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ABSTRACT

[3+2]-CYCLOADDITIONS OF TERTIARY AMINE N-OXIDES AND DIPOLAROPHILES
PROVIDING AN EFFICIENT ROUTE TO HETEROCYCLICS AND 1,2-DIAMINES, AND

NICKEL CATALYZED TRANSFORMATIONS

By
Sarah Lynn Hejnosz

August 2023

Dissertation supervised by Dr. Thomas Montgomery

Nitrogen containing compounds are ubiquitous in nature as well as pharmaceuticals. These
structures exhibit rich bioactive and chemical properties boasting an array of practical applications.
As a result, the synthetic methods of forming nitrogen containing compounds are highly sought
after. More efficient syntheses of these structures could result in less expensive industrial
processes, particularly in the pharmaceutical industry. Roussi and coworkers established a highly
efficient synthetic route forming nitrogen containing heterocycles in a single step from
commercially available reagents, however this chemistry has not be used since its discovery in the
1980. Herein, this work greatly expanded Roussi’s method and developed a new route accessing
vicinal diamines as well as nitrogen containing heterocycles.
Allenes are also important motifs present in natural products and some pharmaceuticals. Moreover

these compounds are useful building blocks for synthetic scaffolds because they exhibit unique
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reactivities forming complex products from one-step transformations. The synthetic methods of
forming allenes typically suffer from multiple steps and harsh reagents. This work focused on
developing a mild synthetic method of forming substituted allenes using a nickel catalyzed

process.
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Chapter 1: Cycloadditions of Silyl Imines Forming 1,2-Diamines in a Three-step One-pot
Synthesis

1.1 Introduction

1.1.1 Contextual Summary

1,2-Diamines, or vicinal diamines, are found in an array of bioactive compounds such as natural
products and pharmaceuticals, and as a result, are considered to be privileged structural motifs.'
Structures are termed “privileged” when they have versatile binding properties leading to potent
biological activities with a range of different applications.” Moreover, 1,2-dimaines function as
useful building blocks for complex synthetic targets due to the myriad of transformations they can
undergo.!*!%13 Beyond this, these molecules are commonly employed as ligands for transition
metal catalyzed processes.!*'® Given the versatility of this motif, the creation of efficient methods

for synthesizing this scaffold from base starting materials are highly sought after. Most synthetic

Scheme 1 Summary of syntheses for 1,2-dimaines highlighting the key disconnections
typical of those methods.

Base promoted diamination

)
R-NH, + RT3

(2 equiv.) ®OTf

Wen and coworkers, 2022

H AiC

Functionalization of amino acids Directed hydroamination

0 A H
H : —— R-NH, + N
R'—NH, + HO)J\/N\Y ' ’ /Y R
N cat. [Rh] R'
R ABC
Citation of sorts here Hull and coworkers, 2022




methods reported focus on the formation of carbon-nitrogen bonds (Scheme 1, disconnections A
and C) which allows for the installation of diverse range of amines, but offer no way to
functionalize the carbon backbone, with the substitutions on it remaining static. The method
developed herein takes advantage of the unique disconnection B which allows for both
functionalization of the amines as well as the carbon backbone just by changing the synthetic
precursor providing rapid access to a more diverse library of vicinal diamines (Scheme 1)."

1.1.2 Natural Products and Pharmaceuticals Containing 1,2-Diamines

There are a wide range of bioactive compounds that exhibit the 1,2-diamine motif.!® Bristol Myer
Squibb filed a patent in 2016 on a class of 1,2-diamines that showed a range of inhibitory effects
on adaptor associated kinase 1 (AAK1).2° The inhibition of AAK1 is thought to be crucial in the
discovery of new and effective treatments for a range of diseases?’ including: schizophrenia,?!-*
and Parkinson's disease.”® Selected diamines 1-3 showed increasing ICso values with 3 being the
most active with an ICsp=1.3 nM (Figure 1).2° Research with this class of diamines is presumably
still ongoing, but it was surprising that the only non-amide in the patent was 1 (Figure 1). It would
be interesting to see if the substitution of the primary amine or the amide is more effective for
AAKI1 inhibition. This is still an ongoing area of drug discovery research with other groups looking
at it from different angles such as Acelot Inc (Figure 1b).

Acelot Inc. filed a patent in 2021 highlighting a plethora of nitrogen-rich small molecules that are
effective in both disrupting and preventing TDP-43, alpha-synuclein, tau protein, and Huntingtin
protein oligomers.?* These oligomers, are associated with a number of neurological disorders such
as Alzheimer's, Huntington’s, and Parkinson’s diseases.>* Two highlights from this patent are

diamines 4 and 5 which when administered to a subject, resulted in fewer tau protein oligomers



demonstrating significant promise in the search for more effective treatments for neurogenerative

disorders (Figure 1b).%*

a) AAKI inhibitors by Bristol Myer Squibb’

Z>N Z N Z "N
P P P
0] (@]
N (0] H (0] (0]
NH2|_| NH»

N
NH
1 2 3
IC50=10-100nM IC50=8.9nM IC50=1.3nM
b) Amyloid plaque targeting agents Acelot Inc.? c) Antihistamine by Rhéne-Poulenc
NH, s
0
N
N N K(CH3
NH, NH, N
HeC™ “CHy
4 5 6

Figure 1. Drug Candidates Containing the 1,2-Diamine Motif

Promethazine was developed in 1944 by Rhone-Poulenc laboratories as part of their quest to
discover better and safer antihistamines.?® It exhibited mild antipsychotic properties as well as
antidopaminergic, antihistamine, and anticholinergic properties.?>® It is a drowsy antihistamine,
making it mild sedative, and it can be used to treat allergies as well as nausea, vomiting, and motion
sickness.?® Vicinal diamines of this sort are interesting synthetic targets due to the myriad of
medical applications they might offer (Figure 1c).*’

In addition to synthesized drug-like compounds, there are a wide variety of natural products
exhibiting a 1,2-diamine moiety. Amoxicillin (7) has been used as an antibiotic to treat a variety
of infections since 1972 (Figure 2),2® and in 2020 it was the 40™ most commonly prescribed

medications in the United States.” While amoxicillin has been incredibly useful, the

overprescription of antibiotics, such as this, has led to the rapid development of antibiotic resistant
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pathogens, a situation which the World Health Organization (WHO) recognized as a global health
threat in 2015.3° Due to this developing crisis, discovering new and efficient methods forming

functionalized 1,2-dimaines for antibiotic screenings is an active and important area of scientific

research.
HsC
HQ, N/v/o
B
OH r N
/N
S CH3 =N
o)
7 8
Amoxicillin® (-)-Agelastatin A

Figure 2. Naturally Occurring Vincinal Diamines: Amoxicillin and (-)-Agelastatin A

Agelastatin A (8) is natural product containing two sets of vicinal diamines; it was originally
isolated in 1993 from a marine sponge Agelas dendromorpha found in the Coral Sea.’! Agelastain
A is a potent cytotoxic agent against leukemia and epithelial tumoural cells in vitro** as well as
exhibiting high levels of OPN-mediated malignant transformation thus inhibiting cancer cell
profileration.®® In fact, it is generally 1.5 to 16 times more potent than cisplatin, an established
chemotherapeutic benchmark, at inhibiting cancer cell growth.*> Due to its potential to be an
effective drug for cancer treatment, researchers have been looking into effective total synthetic
pathways for this complex and remarkable target and its derivatives.>**° The most recent example
was reported by Du Bois and When in 2009 requiring 11 steps from commercially available
starting reagents.>*

Another natural product containing a 1,2-diamine is Biotin (9), also called vitamin B7 (Figure 3).%
Biotin is a required nutrient in many different organisms ,including humans, where it is a key

metabolic vitamin.*' It serves as a coenzyme for carboxylase enzymes, these enzymes are

responsible for breaking down amino and fatty acids into materials our body can use. Beyond this
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biotin plays a key role in gluconeogenesis, the core mechanism behind converting stored energy
into available energy.*! The modification of this vitamin and the like are used in the biotechnology

industry for assays in order to isolate proteins and non-proteins.*?

X
(@)
HN™ 'NH HaC
s~ 7 > CcooH NH,
9 10
Biotin* L-B-Methylaminoalanine®

Figure 3. Naturally Produced 1,2-Diamines: Biotin and L-p-Methylaminoalanine.

Non-proteinogenic amino acid (10), 1-f-methylaminoalanine (BMAA), is a neurotoxin produced
by cyanobacteria (Figure 3).**** BMAA has been used to mimic the effects of Alzheimer’s disease
by generating the B-amyloid plaques of this disease in animal models, thus leading to the first in-
vivo model of the disease.*> The development of this in-vivo model has dramatically changed the
research that can be done on such diseases because this reduces the reliance on human subjects as
the only model organism.* Research in this subject with similar compounds might be able to
further elucidate the reasons why and how these f-amyloid plaques form, thus gaining a better
understanding of how to prevent their generation.

1.1.3 Vicinal Diamines as Ligands in Transition Metal Catalysis

Beyond their role as key components in biologically active systems, 1,2-diamines can function as
ligands in transition metal catalyzed asymmetric transformations such as transfer

141646 conjugated additions,*” and cross coupling reactions.!® Both Wills and

hydrogenation,
coworkers® and Alberico and coworkers* expanded on the Noyori catalyst® in the transfer
hydrogenation of acetophenone (Scheme 2). This work highlights how small steric and electron

changes significantly affect the catalytic activity.!**® We can see that substitution patterns which

enforce the cisoid relationship between the diamines as shown favor higher conversions and faster
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reaction times. Facile synthetic methods that can provide rapid access to a variety of ligands would
greatly benefit this type of chemistry. The ligands could then be readily tuned to the catalysts needs
with a more diverse library of ligands.

Scheme 2. Chiral 1,2-diamine ligands in Noyori asymmetric hydrogenation of acetophenone,

O Ligand H, ,OH HO, ,H
1 P
Ph CH;  [Ru(p-cymene)Cll, Ph”(s)"CH4 Ph”(®r~CHj
TEAF
Ph Ph Ph Ph Ph Ph
. .
TsHN°  NH, TsHN NH, TsHN  NH, TsHN  NH,
1 12 13 14
Ligand (1R,2R) (1S.2R) (29) (1R)
Time 22h 220h 48h 13 days
Conv., % 100 32 95 46
Ee, % 98 (R) 70 (S) 69 (S) 33 (R)

Arguably 1,2-diamines are the reason why many copper catalyzed processes are still industrially
relevant today because the implementation of these ligands made processes only attainable through
harsh conditions possible with relatively mild reactions conditions, improving throughput and
reducing energy needs.'’> These copper catalyzed transformations also have greater functional
group compatibility than their predecessors and typically work well with simple and commercially

available 1,2-diamine ligands (Figure 3)."

H,N  NH, HsCHN  NHCH,
(racemic) (racemic)
16 17

Figure 4. Commercially available 1,2-diamine ligands used in copper catalyzed processes.



Scheme 3. Original conditions for Ullmann (a) and Goldberg (b) reactions.’5

a) NH, HO.__O
Br cat. CU, K2003 H
OH + ©/ N
Ph-NO, 210 °C, 3 h \©
o >95% vyield
20

18 19
b) OH
Br cat. Cu, NaOAc oH 0 /@
NH, o+ j @)LN
Ph-NO, 210 °C, 3 h H
O 56% yield
21 19 22

Copper catalysis is not a new area of chemistry, although it has seen a sort of renaissance in more
recent years.”! This field initially rose to prominence in 1901, when Fritz Ullmann reported the
first example of a carbon-heteroatom bond forming reaction, which extended the scope of cross-
coupling reaction beyond just carbon-carbon bond formation.>? Ullmann and his student, Irma
Goldberg, pioneered this method forming aryl-C-, aryl-N, and aryl-O bonds paving the way for
other copper catalyzed transformations (Scheme 3a), and providing access to compounds that were
not unachievable with other methods.’! Moreover, Goldberg further expanded this work for amide-
bond forming reactions where she successfully coupled a benzamide with bromobenzene in the
presence of base and catalytic copper (Scheme 3b).°!** Consequently these transformation are the

known as the Ullmann condensation®*>°

and the Goldberg reaction as a testament for their
revolutionary work in this field.>*” These transformations serve as the basis for the current work
still being done now in advancing this field.>!>%63

Researchers have further improved copper catalyzed amidations of aryl halides since their
inception.’® 3 Buchwald and coworkers have been making significant advances in improving these

reaction conditions, by implementing simple diamine ligands which facilitates this transformation

under milder conditions, thereby extending the substrate scope.’®** Copper iodide and ligand 17



were implemented to improve the typical Ullman-coupling conditions (Scheme 4b).%* The reaction

temperature was lowered from 132 °C to 110 °C by replacing o-bischlorobenzene with toluene,

which is a less hazardous solvent.®?

Scheme 4. a) Typical Ullman Coupling Reaction Conditions. b) Modified Ullman Coupling
Conditions Improved by Buchwald and Coworkers.

a) Ullman Reaction R
NG
H Cu/18-crown-6(10 mol %), =
R K3;PO
1@| N N 3rUy N
— o-bischlorobenzene, reflux,
23 24 78-95% vyield 25

b) Buchwald and coworkers
5 mol % Cul R T L T

2
20 mol % 17

R [~ [
R1®»x N Zm K3POy4 (2.1 equiv.) - S N
—_— NS
N
N %
26 27

HsCHN  NHCH,
(racemic)
17

toluene, reflux, 24 h P
70-99% yield \

N e e e e — =

Scheme 5. a) Typical Goldberg Reaction Conditions. b) Modified Goldberg Reaction
Improved by Buchwald and Coworkers.

a) Goldberg Reaction

0 K,CO, o0 0
Ar. )J\ + Br—Ar e
N7 CH 2 N
H 3 Cul Ar” A,
29 30 reflux, 17 h 31

b) Buchwald and coworkers
Cul (1 mol %), 16 (10 mol %)

Ry : .

R1X \ ji K3PO, > | 0 : / :
+ - ! o

’ | ' HoN NH,
Q HoN™  Ph dioxane, reflux, 23 h X N)J\Ph ! 2(racemic) 8 !
69-96% yield H ; 16 5

32 33 34 0 e

In a similar vein, copper iodide and ligand 16 were employed to improve the conditions of the

Goldberg reaction by lowering the temperature to 101 °C (Scheme 5b).®° By implementing this



ligand, the catalytic activity of copper was also improved so stoichiometric quantities were no
longer necessary.

Scheme 6. a) Typical Goldberg Reaction Conditions. b) Modified Goldberg Reaction
Improved by Buchwald and Coworkers.

a) Goldberg Reaction

(0] K,CO3 HgCYO
Arq< )k + Br—An —_—
™N” >CH N
H 3 Cul Ar{” Ar,
29 30 reﬂUX, 17 h 31

______________

b) Buchwald and coworkers
Cul (1 mol %), 16 (10 mol %) R,

R1 O K3PO4 /\/ O E 5 :
TN+ . | . -
| ' HoN O NH,
Q HoN™  "Ph dioxane, reflux, 23 h X N)kPh ! 2(racemic) : :
69-96% vyield H ; 16 5
32 33 34 0 N
Scheme 7. Copper Catalyzed Imidazole Synthesis
R Cul (20 mol %), OY Rs 5 !
AN | )OJ\ 17 (20 mol %) CsCO; N ! E
+ R1 R4 : >3 :
Rs x| HoN™  Rs dioxane, reflux \M E H3CHN NHCH;
R, 32-95% yield R, Rs ;l 17 E
35 36 37

Surprisingly, simple alkyl 1,2-diamine ligands tend to perform the best in these copper catalyzed
amidation reactions.’®®® Li and coworkers used ligand 17 in a copper catalyzed transformation
forming pyrrole derivatives 37 in yields up to 95% (Scheme 6).54

Indoline derivatives are another group of biologically important molecules, and they have been
synthesized in high yields by implementing ligand 15 in copper catalyzed processes (Scheme
7).69-66-68 The method developed by Klapars ef al. uses an inexpensive catalysts and ligand system
to generate indoline 39 through an intramolecular amidation of an aryl bromide 38 in >95% yield
(Scheme 7a).%° Miniatti et al. further developed this system for the intermolecular copper-catalyzed

amidation/nucleophilic substitution reactions forming indoline derivatives 42 in good yields
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(Scheme 3b).%7 These serve as just a few examples of the synthetic applications of these ligands
with many more instances reported of ligands 15,%°7! 16,”>7* and 17776 being implemented in
copper catalyzed arylation reactions to form complex bioactive scaffolds with medicinal
applications.

Scheme 8. Copper Catalyzed Cross-Coupling Reactions forming Indolines®®-66-68

a) .
H 5 mol % Cul ' H !
N _H 10 mol % 15 @ ' H.CL S
il ~ N TN CHy |
0 THF/H,0, RT, 4 h o |
Br > 95 % yield H ' 15 -
38 39 . |
b) 5 mol % Cul

20 mol % 14
Cs,CO; (3 equiv.) @
ows + HN-Y N

THF, 80 °C, 16 h

40 41 a2 ¥
0 0 o) 0
Y= /’”\ofBu /”\OCH3 /’”\o/\© /”\CHZ
89% yield  90% yield 90% yield 87% yield

1.1.4 Transformations of 1,2-diamines

Naturally, 1,2-diamines have the same rich chemistry as other amine containing compounds; where
1,2-diamines can undergo sulfonylation, acetylation, cross coupling, nucleophilic aromatic
substitution, and many other transformations. What makes vicinal diamines specifically
advantageous in total synthesis is that they have access to a unique set of transformations beyond
those available to mononuclear amines. This is due to the fact that they have two amines on the
same carbon chain, they can form heterocycles under a variety of conditions. Unsurprisingly 1,2-
diamines are widely used as synthetic building blocks for more complex scaffolds, including as

potential drug targets.!!-!377
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1.1.4.1 Cyclizations of 1,2-diamines
Imidazolidines

Scheme 9. Condensation of 1,2-Diamines and Aldehydes Forming Imidazolidines

Rs3
R, @)
FT5 TN G et
R1 NH, Ry” H benzene, \—<
110 °C, 5 h R,
43 44 45

The condensation of aldehydes 44 with 1,2-diamines 43 is the earliest and most common example
of vicinal diamines being used to form imidazolidines 45 (Scheme 8).”® There are numerous other
examples of this method in the literature, and these will be discussed in depth in Chapter 2.758!
Imidazolines

Scheme 10. Cyclization of 1,2-Diamine 40 with Iminoester Hydrochlorides®?

® O
HyC NH; NH, Cl HsC H
S SN VS
HsC NH, R™ OR MeOH e N
46 47 48

Another synthetic tactic dating back to the 1950s is the reaction of vicinal diamines and imidates
to form various imidazolines.®*®* Imidazolines are the partially unsaturated derivatives of
imidazolidines also bearing the 1,2-dimaine motif. This transformation is highly facile and it forms
these useful products in good yields and under mild reactions.®*** Karaali and coworkers used this
method with 46 and iminoester hydrochloride 47 forming benzimidazolines 48 with >95% yields
(Scheme 9).%?

Imidazolidinones

77,85-87

There are some reagents that 1,2-diamines can react with to form imidazolidinones.

Triphosgene, and other phosgene analogs, readily reacts with vicinal diamines to form
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imidazolidinones via double addition to the carbonyl center. This transformation has been used in
total synthetic routes to bioactive compounds 52 and 57.'*77 Fluoxetine (52), more commonly

recognized as the brand name Prozac, is part of a class of antidepressants termed selective

serotonin reuptake inhibitors (SSRIs)®® Nair and coworkers synthesized this drug and other

derivatives in 10 steps with diamine 49 as a key reaction intermediate (Scheme 10).”

Scheme 11. Total Synthesis of Prozac with Vicinal Diamine Precursor’’

@)

CI3COJ\OCCI3 j\
50
IH RN NH
H2N R toluene/H,0
49 80-98% yield 51

5 steps

52a 52b
(R)-Fluoxetine, 56% yield (S)-Fluoxetine, 58% yield
Prozac

________________________________________________________________

Skerlj and coworkers formed chemokine receptor 5 (CCRS) antagonists using this same
transformation to form their final products (Scheme 11).!* CCR5 antagonists are a synthetic

priority because their pharmacological properties have made them a potential HIV therapeutic

&9

strategy.” Using a seven step synthetic method they were able to make and identify

imidazolidinone 57 as a promising drug target.'?

12



Scheme 12. Chemokine Receptor 5 Antagonist Synthesis'3

O:CN—BOC
54
O\ NaBH(OAc); N/\Q
N DCM Boc”
H NHBoc \O\l\

53 55

o

0]

Cl,CO~ ~OCCl;
56

1. pyridine, DCM

55
2. TFA, DCM

Chemokine Receptor 5
Antagonist

>
o=(_
Q

Imidazolidinones are also used as synthetic precursors in method development experiments such
as the palladium-catalyzed N-H and C(sp?)-H arylations established by Baudoin and Guyonnet to
form tricyclic nitrogen containing heterocycles.’” In lieu of triphosgene, they used a milder
reagent, carbonyl diimidazole (CDI) with 1,2-diamines, to form their desired imidazolidinone
synthetic precursors.®’

1.1.4.2 Arylations and Aminations

Just the same as any amine, vicinal diamines can also undergo transition metal catalyzed arylations
and aminations.”*** Under the right conditions, these transformations can be used on 1,2-dimaines
to form piperazines, another class of privileged structures ubiquitous in nature. Wolfe and
coworkers did exactly this using sequential palladium catalyzed transformation of 1,2-
diamines.”*** Once the required diamines 58 were in hand, they could undergo palladium catalyzed
arylation forming 60, which could then be implemented in the palladium catalyzed alkene

carboamination forming piperazines 62 in yields ranging from 50-73% (Scheme 12).7%%
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Scheme 13. Palladium Catalyzed Arylation Followed by Alkene Carboamination as a Facile
Approach to Piperazines.

Br—Ar
59
Pd(dba); (1 mol%) _Ar
Bn  NH, BINAP 2 mol%) Bn HN
/\/N\)\R /\/N\)\R
NaOtBu, toluene, 105 °C
58 65-81% yields 60
Br—R'
Ar 61

' Pd(dba); (1 mol%)

\'L*Nj R P(2-furyl)s (8 mol%) /\[ j/

f}l NaOtBu, toluene, 105 °C
Bn 50-73% yields
60 62

1.1.4.3 Nucleophillic Aromatic Substitution

Parker and Coburn used an intramolecular nucleophilic aromatic substitution (SxAr) of 63 to form
key reaction intermediate 64 for their synthesis of anti HIV-1 8-halo TIBO analogues 65 (Scheme
13).”> They used this general method to form five different derivatives with potent antiviral
properties in a total of five steps.”

Scheme 14. Synthesis of Potent Anti HIV-1 8-Halo TIBO Analogues from 1,2-Diamines via
SNAT??

NO> NO, HN«(
cl N 1. prenyl bromide
NH K,CO K,CO3, DMF, heat
HJ 2 KoCOjg \>--'CH3 2C0; w '1CH3
Y heat NH 2. H,/Pd(C), EtOH
cl CH,  93% yield Cl 3.CS,, EtOH \ CH3
63 64 65 HsC

1.1.5 Synthetic Methods Forming 1,2-Diamines
The earliest and most common examples of 1,2 diamine formation originate from nucleophilic

attack into N-protected amino acids.!®**>?%-12 Subsequent reduction and deprotection yields 1,2-
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Scheme 15. Total Synthesis of AMBA”®

O NH,

o 1. Boc,0, NaCOj4 o Hn-BoC 1. DMP o HN-B°
H H
t
B“O/M\V/l\ﬂ/ 2. NaBH,, iBuCOCI /ﬂ\v/i\v/OF' 2. NaBH(OAc); /M\V/L\V/N\V/Ph
o) tBuO " tBuO
66 67 Ph\/N\CH:,) 69
68
.Boc
Pd/C, H, O HN" 2M HCI, Et,0 O NHy
_— N. - N.
HO/M\“/L\/ CHj HO/M\“/L\/ CHj
70 7
AMBA

diamines bearing an amino acid side chain.!®%>¢-1%! This method has been applied by Schofield

and coworkers starting with amino acid derivative 66 (Scheme 14).”

Once protected, the amine
was Boc-protected, the carboxylic acid was reduced to form 67. The alcohol was then converted
into a better leaving group with DMP to then undergo nucleophilic attack of amine 68. After
reduction and deprotection, the final diamine 71 (AMBA) was produced.

Scheme 16. Total Synthesis of Chemokine Receptor Antagonist 50.13

(0]
CI)J\OiBu
73
O
1. NMM, THF % o 1. TFA, DCM, RT @\
HO - N - N
2. H 2.BH3THF, reflux H
NHBoc 0 NH2 NHBoc NHBoc
72 75 53
74
3 steps : I
_— ! |
- | N__N 5
e g NH
! (0] .
: 57 I

1 Chemokine Receptor 5 Antagonisti

Skerlj and coworkers started with Boc-protected phenylalanine to produce a series of CCRS5
antagonists in seven steps total with four steps dedicated to forming the necessary vicinal diamine

(Scheme 15)."* The carboxylic acid 72 was activated by converting it into the mixed carboxylic-
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carbonic acid anhydride with 73 and N-methyl morpholine (NMM).!% Once activated, it could
undergo nucleophilic attack of amine 74 and form 75, which is then used to form diamine 53 after
subsequent deprotection and reduction.

The ten-step synthesis of Prozac 52 was carried out using the same basic steps as the previous
examples (Scheme 16).”” They started with valine 76 and protected the amine using Boc anhydride
to form 77. After activation of the carboxylic acid by ethylchloroformate, the carbonyl underwent
nucleophilic attack to form 78 which afforded the desired diamine 49 after deprotection and
reduction.

Scheme 17. Total Synthesis of Fluoextine Isomers (Prozac)”’

1. NEtg,
Boc,0, aq. NaOH CICO,Et, DCM H
H,N OH BocHN OH BocHN N-r
2 THF/H,O oc 2. NH,R, oc
o 95 % yield O 79-93% vyield O
76 77 78
L-Valine
MeOH H LiAIH,4 H
" HN VR ~ H,N VR
HCI, 12 h 2 THF, reflux, 24 h 2
81-97% vyield o 51-91% vyield
79 49
CFs CFs
o] i)
E— o or o
N

52a 52b
(R)-Fluoxetine, 56% yield (S)-Fluoxetine, 58% yield

H
g
:

The functionalization of N-protected amino acids, although reliable and widely used, ultimately
suffers from multiple steps (protection, deprotection, and reduction at least), and it is limited due

to incompatibility with reduction sensitive functional groups. Moreover, the carbon backbone is
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limited to what is available commercially with no option to further functionalize it under the
synthetic reaction conditions; the only functionality installed is limited to the R-groups attached to
the amine.

Other common methods of forming 1,2-diamines involve nucleophilic attack of aryl amines into

104105 or by a transition metal catalyzed process.'%!10 The

electrophiles such as aziridines,
synthesis of diamines is a well established area of research, and consequently there are numerous
synthetic protocols reported in the literature. However, there are also plenty of methods that have
been developed in recent years making this still an active and relevant area of chemical research.
Due to the wide range of bioactivities these privileged structures exhibit, there is a constant demand
for novel and efficient syntheses producing novel varieties of this class of compounds.

As a more recent example, in 2022 Wen and coworkers reported a base promoted diamination of
styrene sulfonium salts 82, resulting in aryl 1,2-diamines 84 (Scheme 17).!"! This reaction tolerated
arange of aryl amines (83) and sulfonium salts (80), but the transformation is limited to chemically
indistinct amine functionalities since two equivalents of the same amine are added to the resulting

carbon-carbon backbone.'!!

Scheme 18. Base-Promoted Diamination of Styrene Sulfonium Salts!!!

Ar—NH,
AT 83 Ar
81 s9 fBUOK (1.2 equiv.) NH
[Js~o N e 1K
S Ar SAr
Tf,0, DCM oTf KBr (50 mol%)
80 82 toluene, 12h, RT 84

52-78% yields
In another recent example, Hull and coworkers demonstrated a rhodium catalyzed synthesis of
unsymmetrical vicinal diamines 87 (Scheme 18).!'> While they were able to access a wide range
of 1,2-diamines 87 from unsubstituted olefins, the allyl amine substrates 85 are not commercially

available and require a three-step synthesis to make.*:!'?
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Scheme 19. Rhodium Catalyzed Directed Hydroamination!?

R'—NH,
86
/\rNHz 2 mol % [(DPEPhos)Rh(COD)]BF, R\H/YNHz
R MeCN, RT, 24 h R
85 87

Scheme 20. Vicinal diamine syntheses forming carbon-carbon bonds

a) Aza-Henry reaction forming [S-nitroamines

TsNH, 89 (1.5 equiv), H;C—NO,
ZnCl,, (20 mol %), . 91 s
o Ti(OiPr), (1.2 equiv.) NT'° NapCOs (5 mol%) NH
g )l\ g R#\/NOZ
R™ "CH3 Toluene, reflux, 12 h R™ "CHj THF, RT H4C
88 90 92
Ts < Ts <
NH Pd/C (10 wt%), NH
D Ly S
2NF2*F3
H3C MeOH H3C
92 93
b) Strecker reaction forming a-amino nitiles
TMSCN
NH,Cy 97
95 NCY Boyclodextrin CYsyy LiAHg SV
_— > | - >
NH
)J\H Distillation )\ H,O, RT R)\CN THF R)\/ 2
94 96 98 99
¢) Acid catalyzed diamination by Aleman and coworkers
rOCH3
TMS. _N_ _Ph
NSNS R R
1. Ti(OEt),, 102 N NH;
O  (BuSONH,, DCM - SOBY DPP (20 mol%) ) 1.25M HCI
R™ H 2.m-CPBA,DCM R~ “H DCM. 0 °C L MeOH,
Ph reflux, 10h Ph
100 101 103 104

These are just a few representative examples where the synthetic precursors, or required ligands,
to form vicinal diamines are not commercially available, requiring additional time and energy. This

makes the method less attractive to other synthetic groups, since they offer few time benefits over
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tried-and-true methods of converting amino acids into diamines. Moreover, another issue with
most literature methods is that the carbon chain is static, with only C-N bond formation occurring.
There are some methods that do form the C-C bond, such as with aza-Henry!'!? and Strecker!'!*!!3
reactions (Scheme 19a and 19b); however, these transformations suffer from both harsh conditions
and multiple steps. Recent advances by Aleman have added to this area through their acid catalyzed
imidazolidine formation reaction (Scheme 19c¢).!'¢ This method still requires an additional two
steps with purification to form the N-sulfonyl aldimines 101 from commercially available starting
reagents.

The method developed herein forms vicinal diamines through the formation of a C-C bond
(Scheme 20), which is where our method differs from a vast majority of other methods. Moreover
it has an inherent advantage from the aza-Henry, Strecker reactions, as well as the work from
Aleman because the silyl imine is formed in situ and directly incorporated into the [3+2]
cycloaddition. Additionally, we don’t require the formation of complex precursors, making
adoption of this method by other synthetic groups extremely facile. We were able to make use of
an underutilized [3+2] cycloaddition''”'>* by investigating this system with silyl imines and

tertiary amine N-oxides to form vicinal diamines in an innovative way (Scheme 20).

Scheme 21. Summary of [3+2]-Cycloadditions of Tertiary Amine /N-oxides and Silyl Imines
Resulting in Vicinal Diamines.

___________________________________

- One-pot synthesis

~TMS M ©  1.LDA, THF
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R H Me/®\|\/|e 2. HCI
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1.2 Results and Discussion

1.2.1 Reaction Optimization

The reaction between trimethylamine N-oxide (TMAO) 107 and silyl protected imine 106 was
chosen because of the simplicity and the commercial availability of the N-oxide and aldehydes.
Additionally, the regioselectivity issues Roussi and coworkers encountered were avoided by
choosing TMAO 107 due to its symmetry.'2°

Scheme 22. Three-step One-pot Synthetic Method Forming 1,2-diamines
Me3N®O®

107
o  NaHMDS NS DA (3 equiv.) NHz

) H,NOH-HCI
N.
R”H  THF, R™H THF, S;- R/l\V/ Me

o I
o o R
105 0°C—RT 106 -78°C —>0°C 108

109

The three-step synthesis starts with the addition of sodium hexamethyldisilazide (NaHMDS) to an
aldehyde 103, forming silyl imine 106 via an aza-Brook rearrangement (Scheme 22).!24123

The mechanism works by 105 undergoing nucleophilic attack of HMDS, forming a tetrahedral
intermediate 110, with the negative charge on oxygen being stabilized by the sodium cation. A new
silicon-oxygen bond is then formed, and the nitrogen-silicon bond is broken, which results in the

Scheme 23. Aza-Brook Rearrangement Mechanism

_________________________________________
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formation of imine 106. The driving force for this transformation is the formation of the stronger
silicon-oxygen bond and the breaking of the weaker silicon-nitrogen bond.'?%!1?7

Silyl imine 106 was then added to a solution of TMAO 107 and LDA in THF to undergo the [3+2]
cycloaddition reaction, forming the imidazolidine intermediate 108. Imidazolidine 108 was
hydrolytically unstable, presumably due to the weak N-Si bond. We elected to trigger ring opening
through addition of hydrochloric acid forming the resulting 1,2-diamine 109. After observing a
mixture of the imidazolidine, diamine, and other reaction products, hydroxylamine hydrochloride
was added to the reaction to serve as a formaldehyde scavenger, presumably forming the
aldoxime.!?® The addition of hydroxylamine hydrochloride with hydrochloric acid resulted in a
cleaner conversion as shown by '"H NMR, and thus our new method was ready for optimization.
Reaction optimization focused on the [3+2] cycloaddition because the aza-Brook rearrangement
undergoes full conversion into the silyl protected imine, as determined by '"H NMR, and the
hydrolysis of the imidazolidine core is straightforward (Table 1). The initial conditions were a 1:1
ratio of 4-methyoxyphenyl silyl imine 106a and TMAO in THF with three equivalents of base.
Excitingly, following aqueous workup diamine 109a was isolated in good (70%) yield after a three-
hour reaction time on a 0.4 mmol scale (Table 1, Entry 1). Decreasing the reaction time to two
hours gave a mild improvement in yield, (75% yield), while further decreasing the reaction time
had a negative impact on the yield (Table 1, Entries 2-3).

Using less than three equivalents of LDA results in lower yields (Table 1, Entries 4-5), which
satisfyingly agrees with our prior work on the mechanism of this transformation.'?’
Computationally, we found it was most favorable to have two equivalents of LDA to doubly
deprotonate the a-protons of the amine, with the third equivalent serving to complex and stabilize

key transition states.!>1?
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Table 1. Optimization of reaction Conditions”

® ©
Me3N_O
N~ TMS 107 NHy
| 1. Base, solvent, -78°C — RT N
H \Me
2. H,NOH+HCI, HCI (0.01%)
MeO 106a MeO 109a
Entry Base Solvent Time Yield (%)”
1 LDA THF 3h 70
2 LDA THF 2h 75 (90)¢
3 LDA THF 1h 54
4 LDA (2 equiv.) THF 2h 50
5 LDA (2.5 equiv) THF 2h 67
6 LiHMDS THF 2h NR
7 NaHMDS THF 2h NR
10 LDA Et,O 2h 67
11 LDA TBME 2h 45

“Reactions were conducted on a 0.4 mmol scale using 106a (1 equiv.), TMAO (1 equiv.), and
LDA (3 equiv.), in 0.1 M THF, followed by hydroxylamine hydrochloride (5 equiv.) and 1.2 M

HCI (0.01M). ®Isolated yields. “Reaction carried out on a 2 mmol scale.

Neither LiIHMDS nor NaHMDS were compatible with the reaction, resulting in no reaction (Table
1, Entries 6-7), this provides some key insights into the basicity required for the reaction. The
conjugate acids of LDA and LIHMDS have been reported in THF to be 35.7 and 25.8 respectively,
indicating that the N-oxides have a pka in THF between 35 and 26,"*° likely trending towards the
upper end of the scale since we see no reaction with LIHMDS. This was ultimately fortuitous
because it meant that excess NaHMDS could be used to form the silyl imine without complicating
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the later cycloaddition. This is also what really gave way to this being developed into a one-pot
synthetic method. Finally, neither diethyl ether nor tert-butyl methyl ether offered any advantage

over THF, again agreeing with prior mechanistic work by ourselves and others which indicates

that solvent chelation plays a major role in polar reactions.!2%!31-133
Multi-lon Bridge Pathway (favored)
Second Deprotonation Multi-ion Bridge 1,3-Dipole Imidazolidine
ior—N—Li /‘ i .
iPr—N Li~n—; © L . CHs;
p/( ©0 CHy DIPA  ©0 cH, NP DIPA 0. CH; 'No_ . L0 !
! r<‘ R A iPr ) AT HsC ¥ L )
HQO N, Li, N oH Lica N \,_- - N S (
V@ CH3 V@\/ IM@\g | HZC//® N
107 111a 112a K107 TMS 108 R
TMS-N7 R

Iminium Pathway (disfavored)

Nitrogen-oxygen

; o Iminium
L Dissociation
Pr—N-*! o O
LiO

Pr @O‘ ?\CHs DIPA /‘8\ 3\CH3 i (|:H3
HQ N, LN, X HoC7 &y CH
N @ CH, ®'CH, 2C"® CHs

107 111b 112b

Figure 5. Proposed multi-ion bridge pathway forming the required 1,3-dipole for the [3+2]
cycloaddition with stabilized key transition state. (Martin Neal)'® Adapted from Hejnosz, S. L.
et al. Organic Letters 2023. Copyright 2023 American Chemical Society

The scalability of the method was then tested with optimized reaction conditions in hand.
Surprisingly a 90% yield was achieved when the reaction was increased to a 2 mmol scale (Table
2, Entry 2). When the reaction scale was further increased to a 5 mmol scale the yield was about
the same as it was on a 0.4 mmol scale (Table 2, Entry 3). This was advantageous because the
reaction could be run on scale to generate sufficient diamine to then test different reactions further
functionalizing the scaffold. This is another major limitation of many synthetic methods, they are

not scalable which limits their utility for industrial chemists.
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Table 2. Increasing the scale of the reaction.

