboxamide

O

O

N
H

This product was prepared using General Procedure 1 on a 3.4 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 75% EtOAc) and 252.4 mg of a white solid was obtained (34% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.38 – 7.17 (m, 6H), 7.06 (s, 1H), 4.42 –
4.29 (m, 2H), 3.02 – 2.90 (m, 1H), 2.48 (ddd, J = 18.3, 8.5, 1.5 Hz, 1H), 2.40 – 2.25 (m,
2H), 2.24 – 2.16 (m, 1H), 2.16 – 2.04 (m, 2H).
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f1	(ppm)

1
.8
2

1
.0
2

2
.0
5

1
.1
1

1
.0
0

2
.0
5

0
.9
9

5
.7
1

2
.0
5

2
.0
6

2
.0
7

2
.0
7

2
.0
8

2
.0
9

2
.0
9

2
.1
1

2
.1
0

2
.1
1

2
.1
2

2
.1
2

2
.1
8

2
.1
9

2
.2
1

2
.2
9

2
.3
1

2
.3
1

2
.3
1

2
.3
2

2
.3
3

2
.3
3

2
.4
5

2
.4
5

2
.4
7

2
.4
7

2
.5
0

2
.4
9

2
.5
1

2
.9
5

2
.9
7

2
.9
7

2
.9
8

4
.3
8

4
.3
9

4
.3
8

4
.3
9

4
.4
0

7
.0
6

7
.2
2

7
.2
2

7
.2
3

7
.2
4

7
.2
4

7
.2
7

7
.2
8

7
.3
0

7
.3
0

7
.3
1

7
.3
2

7
.3
2

7
.3
3

O

O

N
H

505



3-Oxo-N -phenylcyclopentane-1-carboxamide

O

O

N
H

This product was prepared using General Procedure 1 on a 3.9 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 59% EtOAc) and 582.0 mg of a white solid was obtained (69% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.56 – 7.48 (m, 2H), 7.34 (dd, J = 8.5,
7.4 Hz, 2H), 7.23 (s, 1H), 7.14 (t, J = 7.3 Hz, 1H), 3.04 (p, J = 8.0 Hz, 1H), 2.75 – 2.61 (m,
1H), 2.57 – 2.37 (m, 2H), 2.37 – 2.30 (m, 1H), 2.30 – 2.22 (m, 2H).
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N -allyl-3-oxocyclopentane-1-carboxamide

O

N
H

O

This product was prepared using General Procedure 1 on a 3.9 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 76% EtOAc) and 286.0 mg of a white solid was obtained (48% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.85 (ddt, J = 17.1, 10.2, 5.7 Hz, 1H),
5.58 (s, 1H), 5.25 – 5.11 (m, 2H), 3.92 (ddt, J = 5.8, 4.2, 1.5 Hz, 2H), 2.94 – 2.81 (m, 1H),
2.58 (ddd, J = 18.4, 8.9, 1.5 Hz, 1H), 2.49 – 2.34 (m, 2H), 2.28 – 2.03 (m, 3H).
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Methyl (3-oxocyclopentane-1-carbonyl)glycinate

O

O

N
H CO2Et

This product was prepared using General Procedure 1 on a 3.9 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 70% EtOAc) and 345.0 mg of a white solid was obtained (41% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 6.07 (s, 1H), 4.24 (q, J = 7.2 Hz, 2H),
4.13 – 3.99 (m, 2H), 3.03 – 2.91 (m, 1H), 2.58 (ddd, J = 18.4, 8.7, 1.5 Hz, 1H), 2.50 – 2.36
(m, 2H), 2.31 – 2.09 (m, 3H), 1.30 (t, J = 7.1 Hz, 3H).
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N -(tert-butyl)-3-oxocyclopentane-1-carboxamide

O

O

N
H

This product was prepared using General Procedure 1 on a 3.9 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 20% EtOAc) and 320.0 mg of a white solid was obtained (45% Yield).
Note that some free imidazole is remaining after the column.

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.35 (s, 1H), 2.84 – 2.69 (m, 1H), 2.57 –
2.26 (m, 3H), 2.24 – 2.19 (m, 1H), 2.16 – 2.00 (m, 2H), 1.36 (s, 9H).
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N -benzyl-3-hydroxycyclobutane-1-carboxamide

HO
O

HN

This product was prepared using General Procedure 2 on a 50.3 mmol scale and 9.23 g
of a white solid was obtained (89% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.40 – 7.18 (m, 5H), 6.55 (s, 1H), 4.40
(d, J = 5.8 Hz, 2H), 4.10 (q, J = 7.1 Hz, 1H), 2.59 – 2.42 (m, 3H), 2.24 – 2.15 (m, 2H).
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3-Hydroxy-N -(4-methoxybenzyl)cyclobutane-1-carboxamide

HO
O

HN

OMe

This product was prepared using General Procedure 2 on a 1.2 mmol scale and 202.8 mg
of a white solid was obtained (72% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.24 – 7.13 (m, 2H), 6.87 (d, J = 8.7 Hz,
2H), 5.65 (s, 1H), 4.38 (d, J = 5.6 Hz, 2H), 4.25 – 4.11 (m, 1H), 3.80 (s, 3H), 2.68 – 2.42
(m, 3H), 2.26 – 2.08 (m, 2H).
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N -(4-fluorobenzyl)-3-hydroxycyclobutane-1-carboxamide

HO
O

HN

F

This product was prepared using General Procedure 2 on a 1.6 mmol scale and 183.5 mg
of a white solid was obtained (50% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.22 (s, 2H), 7.02 (t, J = 8.7 Hz, 2H),
5.70 (s, 1H), 4.42 (d, J = 5.8 Hz, 2H), 4.26 – 4.13 (m, 1H), 2.69 – 2.43 (m, 3H), 2.23 – 2.07
(m, 2H).
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19F NMR (300 MHz, CDCl3, 292 K, ppm): δ 114.78.
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N -allyl-3-hydroxycyclobutane-1-carboxamide

HO
O

HN

This product was prepared using General Procedure 2 on a 0.86 mmol scale and 76.4 mg
of a white solid was obtained (57% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.96 – 5.72 (m, 1H), 5.49 (s, 1H), 5.28 –
5.04 (m, 2H), 4.18 (p, J = 6.5 Hz, 1H), 3.90 (tt, J = 5.8, 1.5 Hz, 2H), 2.70 – 2.40 (m, 3H),
2.24 – 2.08 (m, 2H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1	(ppm)

1
.8
8

2
.8
1

1
.8
5

1
.0
0

1
.9
8

0
.8
8

1
.0
9

2
.1
4

2
.1
6

2
.1
5

2
.1
6

2
.1
7

2
.2
0

2
.5
0

2
.4
7

2
.5
2

2
.5
5

2
.5
8

2
.5
6

2
.5
9

2
.5
9

2
.6
1

2
.6
2

2
.6
4

3
.8
7

3
.8
8

3
.8
8

3
.8
9

3
.9
0

3
.9
1

3
.9
0

3
.9
2

3
.9
2

4
.1
6

4
.1
8

4
.2
0

5
.1
3

5
.1
3

5
.1
4

5
.1
4

5
.1
5

5
.1
6

5
.1
6

5
.1
7

5
.2
0

5
.1
7

5
.2
1

5
.2
1

5
.2
2

5
.7
8

5
.7
9

5
.8
1

5
.8
1

5
.8
3

5
.8
5

5
.8
7

5
.8
7

5
.8
9

7
.2
6

C
D
C
l3

HO
O

HN

514



N -(tert-butyl)-3-hydroxycyclobutane-1-carboxamide

HO
O

HN

This product was prepared using General Procedure 2 on a 0.84 mmol scale and 143.3
mg of a white solid was obtained (100% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.25 (s, 1H), 4.14 (p, J = 6.6 Hz, 1H),
2.63 – 2.49 (m, 2H), 2.39 (t, J = 7.7 Hz, 1H), 2.20 – 2.02 (m, 2H), 1.35 (s, 9H).
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3-Hydroxy-N -(2,2,2-trifluoroethyl)cyclobutane-1-carboxamide

HO
O

HN
CF3

This product was prepared using General Procedure 2 on a 0.92 mmol scale and 141.9
mg of a white solid was obtained (79% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.71 (s, 1H), 4.20 (q, J = 6.9 Hz, 1H),
3.93 (qd, J = 9.1, 6.4 Hz, 2H), 2.69 – 2.44 (m, 3H), 2.28 – 2.03 (m, 2H).
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19F NMR (300 MHz, CDCl3, 292 K, ppm): δ 72.60, 72.71.
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N -benzyl-3-hydroxycyclopentane-1-carboxamide