® O
Me3N_O
N TMS 07 NH, |,
| 1. Base, solvent, -78°C — RT N
H \Me
2. H,NOH-HCI, HCI (0.01%)
MeO 106a MeO 109a
Entry Scale Yield® (%)
1 0.4 mmol 75
2 2.0 mmol 90
3 5.0 mmol 70

“Reactions were conducted on a 0.4 mmol scale using 106a (1 equiv.), TMAO (1 equiv.), and
LDA (3 equiv.), in 0.1 M THF, followed by hydroxylamine hydrochloride (5 equiv.) and 1.2 M

HCI (0.01M). ®Isolated yields.

1.2.2 Substrate Scope of Various Silyl Imines with TMAO

The substrate scope with various silyl imines was investigated (Scheme 23). Silyl imines with
electron donating substituents on the ortho (109a) and para (109¢) positions on the aryl ring
worked well with the reaction, resulting in excellent yields of 94% and 93%. The lower yield for
109b is most likely due to the low electronic contribution of the methoxy group at the meta
position. Good yields were observed for electron donating 109d and 109e of 74% and 80%,
respectively.

Relatively electronically neutral groups were well tolerated as well. Phenyl substituted silyl imine
underwent the reaction to give 109f in an 80% yield. Dimethyl substituted 109g worked well and
formed in a 77% yield. Biphenyl substituted 109h, and the naphthyl derivative 109i resulted in
88% and 71% yields respectively. Gratifyingly, this reaction tolerates alkyl substituents with non-

enolizable protons demonstrated by 109j and 109k with yields of 60% and 72%.
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Scheme 24. Substrate scope of silyl imines
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A silyl protecting group was introduced with 1091 which resulted in 30% yield, presumably due to
the steric bulk of the ortho OTBS group. This reaction does tolerate silyl protected alcohols
provided the steric bulk is farther away from the cycloaddition, demonstrated by 109m giving a
77% yield. This is beneficial because the OTBS can be used as a functional group handle for future
chemistry if needed. For instance, it can later be deprotected and converted into a triflate, which

can used in cross coupling reactions to build a more complex molecular scaffold.
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Strong electron withdrawing groups hindered this reaction. Fluoro-substituted 1090 demonstrated
this reactions halide tolerance, although the reaction conditions had to be altered.!**!** Careful
temperature control as well as a quick water wash of the imidazolidine allowed us to afford 1090
in a 42% yield. Trifluoromethyl diamines 1090 and 109p also resulted in lower yields of 32% and
48%. These also demonstrate the same effects seen in the methoxy derivatives with difference in
the electronic contributions of substituents on the para and meta positions. Heteroaryl substituents
were also implemented, though pyridyl substituted 109q was not high yielding with a 15% overall
yield. Furyl substituted 109r was reasonably tolerated giving 56% yield, and quinoline-substituted
109s resulted in a good yield of 76%. Intriguingly, it was found that the imidazolidines for the
hetereocyclic substituents were more stable than their non-heterocyclic counterparts in some cases
which will be discussed in chapter 2.

1.2.3. Substrate scope limitaions

Every method has its limitations, and in this case the reaction limitations arise from the use of
LDA. Due to the nature of the lithium base, potential side reactions such as ortho-lithiation or
lithium-halide exchange that may occur.!**!3* Evidence of such side reactions occurring were
observed in the "TH NMR of 109t and 109u. The aryl halides were transformed into the silyl imines
with clean and full conversions, however in the presence of LDA the reaction mixture becomes an
indiscernible mess with little indication that the desired products even formed. It has been reported
that stilbenes bearing halide substituents formed pyrrolidines in low yields,'*> however there are
inherent differences between the electronic characteristics of stilbene and imines. Imines have
better potential of stabilizing the resulting anion of these lithiations, making this more likely to

occur with aryl imines rather than stilbenes. '3
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Scheme 25. Substrate scope limitations
Me3N®O®
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This reaction also does not tolerate nitro groups either due to the presence of LDA. The 'H NMR
for this reaction showed a clean conversion to the silyl imine 106v, but had an abundance of new
signals for the [3+2] cycloaddition, which suggests that other side reactions are occurring. This
agrees with the literature where it has been reported that LDA can reduce nitro arenes,'®’ causing
off-target reactivity in this system.

Another scope limitation intrinsic to using LDA as a base is reaction sensitivity to a-protons since
typically they have a pK, around 20.'*® To overcome this incompatibility, cyclohexyl 109w was
implemented in this reaction to try including a substrate containing an o-proton that is fairly
sterically hindered, making it less likely to undergo deprotonation by LDA. While the aza-Brook
rearrangement provided a clean conversion, the cycloaddition transformation was extremely
messy, including many different unidentified products; moreover, when the crude '"H NMR was

examined there were none of the indicative peaks for the desired imidazolidine.

27



Lastly, not an LDA issue neccessarly, but Interestingly enough for the reaction with 3-furyl 109x,
the desired imidazolidine intermediate did not form. This may be due to the difference of the
electronic characteristics of the 2 and 3 position of the furyl, or it may be due to the chelation
effects of base. This is discussed more in depth in Chapter 2.

1.2.4 Transformations of 1,2-Diamine 109a

1.2.4.1. Amine functionalization with protecting groups

To demonstrate the synthetic utility of these compounds, diamine 109a was subjected to a variety
of different transformations. Both amines can undergo tosylation forming 113 in > 95% yield
(Scheme 25). Selective tosylation of the primary amine is observed when the reaction is cooled to
-78 °C with slow addition of tosyl chloride, forming 114 in a 72% yield (Scheme 25). Moreover,
selective protections of the primary amine are observed with nosyl 115 and pivaloyl 116, giving
75% and 60% yields respectively (Scheme 26).

Scheme 26. Controlling the reaction conditions to either achieve functionalization of both
amines, or just one selectively (Alexander Cocolas)

Ts <
NHp TsCI (2.0 equiv.) NH Ts
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H,CO 114, 72%
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Scheme 27. Selective functionalization of the primary amine (Alexander Cocolas)
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When contemplating mono-functionalization of one amine in the presence of the other there were
two distinct possibilities; first chemical intuition suggests the more election rich secondary amine
would be more nucleophilic, thereby resulting in selective functionalization of the secondary
amine. On the other hand, the primary amine is less sterically hindered, which should favor
reactions occurring at that nitrogen center. When we performed the experiments excitingly we
achieved a single product as determined by 'H NMR, however which amine had been
functionalized was not immediately apparent. To solve this issue a 2D NOESY experiment was
performed on the nosyl protected diamine 115 and it was confirmed that selective protection of the
primary amine is occurred. Strong NOESY interactions are observed between H. of the nosyl-
group as well as Hy and Hc, which is possible if the nosyl group added to either position. What
lead to the assignment that the primary amine is nosyl-protected was the strong interaction between
Ha and the protons of the methyl group; the only possible way to have that nosyl-intereaction (Ha)
with the methyl-group protons as well as Hy and Hc is if the nosyl group is on the primary amine.
If the nosyl group was on the secondary amine, there could be special interactions of Ha with Hp

and Hc, but not with the methyl-group, or vice-versa. Additionally, if the nosyl-group was on the
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secondary amine, strong Hq¢ and H, interactions would be observed, however this interaction was

not observed in the NOESY spectrum.

H H
H H
N
N
=S NO
o/\ y
N /CH3
H N
Hq H
H H
H H
OCHg3;
115
Secondary Amine Nosylation Primary Amine Nosylation

Figure 6. Observed NOESY interactions for nosylation of the primary amine

The synthetic utility of these 1,2-diamines as building blocks for heterocyclics was further
examined, inspired by the presence of the diamine backbone present in bioactive compounds.!
Vicinal diamine 109a and ethyl benzimidate hydrochloride formed 4,5-dihydro imidazole 117 in
60% yield (Scheme 27). Additionally, diamine 109a was reacted with triphosgene to afford
imidazolidinone 118 in a modest 43% yield.

Scheme 28. Cyclization of diamine 109a forming imidazoline and imidazolidinone
derivatives
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This clearly demonstrates that these 1,2-diamines can be used as synthetic building blocks for
either selective functionalization of the amines or to form novel heterocycles. This is particularly
exciting as structures containing similar cores exhibit bioactivities such as anti-inflammatory,'*
antihyperglycemic,'*’ and NF-kB inhibition as previously discussed.'*!

1.3 Conclusions

We present here a straightforward, one-pot synthetic method for producing a wide range of 1,2-
diamines in yields up to 93% in a three step one pot reaction. The lynchpin [3+2]-cycloaddition
step works best for electron rich and neutral arenes, with electron deficient substrates giving lower
yields. Moreover, these products can then undergo further transformation to produce more
complex scaffolds, namely imidazolidines. Additionally, using DFT modeling we propose a
reasonable mechanism which both agrees with our reported data and previous work. This approach
allows for variable substitutions and flexibility that others methods do not offer; therefore, we
further expanded the chemical space and constructed an array of bioactive targets.
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Chapter 2: Forming Imidazolidines Through [3+2] Cycloadditions of Trimethylamine V-
Oxide and Imines

2.1 Introduction

2.1.1. Summary

Imidazolidines are a family of N-heterocycles which have captured the attention of researchers due
to their applications for pharmaceutically relevant structures.!? Typical synthetic methods to form
this class of compounds include the condensation of 1,2-diamines with either aldehydes or
ketones,’ Lewis acid catalyzed aziridine ring openings with amine nucleophiles,®’ [3+2]-

8-10 and multicomponent reactions.'! Most of these methods are multistep and the

cycloadditions,
synthetic precursors are not commercially available, requiring significant time and energy. In
contrast, the base mediated [3+2]-cycloaddition of TMAO and benzylideneaniline established by
Roussi and coworkers is a one-step transformation from base starting materials. This method has
been underused with only one imidazolidine produced in the substrate scope.!? Herein we have
greatly expanded this highly efficient one-step transformation from commercially available
precursors forming substituted imidazolidines.

2.1.2 Imidazolidines and Their Pharmacological Activities

1

1 2 2
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Figure 7. Structures and numberings of imidazole, imidazoline and imidazolidine cores
Imidazolidines are privileged scaffolds, a term used by the pharmaceutical industry to describe
motifs which typically display potent biological activity, that have been effective at treating a range

of diseases.!>"16 In 2014, imidazoles, imidazolines, and imidazolidines were all within the top 25
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most frequently occurring nitrogen containing heterocycles in FDA approved drugs (Figure 7).'®
The synthesis of these structures, and the examination of their bioactivities to be used as potential
pharmaceuticals, is a prevalent area of synthetic and medicinal research due to the broad range of
pharmacological activities these three related cores possess.

2.1.2.1.Anti-Inflamatories
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Anti-inflamatory and analgesics®
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Figure 8. Structures of potential anti-inflammatory agents compared to Celecoxib!’

Hassan and coworkers took an experimental and theoretical approach when investigating a series
of 5-imino-4-thioxo-2-imidazolidinone derivatives (Figure 8) for their anti-inflammatory
properties.!” Eighteen derivatives of this class of compounds were synthesized and subjected to an
in vitro cyclooxygenase (Cox) enzyme assay.'” All of but one of their synthesized derivatives
exhibited more potent COX-2 inhibition than that of the reference drug, celecoxib; compound 122
(Figure 8) demonstrated the strongest response with an ICso=2.00 x 10°uM for COX-2, which is
four orders of magnitude more potent than celecoxib (124) (ICso=4.0 x 102uM).!” It is anticipated

that these scaffolds will be further investigated as drug candidates since all of the synthesized
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compounds exhibited significantly higher activities than the reference drug, therefore a facile
synthetic method with rapid access to this scaffold is ideal.

2.1.2.2. Antidiabetics

Baziard-Mouysset and coworkers synthesized and examined the antihyperglycemic activities of
36 different imidazoline derivatives.'® They found that nine of their derivatives expressed good
antidiabetic properties in normal and streptozotocin induced diabetic rats without any
hypoglycemic affects, with imidazoline 125 demonstrating the most potent antihyperglycemic
activity.'!® The imidazoline 7 was then replaced by benzimidazole 126, tetrahydropyrimidine 127,
oxazoline 128, thiazoline 129, tetrazole 130, amidine 131 for a structure-activity relationship study
(Figure 9).'® All of these replacements resulted in a total loss of activity thus demonstrating the

necessity of the imidazoline moiety.!'®
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Figure 9. SAR study by Baziard-Mouysset and coworkers developing antidiabetic

imidazolidine 125'8
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2.1.2.3. Anti-infective Agents

Schistosomiasis is the second most significant parasitic disease in the world effecting around 200
million people in 74 different countries.'® This disease is caused by contact with water infected by
the parasitic larvae, which once in the body, effect the liver, bladder, and urinary tract, and it is
responsible for as high as 200,000 deaths per year.!® As of now there is only one approved drug
(praziquantel 133) for the treatment of this disease, and unfortunately there have been increasing
reports of parasitic resistance to it.’>?! To combat this issue, Matos-Rocha and coworkers
developed imidazolidine 130 and similar structures and analyzed their activities particularly
against the parasites responsible for this disease (Figure 10).2° Imidazolidine 132 showed good
schistosomicidal activity in vivo, while not showing any cytotoxicity against white blood cells.?
The promising results of this study demonstrate that this class of compounds have the potential to

remedy this drug resistance thus improving the quality of life for the millions of people threatened

fos¥e

by this illness.?
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132 133
Anti-infective’ Praziquantel

Figure 10. Anti-infective agent with the corresponding reference drug praziquantel.

Leishmaniasis is another parasitic disease that effects an estimated 12 million people worldwide
and poses high morbidity and mortality levels.?? This disease is most prevalent in tropical and
subtropical areas with 350 million people living in endemic areas.?? Drugs such as Pentostam 134
(Figure 11), and Glucantime are used in the treatment of this disease, but they require lengthy

treatments, and as a result, these treatments are being met with drug resistance.* Additionally, these

54



drugs inadvertently cause more problems due to their high toxicity resulting in many adverse side-

effects, and consequently, many patients decide to refuse treatment.??
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Figure 11. Structures of reference anti-infective agent Pentostam and proposed new drug
candidate by Da Silva and coworkers.*

To overcome this challenge, Da Silva and coworkers investigated imidazolidine derivatives and
their cytotoxicity and anti-infective properties as potential treatments for leishmaniasis.* None of
the nine compounds synthesized were cytotoxic to mammalian cells, and five of them showed
good activity against Leshmania.* Imidazolidine 135 (Figure 11) demonstrated the best anti-
infective activity on intracellular amastigotes, with an ICso = 9.4 ng/mL.* Due to the promising
biological properties of this scaffold, more drug candidates of the imidazolidine variety could

prove beneficial for more effective treatments of this disease.
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2.1.2.4. Antidepressants

Figure 12. Structure of Mianserin and its analogue?’
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An SAR study on the tetracyclic antidepressant mianserin 136 and its analogues was conducted by
Wieringa and coworkers to better connect structural properties and presynaptic o-blocking
activity.”> They determined that structures with a slightly bent geometry, such as six-membered
fused rings, were better presynaptic a-blockers than flat-rigid or flexible compounds.?* Among the
analogues tested was imidazolidine 137. Imidazolidine 137 demonstrates that even simple
molecules are capable of having bioactive properties.*’

2.1.2.5. Antibiotics

o H DN 1
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Figure 13. Structures of the penicillin family of antibiotics with commonly prescribed
penicillin V and penicillin G.

It has been theorized that antibiotics have been used to treat infections for centuries or longer with
references to the topical application of moldy bread dating back to ancient Egypt, China, Serbia,
Greece and Rome.?* Moving forward to the 20" century, penicillin 138 was extracted from a type
of mold and exhibited remarkable antibiotic properties effective against many different bacterial
strains.? Thus penicillin became a widely used treatment for infections,? ushering in the “Golden
Age” of antibiotic discovery.?* During this time, a wealth of new antibiotic families, like penicillin
(Figure 13), were discovered.?* This was a defining moment for modern medicine with many of
these new drug families being effective in combating a broad range of bacterial infections.?
Unfortunately, the discovery of new antibiotics did not continue with the same momentum as their

prescriptions, thus leading to widespread antibiotic resistance.?’?° Only three new drug families
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have been approved for human use in the 21% century, with the most recent one put on the market
in 2005, nearly two decades ago.>’ Penicillin is still prescribed today, but due to the growing
resistance to these old antibiotic families, researchers have been actively seeking new antibiotic

drug targets to address this issue.*
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Figure 14. Antimicrobial agents developed by Husain and coworkers compared to the
reference drug.’!

A microbiological evaluation of 4-substituted-imidazoline derivatives was accomplished by
Husain and coworkers.*! All of the compounds exhibited at least moderate antimicrobical activities
with imidazoline 139 being the lead compound (Figure 14).3! Imidazoline 139 demonstrated good
activity against E. coli and C. albicans, as well as S. aureus, and P. aeruginosa.>' The efficacy of
antibiotics are typically reported as the minimum inhibitory concentration (MIC) value, meaning

the lowest concentration of an antibiotic at which bacterial growth is completely inhibited.** The
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imidazolidines were compared against reference drug, ciprofloxacin 141 with MIC of 6.25 ug/mL
(Figure 14).>! Imidazolidine 139 exhibited a MIC of 12.5 pg/ml, and significant activity against S.

12! These results demonstrate the utility

aureus, P. aeruginosa and A. niger with MIC of 25 pg/m
of this compound as well as other synthetic derivatives as multipurpose antimicrobial agents to
combat antibiotic resistance.

2.1.2.6 Anticancer

An SAR study carried out by Handzlik and coworkers screened a series of imidazolidinone
derivatives as anticancer agents.>> They synthesized a library of compounds with various
substitutions around the ring in order to find a trend for what functionalities are beneficial for the
action on the cancer ABCBI1-efflux pump and vice versa in order to determine what moieties at
which position deserve more synthetic attention.>* ABCBI is a part of the ABC family of ATP-
dependent drug effluxers.>*3¢ This effluxer promotes chemoresistance by actively expelling a
broad range of substrates from tumor cells, including chemotherapeutic agents. This results in
lower intracellular concentrations of the cytotoxic agents, with the end result being multidrug
resistance.’’ Inhibition of this efflux pump is crucial to combat this issue, but so far drug targets
focusing on this inhibition have failed due to low specificity, unsurprising given the ubiquitous
nature of efflux pumps, and end up damaging healthy tissue to an unacceptable degree.*®
Gratifyingly, imidazolinone 142 was more potent in ABCB1 efflux pump inhibition than
verapamil, a commonly used anticancer drug; with imidazolidine 142 exhibiting 146% of the
activity determined for verapamil 143.%* It also expressed lower cytotoxicity than doxorubicin 144,
a widely used chemotherapeutic, with 84 % HEK-293 cell viability.>* Additionally, this study
investigated the relationship between ABCBI1 inhibition and the structure of the inhibitor via

molecular docking of the drug candidates with a human Pgp (permeability-glycoprotein)
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Figure 15. Imidazolidine anticancer agent developed by Handzlik and coworkers with
reference drugs verapamil and doxorubicin

homology model.*® Their study was able to display some trends in the position and functionalities
of the substituents around the imidazolidine ring, and as a result a few potential drug candidates
were discovered including imidazolinone 142, exemplifying the importance of this class of
compounds in cancer research.

2.1.2.7 Bioactivity Summary

The ubiquity of imidazolidines and derivatives in drug research is undeniable, and because of this,
there is a consistently high demand for new methods forming this essential structural motif.
Synthetic methods for generating imidazolidines have been around for over a century, however
there is always a need for new ways to form these structures efficiently with even more diverse

functionalities.
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2.1.3 Synthetic Methods Forming 1,2-Diamines

2.1.3.1 Condensation of aldehydes and 1,2-Diamines

A reliable method of forming substituted imidazolidines through the condensation of 1,2-diamines
and aldehydes has been around since the 1880s.%° This is old chemistry indeed, but it is highly
reliable and it has been further developed since then.>*3°#" The synthetic and biological study
previously mentioned by da Silva applied this chemistry to form their imidazolidine substrates 150
(Scheme 28).* The imidazolidines were produced in good yields over three-steps by starting with
the condensation of vicinal diamine 146 and aldehyde 145 to form the diimine intermediate 147.
The diimine 147 then undergoes a mild reduction to form substituted diamine 148, which is then
cyclized by sequential nucleophilic attacks of the diamine into the carbonyl of aldehyde 149,
kicking off water and forming the desired imidazolidines 150.

Scheme 29. Condensation of Aldehydes and 1,2-Diamines forming Symmetrical

Imidazolidines*

~_NH;, OCHs
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HsCO
OCH,
H R
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N
H EtOH, 70 °C, 1 h
70-80% yield

148 150

In a similar vein, Husain and coworkers used this chemistry as well to form various imidazolidines
for their SAR study that was also mentioned in the previous section (Figure 14).3! These are just a

couple of modern-day examples and this is not an exhaustive list, but it does highlight that this
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chemistry is still highly relevant particularly in the medicinal chemistry field due to its simplicity
and effectiveness.

These facile condensation reactions are still being further developed and refined to broaden the
substrate scopes. These examples are limited to symmetrical imidazolidines like 150 where the
aldehyde is used to install a new functional group on the amine through the condensation reaction.
Moreover this symmetry is echoed in the carbon backbone which lacks any distinctive
functionality.

To overcome this limitation, Katritzky and workers developed a remarkable multicomponent
condensation of aldehydes forming unsymmetrical imidazoldines 154 in good yields ranging from
85-95% (Scheme 29).° They went on to further capitalize on the unsymmetrical nature of these
imidazolidines by selectively functionalizing them.> Moreover this method is highly efficient with
good atom economy and mild reaction conditions aligning well with the principles of green
chemistry.*! The remaining limitation of this method, however though is the static carbon
backbone limiting the structural diversity possible with these synthetic building blocks.

Scheme 30. Multicomponent Condensation Reaction Forming Asymmetrical Imidazolidines®

H
H N 0] N
N \ - %
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85-96% yield HH H
151 152 153 154
(2 equiv)
2.1.3.2 Reactions with 1,3,5-Triazines
Liu and coworkers used reactions of 1,3,5-triazines 156 with aziridines 155 to form imidazolidines

157 in the presence of a zinc Lewis acid (Scheme 30). The reaction mechanism proceeds through

a Lewis-acid mediated decomposition of triazine 155 into three equivalents of aryl imine, which
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can react with the ring-opened aziridine. A variety of aryl amines 155 were tolerated with electron
deficient anilines resulting in higher yields (82-92%), while electron rich and neutral anilines
formed in lower yields (59-80%). They implemented one alkyl amine resulting in a 60% yield, so
this is not strictly limited to aryl substituents. The 1,3,5-triazines 155 were readily synthesized
from the condensation of paraformaldehyde and various anilines,* however, multiple steps are
required to form the desired aziridines 156.

Scheme 31. Reactions of 1,3,5-triazines with aziridines®

Ar\ /\ _Ar ZnBr2 OZeq)
K ) + ):N—Ts 7
R toluene,
80 °C, 36 h R
Ar
155 156 157

Similar to Liu and coworkers, Sun and coworkers used 1,3,5-triazines 158 but instead of using
aziridines, they expanded the scope and used tosylhydrazones 159 (Scheme 31). Since this method
forms the aziridine in situ, there is no need for a Lewis acid to assist in ring opening, allowing this
transformation to be purely base mediated. They observed yields ranging from 32-81% with
electron rich substituents resulting in better yields. They observe the formation of two side
products which explains why they only obtained moderate yields at best. Additionally, triazines
158 and tosylhydroazones 159 had to be prepared in-house.

Scheme 32. Reactions of 1,3,5-triazines and tosylhydrazones.*
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2.1.3.3 [3+2]-Cycloadditions of Azomethine Ylides with Dipolarophiles
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[3+2]-Cycloadditions of azomethine ylides with dipolarophiles are one of the most convenient
methods used to access enantioenriched nitrogen containing heterocycles.!!***¢ The application
of imines as dipolarophiles in particular is still in development with limited progress thus far.!? For
clarity, this section will be broken up into different types of [3+2]-cycloadditions: metal catalyzed,
acid catalyzed, and base promoted.

Metal Catalyzed [3+2] Cycloadditions

In 2018 Zhang and coworkers reported a rhodium catalyzed [3+2] cycloaddition of vinyl aziridines
161 with a range of alkyl and aryl oximes 162 under mild reaction conditions (Scheme 32).% This
method is robust, achieving substituted imidazolidines 163 in yields ranging from 65-99%. While
they report good enantioselectivity (83-99% ee), they have limited diastereoselectivity ranging
from 4:1 to >20:1 dr.® Additionally, this synthetic route requires multiple steps to form the
substrates as only the catalyst and cocatalyst are commercially avaiable.*’” Moreover, this method
also requires the use of a rare-earth metal catalyst, which researchers have been devoting an
enormous amount of time and resources to reduce the use of these, and to move onto common
metals catalysts which are more sustainable.*** While this transformation is effective, there have
been improvements made in more recent years.

Scheme 33. Rhodium Catalyzed [3+2]-Cycloaddition of Vinyl Aziridines with Oximes®

HsCO [Rh(NBD)CI], (5 mol %)
AgSbFg (10 mol %)

Ry A H Rs DCE, -5 °C, 12 h _/ &\r

161 162 163

3Co

A tandem [3+2]-cycloaddition/1,4-addition between aza-o-quinone precursors 164 and o-
iminoesters 165 was reported by Gou and workers in 2017 (Scheme 33). The azomethine ylide is

generated by deprotonation of the a-protons of the a-iminoesters 165 by KOH resulting in the
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catalytically active metalloazomethine ylide.!” They formed imidazolidines 167 in yields ranging
from 28-90%, with enantioselectivities from 62-99% ee.!? Electron deficient a-iminoesters 165
and aza-o-quinone precursors 164 resulted in higher yields and stereoselectivities whereas
electronically neutral and donating substituents resulted in lower yields and selectivities.'® This
method still requires an expensive rhodium catalyst with a silver cocatalyst lowering its appeal for
industrial use. Moreover, the synthetic precursors are not commercially available with the aza-o-
quinone precursors along taking three steps and two purifications to make.

Scheme 34. Tandem [3+2]-Cycloaddition/1,4-Addition between a-Iminoesters and Aza-o-

quinone Precursors'®

2 N
Ri— '
- AgOTs/166 I | HaC N,C"'3 :
R ‘ X CH3 2\( KOH, 18-crown-6 Et02C N ! \CH .
g - NHTs 3 .
N 1
NHTs T B DCE, -30 °C, 4h )—=R> ! 0 PPh,
o N 1 166 = Fe !
CO,Et 28-90% yield RS _ ! . '
62-99% ee CO,Et : - i
164 165 upto>20:1 dr 167 LS,

Scheme 35. Nickel Catalyzed [3+2]-Cycloaddition of Electron Deficient Aziridines and Aryl

Amines’

Br Ni(ClO4),*6H,0/170 y An

Y /©/ (1:1.15, 10 mol %) N

N co,et ¥ N N < > Br
2 I 4 A mol sieves, DCM, EtO,C

A

Ar CO,Et Ar;” TH 35°C,36h

168 169 :/\

EtO,C

AI"1
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Just this year, Feng and coworkers reported a nickel catalyzed [3+2] cycloaddition of electron
deficient aziridines 168 and aryl amines 169 (Scheme 34).” They were able to achieve
imidazolidines 170 in yields ranging from 65-99% with reasonable stereocontrol (70-98% ee). An
improvement from Zhang and coworkers is that a nickel catalyst is used in place of a rare-earth
metal catalyst. This transformation, however, is strictly limited to aryl substituents both for the
amine and the aziridine.”

Scheme 36. Synthesis of aziridine and imine precursors.’

CO,Et
a) O\\S,/O 2
2 B Et
" 173N|-|2 RWe r 17%02 Ra
(o) . N/S\R 0=S=0
Si(OEt), I 2 NaH l{l
—_—
N ’ N ’ CO,Et
R~ 160°C  R—L MeCN N CO,Et
= ¥ 0 °C—RT R\—— P 2
172 174 168
b) =
-R
o NH2 0 ~
R~ + - N|
% R;,” H EtOH, RT J\
R;” H
176 177 169

Moreover, the precursors as well as the required ligand are not commercially available. The
aziridine 168 is formed in two steps from aldehydes 172, while the imines 169 were produced in
one step from the condensation of aldehydes 177 (Scheme 35).” The ligand 170 required for this
transformation was prepared from Boc-protected proline in four steps, placing this transformation
beyond the interest of most synthetic groups.*°

Wang and coworkers reported a copper catalyzed [3+2]-cycloaddition between fluorinated imines
178 and azomethine ylides generated from a-iminoesters 177 (Scheme 36),” similar to Gou and

coworkers. This reaction is tolerant to aryl and alkyl groups on the azomethine ylide generated
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from 179 forming 181 with moderate yields (76-95%) and some stereo control.” They reported
enantiomeric excess values from 89% to 98%, and diastereomeric ratios ranging from 10:1 to
>20:1.° This method also employs a common metal copper catalyst, but it still requires additional
steps to form the required synthetic precursors.” Moreover, this transformation is also strictly
limited to electron-deficient imines.’

Scheme 37. Copper Catalyzed [3+2]-Cycloadditions between Fluorinated Imines and a-

Iminoesters Esters®

R _H Cu(1)/180 B8 i pph, CHs |

N-PMP h (3 mol %) PMP~N““NH ! 27 :

Py N g : 1180 = o OCHs
FsC~ H 10 £ _NEts (15 mol %) F,C  CO,R ! Fe :
2Bl E,0,-20°C, 1-2h ! ) !

178 179 2 181 !

______________________

Acid Catalyzed [3+2] Cycloadditions

Multicomponent chiral Bronsted acid catalyzed [3+2]-cycloadditions were reported by Gong and
coworkers, forming substituted imidazolidines 186 efficiently with yields ranging from 63-99%
(Scheme 37a).! The azomethine ylides are formed in situ from aldehydes 184 and the amino-ester
182.5! Enantio- and diastereoselectivities were observed for anilines 183 bearing a nitro (91/9 dr,
98% ee), nitrile (90/10 dr, 98% ee), or methoxy group (91/9 dr, 98% ee) at the para-position.>!
This reaction is convenient with all reagents being commercially available, aside from the catalyst
which is readily prepared in one step.’!

Shi and coworkers further expanded the substrate scope using isatin-derived imines 187, forming
spiro[imidazolidine-2,3'-oxindole] frameworks 189 under similar reaction conditions (Scheme
37b).%% This demonstrated one of only a few chemoselective examples of these transformations, as

well as the first enantioselective formation of a spiro[imidazolidine-2,3"-oxindole] skeleton.’* The
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drawback to this methods is that it is cumbersome because the instatin-derived imines 187 and
catalyst 185 are not commercially available, as is the case with many other methods.

Scheme 38. Chiral Bronsted Acid Catalyzed [3+2]-Cycloadditions

a)
185
CO,Et o) (10 mol %) EtO-C
+ Ar—NH, + I EtO,C
HoN™ "CO,Et R™ H  toluene, 3 A mol, sieves HN—/
182 183 184 +10°C, 60 h 186
(2 equiv) 63-99% yield
40-98% ee
b)
N-Ar1 185
CO,Et / 0 (35 mol %)
A + o +
HoN CO,Et N Ar; H toluene, MgSO,
Bn 0°C,48h
182 187 188 43-76% yield
(2 equiv) 40-90% ee
>95:5 dr

While there is a myriad of literature methods forming substituted imidazolidines with various
levels of selectivity, most of these methods suffer from multiple steps, rely on the use of an
expensive catalysts, or both. In this work, we were particularly interested in the method established
by Roussi and coworkers in the 1980s. Their method is a one-step protocol making use of
commercially available reagents to form imidazolidines, although they only reported one
transformation of its kind. We thought that this transformation deserved more attention due to its
simplicity and efficiency.

2.2 Results and Discussion

2.2.1 Replicating Roussi’s Results

Before moving onto novel systems, the method established by Roussi and coworkers was

investigated closely by carrying out their only reported [3+2] cycloaddition with an imine (Scheme
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38). The reaction was modified from Roussi’s original protocol as a reflection of results obtained
from studying similar systems (Chapters 3-4). The modified protocol was a successful replication
of the results reported in the literature producing imidazolidine 192 in a 72% yield (71% by Roussi
and coworkers).!> Given the utility and efficiency of this transformation from base starting
materials, it was astounding that there has not been additional studies until now reported in the
literature. We aimed to explore this chemistry deeper with the goal of expanding this method to
potentially allow for rapid access of the imidazolidine scaffold which has become essential for
drug development.

Scheme 39. [3+2] Cycloaddition of TMAO and Benzylideneaniline

g N
N
H,C gfj N LDA (3 equiv.) 7
\N,\ + | N
H3;C™ ® CHj H THF, -78°C — RT, 2h
72% yield

190 191 192

2.2.2 Reaction of Trimethylamine /V-oxide and Benzylidenebenzylamine

The work by Roussi and coworkers efficiently transforms commercially available starting
materials into bioactive targets in a single step (Scheme 38). Interestly enough, as discussed in the
previous section, imidazolidine 192 was examined for its antideppressive properties as a mianserin
analogue (Figure 12). The limiation of using benzylideneaniline 191 is that the phenyl group is
effectively reaction inert because the nitrogen-carbon bond is difficult to cleave, so further
functionalization of the amine can not be readily achieved. The goal of our work was to further
expand this chemistry with more labile protecting groups, resulting more sophisticated scaffolds
being accessible from these simple reaction products. Initially the phenyl group was replaced with

a benzyl group with benzylidenebenzylamine 193 (Scheme 39). The benzyl group is labile and is
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easily removed with Pd/C and acid under a hydrogen atmosphere. The free amine could then
undergo further transformations to build a more complex target.

Scheme 40. [3+2]-Cycloaddition of TMAQO and Benzylidenebenzylamine

CH,
N
N :
H3C\ O@ l/\© LDA (3 equiv.) 7
> +
H N
H3C/<§\CH3 ©)\ THF, -78°C — RT, 2h @
190 193 194
expected product

The results of this transformation were that the expected imidazolidine 194 did not form. Upon
warming to room temperature the reaction mixture was brilliantly colored bright fuchsia, unlike in
the previous system. The crude reaction mixture was analyzed by '"H NMR and it was difficult to
discern if the imidazolidine was even present due to the amount of signals present. Imidazolidine
194 was by no means a major product if it even formed at all. It is likely that the acidic benzyl
protons of 193 were deprotonated and that caused off-target reactivity.

2.2.3 Reactions of Trimethylamine /V-oxide and Benzenesulfinamide

We wanted to see if this transformation was possible with sulfinyl imines because later applications
of this research could include controlling enantioselectivity potentially through the use of Ellman’s
auxiliary.”>>* The reaction between TMAO 190 and a less expensive sulfinyl imine 195 was
investigated initially under standard reaction conditions as a proof of concept (Scheme 40).
Benzenesulfinamide 195 was synthesized in a separate step following literature protocol, both

product identity and purity were confirmed by 'H NMR.
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Scheme 41. [3+2] Cycloaddition of TMAQO and Benzenesulfinamide

CH,
O 0O I
@ \\S// N
HsC, O N~ LDA (3 equiv.) 7
\N,\ + | > N\
H3C™® CHs H THF, -78°C — RT, 2h oS
(0]
190 195 196
expected product

After attempting this reaction several times it became apparent that the desired imidazolidine 196
was not forming. A series of control experiments were conducted in order to distinguish what
reagents were the cause of compound 196 failing to form. For example, the sulfinyl protecting

group could be reacting with LDA and undergoing ortho-lithiation,>

or the sulfinyl could be
electrophilic enough for nucleophilic attack of the N-oxide to be favorable, and so on.

The control reaction with all components resulted in a 0% yield for the desired imidazolidine 196
(Table 3, entry 1). Imine 195 reacted with the LDA forming a wide array of side products which
could not be readily identified (Table 3, entry 2). In our second control reaction we observed that
sulfinyl 195 undergoes nucleophilic attack by the N-oxide without the presence of LDA, forming
oxo-bridged compounds (Table 3, entry 3). The imine (195) is stable to the reaction conditions in
the absence of base or N-oxide 190 (Table 3, entry 4). We tried to favor the [3+2] cycloaddition
by combining TMAO and LDA at -78 °C and allowing that mixture to warm to RT in order to
generate the azomethine ylide before introducing imine 195 (Table 3, entry 5). Once warmed to
RT, imine 195 was added, and the reaction was carried out as normal (Table 1, entry 5). The
rationale was the since the azomethine ylide was already formed, there should not be any N-oxide

present to act as a nucleophile and preemptively react with the imine. The results, however, were

the same as the control (Table 3, entry 1).
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Table 3. Control reactions of benzenesulfinamide and various reaction conditions

GHa
o \\S// N
HsC, O N" \© LDA (3 equiv.) N
N‘\ + | = N\
H3C”® "CHs ©)\ H THF, -78°C — RT, 2h O//S\\@
O
190 195 196
expected product
Entry® | Imine LDA N-oxide Result
1 0.2 mmol 0.6 mmol 0.2 mmol 0 % yield of 194
2 0.2 mmol 0.6 mmol - Reaction occurred, no imine 193 present
3 0.2 mmol - 0.2 mmol Reaction occurred, no imine 193 present
4 0.2 mmol - - No Reaction
5° 0.2 mmol 0.6 mmol 0.2 mmol 0% yield of 194

“Reaction conditions: N-oxide 190 (1 equiv.) was dissolved in THF (0.1 M), and cooled to -78
°C. LDA (3 equiv.) was added dropwise followed by a 1 M solution of benzenesulfinamide 193
(1 equiv.) in THF. The reaction was removed from the cold bath and left to react for 2 h. Volatiles
were removed and the residue was analyzed by 'H NMR.

b N-oxide 190 (1 equiv.) was dissolved in THF (0.1 M), and cooled to -78 °C. LDA (3 equiv.)
was added dropwise and the reaction was warmed to RT. Benzenesulfinamide 193 (1 equiv.)
was added as a 1 M solution in THF and left to react for 2 h. Volatiles were removed and the

residue was analyzed by 'H NMR.