HO

O

N
H

This product was prepared using General Procedure 2 on a 0.82 mmol scale and 144.6
mg of a white solid was obtained (81% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.40 – 7.25 (m, 5H), 6.16 (s, 1H), 4.44
(d, J = 5.8 Hz, 2H), 4.32 (ddd, J = 5.8, 4.3, 1.6 Hz, 1H), 2.83 – 2.63 (m, 1H), 2.03 – 1.86
(m, 6H).
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3-Hydroxy-N -phenylcyclopentane-1-carboxamide

HO

O

N
H

This product was prepared using General Procedure 2 on a 2.86 mmol scale and 541.6
mg of a white solid was obtained (92% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.57 – 7.47 (m, 2H), 7.37 – 7.31 (m,
2H), 7.15 – 7.07 (m, 1H), 4.42 (s, 1H), 2.93 (tdd, J = 9.2, 6.2, 2.6 Hz, 1H), 2.21 – 2.04 (m,
4H), 2.02 – 1.84 (m, 2H), 1.79 – 1.69 (m, 1H).
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N -allyl-3-hydroxycyclopentane-1-carboxamide

O

N
H

HO

This product was prepared using General Procedure 2 on a 1.71 mmol scale and 157.2
mg of a white solid was obtained (54% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.57 – 7.47 (m, 2H), 7.37 – 7.31 (m,
2H), 7.15 – 7.07 (m, 1H), 4.42 (s, 1H), 2.93 (tdd, J = 9.2, 6.2, 2.6 Hz, 1H), 2.21 – 2.04 (m,
4H), 2.02 – 1.84 (m, 2H), 1.79 – 1.69 (m, 1H).
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Methyl (3-hydroxycyclopentane-1-carbonyl)glycinate

HO

O

N
H CO2Me

This product was prepared using General Procedure 2 on a 1.62 mmol scale and 128.6
mg of a white solid was obtained. Transesterification of the ethyl ester occured to give the
methyl ester product instead. (40% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 6.43 (s, 1H), 4.36 (dt, J = 4.4, 2.4 Hz,
1H), 4.07 (dd, J = 5.2, 3.2 Hz, 2H), 3.80 (s, 3H), 2.91 – 2.80 (m, 1H), 2.06 (s, 3H), 2.01 –
1.96 (m, 2H), 1.96 – 1.88 (m, 1H), 1.80 – 1.70 (m, 1H).
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N -(tert-butyl)-3-hydroxycyclopentane-1-carboxamide

HO

O

N
H

This product was prepared using General Procedure 2 on a 1.75 mmol scale and 216.0
mg of a white solid was obtained. Transesterification of the ethyl ester occured to give the
methyl ester product instead. (67% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.58 (s, 1H), 4.27 (tt, J = 4.6, 1.3 Hz,
1H), 2.62 (tdd, J = 9.4, 5.3, 2.1 Hz, 1H), 2.05 – 1.73 (m, 5H), 1.73 – 1.52 (m, 1H), 1.35 (s,
9H).
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3-(Benzylcarbamoyl)cyclobutyl 4-methylbenzenesulfonate (1a)

TsO
O

HN

This product was prepared using General Procedure 3 on a 4.9 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/
hexanes, eluted at 68% EtOAc) and 549.4 mg of a white solid was obtained (31% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.78 (d, J = 8.3 Hz, 2H), 7.39 – 7.13 (m,
7H), 5.60 (s, 1H), 4.85 – 4.66 (m, 1H), 4.40 (d, J = 5.6 Hz, 2H), 2.56 – 2.35 (m, 8H).
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3-((4-Methoxybenzyl)carbamoyl)cyclobutyl 4-methylbenzenesulfonate (1b)

TsO
O

HN

OMe

This product was prepared using General Procedure 3 on a 0.86 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 71% EtOAc) and 121.0 mg of a white solid was obtained (36% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.78 (d, J = 8.3 Hz, 2H), 7.39 – 7.13 (m,
7H), 5.60 (s, 1H), 4.85 – 4.66 (m, 1H), 4.40 (d, J = 5.6 Hz, 2H), 2.56 – 2.35 (m, 8H).
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3-((4-Fluorobenzyl)carbamoyl)cyclobutyl 4-methylbenzenesulfonate (1c)

TsO
O

HN

F

This product was prepared using General Procedure 3 on a 0.82 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 71% EtOAc) and 212.4 mg of a white solid was obtained (66% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.78 (d, J = 8.3 Hz, 2H), 7.38 – 7.28 (m,
2H), 7.20 (dd, J = 8.5, 5.4 Hz, 2H), 7.00 (t, J = 8.7 Hz, 2H), 5.58 (s, 1H), 4.83 – 4.69 (m,
1H), 4.37 (d, J = 5.8 Hz, 2H), 2.51 – 2.37 (m, 7H).
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19F NMR (300 MHz, CDCl3, 292 K, ppm): δ 114.61.