This could also be due to the fact that imine 195 also reacts with LDA, which might be able to be
avoided if only two equivalents of LDA are used instead of three. Additionally, results from
previous experiments in a similar system show that an additive such as triflic anhydride can be

premixed with the N-oxide which would prevent it from acting as a nucleophile (See Chapter 3).
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2.2.4 Reactions of Trimethylamine N-oxide and Silyl Imines

We next decided to implement the use of silyl imines 198 as dipolarophiles in [3+2] cycloadditions
with TMAO 190 due to their ease of synthesis and functional group compatibility, being
electronically similar to Roussi’s system. Trimethylsilyl (TMS) is a labile nitrogen protecting
group devoid of a-protons, and unlike the sulfonamide, TMS is fairly reaction inert so it was
hypothesized that there would be no off-target reactivity. Silyl imines 198 are readily accessible
through an aza-Brook rearrangement from commercially available aldehydes 197 and LiHMDS.
While carrying out these reactions with arenes and alkyl groups, it became apparent that the
resulting imidazolidines were unstable and readily hydrolyzed. This ended up turning into a three-
step one-pot protocol forming 1,2-diamines in yields up to 94% as discussed at length in Chapter
1. To expand the substrate scope from arenes and quaternary alky groups, we implemented
heterocyclics since many drug compounds contain more than one heterocyclic ring (Scheme 41).
The implementation of the heterocyclic would also be interesting to investigate mechanistically
since we have reported that the chelation effects of LDA and THF play a significant role in this
transformations success.’® The addition of heteroatoms could potentially aid in this chelation, or
the additional heteroatoms could also hinder it.

Scheme 42. Three-step one-pot synthesis of imidazolidines using a [3+2] cycloaddition of
TMAO and silyl imines.

® 0O
MesN=0
190
0 LIHMDS N TMS LD HCl
X, == 7 R
R"TH  THF, THF,
0°C - RT -78°C — 0°C R

197 198

In implementing heteroarenes, it was discovered that they are more stable and easier to isolate as

imidazolidines (200) than their 1,2-diamine (109) counterparts (Scheme 42). Additionally, the
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implementation of heteroarenes required some slight changes to the reaction conditions: LIHMDS
was used in place of NaHMDS for the aza-Brook rearrangement, the reaction temperature for the
aza-Brook rearrangement was lowered to -78 °C, and the [3+2] cycloaddition reaction time was
kept at -78 °C for 30 min and then stirred at RT for 2 h (Scheme 42). This three-step reaction route
was carried out as an efficient one-pot synthesis.

Scheme 43. Substrate scope and limitation of [3+2] cycloadditions of TMAQ and silyl imines.
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197 0°C — RT 198 -78°C - 0°C R 199 TMS R 200
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NH NH NH NH
— —_— O
7\ 200a \ ) 200b N\ ) 200c \\ 200d
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CHy CHy CHy
"™ ™ ™
NH NH NH
N—
7\ 200e \ ) 200f /N 200g
=N 0% 0% O 0%

This reaction tolerated 4-quinoline and 4-pyridyl groups forming 200a and 200b in good yields of
78% and 85% respectively (Scheme 42). Interestingly incorporating a 3-pyridyl group resulted in
a low 32% yield for 200¢. 2-Furanyl substituted 200d was isolated in a 57% yield which was
similar to its 1,2-diamine counterpart (56% yield). Substrates that were not tolerated by the

reactions conditions were 3-quinoline, 2-pyridyl, and 3-furyl resulting in 0% yields for 200e-g.
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While a decreasing result, some trends were observed and it did allow us to gain some more insight
into the reaction mechanism.

As the heteroatom moves closer to the 1-position, the yields decrease; 3-pyridyl produced 200¢ in
32% yield, and then 2-pyridyl resulted in 200f in a 0% yield. This same trend was observed with
3-quinoline also forming 200e in a 0% yield as well as 3-furyl resulting in no imidazolidine 200g
formation (0% yield). This trend could be an electronic effect since 2-furaldehyde, like furan,
exhibits a dipole moment away from the heteroatom, making the 2 and 3 positions more electron
poor while the 4 and 5 positions are more electron rich (Figure 16).>” Additionally, the a-protons
on furan have a pKa, of 35.6, which is close to the pKa of LDA (Figure 16). The aldehyde withdraws
electron density from the furyl substituents, making those protons more acidic which increases the
likelihood that deprotonation by LDA occurs. This could trigger side reactions in the [3+2]-
cycloaddition which would account for the low yield of 200d and the mix of products in the 'H

NMR for the reaction of 197g and TMAO.

___________________________________

0 ; 0 0
o._H | o)
U VARG S
! \ | \ | \ 5
i ! H
5 197d 200 E 197d 1979
! 3.23D pK,= 35.6 : pK, < 35.6

Figure 16. Dipole moment of 2-furaldehyde and pKa of furan compared to 2- and 3-
furaldehyde.

Pyridine is electropositive at positions 2, 4, and 6, and electronegative at positions 1, 3, and 5
which is explained by resonance (Figure 17a). This is a trend that quinolines also follow. Since
200a and 200b both formed in high yields, this could indicate that a partial positive charge at the

a-position of the silyl imine is beneficial for the [3+2]-cycloaddition (Figure 17b). This is also in
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agreement with the 2-furyl substituted 198d where the a-position also has a slight positive
character due to the net-dipole moment. Silyl imines 198c and 198d both have a partial negative
charge at the a-position resulting in low yield of 200¢ and no product formation for 200d. The
outlier for this trend is the case of 198f where the 'TH NMR was indiscernible due to the amount of
signals present. If the electronic nature of the silyl imine was the only trend, imidazolidine 200f

should have been formed in good yields.

a) Resonance Structures of Pyridine + b) Pyridyl Silyl Imines
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| 5+ | I | _TMS

! 201 ; | si

+ Hybrid Resonance Form ! N : | X H
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Figure 17. a) Resonance Structures of Pyridine; b) Electronic character of the a-positions of
silyl imines

Another explanation to the low yields is that the introduction of these heteroatoms could be
resulting in chelation of the lithium base (Figure 18). While this is reasonable for imines 198¢ and
198f, chelation is not likely with the 4-pyridyl 198b and likewise the 4-quinoline 198a imines
because of the distances between the two nitrogen atoms. Additionally in the case of 198c¢, there
could be two equivalents of the imine that could sequester the lithium cation much like a porphyrin

ring.

75



o Lo X o |
| N H N™™ H “’ N H ] H
= | = N~ \
198f 198¢c 198b 198d
198¢c =
H N
I /
/N““~- {— TMS . . . .
™S Li \\lN/ Potential Dimerization
N H
| =
198c

Figure 18. Proposed lithium chelation of heteroaryl silyl imines.

If the lithium of the LDA is chelated by the silyl imines, this could be problematic for the key
intermediate 203 in our proposed reaction mechanism (Scheme 43). We reported that the multi-
ion bridge 203 is essential to this this cycloaddition®® so it might be reasonable to deduce that the
placement of the heteroatoms could disrupt that multi-ion bridge formation, resulting in little to no
imidazolidine formation.

Scheme 44. Proposed mechanism with blocked multi-ion bridge intermediate.>¢

First Second : . .
Deprotonation Deprotonation Multi-lon Bridge 1,3-Dipole
o _N-Li /Ly o Li
Pr—N — N
IirPr/ @D CH,3 Cj),o‘ CH;s A)N\iplfr /8\\CH3 HsC O~
Ne T LW @N H TN T eN
HQ “CH N\ Lial "~ aLi HC//
190" ° 202 203 7 204

20,
S &
LIVN\C
3 198f
202

2.2.5 Transformations of 1,2-diamines forming imidazolidines and imidazolidines
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Scheme 45. Condensation of 1,2-Diamine 109h and Benzaldehyde

Ph
CH, + Ph)& . N—CHj
EtOH, MgSO,,
Ph 109h 206 40°C, 72h 207
32% yield Ph

We wanted to demonstrate the synthetic utility of the 1,2-diamines synthesized in Chapter 1 in
forming bioactive targets efficiently. This would also highlight how different functionalities could
be installed for rapid access to a variety of heterocycles. Initially the simple condensation of 1,2-
diamine 109h and benzaldehyde 206 was carried out (Scheme 44). This resulted in a mixture of
two diastereomers 207 which were isolated in 32% yield.

Scheme 46. a) Cyclization with ethyl benzimidate forming an imidazoline; b) Proposed
hydrogenation forming imidazolidines as a single diastereomer.

a) Imidazoline Formation

Ph
NH,
H NH oHCI N=
N ° N—CH
CH; + E—— °
Ph OEt MeOH, RT
H;CO 60% yield
109a 208 H3;CO 209
b) Proposed Imidazolidine Formation
Ph Ph
A PA/C, H, iR
N_CH3 ------------ > N_CH3
MeOH
H,CO 209 H,CO 210

We then used another type of condensation reaction using ethyl benzimidate 206 with diamine
109a to form the imidazoline instead of the imidazolidine (Scheme 45a). The imidazoline was
formed as a single diastereomer in 60% yield. This could provide an efficient route to both

imidazolines and imidazolines to be examined in SAR studies. The imidazolines 207 could
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undergo hydrogenation to form their imidazolidine 208 counterparts (Scheme 45b). This would be
of interest for a future direction with these products in particular.

2.3 Conclusions

The preliminary efforts by Roussi and coworkers were expanded by implementing a variety of
imines. While [3+2] cycloadditions of TMAO with both benzyl and sulfonyl protected imines were
wrought with off-target reactivity, reactions with silyl protected imines yielded several promising
results. The [3+2]-cycloadditions of TMAO and silyl-protected heteroaryl-imines 198 achieved
substituted imidazolidines 200a-g with yields up to 85% in a three-step one-pot synthetic method.
This could provide rapid access to drug-like targets from commercially available starting reagents,
a stark difference to most methods reported in the medicinal chemistry literature.
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Chapter 3: Cycloadditions of Trimethylamine N-oxide and Dipolarophiles Forming
Pyrrolidines

3.1 Introduction

3.1.1 Contextual Summary

Pyrrolidines are prevalent motifs in natural product and pharmaceuticals exhibiting rich bioactive
properties.' Due to the ubiquity this family of compounds there is a constant demand for new and
innovative synthetic methodologies taking advantage of unique disconnections to form substituted
pyrrolidines. Moreover, the discovery of novel pyrroldines paves the way for new and more
effective therapeutics. Efficient and robust synthetic methods are key in drug development for
rapid bioactivity screenings and SAR studies. Most synthetic methods to form these privileged
motifs are stunted by expensive catalysts, complex ligand systems, and multiple steps. Roussi and
coworkers established a one-step protocol from commercially available tertiary amine N-oxides
and alkenes forming substituted pyrrolidines in the 1980s, but since then it has seen little use.
Convinced that this chemistry had more to offer, we elected to further study this transformation
with new substrates.

3.1.2 Pharmaceuticals Containing Pyrrolidines

3.1.2.1 Antioxidants
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Figure 19. Structures of Antioxidants: Resveratrol and a Pyrrolidine Derivative’
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The inhibitory effects of pyrrolidine derivative, resveratrol (211), on DNA oxidation has made it a
drug target of interest for the treatment various diseases.® The antioxidant effects of resveratrol
(211) were enhanced by adding a pyrrolidine moiety onto its backbone forming 212 (Figure 19).>
This work by Liu and coworkers offers a new outlook on the search for novel antioxidants by
simply enhancing the effects of alkene containing antioxidants by functionalizing them into
pyrrolidine derivatives.’

3.1.2.2 Anti-inflammatory Agents
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Figure 20. Structures of Anti-inflamatory Agents: Upadacitinib,”® Tofacitinib,”!° and
Baricitinib.!

Upadacitinib (213), more commonly known as the brand name Rinvoq, is a Janus Kinase (JAK)
inhibitor that is commonly prescribed to treat both rheumatoid and psoriatic arthritis.”®!%13 JAKs
are enzymes that are responsible for processes that result in inflammation, so blocking these
enzymes blocks inflammation pathways and results in an anti-inflammatory effect. Upadacitinib
(213) exhibits high selectivity for JAKI compared to JAK2 and JAK3, mostly due to strong
hydrogen-bonding interactions combined with its structural geometry.!* More concrete reasons for
the observed strong affinity of 213 for JAKI1 is something that researchers are still trying to
elucidate through molecular modeling and SAR studies.!*!® Tofacitinib (214) is a piperadine (six

membered N-heterocyclic) that has a high affinity for both JAK1 and JAK3.!? Similarly, baricitinib
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(215) contains an azetidine (four membered N-heterocyclic), and has high affinities for both JAK1
and JAK2.'* The high specificity of 213 for JAK1 could be linked to the ring size since they all

bear very similar substituents (Figure 20). Not only is 213 used to treat rheumatoid arthritis,

15 as well as ulcerative

upadacitinib has also been approved for the treatment of Crohn’s disease
colitis,'® making it a versatile and effective anti-inflammatory agent.
3.1.2.3 Antiviral Agents
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Figure 21. Structures of Antiviral Agents: Telaprevir and Ribavirin

The pyrrolidine derivative telaprevir 216 has been used in combination with antiviral ribavirin
(217) to treat chronic hepatitis C virus (HCV).!” This drug works by inhibiting NS3/4A, which is
a serine protease encoded by HCV geneotype 1.!7 Surprisingly 216 also inhibits the SARS-CoV-2
3CL protease making it a potential treatment for this virus as well.!®

3.1.2.4 Antipsychotics

Asenapine 218 is both a serotonin and dopamine receptor antagonist with a high affinity for the 5-

HTaa serotonin receptor, making it a useful antipsychotic agent.!” An antagonist is a compound

that blocks the action or effect of another substance, so in this case asenapine 218 binds to and
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blocks serotonin and dopamine receptors.?’ Asenapine 218 is typically prescribed to treat patients

with bipolar I disorder, it is also prescribed to treat schizophrenia.?!->

Z-z

~

CHs
N CH3 H

3CO H
- N, H3CO
Rt CHs N Pha,,
Ay T T R
(@]

218 219 220
Asenapine Nemonapride Daridorexant

R
N
0]

Figure 22. Structures of Antipsychotic Agents: Asenapine, Nemonapride, and Daridorexant
Nemonapride 219 is another pharmaceutical used to treat schizophrenia.®> Unlike asenapine
though, nemonaprode 220 is a serotonin 1A receptor (5-HT14) agonists, which is theorized to make
it a more selective drug than the typically prescribed dopamine antagonists.?* Interestingly, these
agonists exhibit the same antipsychotic effects as the antagonists. However, by activating the 5-
HTa receptor instead of turning off the dopamine D> receptor it is predicted that they have the
potential to produce fewer side effects, ultimately making 219 an attractive drug candidate.?*

In 2022, a new therapeutic, daridorexant 220, became available in both the US and the EU to treat
insomnia.?® Daridoxrexant 220 is a duel orexin receptor antagonist (DORA) blocking OXIR and
OX2R.%-28 Blocking these receptors inhibits the binding of wake-promoting neuropeptides known
as orexins, thereby allowing the subject to both fall asleep and stay asleep.?®?® This drug is
different from typical sleep aids because they commonly target gamma-aminobutyric acid type-A
(GABA-A), serotonin, histamine, or melatonin receptors.?> Daridoxrexant 220 offers an alternative

for patients taking other medications that are incompatible with the traditional sleep aids.
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3.1.2.5 Stimulants
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Figure 23. Structures of Recreational Stimulants

Pyrrolidines 221 and 222 act as norepinephrine-dopamine reuptake inhibitors, producing
amphetamine-like effects.?>** In a legal grey area, these are marketed as “legal highs” since they
produce the same stimulating psychoactive effects as more widely known illicit drugs, such as
methamphetamine (223), while circumventing the current drug controls in effect.’® Additionally,
since these compounds are not included in the analysis for standard drug tests, they will not result

in a positive drug test result.’

Researchers are working to stay up to date on what new designer
drugs are being used in order to screen for their toxicologies as well as their potential
pharmacological properties.’® These are just a couple of examples of the rich psychoactive
31,32

properties of pyrrolidine moieties.

3.1.2.6 Antidiabetics
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Figure 24. Structures of Antidiabetic Agents Synthesized by Villhauer and Coworkers

(224),3%-34 and Robl and Coworkers (225).3%
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Researchers have reported novel pyrrolidine derivatives 224 and 225 (Figure 24) with potent
antihyperglycemic activities through inhibition of dipeptidyl peptidase IV (DPP-1V).3*3% This is
an emerging and valuable route to the treatment of type 2 diabetes through DPP-IV inhibition and
its connection with the incretin glucagon-like peptide-1 (GLP-1).*¢ Incretins are hormones found
in our gut that regulate the amount of insulin that is secreted after eating, so low levels of GLP-1
result in lower insulin levels and higher glucose levels.>* There are multiple mechanisms of action
and it is difficult to fully elucidate direct trends, but Holst and Deacon have been able to directly
link DPP-IV inhibition with increased active levels of GLP-1.¢ This is incredibly beneficial
because GLP-1 serves many functions that contribute to normalizing glucose levels making this
relationship important to the treatment of type 2 diabetis.*¢

3.1.2.7 Anticancer Agents
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Figure 25. Structures of Anticancer Pyrrolidine Derivatives.’’

Hu and coworkers studied a series of pyrrole and pyrrolidine analogues for their anticancer
properties.’” Pyrrolidines 226 and 227 exhibited ICso values of 4.1 pM and 4.3 puM respectively
against HCT116 (colon cancer) cell lines.’’” Moreover, both 226 and 227 showed potent
cytotoxicity against nine other cancer cell lines making these pyrrolidine derivatives promising

therapeutics in cancer research.’’
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Figure 26. Structure of Atrasentan®

Endothelin receptor A (ETAR) is a regulatory system of major relevance in human breast cancer.
The study by Smollich and coworkers suggests that breast carcinoma invasiveness is triggered by
the release of intracellularly stored endothein 1 (ET-1).%° This signaling from tumor hyperlexia that
causes carcinoma invasion may be inhibited by selective ETAR antagonism, thus paving the way
to a new therapeutic target. Atrasentan (228) is a selective ETAR antagonist that has promising
potential in breast cancer treatment.* It also demonstrated direct effect on tumor proliferation,
apoptosis, and angiogenesis in advanced non—small cell lung cancer.’® Due to atrasentan’s (228)
promising anticancer properties, pyrrolidine derivatives of the like could potentially serve as a new
generation of cancer therapeutics.

3.1.3. Naturally Occurring Pyrrolidines

Pyrrolidines are ubiquitous in natural products and are known to exhibit a diverse range of
bioactive properties.*’ There are around 80 pyrrolidine alkaloids known, and many of these
alkaloids are repeatedly found in different plant species.*’ For example. Hygrine is a common
alkaloid that has been isolated from many different plant species including Erythroxylum coca.*'

43 Moreover, hygrine (229) is a biosynthetic precursor for both hyoscyamine and scopolamine, and

it has been the subject of many different total synthesis projects dating back to as early as 1917.4-
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8 Proline (230) is a naturally occurring amino acid that has been used as a catalyst in asymmetric

synthesis for decades.*~°
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Figure 27. Small and Simple Naturally Occurring Pyrrolidines: Hygrine, Proline

Arisarum vulgare, or friar’s cowl, is a flowering perennial that is widespread along the
Mediterranean coast. Historically in Morocco, the tubers of this plant were consumed during
periods of food scarcity which is problematic because it contains several toxic alkaloids. Among
these alkaloids are pyrrolidine derivatives 231 (irniine) and 232 (bgugaine). Specifically, both 231
and 232 are hepatotoxins, which means that they causes liver damage in humans, and can cause

other problems in live-stock.”!
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Figure 28. Structures of Heptatotoxins Irniine3> and Bgugaine> Isolated from Arisarum
vulgare.
Liu and coworkers isolated alkaloid 233 from the root bark of o. japonica and found that this

showed potential in serving as both a larvicide and nematicide. This natural remedy would be
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beneficial particularly in underprivileged areas that are still ravaged by diseases carried by
mosquitos such as malaria, dengue fever, wuchereriasis, and epidemic encephalitis B.>* Many
pesticides are toxic to other organisms, including people, so researchers are actively searching for
more natural and more targeted alternatives.* Surprisingly enough, nicotine 234 is one of the

botanical pesticides currently in use as of 2006.%
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Figure 29. Pyrrolidine Alkaloid Isolated from O. Japonica Root Barks and nicotine

Hyacinthoides non-scripta® (blue bells) and Hyacinthus orientalis (Hyacinth)®’ are not just simply
beautiful flowers; they contain pyrrolidines that could lead to a new type of therapeutic for type-2
diabeteis.’®>” Pyrrolidines 235-236 inhibit glycogen phosphorylase (GP) through an orthogonal
mechanism of action that is entirely distinct from other known inhibitors.® Pyrrolidine 237 was
further studied and it exhibited anti-hyperglycemic effects predominantly in obese mice, leading

to the theory of inhibition of GP as a promising treatment in type 2 diabetes.*
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Figure 30. Isolated from Hyacinthoides non-scripta®® and Hyacinthus orientalis®”

95



3.1.4 Synthetic Methods Forming Pyrrolidines

Researchers have extensively studied the synthesis of pyrrolidines developing a vast array of
methods to achieve these privileged cores dating back to the 1920s.7°%? The goal of this section is
to highlight the most relevant synthetic methods currently in use to form pyrrolidines since an
exhaustive review would be a thesis in itself. Among the methods highlighted are ones used to
synthesize some of the pyrrolidine containing therapeutics discussed previously.

3.1.4.1 From Sulfinamides®3-6¢

Chiral pyrrolidines are vital to medicinal research and drug discovery due to their diverse
bioactivity profiles, therefore efficient and stereoselective methods of forming these compounds
are essential due to the chiral nature of biology. One way to efficiently achieve chiral compounds
is by installing and enantioenriched species, namely a chiral auxiliary. The Ellman auxiliary is
widely used synthetic precursor in asymmetric syntheses to form enantioenriched products.®’ The
tert-butyl group of Ellman’s auxiliary acts as a directing group by providing sufficient steric bulk
to block nucleophilic attack from one face of the molecule.

Scheme 47. Palladium-catalyzed nucleophilic functionalization of alkenes.®
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Stahl and coworkers used Ellman’s auxiliary to their advantage to form pyrrolidines 241 in yields
ranging from 54-85% all with diastereomeric ratios >20:1 (Scheme 46).°> While effective in
achieving good diastereoselectivity, the necessary precursor 240 to form the desired pyrrolidines
241 requires a three-step synthesis. First the alcohol was oxidized with TEMPO converting it into
an aldehyde. The aldehyde undergoes a Lewis acid mediated amidation forming 239, which is then
subjected to nucleophilic attack forming the precursor 240 for the palladium -catalyzed
cycloamination.

The Ellman auxiliary was also used in another palladium catalyzed transformation by Stockman
and coworkers where they formed a series of pyrrolidines from sulfinimines 242 and
trimethylenemethane generated in situ from 244.%% Pyrrolidines 245 formed with modest
diasteroselectivities (2:1 — 7:1 dr), and up to >95% yields (Scheme 47). The implementation of
sulfinyl ketimines resulted in lower yields, while sulfinyl aldimines resulted in higher yields
overall. An improvement to the previous palladium catalyzed example is the efficiency of this
synthesis where pyrrolidines 245 can be produced in just two steps from commercially available
reagents. Additionally, this system is bimolecular which increases the variability possible with this
chemistry as opposed to a unimolecular system.

Scheme 48. [3+3]-Cycloaddition of Chiral Sulfinimines with Trimethylenemethane

Generated in situ.%*

©) TMS\)J\/OAC

©)
0
S © 244 o, &
o Ho,N"® Bu N8y PdA(PPh), (10 mol %) S®
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R1)J\R2 Ti(OEt), R1)\R2 THF, RT, 18h "R,
THF, RT dr=2:1to 7:1
242 243 29 to >95% yield 245
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Chemla and coworkers reported a tandem 1,4-addition/carbozincation forming substituted
pyrrolidines 251 in yields up to 83% with diastereomeric ratios ranging from 9:1 to >95:5 dr.%
They were able to deduce that the interactions of Sm(OTf)3 with the radical intermediate from 250
being primarily responsible for the observed diasteroselectivity.®>%® While this method does afford
chiral pyrrolidines in a selective manner, it suffers from multiple steps to render the desired
pyrrolidines.® Intermediate 248 is formed in three steps starting with the condensation of Ellman’s
auxiliary and silylacetylenic aldehyde under Lewis acidic conditions resulting in N-propargyl
sulfinimines.®® After reduction, the sulfinamides were treated with nBuLi to form their respective
lithium salts to then undergo allylation resulting in intermediates 250.% The resulting pyrrolidines
251 were produced by a zinc-radical-transfer based 1,4-addition/cyclization of 250.%

Scheme 49. Zinc Radical Transfer Based Modular Approach to Enantiopure Alkylidene-f3-

prolines from N-(tert-Butylsulfinyl)-a-(aminomethyl)acrylates®s
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__________________________________________________________________

Kudale and coworkers reported the synthesis of nitrogen containing heterocycles in a single

diastereomer by a modified Mitsunobu reaction with Tsunoda’s reagent 256. Among the
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heterocycles synthesized from this method were pyrrolidines 257 that formed in moderate yields
(Scheme 49).% Kudale and coworkers also made use of Ellman’s auxiliary to produce 257 in four
steps by first forming the sulfinimine through a simple condensation reaction of a commercially
available aldehyde.®® Sulfininimine 252 was then reduced and alkylated forming 254 which then
was used in a selective hydroboration method developed by Xu and Lin forming 255.7° The
pyrrolidine formation step starts with activating the alcohol functional group using Tsunoda’s
reagent by converting it into a better leaving group while also producing acetonitrile as a
biproduct.®’ The activated alcohol then undergoes nucleophilic attack by the sulfinamine forming
the pyrrolidine ring 257 and eliminating trialkyl phosphine oxide. This is a very selective
transformation, but the necessary precursor for the pyrrolidine synthesis requires four steps to
make from commercially available reagents.®

Scheme 50. Synthesis of Chiral Pyrrolidines with Ellman’s Auxilary and Tsunoda’s

Reagent.*
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o® Zn o R 1.9-BBN o R
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252 254 255
o ('Bu)P=CHCN 3
' 256 '
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E f \ S /-\/\/OH tB \“S\N ~ : \H/
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! 255 71-81% yields 257 ! 9-BBN
' single diasteromer ;

3.1.4.2 Subsequent Amination Reactions
A simple an efficient method of forming this valuable motif has been implemented as early as

1949, and it involves subsequent Sx2 reactions of an amine into a carbon chain with two leaving
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groups (Scheme 50a-b).”!"”3 The early examples use an amine, such as aniline or an alkyl amine,
reacting with either 1,4-dicholorobutane (259) or 1,4-dibromobutane, while more modern
examples used different leaving groups such as mesylates (262).”7® Elderfield and Hagemam
refluxed butylamine (258) with 1,4-dichlorobutane (259) in ethanol to form pyrrolidine 290 in a
52% vyield in 1949 (Scheme 50a).”! Nearly 70 years later, Smith and coworkers used this same
methodology with chiral precursors 261 and 262 to form enantiopure pyrrolidines 263 in up to
87% yield (Scheme 50b).” These pyrrolidines (263) were then used as building blocks for a new
75

potential therapeutic targeting tamoxifen-resistant breast cancer.

Scheme 51. Amination Cyclizations.”"’

a) Elderfield and Hageman, 1949

C|/\/\/C|
259

CH;

K2003 N
HsC” " NH, 7
EtOH, reflux, 60 h
258 52% yield 260
b) Smith and coworkers, 2018
CH3
MsO._ _~
S \/\/\OMS
HO 262 HO
D @
H3C neat, RT H3C “CHj
261 87% vyield 263

3.1.4.3 Microwave-Assisted Aminations

Microwave technology has aided in propelling this chemistry into the modern age by greatly
expanding the substrate scope and improving the reaction times as well as yields.””””” Ju and Varma
did a comparative study on traditional vs microwave methods for pyrrolidine synthesis using

aniline derivative 264 and 1,4-dibromo butane (265).”® They found that microwave heating not
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only decreased the reaction time from 480 min to 20 min, but it also improved the reaction yield
of 266 by 35% (Table 4).7

Table 4. Comparison of traditional and microwave methods producing pyrrolidines

Br/\/\/ Br
o 265 o
HoN K,CO4/H,0 C'\\l
OEt > OEt
conditions

264 266
Method Time (min) Yield (%)
Conventional heating to reflux 480 min 58
Microwave (120 °C, 80-100 W) 20 min 93

The aminations of dimesylate 267 by microwave irradiation forming protected iminosugars 269
was established by Wu and coworkers (Scheme 51).” When attempting this transformation
without microwave irradiation, incredibly low or no yields were obtained for the desired
pyrrolidines, however with microwave assistance pyrrolidines 269 were achieved in excellent
yields.” Moreover several of these transformations were done under solvent-free conditions,
morphing this method into a greener approach to this chemistry.” This work is an effective
demonstration of the advantage microwave assistance provides to further innovate and expand
established tranformations.”

Scheme 52. Microwave Assisted Amination Forming Protected Iminosugars.”®

OMs RNH» Ff
BnO 268 N
BnO OMs  mw,120°c  ° <—Z
OBn neat or toluene BnO OBn
267 70 to >95% yield 269
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3.1.4.4 Transition Metal Catalyzed Hydroamination

Intramolecular hydroamination of unactivated alkenes is of interest as an atom economical
synthetic strategy of to form nitrogen containing heterocycles. This has typically been done as a
transition metal catalyzed C-N bond forming reaction with numerous examples in the literature
using various transition metals, lanthanides, actinides, and alkali earth metals.®’ Within the last
couple decades the main focus in this field has been on improving this transformation by
implementing late transition metal catalysts, such as palladium,®! platinum,®>* gold,** iridium,>-
87 thodium,*® and iron.?® Many of these methods suffer from complex ligand systems that are not
commercially available as well as substrates that require additional steps to make.

Hesp and Stradiotto have developed an intramolecular hydroamination reaction protocol to form
pyrroidines 272 using a commercially available iridium precatalyst 271 with the active catalytic
species forming in situ (Scheme 52). They demonstrated 15 examples from unactivated alkenes
(270) with yields ranging from 52-89%. While the substrate requires a multistep synthesis, the
advantage of their method over similar ones is that the catalyst is commercially available and it

does not require an additional ligand to be synthesized.

Scheme 53. Iridium Catalyzed Hydroamination®’
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3.1.4.5 Cyclization of y-Aminocarbonyl Compounds
v-Aminocarbonyl derivatives have been used as intramolecular precursors to form substituted
pyrrolidines in complex synthetic targets.”® King and coworkers used this method to form simple
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pyrrolidine motifs 274-275 from y-aminoacetals 273 in good yields (Scheme 53a).'? This
protocol was then modified to form more complex structures with fused rings 277 from a similar
starting material 276 (Scheme 53b). King and coworkers proposed that this occurs due to an
unprecedented 1,2-phenyl shift which results in the formation of the final fused structure of 277.
The substrate is not commercially available, however it can be readily synthesized in one step.
Due to this being a unimolecular system, there is an inherent limitation in the substrate scope
availability, which hinders the synthetic utility of this transformation.

Scheme 54. Cyclization of y-Aminoacetals Forming Pyrrolidines®'-
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Blachert and Stragies used a similar strategy to form the final fused-ring system 280 in their total
synthesis of tetraponerines natural products.”> They were able to accomplish the total synthesis of
280 in eight total steps (Scheme 54).%° The acid mediated cyclization was versatile enough to form
all eight of the pyrrolidine containing natural products 280 from their respective intermediates,
which demonstrates the synthetic utility and convenience of this cyclization method for late stage

complex ring formations.”%%?
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Scheme 55. Total Synthesis of Tetraponerines Isolated from the venom of the New Guinean
ant Tetraponerasp.

M902CO 6 StepS H H
— 1. Hy, Pd, EtOH O/\P\/\R
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> 2. HCI N__N
MeO,CO 85% yield H@
278 280

3.1.4.6 [3+2]-Cycloadditions
1,3-dipolar cycloadditions have been a long time and prominent method of forming pyrrolidines
utilizing the generation of the 1,3-dipole, also referred as the azomethine ylide.”* There are

numerous ways to generate the azomethine ylide with the simplest being from commercially
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Figure 31. Common Methods of Azomethine Ylide Formation.®> Reprinted with permission
from Neal, M. J.; Hejnosz, S. L.; Rohde, J. J.; Evanseck, J. D.; Montgomery, T. D. Multi-lon
Bridged Pathway of N-Oxides to 1,3-Dipole Dilithium Oxide Complexes. J. Org. Chem. 2021,
86 (17), 11502—-11518. https://doi.org/10.1021/acs.joc.1c01047. Copyright 2021 American
Chemical Society.
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available N-oxides and base (Figure 31).%° [3+2]-cycloadditions are an advantageous method of
forming pyrrolidines with more substrate scope variability than most of the methods previously
described. Many of those methods focused on a long carbon chain and an amine as synthons,
limiting diverse functionalization. Moreover, those synthetic precursors are typically not
commercially available and require multiple steps to form, limiting their transferability to other
synthetic groups. Whereas, the synthons in [3+2]-cycloadditions are generally comparable in size,
with each piece being able to change the overall shape of the final compound greatly. Additionally,
just by going from a unimolecular system to a bimolecular system there is an inherent increase in
the substrate scope variability.

Scheme 56. [3+2]-Cycloadditions of TMAO and Alkynes.
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Roussi and coworkers developed an efficient [3+2]-cycloaddition of trimethylamine N-oxide
(TMAO) 281 and various dipolarophiles providing rapid access to various nitrogen containing
heterocycles such as pyrroles 284, pyrrolines 286 and 288 (Scheme 55), and their fully saturated
pyrrolidine derivatives (Scheme 56). The reactions forming pyrroles and pyrrolines achieved
moderate yields (Scheme 55a-b), but some products were subject to tautomerization (Scheme 55).
Gratifyingly this transformation is not just limited to aryl substituted dipolarophiles 282, it is
tolerant of silanes 285 and ethers 287 (acetals) as well.

A limitation of this method is that it is not regioselective as demonstrated by implementing N-
oxide 289 into the reaction and a mixture of isomers formed 281a-c (Scheme 56).°” This selectivity
issue can be mitigated by the use of a symmetrical N-oxide like TMAO 281, or an N-oxide with
only two positions bearing a-protons, limiting the possibilities to a single constitutional isomer.

Scheme 57. Regioselectivity of the [3+2]-Cycloaddition of Roussi and Coworkers®’

X Ph
Ph™_ X~ CHs
290 CHs CHs r
HsC, /o@ LDA (3 equiv.) N__.CH, N . .CH, N
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H3CV®\CH3 THF q <_Z Q

289

The [3+2] cycloaddition of TMAO 281 and trans-stilbene 290 was originally reported by Roussi
and coworkers in 1983,” but it was revisited by Davoren and coworkers at Pfizer in 2010 noting
that this method provided them with access to pyrroldines 293a-e that are otherwise inaccessible
by other synthetic methods (Scheme 57).°® Moreover in 2016, Liu and Bao used this chemistry for
rapid access to a series of pyrrolidine derivatives 293f-m that were anticipated to mimic the

antioxidant effects of resveratrol (Scheme 57).° This method allowed researchers to form
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privileged motifs for drug research in one step from base starting materials making this an
attractive synthetic route.

Scheme 58. Base Mediated Cycloaddition of TMAO and Aryl-Alkenes>?8
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Acid mediated cycloadditions make use of 293, a different azomethine ylide precursor, with
alkenes to form 3,4-substitited pyrroldines 295 (Scheme 58).° This method is tolerant of electron
deficient alkenes only, making it a complementary approach for the base mediated transformation
as that works best with electron rich olefins.

The disadvantage with the acid mediate conditions, however, is that the azomethine ylide precursor
293 is not widely commercially available nor is it cost effective to purchase ($1,600/gram);'% this
precursor required a two-step synthesis to make from base starting reagents. Another limitation of

this method is that it is only tolerant of deficient olefins.’Both the acid and base mediated
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conditions have pros and cons, but overall, the base mediated cycloaddition has the inherent
advantage of commercially available synthetic precursors and a broader substrate scope.

Scheme 59. Acid Mediated Cycloaddition of Aryl-Alkenes.®

XA
Ar1
295 'Y'e
Me CF;COOH N
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3.2 Results and Discussion

3.2.1 Reaction Optimization

The [3+2] cycloadditions of tertiary amine N-oxides and dipolarophiles, mainly alkenes, was
established by Roussi and coworkers as a simple and powerful method of forming nitrogen rich
heterocycles.”®?”” This chemistry was then repeated by Davoren and coworkers about two
decades later in 2010, and the substrate scope was further expanded by Liu and coworkers in
2016.>%% Looking at these results, however, there is an interesting discrepancy with the reaction
of trimethylamine N-oxide (281) and trans-stilbene (290) where the yield reported by Roussi and
coworkers was 72%,”° while the yield reported by Davoren and coworkers was 63% yield,”® and

then the yield by Liu and Bao was 16% (Scheme 60).°> We decided a good start to our work with
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expanding this substrate scope was to replicate this transformation to use both literature results as

benchmarks.

Scheme 60. [3+2]-Cycloaddition of TMAQO and Trans-Stilbene.

Ph /\/ Ph
290 CHj
HiC, ,O © LDA (3 equiv.) N Liu and Bao 16% yield
//'N/ Davoren and coworkers: 63% yield
H3C/ ®\CH3 THF A Roussi and coworkers: 72% yield
PR ___Ph
281 297
Table 5. Examining work-up conditions
Ph
Ph N~
290 CHs
HaC, O © LDA (3 equiv.) N
/N N g
HsC™ @ CHj THF
Ph Ph
281 297

Entry Aqueous Work-Up Method Yield (%)
1 quench with sat. NH4Cl solution 81
2 quenched w/ pH 7 buffer 35
3 quenched w/ NH4Cl soln and washed w/ bicarb 78
4 quenched w/ water 81

“Standard reaction conditions: 1 equiv. N-oxide, 1 equiv. trans stilbene, 3 equiv LDA, 0.1 M
THF. *Standard aqueous work-up: quench with sat. NH4ClI solution and extract with EtOAc

(3X’s), dry over MgSO4 and concentrate. Purify by FCC. “Isolated yields

The specific aqueous work-up method conditions from Roussi’s reports were slightly ambiguous

1.e., “acid-base extraction”. To try and replicate their results, several different standard aqueous
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work-up conditions were tested (Table 5). Intriguingly, the isolated yields of pyrrolidine 297 were
already higher than those reported in the literature (Table 5). This result was encouraging as this
suggest that this transformation needed some more optimization to really uncover its full potential
(Table 5). Quenching the reaction with saturated ammonium chloride solution and carrying out the
aqueous work-up resulted in 81% yield (Table 5, entry 1). When ammonium chloride solution was
replaced with a pH 7 buffer solution the yield decreased to 35% (Table 5, entry 2). Quenching the
reaction with ammonium chloride solution and then basifying the aqueous layer with saturated
sodium bicarbonate solution also resulted in a lower 78% yield (Table 5, entry 3). The simplest
solution of just quenching the reaction with water and working it up resulted in the same yield as
quenching with ammonium chloride solution (Table 5, entry 4).

Table 6. Time of addition of frans-stilbene into reaction mixture

ph” NP1
290 CH,
HaC, O ©  LDA (3 equiv. N
N .
H,C~ @ CH, THF
Ph Ph
281 297
Entry Time of Addition of 11 NMR Yield (%)*%¢
1 Control” 86 (95)°
2 Oh 82
3 l1h 34
4 2h 15
5 3h 3

“NMR calculated using 1,3,5-trimethoxybenzene standard.!?! ®Stilbene was added as a solution

for the control. Average NMR yield of five reactions. “Isolated yield. Average of three reactions.
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We next wanted to determine the optimal time for the addition of the dipolarophile 290. For the
initial reaction conditions, trans-stilbene (290) and TMAO (281) were added to the reaction flask,
dissolved in THF, and cooled to -78 °C, etc. This could be counterintuitive because per the
proposed mechanism, the azomethine ylide must first form for the cycloaddition with the
dipolarophile to even occur, so later additions of trans-stilbene (290) were examined (Table 6).
Since trans-stilbene (290) is a solid, it was added as a solution for this reaction set (including the
control reaction) in order to reduce the potential of air breaching the reaction vessel. This resulted
in no change in yield from the control, which resulted in a 95% isolated yield for 297 (Table 6,
Entry 1). Changing the order of addition by adding trans-stilbene (290) after LDA resulted in very
little change in yield (Table 6, Entry 2). The yield decreased with later additions of trans-stilbene
(Table 6, Entries 3-4), proving that the optimal time to add the dipolarophile is either with the N-
oxide before the LDA, or just after the LDA addition (Table 6, Entries 1-2).

Table 7. Rate of addition of frans-stilbene into reaction mixture

phe PR
290 CH,
. |
HSC”'N/O@ LDA (3 equiv.) . N
H3C” ® CH3 THF
Ph Ph
281 297
Entry Comments NMR yield (%)*
1 Control 83
2 One Aliquot 83
3 Drop-wise 69
4 Drop-wise over 30 min 15
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“NMR vyield determined from 1,3,5-trimethoxybenzene standard.!”? Reported as the average of

two experiments.

Table 8. Cycloaddition reaction time

ph7 PN
290 CHs
. |
HiC, 0 © LDA (3 equiv.) . N
- N N -
HiC~ @ CHj, THF
Ph Ph
281 297
Entry Reaction Time NMR Yield“
1 5 min 48P
2 15 min 57
3 30 min 75¢
4 1h 78°
5 2h 83¢
6 3h 82°

“NMR yield determined from 1,3,5-trimethoxybenzene standard. Reported as the average of

two experiments. “Reported as the average of four experiments.

The rate of addition of frans-stilbene (290) was then investigated in order to see if there is any
change in the yield of reaction. Again, since the azomethine ylide must form first for the
cycloaddition to occur, it was hypothesized that slower additions of the dipolarophile could be
beneficial for this transformation. Adding trans-stilbene (290) at the same time as TMAO (Table
7, Entry 1) resulted in the same yield as adding frans-stilbene (290) in one aliquot as a solution in
THF just after the addition of LDA (Table 7, Entry 2). This is consistent with the results from the
time of frans-stilbene experiments in Table 6. Dropwise addition of frans-stilbene resulted in a

slightly lower yield (Table 7, Entry 3), and dropwise addition over 30 min resulted in only a 15%
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yield, however this result is likely unreliable since the solution kept freezing on the needle resulting
in uneven addition over the time period (Table 7, Entry 4).

Next, we varied the reaction time to find the optimal timeframe for the reaction to occur. The
reaction progress was monitored by 'H NMR and surprisingly after just five minutes, 48% yield
was achieved (Table 8, Entry 1). The NMR yield increases with increasing reaction time (Table 8§,
Entries 1-5), until the two- and three-hour marks are reached where the reaction yield stays
consistent (Entries 5-6). Moving forward, two hours was used as the optimal reaction time.

3.2.2 Substrate Scope

Mostly aryl alkenes have been used where Roussi and coworkers have demonstrated that this
chemistry is tolerant of other functional groups such as ethers and silanes (Scheme 55). While they
have implemented these functional groups with alkynes, it is curious why they neglected to report
any of these functional groups with alkenes.

Scheme 61. Reactions of TMAO and Alkenes*

R
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In order to further expand the substrate scope we investigated a series of alkenes that have not been

reported for this transformation (Scheme 61). Maleic anhydride 298a, a standard dipolarophile,
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was implemented into this transformation but the desired product did not form after several
attempts. In each case the reaction turned dark purple in color, and neither staring material nor
pyrrolidine 299 were present in the crude 'H NMR.

When an electron withdrawing nitro group was implemented 298b, pyrrolidine 299b did not form
in an appreciable amount. The crude '"H NMR showed a complex mixture of products which we
were not able to successfully isolate nor identify. Electron-withdrawing groups being incompatible
with these reaction conditions does have literature precedent; this was reflected in the work by Lui
and Bao where they had to switch the azomethine precursor from an N-oxide to 294, along with
the reaction conditions to an acid mediated transformation, rather than the [3+2] cycloaddition
under strongly basic conditions.

Additionally, when esters 298¢ and ketones 298d were introduced to the substrate scope, neither
reagent was tolerated. Both reactions resulted in a complex mixture of products that were
indiscernible by 'H NMR. This does align with observations in Chapter 2 where the N-oxide and
sulfinamide formed side products. Similar to the sulfinamide, the ketone and esters are both
electrophilic which could undergo nucleophilic attack by the N-oxide (281) causing side products.
Another reason for the complex mixture could be that the addition of two carbonyls (298¢-d) could
interfere with the multi-ion bridge intermediate that is necessary for pyrrolidine formation. The
carbonyls could effectively chelate lithium which could in turn block the multi-ion bridge from
forming.

As a proof of concept a control reaction was run with the addition of 300, and it was anticipated
that the N-oxide 281 would react with triflate 300 to form intermediate 301 (Scheme 61). Unlike
the N-oxide 281, the intermediate 301 is not nucleophilic so this would make it possible to now

implement dipolarophiles that have electrophilic substituents without that side nucleophilic attack
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of the N-oxide occurring. This was carried out and pyrrolidine 297 was formed in 24% NMR yield.
While not as high as the base reaction (95% yield), it still demonstrates that it is possibly to use
some additive to block the nucleophilicity of the N-oxide. This can still be improved with further
optimization experiments.

Scheme 62. [3+2] cycloaddition of TMAO and trans-stilbene with the addition of TMS-
triflate (299).
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3.3 Conclusions

The reaction of TMAO and trans stilbene was studied in greater depth than reported in the literature
examining various reaction conditions, and, as a result, the yield was improved from the 72% yield
reported by Roussi, to 95% yield. New dipolarophiles such as maleic anhydride, trans-f-
nitrostyrene, dimethylfumarate, and trans-Dibenzoylethene were implemented into the [3+2]
cycloaddition with TMAO; however, after repeated attempts no pyrrolidines were formed from
these substrates. Although these results were negative, they did allow us to gain insight into the
substrate scope compatibility with electron-withdrawing groups such as carbonyls and nitro-
groups being problematic. These observations also aligned with those from the literature and from
previous experiments. Additionally, an additive such as triflate 299, can be used for substrates that
are sensitive to nucleophilic attack by the N-oxide. Although the yield was lower with the additive,

there is still room to improve these specific reaction conditions.
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Chapter 4: Development of a [3+2]-Cycloaddition Forming a Novel Azabicyclo[2.2.1]heptane
4.1 Introduction

4.1.1 Contextual Summary

Epibatidine is natural product secreted from a poison dart frog that has captured the attention of
researchers for decades due to its analgesic properties being 200 times that of morphine.'*
Unfortunately, while it has incredible pain-relieving properties, it also has acutely toxic side effects

1.2 To overcome this limitation, researchers have

making it unsuitable for use as pharmeceutica
developed numerous synthetic routes for this important class of products in an effort to make
derivatives that exhibit similar analgesic properties of epibatidine without the undesired toxicity.**
Most of these method use azabicyclic synthetic precursors,’'* which inherently limits the products
accessible with these methods. A more attractive synthetic route would include the creation of the
azabicyclic core, thereby expanding the potential of the chosen pathway and making it a more
efficient method for rapid drug screening. Herein we developed a three-step synthetic protocol for
forming a similar azabicyclic core in a [3+2]-cycloaddition. This [3+2]-cycloaddition originally
developed by Roussi and coworkers takes advantage of readily available dipolarophiles and N-
oxides to form cycloadducts.!>!7 Since this chemistry has been compatible with a variety of
dipolarophiles, it seemed logical to take advantage of it for forming novel
azabicyclo[2.2.1]heptane cores.

4.1.2. Epibatidine and Derivatives in Medicinal Chemistry

The most prominent natural product containing an azabicyclo[2.2.1]heptane core is epibatidine
(301) (Figure 32a). Trace amounts of it were originally isolated 1974 by John Daly and Charles

Myers from an Ecuadorian poison frog Epipedobates anthonyi (Figure 32b).>!8 This alkaloid is

secreted from the skin of Epipedobates anthonyi as well as other poison dart frogs from the
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Ameerega genus and while it was isolated in 1974, its structure was not fully elucidated until
19928, The incredible attribute of this natural product was that it exhibited analgesic properties
200 times that of morphine.'® It is a potent agonist for the nicotinic receptors, specifically nicotinic
acetylcholine recpetors (nAChRs)."? This means that when epibatidine is bound, it activates
nAChRs, thus resulting in pain-relieving properties.'> Morphine on the other hand is an opioid-
receptor agonist which activates opioid-receptors, also resulting in a potent analgesic effect.'’
Nicotinic receptor activation, however, results in a less addictive analgesic effect when compared
to the opioid receptors because it is not paired with the euphoric effects that occur with opioid
receptor activation, making epibatidine a potential target for new pain-relieving therapeutics that

are less addicting.*2%!

Figure 32a. Structure of Epibatidine. 32b. Poison Dart Frog from the Ameerega Genus
(Licensed under CC BY)

The problem with epibatidine is that the lethal dose is too close to the therapeutic dosage.!> This
could be potentially overcome by the synthesis of different analogs in order to determine what
structural properties are needed for the nicotinic agonism, and what aspects are responsible for its
toxicity. Researchers have tried elucidating this through structure activity relationship (SAR)
studies in order to find new pain-relievers as well as even discovering new treatments for nicotine

addiction.

132


https://creativecommons.org/licenses/by/3.0/

Liu and coworkers modified the skeleton of epibatidine by the addition of aminoesters at the 3-
position forming derivatives 303-308 (Figure 33).* They tested these compounds for their
analgesic properties as well as their toxicities.* Overall, the ammonium salts 306-308 exhibited
more potent analgesic activities than the hydrochloride counterparts 303-305, with 308 being the
strongest.* While these compounds are not as effective analgesics as epibatidine, they do not have

the same toxic properties as epibatidine making them potential candidates for pain-killers.*
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Figure 33. Analgesic Aminoester Epibatidine Derivatives

In addition to analgesics, epibatidine derivatives are of interest for potential therapeutics for central
nervous system disorders such as Alzheimer’s and Parkinson’s disease as well as schizophrenia,
anxiety, depression and Tourette’s syndrome.!?* Carroll and coworkers synthesized 13 different
azabicyclo[2.2.1]heptane analogues for a SAR study with the goal of elucidating nAChR subtypes,

and while they were not able to differentiate between the subtypes, they did unveil novel

133



antagonists for this receptor (Figure 34).!° In contrast to epibatidine which is an agonist (turns on
the receptor), these derivatives are effective antagonists, meaning they turn off nAChR, with the
most potent being 310.!° Moreover, derivatives similar to 310 (Figure 35),%!%?3 did not exhibit any
analgesic properties, but 309 did, suggesting that this biphenyl functionality had greater affinity

for certain subtypes of nAChR, while those without (epibatidine and 309) lack that directed

affinity.!°

N_ F N-F : N
N0 S NO, : e 7]

=~ " : N “\\\

| H

H H c |
309 310 | 311
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Figure 34. Epibatidine Analogues Synthesized by Carroll and Coworkers Compared to

Nicotine!?
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) ] b, Ry =H, Ry =H h, Ry = NOy, R; = H
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Figure 35. Scope of Epibatidine Derivatives

Researchers only focused on derivatizing the phenyl ring, which is true for similar studies such as
this (Figure 35)>%%1°. It would be interesting to see the effects of adding substituents to the 3-
position of the ring rather than further functionalizing that of the two. Potentially having an
additional aryl group on the 3-position could mimic the same effects of the biaryl system of 310.

The scope was somewhat limited, likely dictated by the chemistry used to build the core, but this
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work demonstrated the potential for these derivatives can serve as therapies for nicotine
addiction.!®

4.1.3 Other Bioactive Compounds Containing Azabicyclo[2.2.1]heptane Cores

Orexin-A and -B (ORX) are excitatory neuropeptides that are responsible for the regulation of
neuropathways such as sleep/wake cycles, circadian rhythms, anxiety, and stress responses to name
a few. These oxerins, located in the hypothalamus, stimulate two distinct G-protein coupled
receptors, orexin-1 (OX1R) and orexin-2 (OX2R). OX1R specifically is associated with triggering
panic or anxious states.?*?” Higher levels of ORX are directly associated to feelings of panic
anxiety that are associated with post-traumatic stress disorder (PTSD) and other anxiety and panic
disorders.?*?” As a result, ORX antagonists have been a target for new treatments of panic
disorders.'*?” These ORX antagonists work faster than the typical selective serotonin reuptake
inhibitors (SSRIs) that are typically prescribed, which can take 2-3 weeks after daily use in order
to take effect.”® Moreover, traditional SSRIs and benzodiazapines can also increase feelings of
anxiety when prescribed.” OXIR antagonists also have the added benefit of preventing panic
responses without the sedation effects that are typical of OX2R antagonists or panicolytic
benzodiazepines.**-3?

Shireman and coworkers at Janssen synthesized a range of azabicyclo[2.2.1]heptanes to conduct a
structure-activity relationship (SAR) study in order to determine what factors are key for potent
OXIR antagonism.'* Compounds 312-314 had strong affinities for OX1R with 313 being the
highest (Figure 36).!*% X-ray crystallography revealed that overall shape of 313 is a U, likely due
to the intramolecular n/n stacking and hydrogen bonding (Figure 37),'* which is characteristic of

other single orexin receptor antagonists (SORAs) and dual orexin receptor antagonists (DORAS)
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3334 Due to these promising preliminary results, drug target 313 is being further developed by

Janssen pharmaceuticals for the treatment of panic and anxiety disorders.'*
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Figure 36. Azabicyclo[2.2.1]heptane Dual ORX Antagonists Developed by Janssen

Pharmaceuticals.!¥

>—§F ----- 'IT/'lT StaCk'ng

N N=">N

ﬂl/ \;\ ----- hydrogen-bonding
N—F

313

Figure 37. Conformational U-Shape of OX1R Inhibitor 12 by Janssen Pharmaceuticals'*

Nitrosamines 315 in general are potent carcinogens and toxins in non-human animals such as
rats.®> They are regarded as potential genotoxins in humans, however not much is known about
this particular mechanism of action as far as the structure of the nitrosamines goes.>* Mochizuki
and coworkers evaluated the mutagenicity of 7-azabicyclo[2.2.1]heptane N-nitrosamines as well

as related monocyclic derivatives (Figure 38).3
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Figure 38. Nitrosamines Synthesized by Mochizuki and Coworkers.3¢

Compounds 316-323 were subjected to Ames assays, which are standard test used to determine
whether a given substance can cause DNA mutations.® Their results indicate that the azabicyclics
318-323 have no mutagenic properties while 316-317 do, suggesting that the genotoxicity of
nitrosamines are independent of the functional group itself.>® These results offer an opportunity to
further evaluate the bioactivities of these structure which could lead to the incorporation of this
functionality into pharmaceuticals.*

4.1.4 Synthetic Methods Forming Epibatidine and Derivatives

There are numerous reported total synthetic methods forming epibatidine and derivatives.> Most
synthetic methods reported of compounds containing the azabicyclo[2.2.1]heptane core do not
actually form it; these methods merely functionalize an already existing azabicyclic core,*'* with
very few building this motif from precursors.***’° This poses an inherent challenge when
implementing these total synthetic methods for forming a library of derivatives for rapid drug
screening. This section will mainly focus on total synthetic methods for epibatidine and derivatives

that form the azabicyclic core rather than functionalizing a preexisting one.
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Scheme 63. Clayton and Regan Epibatidine Synthesis.*’
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The first reported synthesis of epibatidine was in 1993 by Clayton and Regan (Scheme 62).*° They
formed (+)-epibatidine in a five step convergent synthesis using a Diels-Alder reaction forming
the azabicyclic core 326. This was then followed by a palladium-catalyzed Heck-type coupling to
form the exo-isomer 332 selectively which affords (+)-epibatidine after deprotection of the
bridging amine.*® While relatively concise, this method lacks the stereoselectivity necessary for
forming drug targets.

Huang and Shen improved this method by isolating both enantiomers of epibatidine (Scheme 63).3®
They were able to achieve the substituted azabicyclic core 335 in fewer steps by efficient use of a
Diels Alder reaction installing the pyridyl substituent while simultaneously forming the core.*
Hydrogenation and desulfonylation afforded (+)-epibatidine, and then they were able to use chiral
resolution to successfully isolate both R and S enantiomers.*® While this is an improvement from
Clayton and Regan’s total synthesis, the limitation of this method is the selectivity with the Diels
Alder reaction forming both the endo and exo products, and each of those also form their respective

R and S enantiomers limiting their yield to a maximum of 50% for the final step.*
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Scheme 64.Huang and Shen Epibatidine Synthesis3?
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Researchers worked to improve this method further but were unsuccessful in achieving

enantiopure epibatidine in reasonable yields.** In 2002, however, E. J. Corey and coworkers

successfully carried out the total synthesis of enantiopure epibatidine in eleven steps.>’” The

azabicyclic core 344 was formed in 46% overall yield from 338 in eight steps. Their method takes

advantage of a Diels-Alder reaction with butadiene (341) to install the 6-membered ring base that

will later become the aza-bicylic core 344. This intermediate 343 then undergoes cyclization,
forming a new carbon-nitrogen bond to afford azabicyclic 344.3” After radical debromination and
deprotection, optically pure epibatidine was formed in 42% yield overall which is an immense

improvement from previous methods.’
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Scheme 65. Total Synthesis of Epibatidine by Corey and Coworkers.?’
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A year later in 2003, Liu and coworkers established a synthetic protocol forming aminoester
derivatives of epibatidine 351 (Scheme 65).* Intermediate 346 was formed from Boc-protected
pyrrolidine in four steps with 71% yield.* This intermediate is converted to the azomethine ylide
in situ, which then undergoes a silver catalyzed [3+2] cycloaddition with 347 to form 348.* The
ester of 348 was saponified into a carboxylic acid 349, which was then condensed with an amine
to afford amide 350.* These were then used to form two types of ammonium salts 351a and 351b
which are potent analgesics.* This protocol formed the desired products total of 8 steps with
enough flexibility to form six different epibatidine derivatives making this a useful approach for

forming similar potential drug candidates.*

140



Scheme 66. Synthesis of Aminoester Epibatidine Derivatives by Li and Coworkers.*
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Most recently in 2020, Shireman and coworkers formed a library of azabicyclo[2.2.1]heptane
OXIR antagonists 313 (Scheme 66).!* Their most potent antagonist was 313 and it was produced
in five steps from commercially available substrates 352 and 357 (Scheme 66).'* This method was
versatile enough to achieve a library of 20 different azabicyclo[2.2.1]heptane OX1R antagonists
with minimal deviations from it.!* This is an effective demonstration of a practical synthetic
method that will hold up if the drug target is successful in being put to market, the limitation is

that the azabicyclic core is restricted to those that are commercially available.
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Scheme 67. Synthesis of Azabicyclo[2.2.1]heptane OX1R Antagonist.!*
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4.2 Results and Discussion

There are a number of different approaches to forming the azabicyclo[2.2.1]heptane core such as

Diels Alder reactions,>®*

implementing a [3+2]-cycloaddition of a tertiary amine N-oxide 360 and stilbene 361 to form a
novel azabicylic core 362. This method of using a tertiary amine N-oxides as a precursor was
originally developed by Roussi and coworkers in the 1980s,'>"!” but has not yet been implemented
to form this specific heterocycle. We decided that it had potential for providing rapid access to

epibatidine-like derivatives, so we started with fert-butylamine N-oxide 360 and frans-stilbene

substitution reactions,’” and [3+2] cycloadditions.* Our focus was on

(361) to gain preliminary results with this system (Scheme 67).
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Scheme 68. Proposed [3+2] Cycloaddition Forming an Azabicyclic Core.
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4.2.1 Reaction Optimization

The synthesis of the N-oxo pyrrolidine 360 requires two steps, the first being pyrrolidine formation
from subsequent SN2 reactions of 363 and 364, and the second being oxidation forming 360. The
original protocol required three days to make the pyrrolidine, which once oxidized the necessary
N-oxide 360 was formed (Scheme 68a).

Scheme 69. Synthesis of zert-butyl pyrrolidine /NV-oxide
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This was not conducive for quick reaction screening so the protocol for forming pyrrolidine 365
was modified (Scheme 68b); instead of stirring it for three days at room temperature (RT), the
reaction was heated to reflux and was completed after 16 h. The oxidation conditions remained the

same, shortening the overall reaction time for N-oxide 360 from about four days to effectively two
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days. It is also important to note that these reactions were carried out on multigram scales (40
mmol) (Scheme 68).

Once enough N-oxide 360 was acquired, the [3+2] cycloaddition of 360 and frans-stilbene (361)
was carried out. The azabicyclic 362 was isolated in a 56% yield, a significant improvement from
the original studies carried out by other members of our research consortia. With our initial results
in hand, we set out to optimize the reaction conditions to further improve the yield, and to also
gain fundamental insights into the mechanism of this transformation.

Scheme 70. [3+2]-Cycloaddition of trans-stilbene and fert-butyl pyrrolidine N-oxide

Ph
Ph
/( 0@ 361 /(N
g LDA (3 equiv.) _ Ph
<_7 THF, -78 °C—RT, 3 h
56% yield Ph
360 362

The first set of conditions examined was the base (LDA) used for the reaction. In order to confirm
that the base is necessary for this cycloaddition to even occur, the reaction conditions were carried
out without any base (Table 9, Entry 1). The result was that no reaction occurred, confirming that
base is necessary for this cycloaddition to occur. A range of different lithium bases were then tested,
each with varying properties.

Lithium bis(trimethylsilyl)amide (LiIHMDS) was implemented into this reaction as a weaker
lithium base with a pKa, around 30,*' and no reaction occurred (Table 9, Entry 2). Lithium
diisopropylamide (LDA, pKa = 36) was the standard base used when the 56% isolated yield was
achieved (Table 9, Entry 3). Lithium tetramethylpiperidide (LiTMP, pK. = 37), a less sterically
hindered base with a similar pK, to LDA, was then implemented into the reaction conditions, and

only 28% NMR yield of 362 was obtained (Table 9, Entry 4). Initially the hypothesis was that a
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more sterically hindered base would improve the yield, but according to this result that turned out
not to be the case.

Table 9. Summary of base screening for [3+2] cycloaddition

phe 1
. 361 e,
/( 0® - /(N
N/ Base (3 equiv.) Ph
®
<_7 THF, -78 °C—RT, 3 h Ai/
Ph
360 362

Entry Base NMR Yield (%)*
1 N/A No Reaction
2 LiHMDS No Reaction
3 LDA 50°
4 LiTMP 280
5 BuLi 26
6 ‘BuLi 280

“NMR yield calculated using 1,3,5-trimethoxybenzene as the standard. “Reported as the average

of two experiments.

Stronger bases were then implemented in order to discern if more basic species are required. The
incorporation of n-butyl lithium ("BuLi) resulted in a 26% yield with more signals in the '"H NMR
spectrum than with the reaction with LDA, indicating that more side reactions occurred with this
base than LDA (Table 9, Entry 5). This could be due to "BuLi being much more basic than LDA
with a pKa of around 50, but it could also be attributed to the nucleophilic nature of "BuLi. This
was further tested with ferz-butyl lithium (‘BuLi), which is a slightly stronger base than "BuLi with

a pKa of 53, but it has less-nucleophilic character than "BuLi due to its steric bulk. When ‘BuLi
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was implemented into the reaction, 362 formed in 28% yield (Table 9, Entry 6). Additionally, as
observed previously with "BulLi, various side seemed to have occurred, making this base of limited
use for this reaction. These results indicate that the basic character of the organolithium species is
key for this reaction to work optimally. LDA lies within that “goldilocks” region of being basic
enough, but not too basic.

Table 10. Summary of temperature screening for [3+2] cycloaddition

phe 1
., 361 e,
/( 0® : /(N
N/ LDA (3 equiv.) Ph
® .~
<_7 THF, temp, 3 h Ai/
Ph
360 362
Entry Temperature (°C) NMR Yield (%)*
1 0 19
2 -10 26
3 -15 28
4 -40 37
5 -78—RT 44
6 -78 7

“NMR vyield calculated using 1,3,5-trimethoxybenzene as the standard.

A crude ReactIR experiment suggested that the cycloaddition does not occur until the temperature
warms up to at least -40 °C. We wanted to further test this initial observation with a series of
temperature screenings. It should be first noted that all reaction temperatures were held constant

over the course of three hours with the exception of the control experiment (Table 10, Entry 5).
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Initially the reaction was held at a constant 0 °C (Table 10, Entry 1) resulting in a lower 19% yield.
As the temperature decreased, the yield increased with -10 °C resulting in a 26% yield (Table 10,
Entry 2), and -15 °C with a 28% yield (Table 10, Entry 3). The reaction held at -40 °C (Table 10,
Entry 4) resulted in a 37% yield, which was the closest of any of the variables to the control
experiment with a 44% yield (Table 10, Entry 5). Consistent with our ReactIR experiment, when
the reaction was held at -78 °C, only 7% of the product 362 formed. It was concluded that the
optimal temperature conditions for the [3+2]-cycloaddition was starting -78 °C and then warming
up to room temperature.

According to Le Chatelier’s principle, when stress is applied to a system in equilibrium, the system
will shift in order to counteract that change. This is a fundamental concept we teach in General
Chemistry I, when a reaction in equilibrium is disrupted by a change, such as with the reaction
conditions, the equilibrium will shift to counteract that change. In accordance with this principle,
we next examined the stoichiometric amount of #rans-stilbene added. Our thought process was that
if we added more of a particular reagent we could drive the reaction forward to product formation.
Trans-stilbene 361 was chosen over N-oxide 360 since it was the less costly reagent. In regards to
the reaction mechanism and previous observations, three equivalents of LDA are required for a
single equivalent of N-oxide to form the azomethine ylide species.** So, in addition to cost and
time efficiency, the stoichiometric equivalents of trans-stilbene were also the simplest to vary.
Additional equivalents of trans-stilbene 361 had no effect on the yield of the reaction (Table 11,
Entries 1-3), so moving forward, only one equivalent of dipolarophile 361 was used in the [3+2]-

cycloaddition reactions.
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Table 11. Summary of stoichiometric screening for [3+2] cycloaddition

phe NP1
] 4@ 361 /(
N LDA (3 equiv.) N Bh
® -
<_7 THF, -78 °C—RT, 3 h Ai/
Ph

360 362
Entry Equivalents of Trans-Stilbene NMR Yield (%)*
1 1 51
2 1.5 51
3 2 52

NMR yield calculated using 1,3,5-trimethoxybenzene as the standard. ‘Isolated yield.

“Reported as the average of two experiments.

Scheme 71. Implementing an N-oxide salt into the [3+2] cycloaddition

Br /\/Ph 5 , \
Br™ - Route A Ph I /( !
364 Y /( NS 361 ! N i
K,COs 202 N LDA (3 equiv.) E Ai "
1 Y—NH, ® i I
EtOH, reflux, 16 h \ / MeOH/ H,0 \ / THF, -78 °C—RT, 3 h ; Ph |
363 >95% vyield 365 87% yield 360 55% yield o 362 ,
Ph
Route B P
Route B .
/( OH 361
mCPBA Cl LDA (3 equiv.)
DCM Q THF, -78 °C—RT, 3 h
78% yield 40% yield
366

The hydroscopic nature of N-oxide 360 was problematic for the [3+2]-cycloaddition because of
the moisture sensitivity of LDA, and of the potential intermediates required to form the

cycloadduct 362. In an attempt to combat this hygroscopicity, instead of using the discrete N-oxide
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362, the N-oxide/mCPBA salt 366 was implemented (Scheme 70). While this lowered the yield
from 55% to 40%, it could offer a long-term storage solution for the N-oxide. In order to avoid the
N-oxide getting saturated with water, it could be stored as the salt 366, and then converted back to
the discrete N-oxide 366 just before it is implemented into a cycloaddition reaction.

4.2.2 Reactions with Cis-stilbene

The reactions of N-oxide 360 and trans-stilbene (361) to form 362 seemed to be diastereoselective
since no diastereomeric protons were present in any crude 'H NMR spectrum obtained. To further
probe this observation, reactions with cis-stilbene (367) were carried out (Scheme 71).

Scheme 72. Reaction of zer-butyl pyrroldine N-oxide and Cis-stilbene

Isolated Product

Ph  Ph
] o0 se7 2y = s
/ i Ph ! !

g LDA (3 equiv.) L@ | Ph |
<_7 THF, -78 °C—RT, 3 h Ph !
360 368 i 362

Expected Product

The crude reaction mixture had a significant amount of unreacted cis-stilbene (367) and a product
present that had similar signals to 362. Surprisingly only the trans-bicyclic 362 was isolated which
could mean that this reaction undergoes a step-wise mechanism rather than the asynchronous
concerted mechanism we had figured out computationally.*?

A series of control experiments were carried out in order to determine if trans-stilbene was
isomerizing into cis-stilbene under the reaction conditions (Table 4). Indeed, in the presence of
LDA cis-stilbene isomerized into trans-stilbene under the reaction conditions with 11% NMR
conversion (Table 12, Entry 3). The isomerization of cis-stilbene to trans-stilbene in the presence

of lithium bases has also been documented by O’Shea and coworkers.** These results also suggest
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that the [3+2]-cycloaddition with frans-stilbene is more favorable than with cis-stilbene since the
N-oxide readily reacted with the trans-stilbene that was present forming 362 and leaving much of
the cis-stilbene unreacted.

Table 12. Control experiments with cis-stilbene

1), 5 Ph__ Ph 2)ph Ph - No Rxn
/"(O | =/ THF, -78 °C—RT, 3 h
/ 367 X v T —Ri
g No Rxn 367
; / THF, -78 °C—RT, 3 h ! -
’ ’ ' LDA (3 equiv.
360 13 Ph. Ph Bequiv) e Sl
! — THF, -78 °C—RT, 3 h
' 367 361
Entry N-oxide Cis-stilbene LDA NMR Conversion (%)*
1 0.2 mmol 0.2 mmol - No Reaction
2 - 0.2 mmol - No Reaction
3 - 0.2 mmol 0.6 mmol 11

“NMR conversion was calculated from the cis-stilbene signal at 6.5 ppm, and the frans-stilbene

signal at 7.15 ppm

4.3 Conclusions

A new and relatively simple method of forming a substituted azabicyclo[2.2.1]heptane 362 was
developed. Previous methods to form similar motifs were limited to commercially available
azabicyclic cores, or suffered from multiple steps with limited opportunities to easily introduce
new substrates into the reaction scope. This method offers an advantage over established methods
by offering more substrate scope variability in a single step from simple starting reagents to form
a substituted azabicyclic core. The observations and experimental evidence acquired from all of
these reactions and tests aided in the computational determination of the mechanism for this [3+2]-

cycloaddition reaction.*? While only a 56% yield was achieved for 362 from this transformation,
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in context it really is not that low considering the yields of the total synthetic methods used to
achieve similar structures resulted in a 42% yield at most for the azabicyclic core. This
methodology could serve as a powerful tool in the discovery of new therapeutics ranging from
pain-killers to nicotine patches, and more.
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Chapter 5: Development of a Nickel Catalyzed Route to Allenes
5.1 Introduction

5.1.1 Contextual Summary

4R R 7 Allenes (370) have continuously attracted the attention of
1 R

3° . .
1 > researchers for decades due to their unique geometry
R, R,
5 370 6 (Figure 39). These motifs are present in about 150

Figure 39. Structure of an Allene natural products, and they exhibit biological properties
unlike other simple alkenes.* Moreover, allenes serve as simple building blocks for complex
synthetic targets due to their axial chirality, and ability to transfer this chirality to stereo-enriched
products.>” Most of the reported methods for forming substituted allenes involve precious metal
catalyzed processes, typically using palladium, iridium, or silver.®!¢ Due to cost and sustainability
concerns surrounding precious metal catalysts there has been a concerted push to investigate the
use of first-row transition metals as viable alternatives with the goal of developing new methods
which mimic the chemistry of their second and third row counterparts. It is well established that
both palladium and nickel catalyze the addition of “hard”!” nucleophiles (i.e. organometallics) to
propargylic species to generate substituted allenes.'®° What remains to be thoroughly investigated

are nickel catalyzed reactions of “soft”!’

nucleophiles (i.e. enolates or alkoxides) and propargyl
compounds. For palladium catalyzed reactions, soft nucleophiles and propargyl species undergo
double-addition and/or cyclization.!®2!?? Only one constrained example has been reported of a
nickel catalyzed reaction of a soft nucleophile with a propargyl compounds, and instead of double-

addition or cyclization products, a substituted allene was formed (Scheme 72a).>* Focusing on this

one example, we looked to expand this into an intermolecular reaction and develop a less
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constrained nickel catalyzed method forming allenes from propargyl compounds and “soft”
enolate based nucleophiles (Scheme 72b).

Scheme 73. a) Nickel Catalyzed Intramolecular Synthesis of Allenes. b) Proposed Nickel
Catalyzed Bimolecular Synthesis of Allenes.

a) Gou and Coworkers

CO,Et
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///\ X

O O 374 O O
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EtO OEt EtO OEt
Ph Ph
373 375
Soft Nucleophile Proposed Allenic Product

5.1.2. Bioactive Allenes

Allenes are a chemical curiosity dating back to 1875 when Vant Hoff originally proposed this
unique structure (Figure 39),> which was then followed by the first synthetic method for the
generation of allenes reported by Burton and von Pechmann in 1887.2* Since their discovery, they
have gained considerable attention within the past few decades due to their unique geometry,
surprising stability, and orthogonal chemistry to other dienes.'*’ Research in allene chemistry was
initially hindered due to the assumption that the motif was fairly unstable, but in reality this
structure is quite stable and provides access to a wealth of intermediates due to the variety of
transformations it can undergo."”** Moreover, this motif is remarkably ubiquitous in nature with
around 150 allenic natural products that have been isolated so far, with 376 and 377 (Figure 39)

being good examples.
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Allene 5 was first isolated by Horler in 1970 from the dried bean beetle Acanthoscelides obtectus.?®
This compound is postulated to be a pheromone secreted from males of this species.?® Additionally,
the aptly named grasshopper ketone 377 was isolated from the large flightless grasshopper
Romalea microptera.?”® This product was extracted from the defense mechanism secretion of this
grasshopper in 1968,%7?® and then this same product 377 was later isolated from the brown algae
Sargassum fulvellum, which is an edible seaweed native to South Korea.?’ Researchers have found
that grasshopper ketone 377 exhibits anti-inflammatory properties, potentially through inhibition

of kappa-B (NF-«B) and mitogen-activated protein kinases (MAPKs).?’