TsO
O

HN

F
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3-(Allylcarbamoyl)cyclobutyl 4-methylbenzenesulfonate (1d)

TsO
O

HN

This product was prepared using General Procedure 3 on a 0.49 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 100% EtOAc) and 44.3 mg of a white solid was obtained (29% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.78 (d, J = 8.3 Hz, 2H), 7.39 – 7.30 (m,
2H), 5.92 – 5.69 (m, 1H), 5.35 (s, 1H), 5.22 – 5.08 (m, 2H), 4.84 – 4.67 (m, 1H), 3.85 (tt, J
= 5.8, 1.5 Hz, 2H), 2.50 – 2.34 (m, 7H).
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3-(Tert-butylcarbamoyl)cyclobutyl 4-methylbenzenesulfonate (1e)

TsO
O

HN

This product was prepared using General Procedure 3 on a 1.2 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 5% EtOAc) and 115.1 mg of a white solid was obtained (30% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.78 (d, J = 8.3 Hz, 2H), 7.37 – 7.30 (m,
2H), 5.10 (s, 1H), 4.74 (p, J = 7.5 Hz, 1H), 2.44 (s, 3H), 2.41 – 2.25 (m, 5H), 1.31 (s, 9H).
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3-((2,2,2-Trifluoroethyl)carbamoyl)cyclobutyl 4-methylbenzenesulfonate (1f)

TsO
O

HN
CF3

This product was prepared using General Procedure 3 on a 0.72 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 19% EtOAc) and 66.2 mg of a white solid was obtained (26% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.78 (d, J = 8.3 Hz, 2H), 7.34 (dd, J =
8.7, 0.7 Hz, 2H), 5.57 (s, 1H), 4.83 – 4.71 (m, 1H), 3.89 (qd, J = 9.0, 6.4 Hz, 2H), 2.46 (d, J
= 10.2 Hz, 8H).
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N -benzyl-3-chlorocyclopentane-1-carboxamide (4a)

Cl

O

N
H

This product was prepared using General Procedure 4 on a 6.41 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/
hexanes, eluted at 29% EtOAc) and 588.5 mg of a white solid was obtained (39% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.40 – 7.26 (m, 5H), 5.75 (s, 1H), 4.57
(dq, J = 5.3, 2.6 Hz, 1H), 4.45 (d, J = 5.7 Hz, 2H), 2.96 (dt, J = 16.2, 8.3 Hz, 1H), 2.49 –
2.32 (m, 1H), 2.32 – 2.15 (m, 3H), 2.15 – 1.89 (m, 2H).
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3-Chloro-N -phenylcyclopentane-1-carboxamide (4b)

Cl

O

N
H

This product was prepared using General Procedure 4 on a 2.64 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/
hexanes, eluted at 24% EtOAc) and 235.4 mg of a white solid was obtained (40% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.57 – 7.48 (m, 2H), 7.33 (dd, J = 8.6,
7.3 Hz, 2H), 7.19 (s, 1H), 7.11 (s, 1H), 4.61 (q, J = 3.4 Hz, 1H), 3.11 (dd, J = 8.8, 5.7 Hz,
1H), 2.50 – 2.37 (m, 1H), 2.34 – 2.19 (m, 3H), 2.12 – 1.99 (m, 2H).
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N -allyl-3-chlorocyclopentane-1-carboxamide (4c)

Cl

O

N
H

This product was prepared using General Procedure 4 on a 0.93 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/
hexanes, eluted at 32% EtOAc) and 100.1 mg of a white solid was obtained (57% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.84 (ddt, J = 17.2, 10.2, 5.7 Hz, 1H),
5.55 (s, 1H), 5.24 – 5.10 (m, 2H), 4.57 (tt, J = 5.1, 2.4 Hz, 1H), 3.89 (tt, J = 5.8, 1.6 Hz,
2H), 2.95 (tdd, J = 9.0, 7.4, 6.2 Hz, 1H), 2.34 (ddd, J = 14.2, 9.0, 5.4 Hz, 1H), 2.29 – 2.09
(m, 3H), 2.08 – 1.84 (m, 2H).
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Methyl (3-chlorocyclopentane-1-carbonyl)glycinate (4d)

Cl

O

N
H CO2Me

This product was prepared using General Procedure 4 on a 0.60 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/
hexanes, eluted at 65% EtOAc) and 40.8 mg of a white solid was obtained (29% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 6.07 (s, 1H), 4.55 (tt, J = 5.2, 2.3 Hz,
1H), 4.04 (dd, J = 5.2, 1.2 Hz, 2H), 3.76 (s, 3H), 3.09 – 2.97 (m, 1H), 2.32 (ddd, J = 14.1,
8.9, 5.4 Hz, 1H), 2.27 – 2.15 (m, 3H), 2.03 – 1.90 (m, 2H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)

2
.0
8

3
.1
6

1
.0
8

1
.0
5

3
.0
8

2
.0
4

1
.0
0

0
.9
5

1
.9
3

1
.9
4

1
.9
4

1
.9
4

1
.9
4

1
.9
9

1
.9
9

2
.0
0

1
.9
9

2
.0
1

2
.0
0

2
.0
3

2
.1
6

2
.1
8

2
.1
8

2
.1
9

2
.2
0

2
.1
9

2
.2
0

2
.2
0

2
.2
1

2
.2
1

2
.2
1

2
.2
2

2
.2
2

2
.2
2

2
.2
2

2
.2
3

2
.2
3

2
.2
9

2
.3
1

2
.3
1

2
.3
2

2
.3
3

2
.3
4

2
.3
5

3
.0
2

3
.0
4

3
.0
3

3
.0
5

3
.7
6

4
.0
3

4
.0
4

4
.0
4

4
.0
5

4
.5
4

4
.5
5

4
.5
4

4
.5
5

4
.5
5

4
.5
6

7
.2
6

C
D
C
l3

Cl

O

N
H CO2Me

533



N -(tert-butyl)-3-chlorocyclopentane-1-carboxamide (4e)

Cl

O

N
H

This product was prepared using General Procedure 4 on a 1.17 mmol scale. The product
was purified by column chromatography (Biotage® Sfär 25g Column, 0-100% EtOAc/
hexanes, eluted at 77% EtOAc) and 210.5 mg of a white solid was obtained (89% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 5.29 (s, 1H), 4.55 (tt, J = 5.1, 2.4 Hz,
1H), 2.88 – 2.78 (m, 1H), 2.29 (ddd, J = 14.1, 8.9, 5.4 Hz, 1H), 2.25 – 2.17 (m, 1H), 2.17 –
2.09 (m, 2H), 2.02 – 1.95 (m, 1H), 1.93 – 1.85 (m, 1H), 1.34 (s, 9H).
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D.3 Optimization

Table 5.1 reaction conditions:

N
Hc

O

TsO

O

HN
N

O

+

1a 2a 3a

ConditionsHa

Hb

Hd

Table 5.1, Entry 1:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added KOtBu
(11.2 mg, 0.10 mmol, 2.0 equiv) and then the reaction was stirred at 40 °C for 24 hours. The
reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL of ethyl acetate. The
organic layers were combined and dried with Mg2SO4, filtered and the solvent was evaported.
The amounts of product and starting materials were determined by 1H NMR spectroscopy
relative to the internal standard (1,3,5-trimethoxybenzene). 0% 1a (no peak at 4.68 ppm,
Ha), 5% 2a (3.38 ppm peak, Hb), and 20% 3a (5.89 ppm peak, Hc).

1H NMR (300 MHz, CDCl3, 292 K):
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Table 5.1, Entry 2:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added NaOtBu
(5.3 mg, 0.055 mmol, 1.1 equiv) and then the reaction was stirred at 60 °C for 24 hours. The
reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL of ethyl acetate. The
organic layers were combined and dried with Mg2SO4, filtered and the solvent was evaported.
The amounts of product and starting materials were determined by 1H NMR spectroscopy
relative to the internal standard (1,3,5-trimethoxybenzene). 0% 1a (no peak at 4.68 ppm,
Ha), 0% 2a (no peak at 3.38 ppm, Hb), and 59% 3a (2.01 ppm peak, Hd).

1H NMR (300 MHz, CDCl3, 292 K):
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Table 5.1, Entry 3:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added Cs2CO3

(17.9 mg, 0.055 mmol, 1.1 equiv) and then the reaction was stirred at 60 °C for 24 hours. The
reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL of ethyl acetate. The
organic layers were combined and dried with Mg2SO4, filtered and the solvent was evaported.
The amounts of product and starting materials were determined by 1H NMR spectroscopy
relative to the internal standard (1,3,5-trimethoxybenzene). 100% 1a (4.68 ppm peak, Ha),
0% 2a (no peak at 3.38 ppm, Hb), and 0% 3a (no peak at 2.01 ppm, Hd).