(@) OCHj3
/j/ sC. CHs
I \OH CH
H3CW /%Y?’
H

377
Grasshopper Ketone

Figure 40. General Allene Structure with Naturally Occurring Allenic Compounds.?6-2

Allenic alkaloids 378°%*! and 379 were isolated from the skin of a Columbian poison dart frog
from the Dendrobates family (Figure 41). Interestingly, frogs raised in captivity do not secrete 378
suggesting that this toxin is either a product or metabolite derived from their environment.>%-!
Alkaloid 379, like epibatidine which was also isolated from a poison dart frog, demonstrated strong
interactions with the nicotinic acetylcholine receptor (nAChR). Specifically, terminal allene 379
blocks the sodium ion channel of the nAChR, retarding hyperpolarization, which in turn results in

an overall inhibitory effect.’
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Figure 41. Allenic Alkaloids Isolated from Columbian Poison Dart Frogs from the
Dendrobatiodae Family.

Not only are allenes abundant in nature, they have also been incorporated into pharmaceuticals
and test treatments due to their unique bioactivities. In 1992, Zemlicka and coworkers synthesized
both cytallene 380 and adenallene 381 (Figure 42) as enantiomeric pairs and reported their ability
to treat human immunodeficiency viruses HIV-1 and HIV-2 through direct inhibition of viral
replication and blocking cytopathic mechanisms.>*® This same group also reported antiviral

activity of (R)-cytallene 380 against hepatitis B virus in 1997.3

NH, NH,
= 72 N
1] IR
P N
07 "N N~ N
‘\\\\OH \\“\OH
380 381
(R)-cytallene (R)-adenallene

Figure 42. Prototype Nucleoside Agents (R)-cytallene and (R)-adenallene.’*3¢

One of the most noted examples of enhanced pharmacological activity from the incorporation of
an allenic moiety is the case of enprostil (382) (Figure 43).>” Enprostil (382) is a prostaglandin E»
(PGE) analogue, and though the allenic and phenoxy modification seem minor, they render

enprostil (382) over 600 times more potent than PEG, (383).8
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Figure 43. Allenic PEG2 Analogue in Comparison to PEG2’

5.1.3. Allenic Building Blocks

While allenes are stable enough to exist in a variety of natural and bioactive compounds, under the
right conditions, their structures enable them to act as reactive precursors in the synthesis of
complex target molecules of industrial and biological importance.!*72? Such transformations
include: electrophilic addition, nucleophilic addition, rearrangements, and cycloaddition
reactions.®*’ Their intrinsic chirality promotes stereoselective transformations from their unique
ability to transfer axial chirality to one or more stereocenters.’ Overall, allenes are interesting and
high value products serving as effective building blocks for complex organic frameworks in an
array of applications.

5.1.3.1 Cycloadditions of Allenes

The cycloadditions of allenes are common tactics to form heterocycles efficiently and
stereoselectivity in some cases; the axial chirality of the allene allows it to transfer that chirality to
the resulting products.’ VanBrunt and Standaert took advantage of this ability in their short total
synthesis of (+)-furanomycin 386 using a silver catalyzed [3+2]-cycloaddition to form the key

intermediate 385 enantioselectively from an allenic precursor 384 (Scheme 73).*!
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Scheme 74. Silver Catalyzed Cyclization to Form Key Intermediate in Total Synthesis of (+)-
Furanomycin.*!

CHs

Boc CH;
HN%CH3 AgNO3/CaCOs, N < CH, % Steps NH,
HO_A~A_©° HaCrr. O < T HsCi. O~ A _OH
acetone/H,0 3 /'mo 3 /m
dark —/ H —/ H o
HaCo,, >95% vyield
384 385 386

Furanomycin
[2+2]-cycloaddition are a less common class of cycloadditions, however in 1989, Shima and
coworkers reported a facile synthesis for bicyclic compounds using this transformation.>* Allenes
387 and a,B-unsaturated cyclohexenones 388 undergo [2+2]-cycloadditions when irradiated to
form 389 in yields ranging from 7-95% (Scheme 74a).>* Similarly, Dauben and coworkers reported
the light mediated intramolecular [2+2]-cycloaddition of 390 forming tricyclic compound 391 in
80% yield (Scheme 74b).*?

Scheme 75. [2+2]-Cycloadditions Forming Bicyclic Products.?44?

' b)

a) H, H R hy R :
e 80% yield
H H (0] 0
387 388 389

390

5.1.3.2 Electrophilic Additions of Allenes

The electrophilic addition of allenes is a useful approach for installing two separate functionalities
in one step because the electrophilic addition is then followed by the addition of a nucleophile. Ma
and coworkers implemented iodine as the electrophile, and in doing so, were able to overcome the

regioselectivity challenges most electrophilic additions of this kind face.** With iodine serving as
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the electrophile, the mechanism proceeds through the halonium intermediate 394, only allowing
Sn2 displacement at the sp® hybridized carbon (Scheme 75).%*
Scheme 76. Electrophilic Addition of Iodine into Substituted Allenes.*3*

I, (2 equiv.)

RX MeCN/R'OH (20:1)  RX |
\i - \—<;
RT o}
392 40-80% yield 303 R

Mechanism

ICI
RX\Q — RX\_Vb@ — RX\{
OR’
392 394 \ oor 393

5.1.3.3 Nucleophilic Additions of Allenes

Like electrophilic addition, nucleophilic addition of allenes is a useful tool for installing two
distinct functionalities in a single step. After undergoing nucleophilic attack, the electrons from
the m-bond then are added into an electrophile. Tamaru and coworkers reported an interesting
nucleophilic addition of vinylic species 395 into allene 394 forming bicyclic 396 (Scheme 76).
After nucleophilic attack of 395 into allene 394, the electrons from the n-bond of the allene then
attack the electrophilic sulfur of the tosyl protecting group ultimately resulting in the formation of
presumed zwitterionic intermediate 394 (Scheme 76). After nucleophilic attack by the nitrogen,
bicyclic compound 396 is formed. They were able to achieve bicyclic compounds 396 in yields up

to 92%.
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Scheme 77. Nucleophilic Addition and Cyclization by Tamaru and Coworkers
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5.1.3.4 Rearrangements with Allenes

Ring expansions are efficient transformations that have led to the construction of various synthetic

targets such as pharmaceuticals and natural products.*® Shiro and coworkers palladium (0)

catalyzed ring expansion of allenic benzannulated compounds 398 producing biologically relevant

scaffolds 399 (Scheme 77).*” This tactic formed isoquinolones, naphthoquinones,

isochromanones 399 efficiently in up to 98% yield.*’

Scheme 78. Palladium Catalyzed Ring Expansion by Shio and coworkers.*

OMe (0]
HO Pd(PPhs), OMe
PPh3 or KQCO3
X > X\
THF, reflux
R R 36-98% vyields R R
398 X=NR'or O 399
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5.1.4. Allenes as Orthogonal Functional Group Handles

There is also increasing interest in utilizing allenes as orthogonal functional groups handles to
selectively modify certain amino acid residues in peptides and proteins.*** For example, Loh and
coworkers used alleneamide 401 to selectively modify cysteine residues in peptide chains and
proteins such as bovine serum albumin (BSA) proteins.*’ The allenamide 401 undergo selective
addition to the nucleophilic thiol of cysteine 400 without bonding with any other reactive
functionalities in the protein backbone (Scheme 78).* This work provides a new functional group
handle to add to the repertoire of cysteine modifiers for selective peptide functionalization.

Scheme 79. Selective Modification of Cysteine Residues in Bovine Insulin

(0]
Ph/\NJ\/ N._Ph

" Y Y

SH 401 s 0
Dithiothreitol
(0]
O\N/(,( ~o - QL SN
H o) ammonium carbonate ”
buffer O

400 402

Bovine Insulin

5.1.5 Synthesis of Allenes

Alleneamide 401 was synthesized via a three-step process; first 3-butynoic acid 404 was produced
using harsh oxidizing agents, and then they formed desired alleneamide 401 via an esterification
and amidation two step protocol (Scheme 79).* This method, although effective, has limited
functional group compatibility due to the use of harsh oxidizing agents, which is true for many

synthetic methods forming this class of compounds.
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Scheme 80. Synthesis of Allenamide Cysteine Modifiers by Loh and Coworkers
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Scheme 81. Synthetic Methods Forming Substituted Allenes
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Generally, synthetic methods for forming substituted allenes include elimination reactions of
allylic compounds, isomerization of alkynes (Scheme 80a) to more conjugated species,’® reactions
of aldehydes with terminal alkynes (Scheme 80b),’! and metal catalyzed reactions of propargylic
compounds (Scheme 80c).>>*>* Similar to Loh and coworker’s method, often these methods
require high temperatures, multiple steps, or harsh conditions which are incompatible with

sensitive functionalities.

167



Metal catalyzed reactions of propargylic species are a commonly used tactic for substituted allene
formation. *°>* The catalysts used in this transformation are predominantly palladium,>-¢ with

copper,””® nickel,>>® and iron complexes also seeing limited use.?’ The scope of propargylic

12,59,60 9,16,54,61

compounds that have been studied includes propargyl halides, carbonates,

3862 others,®® and esters.%*

alcohols,
Recently, Lee and coworkers reported regioselective synthetic methods to form allenes 419 from
propargyl chlorides 416 and diisobutylaluminium hydride (DIBAL-H) 417 catalyzed by an N-
heterocyclic carbene-copper complex 418 in high yield.>’ They reported a broad substrate scope,
but the disadvantage of this method was that the reaction is air and moisture sensitive (Scheme
81).%

Scheme 82. Copper Catalyzed Regioselective Allene Synthesis from Propargyl Chlorides and

DIBAL-H

Y U
SN N_ =

418

RI
_ 1-5 mol % H\ R'
= Cl 4 (i-Bu)pAlH ——

R 416 417 THF, 22 °C, 2 h R 419

R'= alkyl, H, R= alkyl
Gau and coworkers formed substituted allenes 422 from propargyl bromide 420 and
organotitanium 421 in the presence of a nickel catalyst (Scheme 82).%° They obtained yields up to
95%, the substrate scope was limited to unhindered aryl organotitanium species along with

requiring air and moisture free environments.
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Scheme 83. Nickel Catalyzed Substituted Allene Synthesis from Propargyl Halides and

Organiotitanium
2 mol% NiCl,
4 mol % PCy3
///\ Br + ArTi(O-i-Pr)3 ——
DCM, RT, 6 h AF
420 421 20-95% yields 422

This group also reported allene synthesis from palladium catalyzed reactions of propargyl acetates
423 with trimethylaluminum 424 at ambient temperatures (Scheme 83).° Excitingly the substrate
scope for this method was not as limited as that of the methods previously mentioned, but these
reactions still are sensitive to air and moisture and, like many others, it requires the use of a
precious metal catalyst.

While the work from these researchers has improved synthetic methods for forming allenes, there
is still a void in the literature for an air stable broadly applicable reaction using common earth
metals.

Scheme 84. Palladium Catalyzed Allene Synthesis from Propargyl Acetates with

Treiethylaluminum
R’ 1 mol % Pd(OAc),
2 mol % P(o-tolyl)s R'
/\OAC + AlMes - i
R THF, RT or 60 °C, 3 h R Me
423 424 43-90% vyields 425

R= Ph, Me3Si, R'= Aryl
5.1.6 Palladium and Nickel Comparison in Catalysis
As in other aspects of transition metal catalysis, palladium is heavily utilized because of its well-
tuned chemical properties and the wealth of knowledge about its mechanism.% It is well
understood that palladium consistently undergoes two electron reduction-oxidation (redox) cycles

(Figure 44).'® Its reliable redox cycles have been utilized in a wide range of applications including
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Suzuki-Miyaura®® and Sonogashira cross-coupling,’’ Buchwald Hartwig amination,> C-H

activation, reduction, oxidation, and olefin functionalization just to name a few.'

Pd(0)
R1-R2 \ R'I-X
Reductive Oxidative
Elimination
Addition
R4-Pd(11)-R; R4-Pd(l1)-X
MX RoM

Transmetallation
Figure 44. Typical Two Electron Redox Cycle for Palladium
Though palladium is well suited for catalysis, it is a precious metal with an abundance of 5x107
weight percent in the earth’s crust.®® This has led to a push to investigate nickel, a more commonly
found first-row metal with a natural abundance of 1.0x107? weight percent in the earth’s crust,®®
and is about 2,000 times less expensive than palladium.®’® Moreover nickel lies just above
palladium on the periodic table, so they share many chemical properties, but there are also some
pertinent differences. One major difference is that nickel is intrinsically more reactive than
palladium since it has more readily accessible oxidation states and forms weaker carbon metal
bonds.® This enhanced reactivity allows nickel to undergo the same two electron redox cycles as
palladium (Figure 44), as well as participating in many one-electron redox cycles (Figure 45), and
any combination of the two types of redox cycles, thus allowing for a myriad of other reaction
pathways.®"! This difference is primarily attributed to the valence electron configuration with

palladium having a filled 4d'° shell and nickel having a 3d° 4s! configuration. However, given its
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Figure 45. Typical One Electron Redox Cycle for Nickel

advantages many groups have studied this problem, uncovering new reaction mechanisms and
methods for forming novel products.’

Nickel’s high reactivity has historically rendered it difficult to control and nearly unpredictable.
As aresult, nickel was deemed the “spirited horse” in catalysis, but with modern advances in ligand
design, this high reactivity can be harnessed to perform the same reactions completed by
palladium’s catalytic cycle while offering an opportunity to explore orthogonal pathways.*1:72
This is where the basis of our research interest lies: in studying the similarities and differences
within the context of nickel’s ability to facilitate the formation of substituted allenes in the presence

of propargyl compounds and nucleophiles.

5.1.7 Palladium Catalysis in Allene Synthesis

18,19 120

It is well understood in the literature that palladium and nickel”” both catalyze the formation
of substituted allenes by way of propargyl species with hard!” nucleophiles.!® A plausible
mechanism for the formation of metallo-allene 427 is afforded by oxidative addition to the
propargyl species in an Sx2' fashion.”® This palladium allene can then transmetallate with a

organomagnesium, organozinc, organostanane, or other organometallic species (M-R) to give
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intermediate 430. This can finally generate allene 431 following reductive elimination,
regenerating the palladium catalyst (Figure 46).'%7* To date this mechanism has not been
rigorously studied and is simply one plausible pathway of several, the nickel pathways are even

less understood and no mechanism is widely accepted.

a) Proposed Catalytic Cycle

CHs,
T a3q PN Hae—=—
R 426 R
Reductive Oxidative
Elimination Addition

\_%

\%

: Pd(ll) Pd(Il)
R 430 427 %
X—-MgBr ) Ph—MgBr
429 Transmetallation 428
b) Proposed Mechanism
Pd(0)
R \ Oxidative Ph-MgBr X-MgBr
3 Addition Rs3 R Rs3 Ry
= | —— -
e © ( _ ,
X R, IIDd(II) Transmetallation Ro 4\IIDd(II)
426 427 X 430 Ph
Reductive Elimination Rs :R1
\v R, Ph
Pd(0) 431

Figure 46. Catalytic Cycle for Palladium Catalyzed Allene Formation from Propargyl

Compounds and Soft Nucleophiles
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Scheme 85. Palladium catalyzed transformations of soft nucleophiles and propargyl
carbonates: a) double addition, b) cyclization.
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4 M - Et
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O Me CO,Et dppe (10 mol%) Me
+ >
CO,Et
=~ 707 NocH, Me CO,Et MeCN, reflux, 5 h A Noot
52% yield 2
(0] Me
432 435 436

Interestingly, if a soft!” nucleophile is implemented with palladium, the propargyl species
undergoes double addition in the presence of two equivalents of the nucleophile 433 (Scheme
84a),’* or it can undergo a cyclization if a single bidentate nucleophile 435 is used (Scheme
84b).19212275 These palladium catalyzed cyclization have been used to form intriguing and
complex fused ring systems.!%-?2

Most recently in 2021, Lin and coworkers used palladium catalysis to synthesize a variety of aryl
allenes using an unusual B-hydride elimination.’® Initially, their proof of concept used an o/p-
unsaturated ketone 437 in the presence of a palladium catalyst and trace amounts of allene 438
was formed (Scheme 85a).”® This was surprising since the presumed intermediate, the palladium
1’ complex, is typically viewed as being stable to B-hydride elimination. They elected to change
the starting material to using vinyl bromide 439, and diazoacetate 440 and formed allene 441 in
80% yield (Scheme 85b).”® These conditions were then used to achieve a library of 42 different

aryl allenes in 40-91% yields.”® This reaction tolerates both electron rich and electron deficient

substituents, but this reaction does require careful considerations of the steric environment.”®
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Scheme 86. Palladium Catalyzed Allene Formation via f-Hydride Elimination
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5.1.8 Nickel Catalysis in Allene Synthesis

In 2018, Li and coworkers reported the synthesis of multi-substituted allenes via a palladium
catalyzed Sn2' substitution of organoaluminum with propargyl acetates.'® They later expanded this
research performing similar reactions with a nickel catalyst, which as discussed previously is a
more sustainable alternative.%* This system produces multi-substituted allenes from propargyl
esters with aryls bearing electron-donating or electron-withdrawing groups and organoaluminium
reagents.®*

The proposed mechanism for this system starts with a ligand exchange switching the chloride ions
with two methyl groups from trimethylaluminum which are then reductively eliminated forming
the active catalyst Ni(PPhs), (Figure 47).%* This then coordinates to the & system of the propargyl
species forming 443, followed by Ni(PPhs3)> undergoing an oxidative addition forming
metaloallene 444. Next a transmetallation step occurs exchanging acetate with a methyl group
resulting in 445, this then undergoes reductive elimination forming the substituted allene 446. This

work demonstrates that a nickel catalyst can promote the Sn2' reaction of a propargyl compound

174



with a hard!” organometallic nucleophile, therefore this same system could potentially be
incorporated with a soft nucleophile instead.

Ni(PPh3),Cl,
AlMe,
MeAICl,

(PPh3)2NiM62

PPh,

R3 Me-Me /<OAC

gz Ry

. =
\/ (PPhs)oNi R:™ 442
>/ Rs
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N o
Ni(PPhs),

/Nl(PPh3

Me,Al(OAC) %\
AlMes \/M
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_Ni(PPh
o i(PPh3),

444

Figure 47. Proposed Catalytic Cycle for Nickel Catalyzed Sn2’ Substitution Forming Allenes

Scheme 87. Intramolecular Nickel Catalyzed Allene Formation?

CO,Et
Ni(PO,),#8H,0 CO,Et
CO2E - CO,Et
a7 1\ Cs,CO3, DMF 372
60 °C
OCO2Et 83% yield

In 2008 Liang and coworkers reported a remarkable nickel catalyzed carboannulation of a
propargylic species 371 forming an allene 372 under ambient conditions (Scheme 86).%* This is a
stark difference to the reaction pathway with palladium because under the same conditions, a

cyclization would occur as did in Scheme 84b. This leads into the possibility of methods accessible
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with nickel catalysis that have capabilities beyond what is possible with palladium chemistry.
While innovative, this work by Liang and coworkers®® is limited to an intramolecular reaction
which is highly contrived and intrinsically limited in scope. We hypothesized that this reaction
pathway would behave similarly in a bimolecular system as in a unimolecular system, thereby
expanding the scope of this useful transformation.

5.2 Results and Discussion

5.2.1. Replication of a Literature Protocol

Our initial aim before investigating novel systems was to gain familiarity with this type of
chemistry, so the multistep synthesis of a substituted allene reported by Liang and coworkers was
replicated to ensure that: 1) we could successfully repeat these results and 2) we could verify that
our technique was sound (Scheme 87). The first step is a SN2 reaction where sodium hydride is
used to deprotonate diethyl benzylmalonate 448, and the resulting anion then displaced the
bromine on the 2-iodobenzylbromide 447. This reaction was carried out on a 1.0 mmol scale

resulting in a 62% yield of 449. The second step involved a Sonogoshira cross-coupling of 449

Scheme 88. Control Multistep Synthesis Replicating Results Reported by Liang and

Coworkers
0O O
EtOMOEt ~ TOH
448 450
©i\|3r NaH mcoﬁ PACl,(PPhs),, Cul, NEt; COEt
CO,Et
I MeCN, RT, 2h | COEL RT, 12h X
447 62% yield 449 41% vyield 451
0 OH
m*oa CO,Et
452 i CO,Et
pyridine, DMAP \COzEt Ni(dppe)Cl, 2
N CO,Et
DCM Cs,CO3, DMF
0°C - RT 2h 371 OCOEt 60 °C 372
85% yield 89% vyield
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and 450 which converted the iodide of 449 into the propargylic 451 in 47% yield. The third step
converts the alcohol into ethyl carbonate, a good leaving group which is essential for the formation
of the allene. In this reaction, ethyl chloroformate 452 is activated by DMAP, and the propargyl
alcohol is deprotonated by pyridine; the activated carbonyl is then attacked by the deprotonated
alcohol forming an ethyl carbonate 371 in 85% yield. The last step forms allene 372 by a nickel
catalyzed reaction in the presence of base, and a new bond forms between the diethylmalonate
moiety and the propargylic portion. In our hands we achieved a 89% yield, which was higher than
the 83% reported in the literature, so in carrying out this control experiment, we gained familiarity
with this system which enabled us to move forward to examining novel reaction pathways with a
high degree of confidence.

5.2.2. Synthesis of Propargyl Compounds

Scheme 89. Synthesis of Propargyl Compounds to be Incorporated into Nickel Catalyzed

Reactions
a) /OH ' b) ///\OH
454 ! 454
j\ j\ pyridine j\ )OJ\ pyridine j\
HaC™ 07 CHy et /o CHy | CI7 “OEt o or 7 07 “OEt
453 o o 455 . 456 o 457
47% yield ! 82% yield
c)
///\OH
454
NSRS R
o~ 0" 0 DeM,RT = 07 O
458 >95% vyield 459

Propargyl compounds for the nickel catalyzed reaction screenings were readily synthesized using
simple methods (Scheme 88). Nucleophilic attack of propargyl alcohol 454 into electrophiles 453

and 456 afforded propargyls 455 and 457, respectively (Scheme 88a-b). Propargyl 459 was formed
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under similar conditions, but Boc-anhydride 458 had to first be activated by DMAP in order to
then undergo nucleophilic attack of 454 (Scheme 88c).

5.2.3. Synthesis of Soft Nucleophiles

The synthesis of the soft nucleophiles for nickel catalyzed reactions were also formed using facile
methods (Scheme 89). Nucleophilic attack of malononitrile 460 into benzaldehyde, followed by
reduction formed 461 in 60% yield (Scheme 89a). Deprotonation of 462 by sodium hydride (NaH)
followed by nucleophilic substitution of benzyl bromide afforded 463 in 64% yield (Scheme 89b).

Scheme 90. Synthesis of Soft Nucleophiles to be Incorporated into Nickel Catalyzed

Reactions
a) o, P
1) PhCHO, EtOH i o O 1) NaH. THF O O
N///\\\N ) g BN L
2) BH4Na, EtOH, RT = X, | EtO OEt 2)BnBr, reflux EtO OEt
460 60% yield N 461 N 462 64% yield 463

With a series of newly synthesized propargyl compounds and soft nucleophiles in hand, we could
then conduct reaction screenings with nickel catalyzed to test if substituted allenes form under
these reaction conditions.

5.2.4. Initial Reaction with Ethyl Propargyl Carbonate and Diethyl Benzyl Malonate

Ethyl propargyl carbonate 465 and diethyl benzyl malonate 464 were used in the initial reaction
screening because of their similarity to the substrate in the intramolecular control experiment. The
reaction conditions from method reported by Liang and coworkers>® were used a starting point for
this new system (Scheme 90). The initial screening of this system at 60 °C resulted in no reaction,
so the temperature was increased to 80 °C, and then to 100 °C where there was an array of new
signals present in the crude '"H NMR. The most interesting signal from the crude '"H NMR was a

doublet of doublets around 5.10 ppm. The allenic protons for the final product of the control
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experiment appeared around 5.42 ppm, therefore it seemed reasonable to deduce that the signal
around 5.10 ppm would correspond to an allenic proton in predicted product 466. The product
responsible for this signal was isolated via flash column chromatography and characterized by 'H
NMR, *C NMR, COSY, NOESY, HSQC, IR, and ESI-MS.

Scheme 91. Reaction Screening of Nickel Catalyzed Reaction of Ethyl Propargyl Carbonate

and Dietheyl Benzyl Malonate

0O O

0 'e) 0 Ni(dppe),Cl,
Hop —E8 oo
EtO OEt
E Et + >
toJ\E\ko t + = 07 “OEt - o
464 ~pp 465 60 °C—100 °C 466

Predicted Product

The '"H NMR spectrum was similar to that expected for 466, however there were only 18 protons
present in the 'H NMR spectrum as opposed to the 20 protons of 466. The '*C NMR also showed
a deviation from the predicted product displaying only 14 carbons instead of the 17 carbons of
466. Distortionless enhancement by polarization transfer (DEPT) provided more information
about the '*C NMR spectrum; DEPT 90 displays carbons bound to only one hydrogen, and DEPT
135 differentiates between CH/CHs, and CH; carbons. DEPT was utilized in conjunction with *C
NMR to determine which type of carbon is associated with each signal. These were the initial
indications that another product formed.

Additionally, the IR spectrum definitively showed a strong ester stretch at 1746 cm™!, but the allene
stretch around 1900-2200 cm! was absent, thereby confirming the predicted product did not form.
Electrospray ionization mass spectroscopy (ESI-MS) corroborated with the '3C NMR in that the
starting material, diethyl benzylmalonate, and the product contain the same amount of carbons and
protons, suggesting the addition of an oxygen. This led us to the proposed structure 467 for the

product (Figure 48), but more information was needed to confirm this structure.
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Correlation spectroscopy (COSY) and nuclear overhauser effect spectroscopy (NOESY) were
used to probe the structure of the product. COSY provided information on which protons are close
through bonds (highlighted in blue, Figure 48), and NOESY exhibited which protons are nearby

spatially (highlighted in red, Figure 48).

o

I Q i

! Hyc” 07 oY o .

=71 I U %C\H -COSY Interactions
Ph)\)J\OEt | Ph)%J\OEt -NOESY Interactions

467 5 U H

Proposed Product Structure

Figure 48. Proposed Structure of Product from Nickel Catalyzed Reaction with
Corresponding COSY and NOESY Interations.

The COSY and NOESY support the proposed structure in conjunction with the NMR spectra
previously mentioned. Furthermore, heteronuclear single-quantum correlation spectroscopy
(HSQC) indicated which protons and carbons are bound by sigma bonds and was consistent with
the proposed structure.

5.2.5. Studying the Formation of a Serendipitous Product

This reaction was replicated three times on different reaction scales (Table 13). The results of these
experiments demonstrated a trend that as the reaction scale increased, the formation of the product
decreased (Table 13, Entries 1-3). Additionally, these entries also verified that the unexpected

results are in fact reproducible.
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Table 13. Replication of reaction conditions

o o 0 Ni(dppe),Cl, (5 mol %) Q
+ A C52C0s (2 equiv.) €00 o
EtO OEt P (0] OEt >
7 DMF, 100 °C, 20h ph)\)J\OEt

464 Fh 465 467
Entry | Nucleophile 464 | Propargyl 465 Cs2CO0s Ni(dppe)Cl2 | NMR Yield (%)
1 0.5 mmol 0.5 mmol 1 mmol 5 mol % 7.2¢
2 0.8 mmol 0.8 mmol 1.6 mmol | 5 mol % 3.8°
3 2 mmol 2 mmol 4 mmol 5 mol % Trace amount

“NMR vyield calculated using 1,3,5-trimethoxybenzene as a standard. ’NMR conversion was

used instead of yield.

Once we were able to confirm that this reaction outcome was reproducible, a series of control
experiments were performed to gain a better understanding of what was involved in the formation
of this serendipitous product (Table 14). Entries 1 and 2 suggests that the product forms without
the presence of the catalysts, however this result could be due to contamination of glassware or
stir bars with nickel from previous experiments. Metal catalysts can linger on the surfaces of stir
bars, spatulas, and glassware unless they are rigorously cleaned. These reactions were then
repeated using a new test tube, stir bar, and spatula to ensure the reaction mixture is in a nickel
free environment, and the same product formed (Table 14, Entries 1-2). Due to the high
temperature of reaction necessary for the product to form, it is not an unfathomable result that this
transformation is not catalyzed. If it is in fact a nickel catalyzed process, and it requires this high
of a temperature, it must have to go through some high energy intermediates or transition states.

We wanted to determine what reagents are needed to achieve the product so reactions were

conducted in the absence of the propargyl compound, and then in the absence of the nucleophile.

181



Table 14. Control experiments for nickel catalyzed reaction

O

0] 0] o) Ni(dppe),Cl, (5 m_ol %) )]\
+ /\ )]\ CSzCO3 (2 eqUIV.) EtO 0) 'e)
EtO OEt P (@) OEt >
7 DMF, 100 °C, 20h Ph)\/U\OEt
464 Ph 465 467
Entry Malonate 464 Propargyl 465 | Cs2CO3 | Ni(dppe)Cl: | NMR Yield (%)

1 0.2 mmol 0.2 mmol 0.4 mmol N/A 34
2 2 mmol 2 mmol 4 mmol N/A Trace amount
3 0.2 mmol N/A 0.4 mmol 5 mol % Trace amount
4 N/A 0.2 mmol 0.4 mmol 5 mol % No Reaction

“NMR yield calculated using 1,3,5-trimethoxybenzene as a standard.

No reaction occurs without the nucleophile (Table 14, Entry 3), which makes sense from the
structure of the product which is basically 464 rearranged and esterified. Trace amounts of the
product still form without the propargylic species (Table 14, Entry 4) thereby suggesting that
product does not form via a unimolecular process.

The problematic aspect of these results from Table 1 and Table 2 are that the baseline yield is so
low that it makes it incredibly difficult to discern any trends with a strong degree of confidence.
In an effort to simply increase the reaction yield, a series of optimization experiments were
conducted.

5.2.6. Optimization of Reaction Conditions for the Transformation of Ethyl Propargyl
Carbonate and Diethyl Benzyl Malonate

We initially wanted to determine solvent conditions because that could aid in understanding the
intermediates involved for this product to form. A range of coordinating, non-coodinating, polar

aprotic, polar protic, and non-polar solvents were incorporated into the reaction conditions (Table
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Table 15. Solvent screening for nickel catalyzed reaction

o o O Nildppe)Cly (5 mol %) i

EtOJ\EU\OEt + /O)J\OEt FCDa o) | o )O\/ﬁ\
solvent, 100 °C, 20h Ph OEt
464 PN 465 467
Entry Solvent Temperature NMR yield (%)

1 DMEF (Control) 80 °C No Reaction

2 MeCN 80 °C No Reaction

3 DME 80 °C No Reaction

4 DMF 100 °C 15

5 Nitromethane 100 °C 6

6 NMP 100 °C 0.1

7 DMSO 100 °C No reaction

8 CPME 100 °C No reaction

9 1,4 Dioxane 100 °C No Reaction

10 n-propanol 100 °C No Reaction

11 Diglyme 100 °C No Reaction

12 Toluene 100 °C No Reaction

“NMR yield calculated using 1,3,5-trimethoxybenzene as a standard.

15). Careful considerations were made in terms of solvent boiling points due to the high
temperature of the reaction. Acetonitrile (MeCN) was incorporated as a polar aprotic solvent, and
dimethoxyethane (DME) served as a nonpolar coordinating solvent. Due to their lower boiling
points, the reaction temperature was lowered to 80 °C, and a control experiment was run in DMF

in order to determine if the reaction yield was a result of the solvent or the temperature. No reaction
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occurred at 80 °C for DMF, MeCN, DME so the only takeaway from this set of reactions is that
the temperature must be higher than 80 °C in order for the product to form regardless of the solvent
used (Table 15, Entries 1-3). This is consistent with the original test reaction carried out when this
product initially formed where no reaction occurred until 100 °C.

DMF is a polar aprotic solvent, so nitromethane, N-methyl-2-pyrrolidone (NMP), dimethyl
sulfoxide (DMSO), and cyclopentyl methyl ether (CPME) were then incorporated into the reaction
conditions. Of these solvents, only nitromethane and NMP resulted in any reaction at all with low
yields of 6 and 0.1%, respectively (Table 15, Entries 4-5). All of the other polar aprotic solvents,
aside from DMF (Table 15, Entry 4), resulted in no reaction (Table 3, Entries 7-9). Next, n-
propanol served as a polar protic solvent, and it also resulted in no reaction (Table 15, Entry 10).
A high-boiling point coordinating solvent, diglyme, was then used in this reaction, and it also
resulted in no reaction (Table 15, Entry 11). Lastly, toluene was used as a nonpolar and
noncoordinating solvent and again, no reaction occurred (Table 15, Entry 12).

DMF was determined to be the best solvent, with similar solvents resulting in no reaction or low
yield. Additionally no reaction occurred with any other solvents. These results in conjunction
suggest that this reaction is specific to DMF, or at least suggest that this reaction is specific to

solvents containing either nitro groups or amides (Figure 49).

Jiy &o ]
1
_CH _ ©__N.
CH;
DMF NMP nitromethane

Figure 49. Structures of dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and

nitromethane
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Base screenings were initially conducted with other carbonate bases: sodium carbonate (Table 16,
Entry 2) and potassium carbonate (Table 16, Entry3). When implemented into the reaction, neither
resulted in a yield higher than that with cesium carbonate (Table 16, Entry 1). Bicarbonates were
then used and sodium bicarbonate resulted in no reaction (Table 16, Entry 4), while potassium
bicarbonate only resulted in trace amounts of product (Table 16, Entry 5).

Table 16. Base screening for nickel catalyzed reaction

o o O Nildppe)Cly (5 mol %) )
EtO%OEt + O)J\OEt ase (2 equiv) Eo” o O
~ DMF, 100 °C, 20h ph)\)J\OEt
464 N 465 467
Entry Base NMR yield (%)°
1 Cesium Carbonate 12
2 Sodium carbonate 4
3 Potassium carbonate 7
4 Sodium bicarbonate No reaction
5 Potassium bicarbonate 0.2
6 potassium phosphate monobasic No Reaction
7 potassium phosphate dibasic No Reaction
8 potassium phosphate tribasic 12
9 potassium tert-butoxide 1
10 pyridine No Reaction
11 triethyl amine No Reaction

“NMR yield calculated using 1,3,5-trimethoxybenzene as a standard.
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Potassium phosphates were then examined and only potassium phosphate tribasic resulted in
product formation with 12% yield (Table 16, Entry 8) which was the same as the control reaction
with cesium carbonate (Table 16, Entry 1). It became apparent that only inorganic bases result in
product formation because organic bases triethylamine and pyridine rendered no reaction (Table
16, Entries 10-11).

While cesium carbonate and potassium phosphate tribasic resulted in the same yield, later
experiments demonstrated that reaction yields with potassium phosphate tribasic were more
consistent than those with cesium carbonate. Because of this, potassium phosphate tribasic was
then used as the standard base for further reaction screenings.

Table 17. Temperature screening for nickel catalyzed reaction

o o 0 Ni(dppe);Cly (5 mol %) )OL
N /\ )J\ K3PO, (2 equiv.) El0” O O
EtO OEt "> 07 DOEt -
= DMF, temp, 20h Ph)\)J\OEt
464 N 465 467
Entry Temperature NMR Yield (%)*?
1 90 °C 14¢
2 95 °C 17
3 100 °C 17
4 105 °C 54
5 110 °C 11

NMR vyield calculated using 1,3,5-trimethoxybenzene as a standard. ®Average of three

experiments. “Average of six experiments. “Average of four experiments.

In previous experiments we found that temperatures of 80 °C and below result in no reaction, so

our temperature screening started at 90 °C which resulted in an average of 14% yield (Table 17,
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Entry 1). The same yield of 17% was achieved when the reaction was run at 95 °C and at 100 °C
(Table 17, Entries 2-3). Reactions run at 105 °C and 110 °C both resulted in lower yield, with Entry
4 being an outlier (Table 17, Entry 4-5). Since the same results were achieved at a slightly lower

temperature, we elected to change the reaction temperature to 95 °C for further experiments.