1H NMR (300 MHz, CDCl3, 292 K):
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Table 5.1, Entry 4:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.1 mL, 0.25 M). To another 1-dram vial was
added n-BuLi in 2.5 M hexanes (40 µL, 0.10 mmol, 2.0 equiv) and THF (0.1 mL, 0.25 M)
which was cooled down in the freezer. Then diisopropylamine (12.4 µL, 0.10 mmol, 2.0 equiv)
was added to the base and it was stirred for 2 minutes before adding it to the vial contaning
1a. The reaction was stirred at 60 °C for 24 hours. The reaction was quenched with 1 mL
NH4Cl and extracted twice with 1 mL of ethyl acetate. The organic layers were combined
and dried with Mg2SO4, filtered and the solvent was evaported. The amounts of product
and starting materials were determined by 1H NMR spectroscopy relative to the internal
standard (1,3,5-trimethoxybenzene). 0% 1a (no peak at 4.68 ppm, Ha), 12% 2a (3.13 ppm
peak, Hb), and 0% 3a (no peak at 2.01 ppm, Hd).

1H NMR (300 MHz, CDCl3, 292 K):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
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Table 5.1, Entry 5:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added NaH
(60% in mineral oil) (2.2 mg, 0.10 mmol, 2.0 equiv) and then the reaction was stirred at 60
°C for 24 hours. The reaction was quenched with 1 mL NH4Cl and extracted twice with 1
mL of ethyl acetate. The organic layers were combined and dried with Mg2SO4, filtered and
the solvent was evaported. The amounts of product and starting materials were determined
by 1H NMR spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene). 84%
1a (4.74 ppm peak, Ha), 0% 2a (no peak at 3.38 ppm, Hb), and 0% 3a (no peak at 2.01
ppm, Hd).

1H NMR (300 MHz, CDCl3, 292 K):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
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Table 5.1, Entry 6:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added 1.0 M
LiHMDS in THF (0.10 mL, 0.10 mmol, 2.0 equiv) and then the reaction was stirred at 60 °C
for 24 hours. The reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL
of ethyl acetate. The organic layers were combined and dried with Mg2SO4, filtered and the
solvent was evaported. The amounts of product and starting materials were determined by
1H NMR spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene). 0% 1a
(no peak at 4.68 ppm, Ha), 26% 2a (3.13 ppm peak, Hb), and 0% 3a (no peak at 2.01 ppm,
Hd).

1H NMR (300 MHz, CDCl3, 292 K):
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Table 5.1, Entry 7:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added 1.0
M LiHMDS in THF (0.10 mL, 0.10 mmol, 2.0 equiv) and then the reaction was stirred at rt
for 24 hours. The reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL
of ethyl acetate. The organic layers were combined and dried with Mg2SO4, filtered and the
solvent was evaported. The amounts of product and starting materials were determined by
1H NMR spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene).67% 1a
(4.74 ppm peak, Ha), 6% 2a (3.13 ppm peak, Hb), and 6% 3a (2.12 ppm peak, Hd).

1H NMR (300 MHz, CDCl3, 292 K):
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f1	(ppm)
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Table 5.1, Entry 8:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added 1.0 M
LiHMDS in THF (0.10 mL, 0.10 mmol, 2.0 equiv) and then the reaction was stirred at 40 °C
for 24 hours. The reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL
of ethyl acetate. The organic layers were combined and dried with Mg2SO4, filtered and the
solvent was evaported. The amounts of product and starting materials were determined by
1H NMR spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene). 24% 1a
(4.74 ppm peak, Ha), 19% 2a (3.13 ppm peak, Hb), and 0% 3a (no peak at 2.01 ppm, Hd).

1H NMR (300 MHz, CDCl3, 292 K):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
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Table 5.1, Entry 9:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (1.0 mL, 0.05 M). To the vial was added 1.0 M
LiHMDS in THF (0.10 mL, 0.10 mmol, 2.0 equiv) and then the reaction was stirred at 60 °C
for 24 hours. The reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL
of ethyl acetate. The organic layers were combined and dried with Mg2SO4, filtered and the
solvent was evaported. The amounts of product and starting materials were determined by
1H NMR spectroscopy relative to the internal standard (1,3,5-trimethoxybenzene). 0% 1a
(no peak at 4.68 ppm, Ha), 23% 2a (3.13 ppm peak, Hb), and 0% 3a (no peak at 2.01 ppm,
Hd).

1H NMR (300 MHz, CDCl3, 292 K):
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Table 5.1, Entry 10:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and then 1.0 M LiHMDS in THF (0.10 mL, 2.0 equiv) was added.
The reaction was stirred at 60 °C for 24 hours. The reaction was quenched with 1 mL NH4Cl
and extracted twice with 1 mL of ethyl acetate. The organic layers were combined and dried
with Mg2SO4, filtered and the solvent was evaported. The amounts of product and starting
materials were determined by 1H NMR spectroscopy relative to the internal standard (1,3,5-
trimethoxybenzene). 0% 1a (no peak at 4.68 ppm, Ha), 21% 2a (3.15 ppm peak, Hb), and
0% 3a (no peak at 2.01 ppm, Hd).

1H NMR (300 MHz, CDCl3, 292 K):
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Table 5.1, Entry 11:

In a 1-dram vial, 1a (18.0 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and then trimethylsilyl trifluoromethanesulfonate (12.2 mg, 1.1 equiv)
and DIPEA (9.6 µ, 1.1 equiv) was added. The reaction was stirred at 60 °C for 24 hours. The
reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL of ethyl acetate. The
organic layers were combined and dried with Mg2SO4, filtered and the solvent was evaported.
The amounts of product and starting materials were determined by 1H NMR spectroscopy
relative to the internal standard (1,3,5-trimethoxybenzene). 64% 1a (4.70 ppm peak, Ha),
0% 2a (no peak at 3.38 ppm, Hb) and 0% 3a (no peak at 2.01 ppm, Hd).

1H NMR (300 MHz, CDCl3, 292 K):
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f1	(ppm)
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Synthesis of 2-benzyl-2-azabicyclo[2.2.1]heptan-3-one (5a)

N

O

In a 2-dram vial, 4a (111.9 mg, 0.50 mmol, 1 equiv) was added and dissolved in THF (2.0
mL, 0.25 M). To the vial was added 1.0 M LiHMDS in THF (1.0 mL, 1.0 mmol, 2.0 equiv)
and then the reaction was stirred at 60 °C for 24 hours. The reaction was quenched with
3 mL NH4Cl and extracted twice with 3 mL of ethyl acetate. The organic layers were
combined and dried with Mg2SO4, filtered and the solvent was evaported. The product
was purified by column chromatography (Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 29% EtOAc) and 38.5 mg of a white solid was obtained (41% Yield).

1H NMR (300 MHz, CDCl3, 292 K, ppm): δ 7.50 (dd, J = 8.8, 1.1 Hz, 2H), 7.34 (dd,
J = 8.6, 7.5 Hz, 2H), 7.14 – 7.05 (m, 1H), 4.45 (s, 1H), 3.00 – 2.92 (m, 1H), 2.10 – 1.89 (m,
4H), 1.77 (d, J = 2.6 Hz, 1H), 1.53 (d, J = 9.5 Hz, 1H).
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Test for synthesis of bicyclo[2.1.0]pentane 6a with conditions from Table 5.1,
Entry 2:

O

HN
KOtBu (1.5 equiv)
THF (0.10 M), rt

Cl

O

N
H

6a
41%

N

O5a

+

22%
4a

In a 1-dram vial, 4a (12.1 mg, 0.05 mmol, 1 equiv) and 1,3,5-trimethyoxybenzene (2.8 mg,
0.33 equiv) was added and dissolved in THF (0.2 mL, 0.25 M). To the vial was added KOtBu
(8.6 mg, 0.076 mmol, 1.5 equiv) and then the reaction was stirred at rt for 24 hours. The
reaction was quenched with 1 mL NH4Cl and extracted twice with 1 mL of ethyl acetate. The
organic layers were combined and dried with Mg2SO4, filtered and the solvent was evaported.
The amounts of product and starting materials were determined by 1H NMR spectroscopy
relative to the internal standard (1,3,5-trimethoxybenzene). 22% 6a (4.52 ppm peak), and
41% 5a (3.69 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1	(ppm)