A

P/\/P

@ 468 @ 469

dppe dppf

o S SR
oo oo o'c

470 471
dppp triphenylphosphine trlcyclohexylphosphlne

Figure 50. Phosphine ligands used in the nickel catalyst screening

While our initial control tests with this reaction suggest that the catalyst is not required, it might
be that the catalyst just aids in product formation by a more favorable reaction pathway. Different
nickel (II) catalysts with phosphine ligands were incorporated into the reaction conditions (Table
18). Initially bidentate phosphine ligands were chosen since our initial reaction screening was done
with Ni(dppe)Cl. A slight decreases in yield was observed with Ni(dppf)Cl> (Table 6, Entry 2),
and then the yield for Ni(dppp)Cl> was about the same as Ni(dppe)Cl, (Table 18, Entries 3 and 1).
Monodentate triphenyl phosphine resulted in 20% yield which was the highest recorded thus far
(Table 18, Entry 4). Lastly PCyz was used but resulted in a lower yield than PPhs, likely due to the

steric hinderance of the cyclohexyl groups (Table 18, Entry 5).
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Table 18. Catalyst screening for rearrangement product

O O (o) Ni cat. (7 mol %) )OJ\
EtO)KfJ\OEt + /O)J\OEt ©o2004 (2 equiv) .~ FEO )O\)Oj\
DMF, 100 °C, 20h Ph OEt
464 PN 465 467
Entry Ni cat. (7 mol %) NMR vyield (%)*
1 Ni(dppe)Clz 16
2 Ni(dppf)Cl2 13
3 Ni(dppp)Cla 17
4 Ni(PPh3):Clz 20
5 Ni(PCys):Clz 15
“NMR yield calculated using 1,3,5-trimethoxybenzene as a standard.
Table 19. Catalyst loading experiments
O O 0 Ni(gppggClé (5 mol %) j\
EtO)KfJ\OEt + /O)J\OEt %2003 (2 equiv) .~ FEO )O\)Oj\
DMF, 100 °C, 20h Ph OEt
464 PN 465 467
Entry Ni(PPh3):CL2 NMR vyield (%)*
1 20 mol % 11
2 15 mol % 10
3 10 mol % 12
4 7.5 mol % 12
5 5 mol % 11
6 2.5 mol% 16
7 0 mol % 15

“NMR yield calculated using 1,3,5-trimethoxybenzene as a standard.
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Since NiPPh3Cl resulted in the highest reaction yield out of the catalysts tested, the catalyst
loading was then examined (Table 19). Interestingly, the yield was decreased by half to 11% yield
when 20 mol% of catalyst was uses (Table 19, Entry 1). Moreover, the yield generally increased
as catalyst loading decreased. The reaction yield for when 2.5 mol % catalyst was used (Table 19,
Entry 6) was only a 1% difference in yield for when no catalyst was used (Table 19, Entry 7). From
these results, it was concluded that the catalyst is not required for this transformation.

Table 20. Reaction time experiments

T 0 i KsPO )OL
EtOJ\EU\OEt + /O)J\OEt > _ - FO )O\/ﬁ\
DMF, 95 °C, time Ph OEt
464 PN 465 467
Entry Time (h) NMR Yield (%)*
1 4 0
2 7 3
3 10 4
4 20 17

“NMR yield calculated using 1,3,5-trimethoxybenzene as a standard.

We were interested to see if the reaction could potentially benefit from a shorter reaction time. It
was possible that the low reaction yields could be contributed to the product decomposing under
reaction conditions after a certain amount of time. In order to test this theory, shorter reaction times
were then used and the results were that the yield only increased with increasing reaction times.
At four hours no product was generated yet (Table 20, Entry 1), it was only at seven hours that a
minimal amount of product was present in the 'H NMR (Table 20, Entry 2). By the ten hour mark,

the product yield only increased by 4% (Table 20, Entry 3), and then after 20 h 17% yield was
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achieved. Looking back longer reaction times should have been implemented, but for the
remaining reaction screenings, 20 h was used for the optimal reaction time.
Optimization Summary

Scheme 92. Optimized Reaction Conditions

o 0 o )OL
EtO OEt + /\O)J\OE e om0
Z t ; PN
DMF, 95 °C, 20 h Ph OEt
464 PN 465 17% yield 467

After examining every parameter of this reaction, the optimal reaction conditions were determined
to be malonate 464, propargyl 465, with potassium phosphate tribasic, dissolved in DMF at 95 °C,
and stirred for 20 h (Scheme 91). The highest yield obtained for 467 overall was 20% NMR yield.
5.2.7. Probing the Reaction Mechanism for the Unexpected Product.

Table 21. Control experiments revisited

O O 0 Ni(dppe)Cl, )OL
EtO OEt + //\O)J\OEt PO o™ 9
= DMF, 95 °C, 20 h Ph)\/u\OEt
464 PN 465 467
Entry | Malonate 464 Propargyl 465 K3PO4 Ni(dppe)Cl2 NMR Yield“?
1 0.2 mmol 0.2 mmol 0.4 mmol 5 mol % 11%
2 0.2 mmol 0.2 mmol 0.4 mmol N/A 15%
3 0.2 mmol 0.2 mmol N/A N/A No Reaction
4 0.2 mmol N/A 0.4 mmol N/A No Reaction
5 N/A 0.2 mmol 0.4 mmol N/A 0%

“NMR yield calculated using 1,3,5-trimethoxybenzene as a standard. “NMR vyield is the average

of reactions performed in triplicate.
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With better reaction conditions in hand, control experiments were revisited to gain a better
understanding the process behind product formation. The role of the catalyst was of particular
interest because the catalyst loading experiments showed no trend in the amount of catalyst versus
product yield. The results of the control experiment are summarized in Table 21. The product does
not form without both the nucleophile and the propargyl carbonate present as shown by Entries 4
and 5 respectively, thereby confirming that the product does not form via a unimolecular process.
After all of the optimization reactions, the mechanism of the reaction was still unclear, and trying
to determine both how the product forms, and what atoms from which substrate make up the
product, was vexing. One idea of how the product forms was that it relied on moisture that could
breach the reaction vessel. The thought process was that the propargylic species 465 was actually
not participating in the reaction, which is why the product still formed in the absence of the
propargyl compound (Table 21). Instead, the small amount of moisture due to humid lab conditions
could breach the reaction vessel and result in this rearrangement product (Scheme 92a). To probe
this, a drop of water was added to the normal reaction conditions and it only resulted in a 5%
average yield for three replicates (Scheme 92b).

Scheme 93. Addition of Water to Reaction Conditions

a) Proposed Reaction

s 2
K3PO4/H,0 o N0 0
EtO OEt -
DMF, 95 °C, 20 h ph)\/U\OEt
464 N 467
b) Test Reaction
0O O o) )OL
I K3PO4/H,0 £0” S0 O
EtO OBt + =707 “oEt - PPN
DMF, 95 °C, 20 h Ph OEt
464 N 465 5% yield 467
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It was then postulated that if this product is the result of the reaction between propargyl 465 and
malonate 464, then the ester portion of product 467 could originate from propargyl 465 (Scheme
93a). If this assumption is correct, when propargyl 465 is replaced with 473, product 474 should
form (Scheme 93b). We then ran a set of parallel reactions with malonate 464; the control reaction
used propargyl 465, and the other implemented propargyl 473 (Table 22).

Scheme 94. Reaction of Diethyl Benzylmalonate and Propargyl Boc.

a) Proposed Reaction

O O (0] )OJ\
EtO OEt + /\O)J\OE W L m0TQQ
= t - A
DMF, 95 °C, 20 h Ph OEt
464 N 465 17% yield 467
b) Test Reaction
0 o 0 it
o ort + /o)kofa KPOs o 0 O
Z - . g PPN
DMF, 95 °C, 20 h Ph OEt
464 N 473 474
Expected Product
Table 22. Summary of results from propargyl screening
. 0]
O O o] Ni(dppe)Cl, e
EtO OEt *+ /\O)J\OR i Bom 9%
é ° B )\)J\
DMF, 100 °C, 20 h Ph OEt
464 PN 465, R = Et 467
473, R = Bu
Entry Propargyl Product
1 R=Et 467
2 R ='Bu 467

Surprisingly, when propargyl 465, is replaced with propargyl 473, compound 467 still forms. After

work-up there were no signals in the '"H NMR characteristic of zert-butyl, and the spectra matched
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that of 467. Any theories that we had about the mechanism were thoroughly disproven by these
results, so we elected to move onto another transformation. In the future, perhaps computational
modelling could help shed some light on this vexing transformation.

5.1.8. Reactions with Propargyl Bromide

It is well understood in the literature that propargyl bromide and malonic nucleophiles undergo
Sn2 reactions.”” Moreover it has been reported that nickel catalysts can promote Sn2' reactions
with propargyl species and trimethyl aluminum to form substituted allenes, but this transformation
does have two competing reaction pathways (Figure 51).5* With initial oxidative addition with the
catalyst and propargyl species, there are two ways it can add. If the catalyst adds in between the
carbon chain and OAc group, the catalytic cycle follows a formal Sn2-type process. However, if
the catalyst adds in between R and the alkyne, a metalloallene is formed and the cycles proceeds
through an Sn2' process (Figure 52).

Ni(PPhs),Cl,
AlMe;

MeA|C|2 R3

R1
PPh3)2N|Me2
Me

e
Me-Me
(Ph3P)2Ni/
R PPh3)2N|
3 R Rj OAC PPh3

R1
Me,Al(OAC) / Me,Al(OAc)
Sn2 R Sp2'
AlMes N 2 N ~ AlMes
3
OAc Rz
(Ph3P) N>/R2 (Ph3P)2N|"'| | R2 R1
R, ~co Vi(PPhs);
R OR,
OAc

Figure 51. Competing Nickel Catalyzed Cycles for SN2 and Sn2' Reactions
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Figure 52. Mechanism of Metaloallene Formation via Oxidative Addition into a Propargylic
Species

With this in mind, the next logical step was to incorporate a nickel catalyst into the Sn2 reaction
of propargyl bromide (420) and diethylbenzyl malonate (464) to test if the Sn2’ product 466 forms
at all (Scheme 94). It should be noted that a nickel catalyst in this system has not yet been reported
so if successful, this reaction could unveil a novel reaction pathway to form allenes through a
nickel catalyzed process with less hazardous reagents than trimethylaluminum.

Scheme 95. a) Adapted Sx2 Conditions; b) Proposed Nickel Catalyzed Sn2’ Reaction

a) Murphy and Coworkers
/\ Br

O O 420 O O
NaH,
EtO OEt Etﬁ{\OEt
THF, 60 °C, 16h
Ph >95% yield = Ph
464 475
b) Proposed Synthesis
) P y /Br
O O 420 O O
NaH, Ni(dppe)Cl,
EtO OEt >  EtO OEt
THF, 60 °C, 16h Bh
Ph
464 466

Initially we were able to discern by "H NMR that three species were present in the crude reaction
mixture: the starting malonate 464, the SN2 product 475, and the Sn2' product 466. The Sn2 product
475 was able to easily be identified from the crude reaction mixture because it was previously

isolated following the reaction conditions by Murphy and coworkers (Scheme 94a). The reaction
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mixture was subjected to flash column chromatography (FCC) and the malonate 464 was easily
separated, while 475 and 466 were nontrivial to isolate.

A range of TLC conditions were tested, but still the 475 and 466 had very similar Rr values (within
0.05 of eachother). To overcome this challenge, the Sn2 product 466 was chemically modified via
click chemistry (Scheme 95). The mix of products was subjected to click reaction conditions in
which only the disappearance on the alkyne of 475 was observed (Scheme 95). Once the alkyne
was fully reacted into 477, the mixture was purified by FCC to afford pure allene product 466 in
13% yield.

Scheme 96. Selective Copper Catalyzed “Click” Reaction

®
JNZNZN@ o o
(0] (0] 0] (0] o 476 (0] (0]
CuSOq, EtO OEt
Et;b%oa + Etﬁ%OEt sodium ascorbate N ph + Et;b%oa
Ph = Ph {BUOH/H,0 "N \ Ph
466 475 ) 477 466

Ph
The poor yield of the alleneic product 466 is due to low reaction conversion overall, as well as the
competing Sn2 and Sn2' pathways. To favor the Sn2' pathway, propargyl chloride was used in
place of the propargyl bromide because chloride is a poorer leaving group, making the rate of Sn2
slower, thereby favoring the Sn2' pathway. Additionally the rate of addition was significantly
reduced by using a syringe pump in order to further promote the Sn2' reaction. These changes did
result in more Sn2' product 466 forming, but they were still in a 3:1 ratio of Sn2: Sn2' (Table 23,
Entry 2). Morevover there was still starting malonate 464 leftover anyway (Table 23, Entry 2). We
then tried an even slower addition of the malonate and while the ratio of Sn2:Sn2' improved from
3:1 to 2:1, there was still malonate leftover suggesting a longer reaction time would be more

beneficial (Table 23, Entry 3). The reaction was then left over the weekend and the ratio between
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the Sn2 product and the Sn2' product remained the same, and there was still the same amount of
starting malonate present.

It was at this time that other projects really started to show significantly more success than this
one, so my attention was then shifted to new projects focusing on [3+2] cycloadditions of tertiary
amine N-oxides and dipolarophiles forming various heterocyclic compounds.

Table 23. Reaction conditions screening

z X

o o0 420 o o o o
NaH, Ni(dppe)Cl,
EtO)‘\ﬁ‘\OEt g Et/jﬁ%oa + Etﬁ%oa
THF, 60 °C, 16h
Ph X = Br, Cl °h = °h
464 466 475
Sn2' product Sn2 product
Propargyl | NaH Rate of addition* Reaction Time Ratio®
(equiv) Nuc: SN2: SN2’
R=Br’ 1.4 15 min Overnight 1:2.08: 0.68
R=Cl 1 0.8 mL/h Overnight 1: 1.58: 0.71
R=Cl 1 0.5 mL/h Overnight 1: 0.88: 0.37
R=Cl 1 0.1 mL/h Over the weekend 1: 0.83: 0.38

“Rate of addition of propargyl compounds. “Ratios were determined by 'H NMR with the

malonate proton resonance at 3.63 ppm set to an integration of 1.

5.3 Conclusion
In the search for a potential new nickel catalyzed reaction scope that is beyond that of palladium,

we uncovered an unanticipated and unusual carbonylation/rearrangement product 474. This
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product arose through the reaction of ethyl propargyl carbonate and diethyl benzyl malonate
presumably catalyzed by nickel, but it was later discovered that this particular transformation was
not even catalyzed by nickel. After a valiant effort to optimize the reaction conditions, only a
maximum of 20% NMR was achieved. Our attention was then turned toward a more promising
reaction with propargyl bromide and diethyl benzyl malonate catalyzed by nickel instead. This
reaction worked via nickel catalyzed Sn2' reaction forming a novel substituted allene 466. While
an exciting result, only a 13% isolated yield was achieved because of low overall conversion and
competing reaction pathways.
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Chapter 6. Experimental Section

6.1 General Information

Nuclear magnetic resonance (NMR) spectra were measured on a Bruker at 400 MHz or 500 MHz.
"H NMR spectra were calibrated from standard TMS (8 0.0) or solvent resonance (CDCls: & 7.27,
MeOD: § 3.31). 3C NMR spectra were calibrated from solvent resonance (CDCl3: § 77.16, MeOD:
0 49.00). Structural assignments were made with additional information from gCOSY, gHSQC,
and gHMBC experiments. High-resolution mass spectrometric analysis (HRMS) was measured on
an Agilent Technologies 6530 Accurate-Mass QTOF LC/MS equipped with the Agilent
Technologies 1200 series LC system. Infrared (IR) spectral analysis was performed on a
Thermoscientific Everest ATR. Reactions monitored by thin layer chromatography (TLC) used
TLC Silica gel 60 Fass4 and visualized under a 4-Watt 254/365 nm UV lamp. Flash column
chromatography (FCC) (EtOAc/Hex or DCM/MeOH) was performed using a Biotage Isolera One
Flash Chromatography instrument with a 25 g Biotage® Sfir Silica D-Duo 60 pm column, and
with a 10 g Biotage® Sfiar C18 D- Duo 100 A 30 pm column for reverse phase FCC (0.1% TFA
water/MeOH). A heating mantel was used as the heat source for transformations that required
heating.

6.1.1 Materials

All materials were used as purchased from MilliporeSigma, Thermo Fisher Scientific, TCI, or
Oakwood Chemical, unless otherwise noted. Tetrahydrofuran (THF) was purified by a column of
activated alumina and 4 A molecular sieves via Inert PurSolv Solvent System. Trimethylamine N-
oxide (TMAO) was purified by dissolving in DMF and then vacuum distilling off DMF and water.
This created a super saturated solution resulting in long needle-like white crystals which were then

stored under rigorous anhydrous conditions with drierite and phosphorus pentoxide. Benzaldehyde
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was purified by vacuum distillation before use. Solutions of lithium diisopropyl amine (LDA),
sodium bis(trimethylsilyl)amide (NaHMDS), lithium bis(trimethylsilyl)amide (LiHMDS), n-butyl
lithium (n-BuLi), tert-butyl lithium (z-BuLi), sec-butyl lithium (sec-BuLi) were titrated using
salicylaldehyde phenylhydrazone before use. !

6.1.2 NMR Yield Calculation2

Unless otherwise noted, the crude reaction mixture was concentrated in vacuo and the 1,3,5
trimethoxybenzene standard was added to flask. An appropriate deuterated solvent (approx. 1 mL)
was used to thoroughly mix and dissolve the crude reaction residue and standard to ensure
homogeneity. An aliquot from this solution was then subjected to 'H NMR analysis where the
integration of the 1,3,5-trimethoxybenzene signal at 6 6.08 (s, 3H) was compared to the integration
values of a well resolved signal corresponding to the product of interest. With this information, the

following equations were used to calculate the NMR yield.

N, /
Ip
s /I

N N, /
I n
NMR yield = % = | = X(Ts)
/ns S/IS
% NMR yield = — MR Yeld ) 0n
0 Y= Theoretical yield °

e Np=number of protons equal to the product signal

e [,=integration of the product signal

e Ns=number of protons equal to standard signal at 6 6.08 =3
e [=integration of standard signal at 6 6.08 =3

e n;=mmol of standard

Experimental Section: Chapter 1
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General procedure for the preparation of silyl imines (106a-p) >4

0 NaHMDS N~ TMS
I
R)]\H THF, R)\H
105 0 °C — RT, 2h 106

A solution of p-anisaldehyde (0.29 mL, 2.3 mmol, 1.0 equiv.) in dry THF (2.3 mL, 1.0 M)
maintained under a positive pressure of nitrogen was stirred and cooled to 0 °C. A solution of 0.79
M NaHMDS (2.9 mL, 2.3 mmol, 1.0 equiv.) was added dropwise via syringe and the reaction
mixture was allowed to warm up to room temperature over the course of two hours. 'H NMR
confirmed the formation of the silyl imine with the disappearance of the aldehyde proton around
10 ppm and the appearance of the imine proton at around 9 ppm.

General procedure for the preparation of silyl imines (106q-s)

o LIHMDS N~ TMS
I
R)J\H THF, R)\H
105 -78°C —>RT, 1h 106

A solution of aldehyde (1.2 mmol, 1.0 equiv.) in dry THF (1.2 mL, 1.0 M) maintained under a
positive pressure of nitrogen was stirred and cooled to -78 °C in a dry ice/acetone bath. A solution
of 1.0 M LiHMDS (1.2 mL, 1.2 mmol, 1.0 equiv.) was added dropwise via syringe and the reaction
mixture. After stirring for 30 min at -78 °C, the solution was allowed to warm up to room
temperature and stir for an additional 30 min. '"H NMR confirmed the formation of the silyl imine
with the disappearance of the aldehyde proton around 10 ppm and the appearance of the imine

proton at around 9 ppm.
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General procedure for the preparation of imidazolidines (108)

Me 3 N@O@

107
N“TMS DA (3 equiv.)

I\I/Ie
N
b -
R™ H THF, N
R TMS
108

106 -78 oC g 0 °C

A solution of trimethylamine N-oxide (182 mg, 2.4 mmol, 1.0 equiv.) in dry THF (7.0 mL, 0.10
M) maintained under a positive pressure of nitrogen was stirred and cooled to -78°C. A solution of
1.7 M LDA (4.0 mL, 6.9 mmol, 3.0 equiv.) was added dropwise via syringe, followed by the slow
addition of the crude 0.46 M silyl imine (4.0 mL, 2.3 mmol, 1.0 equiv.). LDA was titrated before
use using salicylaldehyde phenylhydrazone. ! The reaction was removed from the cold bath and
allowed to stir and warm to room temperature for 2 h. The formation of the imidazolidine was
confirmed by 'H NMR and was taken onto the next step directly without further purification.

General procedure for the preparation of 1,2 diamines (109a-s)

I\I/Ie
N7 H,NOH-HCI NHz |,
N
S’N\ HCI R)\/ CHs
R TMS
108 109

Under ambient conditions, hydroxylamine hydrochloride (850 mg, 12 mmol, 5.2 equiv.) was added
to the crude reaction mixture of the imidazolidine along with 1.2 M HCl (0.20 mL, 0.01 M) The
reaction vessel was equipped with a reflux condenser and the mixture was heated to 65 °C using a
heating mantle for 12 h. The reaction was cooled to RT, acidified using 1.0 M HCI and washed
with DCM (20 mL x 3), hexanes (x 2), and EtOAc (x 3). The aqueous layer was basified with 15%
NaOH and the product extracted with DCM (20 mL x 3). The organic layers were combined, dried
over MgS0O4, and concentrated under reduced pressure to afford pure 1,2 diamines unless

otherwise noted. Product was isolated as a colorless oil. (94% yield, 405 mg, 2.2 mmol).
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1-(4-methoxyphenyl)-N?-methylethane-1,2-diamine (1092)

NH,
N\
CHs

MeO

Silyl imine prepared according to the general procedure using p-anisaldehyde (0.29 mL, 2.3 mmol,
1.0 equiv.), 0.79 M NaHMDS (2.9 mL, 2.3 mmol, 1.0 equiv.), and THF (2.3 mL, 1.0 M). Silyl
imine solution was used without further purification.
Diamine was prepared according to the general procedure using TMAO (182 mg, 2.4 mmol, 1.0
equiv.), 1.7 M LDA (4.0 mL, 6.9 mmol, 3.0 equiv.), crude 0.46 M silyl imine (4.0 mL, 2.3 mmol,
1.0 equiv.), THF (7.0 mL, 0.10 M), hydroxylamine hydrochloride (850 mg, 12 mmol, 5.2 equiv.)
and 1.2 M HCI (0.20 mL, 0.01 M). Following aqueous work-up, no further purification was
necessary. Product was isolated as a colorless oil. (94% yield, 405 mg, 2.2 mmol)
"H NMR (400 MHz, CDCls) § 7.26 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 4.03 (t, J = 6.7
Hz, 1H), 3.79 (s, 3H), 2.76 — 2.71 (m, 2H), 2.44 (s, 3H), 2.14 (br. s, 3H).
3C NMR (101 MHz, CDCl3) § 158.8, 136.1, 127.5, 114.0, 59.4, 55.3, 54.3, 36.0.
IR: 2914, 2778, 1739, 1653, 1618, 1604, 1577, 1512, 1466, 1446, 1439, 1424, 1402, 1356, 1308,
1278, 1261, 1224, 1188, 1146, 1108, 1088, 1032, 1001, 970, 954, 940, 909, 883, 825, 808, 733,
715, 645, 569, 540, 507 cm’!
HRMS (ESI) m/z: [M+H]" Calc’d for C1oH17N20 181.1336; Found 181.1340.
1-(3-methoxyphenyl)-N>-methylethane-1,2-diamine (109b)

NHp |,

N<
CH3

OMe
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Silyl imine prepared according to the general procedure using m-anisaldehyde (0.29 mL, 2.4 mmol,
1.0 equiv.), 1.9 M NaHMDS (1.3 mL, 2.4 mmol, 1.0 equiv.), and THF (2.4 mL, 1.0 M). Silyl imine
solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (180 mg, 2.4 mmol, 1.0
equiv.), 1.6 M LDA (4.5 mL, 7.2 mmol, 3.0 equiv.), crude 0.68 M silyl imine solution (3.5 mL, 2.4
mmol, 1.0 equiv.), THF (12 mL, 0.10 M), hydroxylamine hydrochloride (833 mg, 12 mmol, 5.0
equiv.) and 1.2 M HCI (0.2 mL, 0.01 M). Following aqueous work-up, no further purification was
necessary. Product was isolated as a yellow oil. (76% yield, 328 mg, 1.8 mmol)

'"H NMR (400 MHz, CDCl3) § 7.26 (t,J=7.7 Hz, 1H), 6.93 (s, 1H), 6.91 (d, J = 8.4 Hz, 1H), 6.80
(dd, J=8.0,2.6 Hz, 1H), 4.04 (dd, J= 7.8, 5.3 Hz, 1H), 3.81 (s, 3H), 2.81 — 2.70 (m, 2H), 2.44 (s,
3H), 1.88 (br. s, 3H).

3C NMR (101 MHz, CDCls) § 160.0, 146.3, 129.7, 118.8, 112.7, 112.1, 59.7, 55.4, 55.3, 36.8.
IR: 3290, 2937, 2836, 2793, 1668, 1599, 1584, 1486, 1464, 1453, 1435, 1377, 1347, 1317, 1254,
1152, 1112, 1078, 1040, 995, 855, 780, 740, 699, 629, 579, 564, 541 cm’!

HRMS (ESI) m/z (z=2): [M+H+Na]+2 Calc’d for CioH17N2ONa 102.0614; Found 102.0615.
1-(2-methoxyphenyl)-/V’-methylethane-1,2-diamine (109¢)

NHp
N\
CHs

OMe
Silyl imine prepared according to the general procedure using o-anisaldehyde (328 mg, 2.4 mmol,
1.0 equiv.), 1.9 M NaHMDS (1.3 mL, 2.4 mmol, 1.0 equiv.), and THF (2.4 mL, 1.0 M). Silyl imine
solution was used without further purification.
Diamine was prepared according to the general procedure using TMAO (193 g, 2.4 mmol, 1.0

equiv.), 1.9 M LDA (3.7 mL, 7.2 mmol, 3.0 equiv.), crude 0.60 M silyl imine (4.0 mL, 2.4 mmol,
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1.0 equiv.), THF (12 mL, 0.10 M), hydroxylamine hydrochloride (834 g, 12 mmol, 5.0 equiv.) and
1.2 M HCI (0.20 mL, 0.01 M). Following aqueous work-up, no further purification was necessary.
Product was isolated as a yellow oil. (93% yield, 396 mg, 2.2 mmol)

"H NMR (400 MHz, CDCls) § 7.31 (dd, J = 7.5, 1.7 Hz, 1H), 7.26 — 7.22 (m, 1H), 6.96 (td, J =
7.6, 6.3 Hz, 1H), 6.88 (dd, J= 8.2, 1.1 Hz, 1H), 4.34 (dd, /= 8.4, 4.8 Hz, 1H), 3.84 (s, 3H), 2.88
—2.77 (m, 2H), 2.48 (s, 3H), 2.40 (br. s, 3H)

3C NMR (101 MHz, CDCls) § 157.0, 132.3, 128.2, 127.1, 120.8, 110.6, 57.4, 55.3, 50.2, 36.0.
IR: 3285, 2937, 2837, 2793, 1905, 1600, 1586, 1490, 1462, 1438, 1374, 1289, 1237, 1179, 1161,
1105, 1050, 1025, 932, 878, 810, 752, 703, 666, 617, 602, 579, 557, 542 cm’!

HRMS (ESI) m/z: [M+H30]" Calc’d C10H19N202 199.1441; Found 199.1437.
N'-methyl-2-(2,3,4-trimethoxyphenyl)ethane-1,2-diamine (109d)

NHp |,
N
CHs

MeO OMe
OMe

Silyl imine prepared according to the general procedure using 2,3,4-trimethoxybenzaldehyde (237
mg, 1.2 mmol, 1.0 equiv.), 1.9 M NaHMDS (0.63 mL, 1.2 mmol, 1.0 equiv.), and THF (1.2 mL,
1.0 M). Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (107 mg, 1.4 mmol, 1.4
equiv.), 1.8 M LDA (1.6 mL, 3.0 mmol, 3.0 equiv.), crude 0.67 M silyl imine (1.5 mL, 1.0 mmol,
1.0 equiv.), THF (10 mL, 0.10 M), hydroxylamine hydrochloride (354 g, 5.0 mmol, 5.0 equiv.) and
1.2 M HCI1(0.10 mL, 0.01 M). Following aqueous work-up, no purification was necessary. Product

was isolated as a yellow oil. (74% yield, 178mg, 0.74 mmol)
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"H NMR (400 MHz, CDCl3) § 7.02 (d, J= 8.7 Hz, 1H), 6.66 (d, J= 8.6 Hz, 1H), 4.28 (dd, J = 8.3,
4.9 Hz, 1H), 3.92 (s, 3H), 3.86 (s, 3H), 3.85 (s, 3H), 2.83 — 2.72 (m, 2H), 2.48 (s, 3H), 2.35 (br. s,
3H)
3C NMR (126 MHz, CDCls) § 153.0, 151.6, 142.2, 130.0, 121.3, 107.4, 61.3, 60.8, 58.4, 56.1,
49.7, 36.0.
IR: 3263, 2940, 2837, 1599, 1494, 1463, 1435, 1417, 1390, 1282, 1230, 1201, 1091, 1011, 964,
904, 853, 797, 728, 688, 666, 645, 602, 582, 574, 559, 539 cm™!
HRMS (ESI) m/z: [M+Na]" Calc’d for C12H20N203Na 263.1366; Found 263.1359.
1-(2,5-dimethoxyphenyl)-V°-methylethane-1,2-diamine (109¢)

HyCO  NH, |,

N\
CH3

OCH,
Silyl imine prepared according to the general procedure using 2,5-dimethoxybenzaldehyde (185
mg, 1.1 mmol, 1.0 equiv.), 1.2 M NaHMDS (1.0 mL, 1.2 mmol, 1.1 equiv.), and THF (1.1 mL, 1.0
M). Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (78 mg, 1.0 mmol, 1.0
equiv.), 2.7 M LDA (1.1 mL, 3.0 mmol, 3.0 equiv.), crude 0.5 M silyl imine (2 mL, 1.0 mmol, 1.0
equiv.), THF (7.0 mL, 0.10 M), hydroxylamine hydrochloride (416 mg, 6.0 mmol, 6.0 equiv.) and
1.2 M HCI Following aqueous work-up, no further purification was necessary. Product was
isolated as a yellow oil. (80% yield, 168 mg, 0.80 mmol)

'H NMR (400 MHz, CDCls) 6 6.93 (d, J= 3.1 Hz, 1H), 6.79 (d, J = 8.6 Hz, 1H), 6.73 (d, J = 8.7
Hz, 1H), 4.31 (t, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 2.84 — 2.79 (m, 1H), 2.72 (dd, J = 11.6, 8.3 Hz,

1H), 2.45 (s, 3H), 2.03 (br. s, 3H).
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3C NMR (101 MHz, CDCls) § 153.7, 151.1, 133.5, 113.4, 112.1, 111.5, 57.4, 55.8, 55.8, 50.2,
36.0.

IR: 2937, 2834, 2792, 1589, 1493, 1464, 1428, 1369, 1275, 1214, 1178, 1155, 1104, 1044, 1024,
871, 801, 732, 713, 603 cm’!

HRMS (ESI) m/z: [M+H30]" Calc’d for C11H21N203229.1547; Found 229.1567.
N'-methyl-2-phenylethane-1,2-diamine (109f)

NHp |,

N\
CH3

Silyl imine prepared according to the general procedure using benzaldehyde (0.10 mL, 1.0 mmol,
1.0 equiv.), 1.1 M NaHMDS (0.9 mL, 1.0 mmol, 1.0 equiv.), and THF (1.0 mL, 1.0 M). Silyl imine
solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (34 mg, 0.40 mmol, 1.0
equiv.), 2.9 M LDA (0.41 mL, 1.2 mmol, 3.0 equiv.), crude 0.53 M silyl imine (0.80 mL, 0.40
mmol, 1.0 equiv.), THF (3.2 mL, 0.10 M), hydroxylamine hydrochloride (192 g, 2.0 mmol, 5.0
equiv.) and 1.2 M HCI (0.4 mL, 0.01 M). Following aqueous work-up, no further purification was
necessary. Product was isolated as a yellow oil. (80% yield, 48 mg, 0.32 mmol). The spectrum is
in agreement with previously reported. ®

'H NMR (400 MHz, CDCl3) § 7.33 — 7.30 (m, 4H), 7.28 — 7.22 (m, 1H), 4.06 — 4.02 (dd, J = 7.8,
5.4 Hz, 1H), 2.78 — 2.69 (m, 2H) 2.42 (s, 3H).
1-(3,5-dimethylphenyl)-N>-methylethane-1,2-diamine (109g)

NH» H

H,C N.
3 CH,4

CH;
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Silyl imine prepared according to the general procedure using 3,5-dimethylbenzaldehyde (0.16
mL, 1.2 mmol, 1.0 equiv.), 1.2 M NaHMDS (1.0 mL, 1.2 mmol, 1.0 equiv.), and THF (1.0 mL, 1.0
M). Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (80 mg, 1.0 mmol, 1.0
equiv.), 1.5 M LDA (2.0 mL, 3.0 mmol, 3.0 equiv.), crude 0.55 M silyl imine solution (1.8 mL, 1.0
mmol, 1.0 equiv.), THF (8.0 mL, 0.1 M), hydroxylamine hydrochloride (351 g, 5.0 mmol, 5.0
equiv.) and 1.2 M HCI (0.10 mL, 0.01 M). Following aqueous work-up, no further purification
was necessary. Product was isolated as a yellow oil. (77% yield, 132 mg, 0.77 mmol)

'"H NMR (400 MHz, CDCI3) § 6.95 (s, 2H), 6.89 (s, 1H), 3.98 (t, 1H), 2.78 — 2.68 (m, 2H), 2.43
(s, 3H), 2.31 (s, 6H), 2.06 (br. s, 3H)

3C NMR (101 MHz, CDCls) § 144.5, 138.0, 128.8, 124.2, 59.8, 55.2, 36.3, 21.3.

IR: 3002, 2917, 2887, 2793, 2135, 1639, 1608, 1566, 1449, 1418, 1379, 1298, 1275, 1232, 1167,
1112, 1080, 1040, 975, 927, 909, 845, 806, 730, 705, 697, 634, 620 cm™*

HRMS (ESI) m/z: [M+CH30H]" Calc’d for C12H23N20 211.1805; Found 211.1819.
1-([1,1'-biphenyl]-4-yl)-V?-methylethane-1,2-diamine (109h)

NH, H
“CHj
Ph

Silyl imine prepared according to the general procedure using [1,1'-biphenyl]-4-carbaldehyde (222
mg, 1.2 mmol, 1.0 equiv.), 1.9 M NaHMDS (0.63 mL, 1.2 mmol, 1.0 equiv.), and THF (1.2 mL,
1.0 M). Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (93 mg, 1.2 mmol, 1.0
equiv.), 0.86 M LDA (1.4 mL, 1.2 mmol, 3.0 equiv.), crude 0.68 M silyl imine solution (1.8 mL,

1.2 mmol, 1.0 equiv.), THF (7.0 mL, 0.10 M), hydroxylamine hydrochloride (418 mg, 6.0 mmol,
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5.0 equiv.) and 1.2 M HCI (0.12 mL, 0.01M). Following aqueous work-up, no further purification
was necessary. Product was isolated as a yellow oil. (88% yield, 233 mg, 1.0 mmol)

"H NMR (400 MHz, CDCl3) § 7.58 — 7.54 (m, 4H), 7.43 — 7.38 (m, 4H), 7.31 (tt, J= 7.4, 1.3 Hz,
1H) 4.08 (dd, J=7.9, 5.3 Hz, 1H), 2.82 — 2.71 (m, 2H), 2.44 (s, 3H), 1.86 (br. s, 3H)

3C NMR (101 MHz, CDCls) § 143.7, 140.8, 140.0, 128.7, 127.2, 127.2, 127.0, 126.9, 59.9, 55.0,
36.4.

IR: 3346, 3057, 3027, 2947, 2837, 2778, 1674, 1599, 1487, 1454, 1428, 1151, 1007, 839, 764 cm
1

HRMS (ESI) m/z: [M+H]" Calc’d for CisHi9N2 227.1543; Found 227.1548.
N'-methyl-2-(naphthalen-2-yl)ethane-1,2-diamine (109i)

NH

‘R
“CHgz

Silyl imine prepared according to the general procedure using 2-naphthaldehyde (391 mg, 2.5
mmol, 1.0 equiv.), 1.8 M NaHMDS (1.4 mL, 2.5 mmol, 1.0 equiv.), and THF (2.5 mL, 1.0 M).
Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (184 mg, 2.4 mmol, 1.0
equiv.), 1.4 M LDA (5.2 mL, 7.2 mmol, 3.0 equiv.), crude 0.64 M silyl imine (3.8 mL, 2.4 mmol,
1.0 equiv.), THF (16 mL, 0.10 M), hydroxylamine hydrochloride (835 mg, 12 mmol, 5.0 equiv.)
and 1.2 M HCI (0.24 mL, 0.01 M). Following aqueous work-up, no further purification was
necessary. Product was isolated as a yellow oil, (71% yield, 341 mg, 1.8 mmol)

'H NMR (400 MHz, CDCl3) § 7.85 — 7.81 (m, 4H), 7.50 — 7.46 (m, 3H), 4.25 (dd, J= 7.8, 5.3 Hz,

1H), 2.91 — 2.80 (m, 2H), 2.47 (s, 3H), 2.14 (br. s, 3H).
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3C NMR (101 MHz, CDCls) § 142.1, 133.5, 133.0, 128.4, 127.9, 127.8, 126.3, 125.8, 125.1,
124.9, 59.8, 55.5, 36.5.
IR: 3275, 3053, 2931, 2845, 2790, 1633, 1601, 1507, 1447, 1365, 1270, 1125, 1018, 892, 856,
817, 744, 659, 540 cm’!
HRMS (ESI) m/z: [M+CH30H,]" Calc’d for C14H21N>0 233.1648; Found 233.1636.
N',3,3-trimethylbutane-1,2-diamine (109j)

H3C>;HVZH\CH

HsC EH, 3
Silyl imine prepared according to the general procedure using pivaldehyde (0.13 mL, 1.2 mmol,
1.0 equiv.), 1.2 M NaHMDS (1.0 mL, 1.2 mmol, 1.0 equiv.), and THF (1.2 mL, 1.0 M). Silyl imine
solution was used without further purification.
Diamine was prepared according to the general procedure using TMAO (76 mg, 1.0 mmol, 1.0
equiv.), 2.7 M LDA (1.1 mL, 3.0 mmol, 3.0 equiv.), crude 0.55 M silyl imine (2.0 mL, 1.0 mmol,
1.0 equiv.), THF (8.0 mL, 0.10 M), hydroxylamine hydrochloride (368 mg, 5.0 mmol, 5.0 equiv.)
and 1.2 M HC1(0.10 mL, 0.01 M). Following aqueous work-up, product was purified by acidifying
with 10% HCI until precipitate formed, removing solvent, and washing with cold DCM. Isolated
as an off-white solid. (60% yield, 78 mg, 0.60 mmol)
'H NMR (400 MHz, MeOD) § 3.48 (dd, J = 35.6, 11.7 Hz, 2H), 3.25 (dd, J = 14.3, 9.0 Hz, 1H),
2.79 (br. s, 3H), 1.07 (s, 9H).
3C NMR (101 MHz, MeOD) & 59.3, 50.2, 34.7, 34.4, 26.4.
IR: 2965, 2692, 2384, 2131, 1591, 1519, 1474, 1408, 1380, 1350, 1125, 1037, 1012, 932, 810,
750, 553,511,460, 423 cm’!