0
.4
1

0
.4
6

0
.2
2

0
.4
5

1
.0
0

3
.6
9

3
.6
9

4
.5
1

4
.5
2

4
.6
8

4
.7
1

6
.0
9

7
.2
6

C
D
C
l3

547



D.4 Reaction Scope

Substitution General Procedure In a 1-dram vial, 1 or 4 (0.05 mmol) and 1,3,5-
trimethyoxybenzene (2.8 mg, 0.33 equiv, 0.017 mmol) was added and dissolved in THF
(0.2 mL, 0.25 M). To the vial was added 1.0 M LiHMDS in THF (0.10 mL, 0.10 mmol, 2.0
equiv) and then the reaction was stirred at 60 °C for 24 hours. The reaction was quenched
with 1 mL NH4Cl and extracted twice with 1 mL of ethyl acetate. The organic layers were
combined and dried with Mg2SO4, filtered and the solvent was evaported and then the sam-
ple was dissolved in CDCl3. The % Yield was determined by 1H NMR spectroscopy relative
to the internal standard (1,3,5-trimethoxybenzene).

2-(4-Methoxybenzyl)-2-azabicyclo[2.1.1]hexan-3-one (2b)

N
OMeO

This product was prepared using the Substitution General Procedure and an 18% solu-
tion yield was obtained (3.36 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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2-(4-Fluorobenzyl)-2-azabicyclo[2.1.1]hexan-3-one (2c)

N
OF

This product was prepared using the Substitution General Procedure and an 14% solu-
tion yield was obtained (3.37 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
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2-Allyl-2-azabicyclo[2.1.1]hexan-3-one (2d)

N
O

This product was prepared using the Substitution General Procedure and an 8% solution
yield was obtained (3.46 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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2-(Tert-butyl)-2-azabicyclo[2.1.1]hexan-3-one (2e)

N
O

This product was prepared using the Substitution General Procedure and an 8% solution
yield was obtained (3.39 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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2-(2,2,2-Trifluoroethyl)-2-azabicyclo[2.1.1]hexan-3-one (2f)

N
OF3C

This product was prepared using the Substitution General Procedure and an 11% solu-
tion yield was obtained (3.00 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
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2-Phenyl-2-azabicyclo[2.2.1]heptan-3-one (5b)

N

O

This product was prepared using the Substitution General Procedure and an 70% solu-
tion yield was obtained (2.96 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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2-Allyl-2-azabicyclo[2.2.1]heptan-3-one (5c)

N

O

This product was prepared using the Substitution General Procedure and an 58% solu-
tion yield was obtained (2.83 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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Methyl 2-(3-oxo-2-azabicyclo[2.2.1]heptan-2-yl)acetate (5d)

N

O

CO2Me

This product was prepared using the Substitution General Procedure and an 9% solution
yield was obtained (2.80 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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f1	(ppm)

0
.0
9

0
.1
0

0
.0
3

1
.0
0

2
.8
0

6
.0
8

6
.0
9

7
.2
6

C
D
C
l3

555



2-(Tert-butyl)-2-azabicyclo[2.2.1]heptan-3-one (5e)

N

O

This product was prepared using the Substitution General Procedure and an 51% solu-
tion yield was obtained (2.69 ppm peak).

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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D.5 Additional Studies

Stereochemistry of N -benzyl-3-hydroxycyclobutane-1-carboxamide

1H NMR (300 MHz, CDCl3, 292 K, ppm):
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1H-1H NOESY: No correlation observed between Ha and Hb (4.1 and 2.5 ppm)
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Bromination of N -benzyl-3-hydroxycyclobutane-1-carboxamide to N -benzyl-3-
bromocyclobutane-1-carboxamide

O

HN
Br

In a 4-dram vial, N -benzyl-3-hydroxycyclobutane-1-carboxamide (0.50 g, 2.44 mmol, 1 equiv)
was added and dissolved in DCM (4.0 mL, 0.61 M). The vial was cooled down to 0 °C
and then PBr3 (76.3 µL, 0.33 equiv, 0.80 mmol) was added drop wise with stirring to the
vial. The vial was warmed to room temperature and stirred overnight. The reaction was
then quenched with NaHCO3 and then extracted with DCM 3 times. The combined or-
ganic layers were dried with Mg2SO4, filtered and the solvent was evaporated. The prod-
uct was purified by column chromatography Biotage® Sfär 10g Column, 0-100% EtOAc/
hexanes, eluted at 37% EtOAc) and 147.4 mg of a white solid was obtained (23% Yield).
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1H NMR (300 MHz, CDCl3, 292 K, ppm):

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
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This product was subjected to the Substitution General Procedure and no azabicyclo-
hexane product was observed.
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