HRMS (ESI) m/z: [M+H]" Calc’d for C;H 19N> 131.1543; Found 131.1553.
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1-((3r,5r,7r)-adamantan-1-yl)-N*-methylethane-1,2-diamine (109Kk)

NHp

N\
CHs

Silyl imine prepared according to the general procedure using adamantane-1-carbaldehyde (80 mg,
0.50 mmol, 1.0 equiv.), 1.0 M NaHMDS (0.50 mL, 0.50 mmol, 1.0 equiv.), and THF (0.50 mL,
1.0 M). Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (37.7 mg, 0.50 mmol, 1.3
equiv.), 1.5 M LDA (0.80 mL, 1.2 mmol, 3.0 equiv.), crude 0.50 M silyl imine (0.80 mL,
0.40 mmol, 1.0 equiv.), THF (4.0 mL, 0.10 M), hydroxylamine hydrochloride (150 mg, 2.2 mmol,
5.5 equiv.) and 1.2 M HCI (0.04 mL, 0.01M). Following aqueous work-up, no further purification
was necessary. Product was isolated as a white powder. (72% yield, 60 mg, 0.28 mmol).

"H NMR (400 MHz, CDCI3) § 2.75 (dd, J = 10.9, 2.1 Hz, 1H), 2.43 (s, 3H), 2.34 — 2.24 (m, 2H),
1.96 (br. s, 3H), 1.72 — 1.58 (m, 8H), 1.52 (s, 7H).

3C NMR (101 MHz, CDCI3) § 60.0, 52.6, 38.6, 37.3, 36.4, 35.5, 28.5.

IR: 3366, 3314, 2900, 2846, 2679, 2464, 2190, 2063, 1591, 1449, 1363, 1344, 1316, 1299, 1250,
1184, 1139, 1123, 1099, 1037, 983, 937, 921, 894, 811, 771, 712, 632, 576, 563, 541 cm’!

HRMS (ESI) m/z: [M+Na]" Calc’d for C13H24N>Na 231.1832; Found 231.1840.
2-((tert-butyldimethylsilyl)oxy)-3-methoxybenzaldehyde (SI-1)

O
H

OTBS
OCH,

Prepared according to literature procedure. ® An oven dried round bottom flask under positive

nitrogen pressure was charged with o-vanillin (1.523 g, 10 mmol, 1.0 equiv.) and it was dissolved
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in DCM (50 mL). 4-Dimethylaminopyridine (65 mg, 0.53 mmol, 0.053 equiv), and triethylamine
(2.1 mL, 15 mmol, 1.5 equiv.) were added to the reaction and the mixture was cooled to 0°C. tert-
Butyldimethylsilyl chloride (2.3601 g, 15 mmol, 1.5 equiv.) was added portionwaise and the
reaction was allowed to warm up to RT. The reaction was monitored by TLC (1:1 Hex/EtOAc).
Once complete the reactions mixture was poured into cold brine, extracted with DCM (x 3), dried
over MgSOQs, and concentrated in vacuo. The residue was purified using FCC to afford a clear oil.
(98% yield, 2.610 g, 9.8 mmol). Rr 0.95. The '"H NMR is in agreement with that previously
reported. ’

'"H NMR (400 MHz, CDCl3) 6 10.53 (s, 1H), 7.40 (dd, J= 7.9, 1.6 Hz, 1H), 7.17 — 6.83 (m, 2H),
3.85 (s, 3H), 1.01 (s, 9H), 0.23 (s, 6H).
1-(2-((tert-butyldimethylsilyl)oxy)-3-methoxyphenyl)-N*-methylethane-1,2-diamine (1091)

NHz |,
N\
CHj

OTBS
OCH;

Silyl imine prepared according to the general procedure using 2-((tert-butyldimethylsilyl)oxy)-3-
methoxybenzaldehyde (319 mg, 1.2 mmol, 1.0 equiv.), 1.0 M NaHMDS (1.2 mL, 1.2 mmol, 1.0
equiv.), and THF (1.2 mL, 1.0 M). Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (77 mg, 1.0 mmol, 1.0
equiv.), 1.5 M LDA (2.0 mL, 3.0 mmol, 3.0 equiv.), crude 0.50 M silyl imine (1.0 mmol, 1.0
equiv.), THF (8.0 mL, 0.10 M), hydroxylamine hydrochloride (349 mg, 5.0 mmol, 5.0 equiv.) and
1.2 M HCI (0.10 mL, 0.01 M). The standard aqueous work-up was followed with careful pH
control. The solution was acidified to a pH and 4 and then basified to a pH of 10. No further

purification was necessary. Product was isolated as a brown oil. (30% yield, 94 mg, 0.30 mmol)
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"H NMR (400 MHz, CDCI3)  6.96 (dd, J= 7.8, 1.7 Hz, 1H), 6.91 (t, J= 7.8 Hz, 1H), 6.75 (dd, J
=7.9, 1.8 Hz, 1H), 4.51 (dd, J=8.3,4.4 Hz, 1H), 3.78 (s, 3H), 2.83 — 2.68 (m, 2H), 2.44 (s, 3H),
1.00 (s, 9H), 0.22 (s, 3H), 0.19 (s, 3H).

BCNMR (101 MHz, CDCl3) § 149.7, 142.1, 135.8, 121.1, 118.1, 109.9, 57.9, 54.8, 48.2, 36.5,
26.2,19.1,-3.5, -3.7.

IR: 2952, 2929, 2896, 2855, 2800, 1584, 1472, 1463, 1441, 1387, 1361, 1251, 1226, 1183, 1062,
1007, 907, 832, 810, 778, 733, 664, 610, 585, 574, 562, 551, 541, 531, 523 cm’!

HRMS (ESI) m/z (z=2): [M+2H]*? Calc’d for C16H32N20,Si 156.1111; Found 156.1103.
4-((tert-butyldimethylsilyl)oxy)benzaldehyde (SI-2)

0]

o
TBSO

Prepared according to literature procedure. ® 4-Hydroxybenzaldehye (610 mg, 5.0 mmol, 1.0
equiv.), DCM (30 mL), 4-dimethylaminopyridine (40 mg, 0.33 mmol, 0.066 equiv.), triethylamine
(1.1 mL, 7.5 mmol, 1.5 equiv.) and tert-Butyldimethylsilyl chloride (1.090 g, 7.5 mmol, 1.5 equiv.)
were used. The residue was purified by FCC, TLC conditions 1:1 Hex/EtOAc, Rf =0.95. (83%
yield, 982 mg, 4.2 mmol). The '"H NMR is in agreement with that previously reported. ®

'H NMR (400 MHz, CDCI3) 6 9.90 (s, 1H), 7.80 (d, J = 8.7 Hz, 2H), 6.95 (d, J = 8. Hz, 2H), 1.00
(s, 9H), 0.26 (s, 6H).

1-(4-((tert-butyldimethylsilyl)oxy)phenyl)-V2-methylethane-1,2-diamine (109m)

NH,
N
CHj

TBSO
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Silyl ~ imine prepared according to the general procedure using  4-((tert-
butyldimethylsilyl)oxy)benzaldehyde (595 mg, 2.4 mmol, 1.0 equiv.), 1.9 M NaHMDS (1.3 mL,
2.5 mmol, 1.0 equiv.), and THF (2.4 mL, 1M). Silyl imine solution was used without further
purification.

Diamine was prepared according to the general procedure using TMAO (180 mg, 2.4 mmol, 1.0
equiv.), 1.6 M LDA (4.5 mL, 7.2 mmol, 3.0 equiv.), crude 0.66 M silyl imine (3.7 mL, 2.4 mmol,
1.0 equiv.), THF (16 mL, 0.10 M), hydroxylamine hydrochloride (840 mg, 12 mmol, 5.0 equiv.)
and 1.2 M HCI (0.24 mL, 0.01 M). The standard aqueous work-up was followed with careful pH
control. The solution was acidified to a pH and 4 and then basified to a pH of 10. No further
purification was necessary. Product was isolated as a yellow oil. (77% yield, 518 mg, 1.8 mmol)
'"H NMR (400 MHz, CDCl3) § 7.16 (d, J = 8.5 Hz, 2H), 6.76 (d, J = 8.5 Hz, 2H), 4.02 (d, J = 7.6
Hz, 1H), 3.32 (br. s, 3H), 2.74 (dd, J = 6.8, 2.7 Hz, 2H), 2.41 (s, 3H), 0.94 (s, 9H), 0.15 (s, 6H).
13C NMR (126 MHz, CDCl3) & 161.9, 134.8, 128.4, 127.5, 123.7, 120.3, 115.0, 36.0, 27.2, 25.8,
17.8, -4.5.

IR: 2951 2927 2882 2853 1593 1510 1470 1409 1361 1252 1238 1140 1072 1007 908 872 834
822 808 768 730 691 665 600 577 cm™!

HRMS (ESI) m/z (z=2): [M+2H]"? Calc’d for C15sH30N,OSi 141.1058; Found 141.1057.
1-(4-fluorophenyl)-V2-methylethane-1,2-diamine (109n)

NH, H
“CHj
F

Silyl imine prepared according to the general procedure using 4-fluorobenzaldehyde (0.05 mL,
0.50 mmol, 1.0 equiv.), 0.86 M NaHMDS (0.58 mL, 0.50 mmol, 1.0 equiv.), and THF (0.50 mL,

1.0 M). Silyl imine solution was used without further purification.
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Cycloadduct was prepared according to the general procedure using TMAO (41 mg, 0.54 mmol,
1.4 equiv.), 0.93 M LDA (0.86 mL, 0.8 mmol, 2.0 equiv.), crude 0.50 M silyl imine (0.80 mL, 0.40
mmol, 1.0 equiv.), THF (3.0 mL, 0.10 M). The reaction was quenched with water at 0 °C and the
product was extracted with DCM (x 3). The organic layer was dried over MgSQOys, filtered and
concentrated under reduced pressure. The residue was redissolved in THF (10 mL) and 1.0 M HCI
(7.0 mL, 0.7 M). The procedure was then the same as the general method for forming 1,2-diamines.
Following aqueous work-up, no further purification was necessary. Product was isolated as a
colorless oil. (42% yield, 28 mg, 0.17 mmol)

'"H NMR (400 MHz, CDCI3) § 7.34 (dd, ] = 8.6, 5.4 Hz, 2H), 7.04 (t, ] = 8.6 Hz, 2H), 4.07 (dd, J
=8.0, 5.1 Hz, 1H), 2.74 (m, 2H), 2.47 (s, 3H), 1.69 (br. s, 3H).

3C NMR (101 MHz, CDCI3) § 163.2, 160.8, 140.4, 140.4, 128.1, 128.0, 115.5, 115.3, 60.2, 54.8,
36.6.

IR: 3291, 3041, 2933, 2889, 2848, 2792, 2252, 2208, 2042, 1892, 1602, 1507, 1472, 1448, 1418,
1366, 1345, 1294, 1219, 1155, 1111, 1095, 1075, 1014, 832, 754, 719, 705, 652, 634, 625, 601,
559 cm™!

HRMS (ESI) m/z: [M+CH30H,]" Calc’d for C1oHisFN20 201.1398; Found 201.1391.
N!-methyl-2-(4-(trifluoromethyl)phenyl)ethane-1,2-diamine (1090)

NH, H
N\
CH3

FsC
Silyl imine prepared according to the general procedure using 4-(trifluoromethyl)benzaldehyde
(0.16 mL, 1.2 mmol, 1.0 equiv.), 1.9 M NaHMDS (0.63 mL, 1.2 mmol, 1.0 equiv.), and THF (1.2

mL, 1.0 M). Silyl imine solution was used without further purification.
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Diamine was prepared according to the general procedure using TMAO (82 mg, 1 mmol, 1 equiv.),
1.9 M LDA (1.5 mL, 3.0 mmol, 3.0 equiv.), crude 0.66 M silyl imine (1.5 mL, 1.0 mmol, 1.0
equiv.), THF (10 mL, 0.10 M), hydroxylamine hydrochloride (377 mg, 5.0 mmol, 5.0 equiv.) and
1.2 M HCI (0.10 mL). Following aqueous work-up, no further purification was necessary. Product
was isolated as a yellow oil. (32% yield, 71 mg, 0.28 mmol)
"H NMR (400 MHz, CDCl3) § 7.60 (d, J= 8.7 Hz, 2H), 7.49 (d, J= 8.1 Hz, 2H), 4.17 (dd, J = 8.1,
5.0 Hz, 1H), 2.84 — 2.73 (m, 2H), 2.47 (s, 3H), 2.42 (br. s, 2H).
3C NMR (101 MHz, CDCI3) § 148.4 (s), 129.5 (q, J = 32.4 Hz), 128.2 (q, J = 272.7 Hz), 126.8
(s), 125.5 (q,J=3.9 Hz), 122.8 (s), 120.1 (s), 59.4 (s), 54.8 (s), 36.1 (5).
IR: 3274, 2933, 2851, 2797, 2254, 2119, 1664, 1619, 1451, 1419, 1322, 1162, 1109, 1066, 1016,
955, 837, 735, 703, 652, 636, 605, 576, 561, 552, 530 cm’!
HRMS (ESI) m/z: [M+H30]" Calc’d for C1oHi6F3N20 237.1209; Found 237.1204.
N'-methyl-2-(3-(trifluoromethyl)phenyl)ethane-1,2-diamine (109p)
NH, H\
CHj
CF,
Silyl imine prepared according to the general procedure using 3-(trifluoromethyl)benzaldehyde
(0.07 mL, 0.50 mmol, 1.0 equiv.), 1.8 M NaHMDS (0.29 mL, 0.50 mmol, 1.0 equiv.), and THF
(0.5 mL, 1.0 M). Silyl imine solution was used without further purification.
Diamine was prepared according to the general procedure using TMAO (38 mg, 0.4 mmol, 1
equiv.), 1.4 M LDA (0.86 mL, 1.2 mmol, 3.0 equiv.), crude 0.63 M silyl imine (0.63 mL, 0.40

mmol, 1.0 equiv.), THF (3.0 mL, 0.10 M), hydroxylamine hydrochloride (140 mg, 2.0 mmol, 5.0
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equiv.) and 1.2 M HCI (0.04 mL, 0.01 M). Following aqueous work-up, no further purification
was necessary. Product was isolated as a yellow oil. (48% yield, 42 mg, 0.20 mmol)
"H NMR (400 MHz, CDCls3) & 7.63 (ddp, J= 1.9, 1.3, 0.7 Hz, 1H), 7.60 — 7.51 (m, 2H), 7.49 —
7.44 (m, 1H), 4.17 (dd, J= 8.4, 4.8 Hz, 1H), 2.89 — 2.69 (m, 2H), 2.48 (s, 3H).
3C NMR (101 MHz, CDCls) § 145.5, 131.5 (q, J = 32.3 Hz), 130.1 (d, J= 1.0 Hz), 131.1, (d, J =
2.0 Hz), 129.1, 128.3 (q, J = 272.7 Hz), 124.4 (q, J = 4.04), 123.4 (d, /= 3.0 Hz), 123.4 (d, J =
4.0 Hz), 59.6, 54.9, 36.3.
IR: 3275, 2937, 2851, 2797, 1597, 1449, 1327, 1161, 1117, 1071, 1002, 899, 842, 802, 749, 703,
662, 621, 597, 560, 540, 528 cm™!
HRMS (ESI) m/z: [M+Na]" CioHi13F3N2Na 241.0923; Found 241.0943.
N'-methyl-2-(pyridin-2-yl)ethane-1,2-diamine (109q)

Ej)\/ “CHs

=

Silyl imine prepared according to the general procedure using picolinaldehyde (0.23 mL, 2.4
mmol, 1.0 equiv.), 1.5 M LiHMDS (2.4 mL, 2.4 mmol, 3.6 equiv.), and THF (2.4 mL, 1.0 M). Silyl
imine solution was used without further purification.
Diamine was prepared according to the general procedure using TMAO (192 mg, 2.4 mmol, 1.0
equiv.), LDA (4.8 mL, 7.2 mmol, 3.0 equiv.), crude 0.50 M silyl imine (4.8 mL, 2.4 mmol, 1.0
equiv.), THF (10 mL, 0.10 M), hydroxylamine hydrochloride (840 mg, 12 mmol, 5.0 equiv.) and
1.2 M HCI (0.20 mL, 0.01%). No aqueous work-up was performed. Product was purified by
reverse phase FCC, 0.1% TFA in water/MeOH. Isolated as an orange oil, (15% yield, 54 mg, 0.36

mmol)
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"H NMR (400 MHz, CDCls) 6 8.54 (d, J= 4.8 Hz, 1H), 7.70 (td, J= 7.7, 1.8 Hz, 1H), 7.34 (d, J =
7.8 Hz, 1H), 7.23 (ddd, J=7.6, 4.8, 1.1 Hz, 1H), 5.38 (br. s, 3H), 4.33 (dd, /= 9.3, 4.3 Hz, 1H),
3.24 (dd,J=12.2,4.4 Hz, 1H), 3.10 (dd, J=12.2, 9.4 Hz, 1H), 2.71 (s, 3H).

3C NMR (101 MHz, CDCls) § 160.5, 149.5, 137.4, 123.1, 121.8, 55.5, 53.5, 34.1.

IR: 3358, 3021, 2808, 1673, 1594, 1573, 1473, 1438, 1199, 1177, 1125, 1048, 997, 831, 799, 751,
720, 619, 597, 566, 545, 536 cm™!

HRMS (ESI) m/z: [M+H30]" Calc’d for CsHi¢N30 170.1288; Found 170.1295.
1-(furan-2-yl)-NV’-methylethane-1,2-diamine (109r)

NH, |,
0

\ , N\CH3

Silyl imine prepared according to the general procedure using furfural (0.22 mL, 2.6 mmol, 1.0
equiv.), 0.97 M LiHMDS (3.2 mL, 3.1 mmol, 1.2 equiv.), and THF (2.6 mL, 1.0 M). Silyl imine
solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (184 mg, 2.4 mmol, 1.0
equiv.), 1.5 M LDA (4.8 mL, 7.2 mmol, 3.0 equiv.), crude 0.46 M silyl imine (2.4 mmol, 1.0
equiv.), THF (14 mL, 0.10 M), hydroxylamine hydrochloride (837 mg, 12 mmol, 5.0 equiv.) and
1.2 M HCI (0.24 mL, 0.01 M). No aqueous work-up was performed. Product was purified by
reverse phase FCC, 0.1% TFA in water/MeOH. Isolated as an orange oil. (56% yield, 187 mg, 1.3
mmol)

"H NMR (400 MHz, CDCl3) & 7.39 — 7.29 (m, 1H), 6.31 (dd, J=3.3, 1.7 Hz, 1H), 6.19 — 6.11 (m,

1H), 4.06 (dd, J = 7.8, 5.1 Hz, 1H), 2.95 — 2.70 (m, 2H), 2.45 (s, 3H), 1.59 (s, 3H).
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"H NMR (400 MHz, CDCl3) 6 7.34 (d, J = 0.9 Hz, 1H), 6.38 — 6.23 (m, 1H), 6.16 (d, J= 3.1 Hz,
1H), 4.06 (dd, J=17.6, 5.2 Hz, 1H), 2.84 (ddd, /= 19.6, 11.8, 6.4 Hz, 2H), 2.45 (s, 3H), 1.5 (br. s,
3H).

3C NMR (101 MHz, CDCls) § 157.8, 141.6, 110.2, 104.9, 57.0, 49.4, 36.5.

IR: 3282, 2935, 2848, 2794, 1599, 1506, 1450, 1362, 1229, 1147, 1071, 1008, 912, 883, 863, 729,
620, 599, 558, 546, 539 cm’!

HRMS (ESI) m/z: [M+CH30H,]" Calc’d for CsH17N20> 173.1285; Found 173.1285.
N'-methyl-2-(quinolin-4-yl)ethane-1,2-diamine (109s)

NHz |,

N.
N =~

Silyl imine prepared according to the general procedure using 4-quinolinecarboxaldehyde (193
mg, 1.2 mmol, 1.0 equiv.), 1.0 M LiHMDS (1.2 mL, 1.2 mmol, 1.0 equiv.), and THF (1.2 mL, 1.0
M). Silyl imine solution was used without further purification.

Diamine was prepared according to the general procedure using TMAO (39.2 mg, 0.50 mmol, 1.0
equiv.), 0.75 M LDA (2.0 mL, 1.5 mmol, 3.0 equiv.), crude 0.50 M silyl imine (1.0 mL, 0.5 mmol,
1.0 equiv.), THF (3.0 mL, 0.10 M), 1.0M HCI (1.0 mL, 0.50 M). Following aqueous work-up, no
further purification was necessary. Product was isolated as yellow oil. (76% yield, 77 mg, 0.38
mmol).

'H NMR (400 MHz, CDCI3) § 8.90 (d, J = 4.5 Hz, 1H), 8.13 (d, J = 10.0 Hz, 1H), 8.10 (d, J = 10.0
Hz, 1H), 7.74 =7.68 (m, 1H), 7.61 — 7.54 (m, 2H), 4.91 (dd, J = 8.3, 3.8 Hz, 1H), 2.98 (dd, J =
12.0,3.9 Hz, 1H), 2.77 (dd, J = 12.1, 8.3 Hz, 1H), 2.48 (s, 3H), 1.67 (br. s, 3H).

BCNMR (101 MHz, CDCls) § 150.4, 150.0, 148.3, 130.5, 129.1, 126.6, 126.3, 122.6, 117.6, 58.6,

50.1, 36.4.
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IR: 3280, 3064, 2933, 2847, 2792, 2205, 1930, 1845, 1656, 1614, 1590, 1570, 1508, 1463, 1449,
1422, 1352, 1308, 1240, 1210, 1141, 1115, 1092, 1076, 1027, 953, 908, 869, 848, 814, 792, 759,
727, 642, .623, 599, 580, 556 cm’!

HRMS (ESI) m/z: [M+H]" Calc’d for C12H16N3 202.1339; Found 202.1335.

Procedure for the mono-nosylation of 109a (113)

Ns.
NH

N
/@2\/ “CHg
MeO

Under ambient conditions, a RBF flask was charged with 109a (54 mg, 0.3 mmol, 1.0 equiv.),
triethylamine (0.080 mL, 0.6 mmol, 2.0 equiv.) and DCM (3.0 mL, 0.1M). The solution was
cooled to -78 'C while 2-nitrobenzenesulfonylchloride (66 mg, 0.3 mmol, 1.0 equiv.) was dissolved
in DCM (0.5 mL) in a separate flask. The sulfonylchloride/DCM suspension was added dropwise
to the 109a solution, via syringe, over the course of 10 minutes at -78 'C. After addition, the
solution was allowed to slowly warm to room temperature and was monitored by TLC until
consumption of starting material. After 2h, the organic layer was washed with DI H>O and the
aqueous layers were rinsed with DCM (x2). The organic layers were combined, dried with MgSOa,
and concentrated in vacu. The compound was purified via flash column chromatography (5%
MeOH in DCM) to afford a light yellow amorphous solid. (75% yield, 82 mg 0.23 mmol) (Rf =
0.60 in 10:1 DCM/MeOH)

'H NMR (400 MHz, CDCl3) § 7.97 (dd, ] = 7.2, 2.1 Hz, 1H), 7.69 (td, J = 7.0, 1.7 Hz, 2H), 7.62
(dd, J=17.6,1.9 Hz, 1H), 7.31 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 4.21 (dd, J = 8.9, 5.0
Hz, 1H), 3.82 (s, 3H), 3.52 (dd, J = 14.1, 8.9 Hz, 1H), 3.17 (dd, J = 14.1, 5.0 Hz, 1H), 2.89 (s, 3H),

1.67 (s, 2H).
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BCNMR (126 MHz, CDCl3) § 159.1, 148.3, 134.6, 133.6, 132.0, 131.6, 131.0, 127.8, 124.1, 114.1,
58.5,55.3,53.7, 35.8.

IR: 3378, 3095, 2913, 2838, 1611, 1586, 1541, 1511, 1464, 1440, 1372, 1343, 1303, 1246, 1160,
1124, 1059, 1030, 955, 852, 832, 769, 730, 701, 651, 638, 614, 575 cm™!

HRMS (ESI) m/z: [M+Na]" Calc’d for CisH19N305SNa 388.0938; Found 388.0970.

Procedure for the pivaloyl mono-functional of 109a (114)

0]

PR

tBu NH

N
/@2\/ “CHg
MeO

Under ambient conditions, a RBF flask was charged with 109a (50 mg, 0.28 mmol, 1.0 equiv.),
triethylamine (0.074 mL, 0.56 mmol, 2.0 equiv.) and DCM (2.8 mL, 0.1M). The solution was
cooled to -78 ‘C while 2,2-dimethylpropanoyl chloride (pivaloyl chloride) (0.034 mL, 0.28 mmol,
1.0 equiv.) was dissolved in DCM (0.5 mL) in a separate flask. The pivaloyl chloride/DCM
suspension was added dropwise to the 109a solution, via syringe, over the course of 10 minutes at
-78 °C. After addition, the solution was allowed to slowly warm to room temperature and was
monitored by TLC until consumption of starting material. After 2h, the organic layer was washed
with DI H,O and the aqueous layers were rinsed with DCM (x2). The organic layers were
combined, dried with MgSOs4, and concentrated in vacu. The compound was purified via flash
column chromatography (35% MeOH in DCM) to afford a yellow oil. (60% yield, 44 mg, 0.17
mmol) (Rf=0.45 in 10:1 DCM/MeOH)

"H NMR (400 MHz, MeOD) & 7.28 (d, ] = 8.8 Hz, 2H), 6.92 (d, ] = 8.7 Hz, 2H), 5.13 (dd, ] = 8.9,
5.4 Hz, 1H), 3.79 (s, 3H), 3.13 (dd, J = 12.7, 9.1 Hz, 1H), 2.99 (dd, ] = 12.7, 5.4 Hz, 1H), 2.51 (s,

3H), 1.22 (s, 9H).
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3C NMR (126 MHz, CDCls) § 178.6, 159.0, 127.4, 114.2, 55.4, 55.3, 51.3, 38.8, 35.4, 27.6.

IR: 3332, 2958, 2871, 2837, 2802, 1888, 1639, 1613, 1586, 1511, 1480, 1463, 1399, 1366, 1302,
1276, 1246, 1214, 1178, 1118, 1032, 982, 912, 829, 730, 682, 645, 616, 575, 550, 542, 532 cm™!
HRMS (ESI) m/z: [M+Na]" Calc’d for CisH24N20,Na 287.1730; Found 287.1748. Procedure for

the di-tosylation of 109a (115)

Ts.
S>NH Ts

N\CH3
MeO

Under ambient conditions, a RBF flask was charged with 109a (31mg, 0.17 mmol, 1.0 equiv.),
diisopropylethylamine (0.073 mL, 0.43 mmol, 2.5 equiv.) and DCM (1.7 mL, 0.1M). p-
Toluenesulfonylchloride (67 mg, 0.35 mmol, 2.05 equiv.) was added all at once and the solution
was stirred at RT while being monitored by TLC until consumption of starting material. After 2h,
the organic layer was washed with DI H>O and the aqueous layers were rinsed with DCM (x2).
The organic layers were combined, dried with MgSO4, and concentrated in vacu. The compound
was purified via flash column chromatography (30% EtOAc in hexanes) to afford a white solid.
(96% yield, 78 mg 0.16 mmol) (Rf=0.77 in 1:1 Hex/EtOAc)
'H NMR (400 MHz, CDCl3) § 7.71 (d, ] = 8.3 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.31 — 7.25 (m,
4H), 7.14 (d, J = 8.8 Hz, 2H), 6.79 (d, J = 8.7 Hz, 2H), 5.59 (d, ] = 4.2 Hz, 1H), 4.33 (dt, ] =9.2,
4.4 Hz, 1H), 3.79 (s, 3H), 3.41 (dd, ] = 14.4, 9.5 Hz, 1H), 2.70 (dd, J = 14.4, 4.8 Hz, 1H), 2.43 (s,
6H), 2.42 (s, 3H).
B3C NMR (126 MHz, CDCls) § 159.4, 143.9, 143.2, 136.9, 134.0, 130.2, 129.9, 129.5, 128.1,
127.5, 127.3, 114.0, 55.7, 55.3, 55.0, 35.6, 21.6, 21.5.
IR: 3281, 2920, 2850, 1612, 1598, 1514, 1495, 1456, 1331, 1305, 1247, 1212, 1180, 1157, 1120,
1090, 1032, 944, 867, 831, 814, 780, 736, 720, 705, 666 cm™!
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HRMS (ESI) m/z (z=2): [M+2H]* Calc’d for Ca4H30N205S2 245.0793; Found 245.0784.

Procedure for the mono-tosylation of 109a (116)

Ts.
NH

N
/@2\/ “CHg
MeO

Under ambient conditions, a RBF flask was charged with 107a (33mg, 0.18 mmol, 1.0 equiv.),
diisopropylethylamine (0.061 mL. 0.36 mmol, 2.0 equiv.) and DCM (3.4 mL, 0.1M). The solution
was cooled to -78 °C while p-tolulenesulfonylchloride (34mg, 0.18 mmol 1.0 equiv.) was dissolved
in DCM (0.5 mL) in a separate flask. The sulfonylchloride/DCM suspension was added dropwise
to the 107a solution, via syringe, over the course of 10 minutes at -78 'C. After addition, the
solution was allowed to slowly warm to room temperature and was monitored by TLC until
consumption of starting material. After 2h, the organic layer was washed with DI H>O and the
aqueous layers were rinsed with DCM (x2). The organic layers were combined, dried with MgSOs,
and concentrated in vacu. The compound was purified via flash column chromatography (5%
MeOH in DCM) to afford a white solid. (72% yield, 43 mg, 0.13 mmol.) (Rf = 0.54 in 10:1
DCM/MeOH)

'H NMR (400 MHz, CDCls) § 7.67 (d, ] = 8.3 Hz, 2H), 7.31 (d, ] = 8.6 Hz, 4H), 6.89 (d, ] = 8.7
Hz, 2H), 4.18 (dd, ] =9.2, 4.5 Hz, 1H), 3.82 (s, 3H), 3.29 (dd, ] = 13.4, 9.1 Hz, 1H), 2.81 (dd, ] =
13.4, 4.5 Hz, 1H), 2.74 (s, 3H), 2.43 (s, 3H), 1.72 (br. s, 2H).

B3C NMR (101 MHz, CDCl3) § 159.1, 143.5, 134.7, 134.2, 129.7, 127.8, 127.5, 114.0, 58.9, 55.3,
53.7,36.4,21.5.

IR: 2921, 1739, 1611, 1512, 1456, 1338, 1304, 1247, 1217, 1180, 1160, 1119, 1089, 1033, 949,
833, 816, 775, 753, 720, 703, 653, 583 cm’!

HRMS (ESI) m/z (z=2): [M+2H]*? Calc’d for C17H24N203S 168.0748; Found 168.0735.
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Synthesis of 4-(4-methoxyphenyl)-1-methyl-2-phenyl-4,5-dihydro-1H-imidazole (115/207)°

Ph
NH
2 NH oHCl NA _
N. N—CH3
cH; + —_—
Ph” “OEt MeOH, RT
HsCO 60% yield
109a 206 3HCO 117/207

Diamine 109a (323 mg, 1.8 mmol, 1.0 equiv.) was dissolved in 10 mL of methanol and ethyl
benzimidate hydrochloride (415 mg, 2.2 mmol, 1.2 equiv.) was added. The reaction mixture was
stirred at RT for 10 h and then volatiles were removed in vacuo. Residue was purified by flash
column chromatography with a DCM/MeOH gradient to afford an off-white amorphous solid.
(62% yield, 165 mg, 1.1 mmol). (Rf=0.27 in 9:1 DCM/MeOH).

"H NMR (400 MHz, CDCls) & 7.74 (d, 2H), 7.54 (t,J= 7.5 Hz, 1H), 7.44 (t, J= 7.7 Hz, 2H), 7.27
(d, J=8.6 Hz, 2H), 6.82 (d, /= 8.7 Hz, 2H), 5.26 (t, /= 10.0 Hz, 1H), 4.51 (t,J=11.6 Hz, 1H),
3.72 (s, 3H), 3.69 (d, J = 8.3 Hz, 1H), 3.11 (s, 3H).

3C NMR (126 MHz, CDCl3) § 165.7, 159.6, 133.4, 131.3, 129.5, 129.2, 127.7, 122.4, 114.5, 60.6,
58.3,55.4,34.9.

IR: 2836, 1603, 1560, 1514, 1491, 1445, 1376, 1246, 1178, 1095, 1027, 926, 832, 777, 725, 699,
616, 560, 545, 539 cm™!

HRMS (ESI) m/z: [M+H30]" Calc’d for C17H21N20; 285.1598; Found 285.1575.

Synthesis of 4-(4-methoxyphenyl)-1-methylimidazolidin-2-one (118)

0
N4

HsCO

Under ambient conditions, a RBF flask was charged with 109a (65 mg, 0.36 mmol, 1.0 equiv.),

triethylamine (0.14 mL, 1.10 mmol, 3.0 equiv.) and DCM (1.80 mL, 0.2M). The solution was
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cooled to 0 'C. Once cooled, triphosgene (128 mg, 0.43 mmol, 1.2 equiv.) was added all at once.
After addition, the solution was allowed to slowly warm to room temperature and was monitored
by TLC until consumption of starting materialz. After 1.5h, the solution was quenched with
saturated sodium bicarbonate, and the aqueous layers were rinsed with DCM (x2). The organic
layers were combined, dried with MgSOs4, and concentrated in vacu. The compound was purified
via flash column chromatography (5% MeOH in DCM) to afford an off-white solid. (43% yield,
32 mg 0.15 mmol) (Rf=0.69 in 10:1 DCM/MeOH)

'H NMR (400 MHz, CDCls) & 7.30 (d, J = 8.8 Hz, 2H), 6.92 (d, ] = 8.8 Hz, 2H), 4.71 (t, ] = 8.3
Hz, 2H), 3.83 (s, 3H), 3.75 (d, J = 8.9 Hz, 1H), 3.20 (d, J = 8.8 Hz, 1H), 2.84 (s, 3H).

3C NMR (126 MHz, CDCl3) § 162.2, 159.5, 133.4, 127.4, 114.2, 56.3, 55.4, 53.2, 30.6.

IR: 3279, 2919, 2850, 2054, 1694, 1611, 1586, 1512, 1441, 1401, 1361, 1293, 1244, 1175, 1112,
1090, 1029, 954, 831, 813, 759, 662 cm’!

HRMS (ESI) m/z (z=2): [M+2H]*? Calc’d for C11H6N202 104.0600; Found 104.0591.

6.3. Experimental Section: Chapter 2

General procedure for the preparation of silyl imines (198)

0 LIHMDS N TMS
> |
R™ H THF, R)\H
197 0°C — RT, 2h 198

A solution of aldehyde (1.2 mmol, 1.0 equiv.) in dry THF (1.2 mL, 1.0 M) maintained under a
positive pressure of nitrogen was stirred and cooled to -78 °C in a dry ice/acetone bath. A solution
of 1.0 M LiHMDS (1.2 mL, 1.2 mmol, 1.0 equiv.) was added dropwise via syringe and the reaction
mixture. After stirring for 30 min at -78 °C, the solution was allowed to warm up to room

temperature and stir for an additional 30 min. '"H NMR confirmed the formation of the silyl imine
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with the disappearance of the aldehyde proton around 10 ppm and the appearance of the imine
proton at around 9 ppm.

General procedure for the preparation of imidazolidines (199)

Me3N@O@
198 Me
N TMS LDA N
P 7
R H THF, N
197 -78°C > 0°C R 199‘TMS

A solution of trimethylamine N-oxide (182 mg, 2.4 mmol, 1.0 equiv.) in dry THF (7.0 mL, 0.10
M) maintained under a positive pressure of nitrogen was stirred and cooled to -78°C. A solution of
1.7 M LDA (4.0 mL, 6.9 mmol, 3.0 equiv.) was added dropwise via syringe, followed by the slow
addition of the crude 0.46 M silyl imine (4.0 mL, 2.3 mmol, 1.0 equiv.). LDA was titrated before
use using salicylaldehyde phenylhydrazone. ! The reaction was removed from the cold bath and
allowed to stir and warm to room temperature for 2 h. The formation of the imidazolidine was
confirmed by 'H NMR and was taken onto the next step directly without further purification.

General procedure for the preparation of imidazolidines (200)

|\|/|e Me
N HCI N
o — b
N NH
R 199 TMS R 200

Volatiles were removed from the crude reaction mixture of the imidazolidine under reduced
pressure. The residue was dissolved in THF (10 mL, 0.10 M)) and 1.0 M HCI (5 mL, 0.20 M) The
reaction vessel was equipped with a reflux condenser and the mixture was heated to 65 °C for 12
h. The reaction was cooled to RT, transferred to a separatory funnel, and washed with DCM (20
mL x 3), hexanes (x 2), and EtOAc (x 3). The aqueous layer was basified with 15% NaOH and the

product extracted with DCM (20 mL x 3). The organic layers were combined, dried over MgSQOa,
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and concentrated under reduced pressure to afford pure 1,2 diamines unless otherwise noted.
Product was isolated as an orange oil. (85% yield, 69 mg, 0.43 mmol).

Synthesis of 4-(1-methylimidazolidin-4-yl)quinoline 200a

CHs
"
NH
/ \ 200a
N\

Silyl imine prepared according to the general procedure using 4-quinoline carboxaldehyde (192
mg, 1.2 mmol, 1.0 equiv.), 1.0 M LiHMDS (1.2 mL, 1.2 mmol, 1 equiv.), and THF (1.2 mL, 1.0
M). Silyl imine solution was used without further purification.

Imidazolidine was prepared according to the general procedure using TMAO (39 mg, 0.52 mmol,
1.2 equiv.), 0.75 M LDA (2.0 mL, 1.5 mmol, 3.0 equiv.), crude 0.50 M silyl imine (1.0 mL, 0.50
mmol, 1.0 equiv.), THF (3.0 mL, 0.10 M), and 1.0 M HCI (1.0 mL, 0.01 M). Following aqueous
work-up product was isolated as a brown oil. (78% yield, 83 mg, 0.39 mmol)

'H NMR (400 MHz, Chloroform-d) & 8.85 (d, J = 4.5 Hz, 1H), 8.14 — 8.06 (m, 1H), 7.94 — 7.88
(m, 1H), 7.76 (dd, J = 4.4, 1.0 Hz, 1H), 7.67 (ddd, /= 8.4, 6.7, 1.4 Hz, 1H), 7.52 (ddd, J = 8.3,
6.7, 1.3 Hz, 1H), 5.16 (t, J= 7.6 Hz, 1H), 3.92 (d, /= 7.4 Hz, 1H), 3.55 (dd, J=9.7, 7.9 Hz, 1H),
3.44 (d,J="7.4 Hz, 1H), 2.35 (s, 3H), 2.27 (dd, /= 9.7, 7.3 Hz, 1H).

3C NMR (101 MHz, Chloroform-d) & 150.89, 150.08, 148.33, 129.08, 126.52, 126.44, 123.21,
117.39,72.74, 62.42, 57.02, 39.47.

IR: 3272, 3064, 3036, 2926, 2846, 2786, 2205, 1929,1839, 1592, 1569, 1508, 1485, 1462, 1421,
1391, 1362, 1337, 1300, 1238, 1223, 1167, 1150, 1094, 1073, 1029, 1002, 955, 907, 871, 853, 815,
792, 760, 727, 643, 612, 571, 566, 556 cm’!

HRMS (ESI) m/z: [M+H]" Calc’d for C13HisN3 214.1339; Found 214.13422
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Synthesis of 4-(1-methylimidazolidin-4-yl)pyridine 200b

Crs

N

7

NH

—

\ 200b
N /

Silyl imine prepared according to the general procedure using 4-pyridylcarboxaldehyde (0.10 mL,
1.1 mmol, 1.0 equiv.), 1.0 M LiHMDS (1.1 mL, 1.1 mmol, 1.0 equiv.), and THF (1.1 mL, 1.0 M).
Silyl imine solution was used without further purification.
Imidazolidine was prepared according to the general procedure using TMAO (39 mg, 0.52 mmol,
1.2 equiv.), 0.75 M LDA (2.0 mL, 1.5 mmol, 3.0 equiv.), crude 0.50 M silyl imine (1.0 mL, 0.50
mmol, 1.0 equiv.), THF (3.0 mL, 0.10 M), and 1.0 M HCI (1.0 mL, 0.01 M). Following aqueous
work-up, no further purification was necessary. Product was isolated as an orange oil. (85% yield,
69 mg, 0.43 mmol)
'H NMR (400 MHz, CDCls3)  8.53 (dd, ] = 4.4, 1.5 Hz, 2H), 7.31 (dd, ] = 6.1, 0.6 Hz, 2H), 4.48
(t, J=17.6 Hz, 1H), 3.82 (d, J = 7.3 Hz, 1H), 3.44 (d, J = 7.3 Hz, 1H), 3.28 (dd, J = 9.6, 7.6 Hz,
1H), 2.38 (s, 3H), 2.34 (d, ] = 2.1 Hz, 1H).
3C NMR (101 MHz, CDCl3) § 153.3, 149.9, 121.5, 73.0, 62.4, 59.9, 39.4.
IR: 3255, 3027, 2941, 2847, 1788, 2251, 1941, 1666, 1597, 1557, 1491, 1451, 1411, 1363, 1308,
1219, 1151, 1125, 1063, 992, 895, 820, 732, 699, 668, 630, 622, 608, 584, 573 cm’!
HRMS (ESI) m/z (z=2): [M+2Na] "™ Calc’d for CoHi3N3Naz 104.5447; Found 104.5440.
Synthesis of 3-(1-methylimidazolidin-4-yl)pyridine 200¢
GHa
N
&
Ny ) 200c
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Silyl imine prepared according to the general procedure using 3-pyridylcarboxaldehyde (0.1 mL,
1.1 mmol, 1.0 equiv.), 1.0 M LiHMDS (1.1 mL, 1.1 mmol, 1 equiv.), and THF (1.1 mL, 1.0 M).
Silyl imine solution was used without further purification.

Imidazolidine was prepared according to the general procedure using TMAO (40 mg, 0.53 mmol,
1.1 equiv.), 0.96 M LDA (1.6 mL, 1.5 mmol, 3.0 equiv.), crude 0.50 M silyl imine (1.0 mL, 0.50
mmol, 1.0 equiv.), THF (3.0 mL, 0.10 M), and 1.0 M HCI1 (5§ mL, 0.1 M). Following aqueous work-
up product was isolated as a green oil. (32% yield, 30 mg, 0.16 mmol)

"H NMR (400 MHz, Chloroform-d) & 8.62 — 8.56 (m, 1H), 8.49 (dd, J=4.8, 1.7 Hz, 1H), 7.75
(ddd,J=7.9,2.3,1.6 Hz, 1H), 7.27 - 7.22 (m, 1H), 4.50 (t, /= 7.4 Hz, 1H), 3.78 (d, /= 7.3 Hz,
1H), 3.53 (d, /J=7.3 Hz, 1H), 3.23 (dd, J=9.6, 7.6 Hz, 1H), 2.45 (dd, J=9.5, 7.1 Hz, 2H), 2.40
(s, 3H), 2.29 —2.17 (m, 1H).

13C NMR (101 MHz, Chloroform-d) § 148.67, 148.64, 139.65, 134.23, 123.61, 73.17, 62.88,
58.95, 39.56.

IR: 3260, 3030, 2925, 2845, 2784, 2478, 2251, 2177, 1936, 1648, 1591, 1577, 1476, 1452, 1428,
1362, 1311, 1235, 1151, 1126, 1103, 1042, 1025, 980, 964, 894, 843, 806, 714, 673, 630, 617, 602
,592, 583, 566, 555 cm’!

HRMS (ESI) m/z: [M+H]" Calc’d for CoH13N3 164.11822; Found 164.1204

Synthesis of 4-(furan-2-yl)-1-methylimidazolidine 200d

CHs
"
NH
)
D 200d
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Silyl imine prepared according to the general procedure using furfural (0.1 mL, 1.2 mmol, 1.0
equiv.), 1.0 M LiHMDS (1.5 mL, 1.5 mmol, 1.3 equiv.), and THF (1.2 mL, 1.0 M). Silyl imine
solution was used without further purification.

Imidazolidine was prepared according to the general procedure using TMAO (83 mg, 1.1 mmol,
1.1 equiv.), 1.8 M LDA (1.6 mL, 3 mmol, 3.0 equiv.), crude 0.44 M silyl imine (2.3 mL, 1.0 mmol,
1.0 equiv.), THF (10 mL, 0.10 M), and 1.0 M HCI (5§ mL, 0.2 M). Following aqueous work-up
product was isolated as an off-white oil. (57% yield, 86 mg, 0.57 mmol)

"H NMR (400 MHz, Chloroform-d) & 7.37 (dd, J=1.9, 0.9 Hz, 1H), 6.31 (dd, J=3.2, 1.9 Hz,
1H), 6.21 (dt, /= 3.2, 0.8 Hz, 1H), 4.48 (ddd, /= 7.6, 6.5, 0.7 Hz, 1H), 3.60 (d, J= 0.9 Hz, 2H),
3.02 (dd, J=9.6, 7.9 Hz, 1H), 2.74 (dd, /=9.6, 6.6 Hz, 1H), 2.42 (s, 3H).

13C NMR (101 MHz, Chloroform-d) § 156.00, 142.16, 110.26, 105.85, 72.62, 59.37, 55.17,
39.79.

IR: 3280, 3112, 2941, 2844, 2788, 1738, 1671, 1601, 1506, 1451, 1362, 1227, 1150, 1073, 1008,
928, 883, 841, 806, 731, 630, 599 cm’!

HRMS (ESI) m/z: [M+H]* Calc’d for CgH1aN2O 153.10224; Found 153.10564

Synthesis of 4-([1,1'-biphenyl]-4-yl)-1-methyl-2-phenylimidazolidine (207).

Ph

NHz H O HN—
~ N_CH
CHy  + Ph)J\H ’
EtOH, MgSOy,
Ph 109h 206 40°C, 72h 207

32% yield Ph
1-([1,1'-biphenyl]-4-yl)-N2-methylethane-1,2-diamine (205 mg, 0.9 mmol, 1 equiv.) was
dissolved in EtOH (5 mL, 0.2 M) and stirred. Benzaldehyde (0.1 mL, 0.9 mmol, 1 equiv.) and

MgSO4 was added to the reaction flask and then the mixture was heated to 40 °C for 16 h. After
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cooling to RT, the MgSO4 was filtered out and the residue was purified by FCC. The product was
isolated as a mixture of diastereomers in a 1:1.3 ratio. R¢=0.26 in EtOAc (32 % yield, 91 mg, 0.29
mmol).

Major diastereomer: '"H NMR (499 MHz, Chloroform-d) & 7.68 — 7.51 (m, 15H [both

diastereomers]), 7.51 — 7.31 (m, 12H [both diastereomers]), 4.86 —4.73 (m, 1H), 4.24 (s, 1H),
3.85-3.67 (m, 1H), 2.51 (td,J=9.4, 1.6 Hz, 1H), 2.28 (d, /= 1.7 Hz, 3H).

Minor diasteromer: 'H NMR (499 MHz, Chloroform-d) & 7.68 — 7.51 (m, 18H), 7.51 — 7.31 (m,

14H), 4.46 (dd, J = 8.8, 3.2 Hz, 1H), 4.15 (s, 1H), 3.45 (dd, J=9.4, 3.1 Hz, 1H), 2.94 (t,J=9.2
Hz, 1H), 2.30 (d, /= 1.6 Hz, 3H).

HRMS (ESI) m/z (z=2): [M+2H]*" Calc’d for C11H14N202 158.0963; Found 158.0989.

6.4. Experimental Section Chapter 3

General procedure for the synthesis of 1-methyl-pyrrolidines

N-oxide (1 equiv.) was added to a dry and purged test tube under N> and dissolved in THF (0.1 M).
In a separate dry and purged test tube a 1 M stock solution of stilbene (1 equiv.) in dry THF was
prepared. The N-oxide solution was cooled to -78 °C via dry ice/acetone bath, and LDA (3 equiv.)
was added dropwise. Then the stilbene solution was added dropwise and the reaction was removed
from the cold bath. After three hours the reaction was quenched with water and the product was
extracted with EtOAc (3 x’s), dried over MgSO4and concentrated to afford the pyrrolidine product.

Synthesis of 1-methyl-3,4-diphenylpyrrolidine (297)

Ph
Ph N~
290 CH,
HaC, /o@ LDA (3 equiv.) N
" .
HsC” ® CHj THF <—Z
-78 °C—RT PR ___'Ph
281 297
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TMAO (15 mg, 0.2 mmol, 1 equiv.) was added to a dry and purged test tube under N> and dissolved
in THF (2 mL, 0.1 M). In a separate dry and purged test tube a 1 M stock solution of trans-stilbene
(183 mg, 1 mmol, 5 equiv.) in dry THF was prepared. The N-oxide solution was cooled to -78 °C
via dry ice/acetone bath, and 1.9 M LDA (0.32 mL, 0.6 mmol, 3 equiv.) was added dropwise. Then
the trans-stilbene solution (0.2 mL, 0.2 mmol, 1 equiv.) was added dropwise and the reaction was
removed from the cold bath. After three hours the reaction was quenched with water and the
product was extracted with EtOAc (3 x’s), dried over MgSO4 and concentrated to afford the
pyrrolidine as an oil (95 % yield, 46 mg, 0.19 mmol). The '"H NMR spectrum matched the reported
spectrum. 10

"H NMR (400 MHz, Chloroform-d) & 7.35 — 7.07 (m, 10H), 3.40 (td, J = 5.4, 2.3 Hz, 2H), 3.13
(ddd, J=9.5,5.9,2.0 Hz, 2H), 2.87 (tt, J=7.0, 2.0 Hz, 2H), 2.47 (s, 3H).

Synthesis of 1-methyl-3,4-diphenylpyrrolidine (297) with TMSOTT (300) implemented as an

additive
0 CHj
2 diCHs %o P PN
Hee, ,0© 300 N CF4 LDA (3 equiv.) N
N ~ HiC @ CHs
HsC” @ CHs THF ©0TMS  THF, -78°C—RT, 2h A
24% NMR yield PK  Ph
281 301 297

Dissolved N-oxide 287 (19 mg, 0.2 mmol, 1 equiv.) in dry THF and add TMSOTf (0.04 mL, 0.2
mmol). Let stir for 1 h and then cooled to -78 °C via dry ice/acetone bath, and 2.9 M LDA (0.21mL,
0.6 mmol, 3 equiv.) was added dropwise. Then the 1 M ¢rans-stilbene solution (0.2 mL, 0.2 mmol,
1 equiv.) was added dropwise and the reaction was removed from the cold bath. After three hours
the reaction was quenched with water and the product was extracted with EtOAc (3 x’s), dried

over MgSO4and concentrated. Product was analyzed by 'H NMR and an NMR yield was obtained
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of pyrrolidine 296. NMR yield of product with TMSOTTf was 24%; NMR yield of control reaction
without additive was 67%.

6.5. Experimental Section Chapter 4

1-(tert-butyl)pyrrolidine (365)

B
Br” N1 -

364 B
K;CO4 \N(
|||>—NH2
EtOH, reflux, 16 h \ /

363 65% vyield 365

1,4-dibromo butane (2.4 mL, 20 mmol, 1.0 equiv.), tert-butyl amine (2.1 mL, 20 mmol, 1.0 equiv.),
and potassium carbonate (2.782 g, 20 mmol, 1 equiv.) were added to a reaction flask and dissolved
in EtOH (20 mL, 1.0 M). The reaction was heated to reflux for 16 h and the cooled to RT. The
reaction was filtered and the filtrate was acidified with 1M HCI, and EtOH was removed in vacuo.
The acid solution was transferred to a separatory funnel and washed with ether (3x’s), and then
basified with 1M NaOH and the product was extracted with ether (3 X’s). The organic layer was
dried over MgSO4 and concentrated to afford the pyrrolidine as a yellow oil (65% yield, 1.601 g,
13 mmol). 'H NMR matched the reported spectrum in the literature. !!

Note: product is volatile

"H NMR (400 MHz, Chloroform-d) & 2.64 (tdd, J = 6.5, 3.0, 1.7 Hz, 4H), 1.83 — 1.75 (m, 4H),
1.11 (s, 9H).

Synthesis of 1-(tert-butyl)pyrrolidine 1-oxide (365)

L O
T o, N/
O &)
MeOH/ H,0

365 89% yield 360
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Tert-butyl pyrrolidine (636 mg, 5 mmol, 1 equiv,) was added to a reaction flask and dissolved in
MeOH (2.5 mL, 2.0 M) and water (1.5 mL, 4.0 M). The solution was cooled to 0 °C using an ice
bath, and H>O» (1.5 mL, 15 mmol, 3.0 equiv.) was added dropwise. The reaction was warmed to
RT and stirred for 12 h. The peroxide was quenched with MnO> and the reaction mixture was
filtered over a celite plug. The filtrate was concentrated to half-volume, and the product was
extracted with DCM (3x’s), dried over MgSO4 and concentrated to afford # as an oft-white powder.
(89% yield, 808 mg, 4.5 mmol).

'"H NMR (400 MHz, Chloroform-d) § 3.48 — 3.31 (m, 2H), 3.31 — 3.15 (m, 2H), 2.56 — 2.35 (m,
2H), 1.98 — 1.78 (m, 2H), 1.45 (s, 9H).

3C NMR (101 MHz, Chloroform-d) § 70.20, 61.39, 25.12, 21.99.

IR: 3388, 3019, 2962, 1646, 1458, 1363, 1350, 1261, 1186, 1045, 990, 972, 926, 901, 819, 644,
549, 489, 415 cm’!

General procedure for (1R,3R,4S)-7-(tert-butyl)-2,3-diphenyl-7-azabicyclo[2.2.1]heptane

(362) synthesis

Ph
Ph
N LDA (3 equiv.) Ph
©)
THF
Ph
360 362

N-oxide was transferred from a 1M stock solution in DCM to a test tube and dried under vacuum.
Stilbene was then added to the test tube and after purging, the reagents were dissolved in dry THF.
The reaction was cooled to -78 °C with a dry ice/acetone bath and LDA was added dropwise. The
reaction was allowed to warm slowly to RT over the course of 3 h. The reaction was quenched
(water, ammonium chloride, or ), extracted with EtOAc (3 x’s), dried over MgSQO4, and

concentrated. The residue was purifed by FCC.
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(1R,3R,4S)-7-(tert-butyl)-2,3-diphenyl-7-azabicyclo[2.2.1]heptane (362)

N

Aiph
Ph
362
Tert-butyl N-oxo pyrrolidine (0.4 mL, 0.2 mmol, 1 equiv.) was transferred from a 1M stock
solution in DCM to a test tube and dried under vacuum. Trans-stilbene (38 mg, 0.2 mmol, 1 equiv.)
was then added to the test tube and after purging, the reagents were dissolved in dry THF (2 mL,
0.1 M). The reaction was cooled to -78 °C with a dry ice/acetone bath and 0.88 M LDA (0.68 mL,
0.6 mmol, 3 equiv.) was added dropwise. The reaction was allowed to warm slowly to RT over the
course of 3 h. The reaction was quenched with saturated ammonium chloride solution, extracted
with EtOAc (3 x’s), dried over MgSOs, and concentrated. The residue was purifed by FCC. Solvent
conditions: 6:1 hexanes/EtOAc, Rr=0.53 (56 % yield, 34 mg, 0.11 mmol).
'H NMR (400 MHz, Chloroform-d) § 7.62 — 7.50 (m, 2H), 7.33 — 7.20 (m, 6H), 7.20 — 7.10 (m,
2H), 3.96 — 3.88 (m, 1H), 3.61 (dt, /=4.5, 1.1 Hz, 1H), 3.39 (t, /= 5.2 Hz, 1H), 2.74 (d, J = 6.1
Hz, 1H), 1.74 (dd, J=12.1, 4.8 Hz, 1H), 1.57 — 1.42 (m, 3H), 1.19 (s, 9H).
3C NMR (101 MHz, Chloroform-d) & 147.88, 141.66, 128.42, 128.26, 128.14, 127.73, 126.01,
125.97, 64.14, 60.91, 59.42, 54.37, 51.78, 32.11, 30.35, 24.35.
IR: 3059, 3024, 2968, 2922, 2867, 1713, 1602, 1493, 1449, 1387, 1230, 1175, 1060, 1029, 751,
739, 697, 590, 530 cm™.

HRMS (ESI) m/z: [M+H]" Calc’d for C22HasN* 306.2216; Found 305.2263.
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Synthesis of N-oxide adduct 3652

Y “Lon 9

mCPBA Cl
N g ©9
/\_\/ DCM
365 78% yleld

366

Tert-butyl pyrrolidine (2.137 g, 16.8 mmol, 1 equiv,) was added to a reaction flask and dissolved

in DCM (24 mL, 0.7 M). The solution was cooled to 0 °C using an ice bath, and mCPBA (3.192

g, 18.5 mmol, 1.1 equiv.) was added portion wise. The reaction was stirred in the ice bath for 30

min. Basic alumina (8.000 g) was added to the reaction and the mixture stirred for 5 min, and

filtered over a celite plug. The filtrate was concentrated, and the residue was redissolved in EtOAc

and concentrated in vacuo (3x’s) to afford X as a viscous orange oil (78% yield, 3.930 g, 13 mmol).

'"H NMR (400 MHz, Chloroform-d) & 8.09 — 8.05 (m, 1H), 7.96 (dt, J= 7.6, 1.3 Hz, 1H), 7.43
(dddd, J=8.0,2.2, 1.2, 0.4 Hz, 1H), 7.36 — 7.29 (m, 1H), 4.24 — 4.01 (m, 2H), 3.57 — 3.32 (m,
2H), 2.76 — 2.44 (m, 2H), 2.19 — 1.91 (m, 2H), 1.58 (s, 9H).

6.6. Experimental Section Chapter 5

Synthesis of Diethyl 2-(2-iodobenzyl)malonate (449). 13

O O
EtOJ\/U\OEt
448
[I “Br NaH ©i\(C02Et
! MeCN, RT, 2h | CO2Et
447 62% yield 449

2-lodobenzyl bromide (295 mg, 1 mmol) was dissolved in acetonitrile (2.5 mL) in a round bottom

flask. Then diethyl malonate (0.18 mL, 1.2 mmol) followed by sodium hydride (61 mg, 1.3 mmol)

were added to the flask. The resulting mixture stirred at room temperature for 2 h. The mixture

was diluted, poured into 10 mL of saturated ammonium chloride solution, and extracted three times
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with dichloromethane. The extract was dried, filtered, and concentrated. The product was purified
via column chromatography and the structure confirmed by 'H NMR.

"H NMR (400 MHz, CDCl3) § 7.96 — 7.72 (m, 1H), 7.36 — 7.19 (m, 3H), 6.94 (ddd, J = 8.0, 5.5,
3.7 Hz, 1H), 4.32 — 4.05 (m, 4H), 3.85 (t, /= 7.8 Hz, 1H), 3.35 (d, /= 7.8 Hz, 2H), 1.36 — 1.14
(m, 6H).

Synthesis of Diethyl 2-(2-(3-hydroxypropynyl)benzyl)malonate (451). 13

/OH

450
©i\(0025t PdCI,(PPhj),, Cul, NEt, COE
> CO,Et
| COzEt RT. 12h S 2
449 41% yield 451
OH

A dry round bottom flask was purged three times with nitrogen. 449 (0.74 mmol, 272 mg) was
dissolved in DCM (3.7 mL) and added to the reaction flask followed by the addition of triethyl
amine (0.31 mL, 2.2 mmol), propargyl alcohol (0.05 mL, 0.88 mmol) and PdCl»(PPh3)2 (21 mg, 4
mol%). The reaction flask was purged three times with nitrogen and the reaction was left to stir
for 5 minutes. Copper iodide (2 mg, 2 mol%) was added, the flask was purged three more times
with nitrogen, and the reaction progress was monitored via TLC. Once the reaction was complete,
the ammonium salt was filtered off and the solvent was removed. The product was purified using
column chromatography and characterized via 'H NMR.

'H NMR (400 MHz, CDCl3) & 7.51 — 7.37 (m, 1H), 7.37 — 7.16 (m, 3H), 4.53 (s, 2H), 4.31 — 4.09
(m, 4H), 3.88 (t, /= 7.2 Hz, 1H), 3.38 (d, /= 7.2 Hz, 2H), 2.80 (s, 1H), 1.26 (dt,J=11.3, 7.8 Hz,

7H).
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Synthesis of Diethyl 2-(2-(3-((ethoxycarbonyl)oxy)propynyl)benzyl)malonate (371). 14

0
CI)J\OEt CO,Et
CO,Et 452
pyridine, DMAP \COzEt
\COzEt X
X DCM
0°C - RT 2h 371 OCO,Et
451
OH 85% yield

Compound 451 (92 mg, 0.3 mmol) was dissolved in DCM (1.5 mL) and added to a round bottom
flask. Then pyridine (0.1 mL) and DMAP (7 mg, 0.06 mmol) were added and the reaction was
placed in an ice bath. Once cooled to 0 °C, ethyl chloroformate (0.11 mL, 1.2 mmol) was added
dropwise. The reaction was stirred at room temperature for 2 h. Then the reaction mixture was
diluted with DCM and washed with saturated copper sulfate solution, water, dried over anhydrous
sodium sulfate, and concentrated. The product was purified by column chromatography and
characterized by 'H NMR.

'H NMR (400 MHz, CDCls) § 7.43 (s, 1H), 7.23 (dd, J= 12.0, 10.5 Hz, 3H), 4.99 (s, 2H), 4.25 (q,
J=17.1Hz, 2H), 4.15 (qd, J=7.1, 4.1 Hz, 4H), 3.85 (t, /= 7.8 Hz, 1H), 3.35 (d, /= 7.8 Hz, 2H),
1.33 (t,J=7.1 Hz, 3H), 1.21 (t, J=7.1 Hz, 6H).

Synthesis of Diethyl 1-vinylidene-1,3-dihydro-2H-indene-2,2-dicarboxylate (4). '3

CO,Et
CO,Et Ni(dppe)Cl, CO,Et
A - CO,Et
Cs,CO3, DMF
371 OCO:Et 60 °C 372
89% yield

Compound 371 (93 mg, 0.26 mmol) was dissolved in DMF (2.6 mL) and added to a round bottom
flask. Cesium carbonate (169 mg, 0.52 mmol) was added, the reaction was stirred for a minute,
and then Ni(dppe)Cl. was added to the mixture. The reaction was heated to 60 °C and monitored

by TLC. Once complete, the reaction was cooled to room temperature, quenched with water, and
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the product was extracted with ethyl acetate three times. The organic layers were combined,
washed with water and brine, dried over magnesium sulfate, and concentrated. The product was
purified by column chromatography and characterized by '"H NMR and *C NMR.

"H NMR (400 MHz, CDCls) § 7.34 — 7.15 (m, 4H), 5.42 (s, 2H), 4.38 — 4.15 (m, 4H), 3.74 (s, 2H),
1.34 - 1.22 (m, 6H).

3C NMR (101 MHz, CDCls) § 206.12 (s), 169.97 (s), 139.45 (s), 136.60 (s), 128.12 (s), 127.46
(s), 124.66 — 124.44 (m), 122.47 (d, J = 1.0 Hz), 107.47 (s), 82.60 (s), 77.42 (s), 77.11 (s), 76.79
(s), 62.28 (d, J=0.9 Hz), 61.93 (s), 39.72 (s), 14.12 (s).

Synthesis of prop-2-yn-1-yl acetate (455) '¢

)

OH
7 454
0

J\ J\ pyridine )J\

HyC 4053 CHs  pomrr & 4505 CHs
47% yield

Under an inert atmosphere, a dried and purged reaction vessel was charged with propargyl alcohol
(1.4 mL, 25 mmol, 1 equiv.) and triethylamine (3.8 mL, 27.5 mmol, 1.1 equiv.). The reagents were
dissolved in DCM (50 mL, 0.5 M) and the reaction was cooled to 0 °C in an ice bath. Acetic
anhydride (2.8 mL, 30 mmol, 1.2 equiv.) was added dropwise and the reaction was left to stir and
slowly warm up to RT over 3 h. The reaction was then quenched with water, and washed with
sodium bicarbonate. The organic layers were combined and washed with brine, dried over MgSO4
and concentrated in vacuo to afford propargyl 455 (47% yield, 1.152 g, 11.8 mmol). '"H NMR
confirmed formation of the propargyl product and it matched the spectrum previously reported. '°
"H NMR (400 MHz, Chloroform-d) § 4.61 (d, J= 2.5 Hz, 2H), 2.46 (td, J= 2.5, 0.5 Hz, 1H),

2.04 (s, 3H).
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Synthesis of ethyl prop-2-yn-1-yl carbonate (457) 7

/OH

454

)]\ pyridine
OEt _— 0] OEt
456 DCM, RT //:57

82% yield

0]

Under an inert atmosphere, a dried and purged reaction vessel was charged with propargyl alcohol
(0.20 mL, 3.0 mmol, 1 equiv.) and pyridine (0.31 mL, 3.6 mmol, 1.2 equiv.). The reagents were
dissolved in DCM (2 mL, 0.5 M) and the reaction was cooled in a 0 °C ice bath.
Ethylchloroformate (0.34 mL, 3.6 mmol, 1.2 equiv.) was added dropwise and the reaction was left
to stir and slowly warm up to RT over 3 h. The reaction was then quenched with water, and
extracted with EtOAc (3 X’s). The organic layers were combined and washed with brine, dried
over MgSO4 and concentrated in vacuo to afford propargyl 84 (82% yield, 285 mg, 2.8 mmol). 'H
NMR confirmed formation of the propargyl product and it matched the spectrum previously
reported. !’

'H NMR (400 MHz, Chloroform-d) § 4.57 (d, J = 2.5 Hz, 2H), 4.08 (q, J = 7.1 Hz, 2H), 2.45 (td,
J=24,0.4Hz 1H), 1.17 (t,J="7.2 Hz, 3H).

Synthesis tert-butyl prop-2-yn-1-yl carbonate (459) 18

/OH

454
Uk B g
SIS DCM,RT = 07 0
458 >95% vyield 459

Propargyl alcohol (0.87 mL, 15 mmol, 1 equiv.) and triethylamine (2.7 mL, 19.5 mmol, 1.3 equiv.)
were added to a reaction flash under positive N> pressure. DMAP was then added (18 mg, 0.15
mmol, 0.01 equiv), and the reagents were dissolved in dry DCM (38 mL, 0.4 M). The reaction was

cooled in a 0 °C ice bath, and di-tert- butyl decarbonate (4.4 mL, 19.5 mmol, 1.3 equiv.) was added
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dropwise. The reaction was stirred for 10 h and allowed to warm up to RT. The reaction was
transferred to a separatory funnel and washed with 0.1 M HCI, then saturated sodium bicarbonate
solution, followed by brine. The organic layer was dried over MgSO4 and concentrated. The
residue was purified over a silica plug (9:1 hexanes/EtOAc) to afford propargyl 459 (90% yield,
2.067 g, 13.5 mmol). 'H NMR matched the reported spectrum. '8

"H NMR (400 MHz, Chloroform-d) & 4.59 — 4.54 (m, 2H), 2.45 (dd, J = 2.7, 2.2 Hz, 1H), 1.40
(s, 9H).

Synthesis of 2-benzylmalononitrile (461)

Ph
1) PhCHO, EtOH
N///\\\N ) R
2) BHsNa, EtOH, RT VR
60% yield N N
460 461

Malonitrile (0.272 g, 4 mmol) was dissolved in ethanol and combined with benzaldehyde (0.40
mL, 4 mmol) and allowed to stir overnight. The reaction was placed in an ice bath and cooled to
0°C. sodium borohydride (0.078 g, 2 mmol) was dissolved in ethanol and added to the reaction.
The reaction was stirred vigorously for 15 minutes and then poured into water. DCM was added
to the solution and the solution was quenched with 1M HCI. The organic layer was extracted twice
using DCM. The layers were combined, dried over magnesium sulfate, and concentrated. The
product was purified using flash chromatography and the solvent was removed in vacuo resulting
in a white powder (0.35 g, 2.4 mmol, 60% yield). The obtained spectrum matches the known
spectra. 1’

'H NMR (400 MHz, CDCl3) § 7.45 — 7.38 (m, 3H), 7.36 — 7.31 (m, 2H), 3.92 (t, J= 7.0 Hz, 1H),

3.31(d, J = 6.9 Hz, 2H).
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Synthesis of diethyl 2-benzylmalonate (463) 2°

j\/ﬁ\ 1) NaH, THF 6 0
EtO OEt 2)BnBr, reflux  EtO OEt
462 64% vyield 463 Ph

Ethyl malonate (1.57 mL, 10 mmol) and 20 mL THF were added to a dry round bottom flask. NaH
(0.400 g, 10 mmol) was added and the mixture stirred at room temperature until gas production
stopped. A reflux condenser was added and the reaction vessel was purged three times with
nitrogen. Benzyl bromide was carefully added and the reaction mixture was heated to reflux for 8
hrs and just under for 18 hrs. The mixture was allowed to cool slowly to room temperature and
was diluted with 40 mL diethyl ether. The solution was washed three times with water and dried
over magnesium sulfate. The solvent was removed in vacuo and product was purified via
distillation (64% yield, 1.601 g, 6.4 mmol). Resulting oil was characterized via '"H NMR and the
spectrum was in agreement with known spectra.?’

'H NMR (400 MHz, CDCl5)- enol/keto mixture & 7.37 — 7.08 (m, 5H), 4.17 (tdd, J = 15.0, 10.1,
4.8 Hz, 4H), 3.67 (t, /= 7.9 Hz, 1H), 3.24 (d, /= 7.7 Hz, 2H), 1.33 — 1.10 (m, 6H).

General procedure for nickel catalyzed reactions of ethyl propargyl carbonate and

diethylbenzyl malonate. '

0o o 0 Ni(dppe),Cl, (5 mol %) )OL
N /\ )J\ Cs,CO;5 (2 equiv.) El0” 0 O
EtO OEt 07 OEt -
= DMF, 100 °C, 20h ph)\)J\oEt
464 Fh 465 467

Ethyl propargyl carbonate (1 equiv.) and diethyl benzylmalonate (1 equiv.) were dissolved in DMF
(0.1 M). Cesium carbonate (2 equiv.) was added to the mixture, and the reaction stirred for a
minute. Ni(dppe)Clz (5 mol%) was added to the reaction; it was heated to the desired temperature

and stirred overnight. The reaction was cooled to room temperature. Once cool, the reaction was
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quenched with water and extracted with ethyl acetate. The organic layers were combined, washed
with water and brine, concentrated, and purified by flash column chromatography. The product
was characterized by 'H NMR, COSY, NOESY, *C NMR, DEPT 45, DEPT 90, IR, and ESI-MS.
Synthesis of ethyl 3-((ethoxycarbonyl)oxy)-3-phenylpropanoate (467)

0]
EtO” O O

Ph)\)J\OEt

467

Ethyl propargyl carbonate (107 mg, 0.8 mmol, 1 equiv.) and diethyl benzylmalonate (0.2 mL, 0.8
mmol, 1 equiv.) were dissolved in DMF (0.1 M). Cesium carbonate (524 mg, 1.6 mmol, 2 equiv.)
was added to the mixture, and the reaction stirred for a minute. Ni(dppe)Clz (28 mg, 5 mol%) was
added to the reaction; it was heated to 100 °C and stirred for 24 h. The reaction was cooled to room
temperature. Once cool, the reaction was quenched with water and extracted with ethyl acetate.
The organic layers were combined, washed with water and brine, concentrated, and purified by
flash column chromatography.

'H NMR (400 MHz, CDCls) § 7.36 — 7.16 (m, 5H), 5.11 (dd, J = 8.5, 4.5 Hz, 1H), 4.18 (dq, J =
14.2,7.1 Hz, 4H), 3.16 (ddd, J=22.9, 14.3, 6.6 Hz, 2H), 1.37 — 1.17 (m, 6H).

3C NMR (101 MHz, CDCl3) & 169.89 (s), 154.95 (s), 136.10 (s), 129.84 (s), 128.96 (s), 127.53
(s), 77.80 (s), 77.48 (s), 77.16 (s), 76.35 (s), 64.98 (s), 62.02 (s), 37.89 (s), 14.55 (d, J=10.3 Hz).
IR: 2984, 2918, 1746, 1497, 1455, 1373, 1287, 1255, 1190, 1031, 789, 700 cm’!

ESI MS m/z: [M+Na]" Calc’d for C14H;sNaOs" 289.1; Found 289.1
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Synthesis of diethyl 2-benzyl-2-(prop-2-yn-1-yl)malonate (475) !

/Br

O O 420 O O
NaH,
EtO OEt - %iiff>K<%f0Et
THF, 60 °C, 16h
Ph >95% yield = Ph
464 475

Under an inert N> atmosphere, a solution of diethyl benzylmalonate (0.24 mL, 1.0 mmol, 1 equiv.)
in THF (0.35 mL) was added to a suspension of NaH (63 mg, 1.5 mmol, 1.5 equiv.) stirring at 0
°C. The reaction warmed to RT and was then added dropwise to a solution of propargyl bromide
(0.11 mL, 1.2 mmol, 1.2 equiv.) heated to 65 °C and the reaction was stirred for 16 h. Once cooled
to RT, the reaction was quenched with water and the product was extracted with EtOAc (3 x’s).
The organic layers were combined and washed with brine, dried over MgSO4 and concentrated to
afford ## as a clear oil (98% yield, 282 mg, 0.98 mmol). The 'H NMR spectrum matched the
reported literature. *!

'H NMR (400 MHz, Chloroform-d) § 7.38 — 7.05 (m, 5H), 4.32 — 4.15 (m, 4H), 3.40 (s, 2H), 2.67
(d,J=2.7Hz, 2H), 2.15 (t, J=2.7 Hz, 1H), 1.26 (td, J= 7.1, 2.4 Hz, 6H).

Synthesis of diethyl 2-benzyl-2-(propa-1,2-dien-1-yl)malonate (466)

/Br

O O 420 O O
NaH, Ni(dppe)Cl,
EtO OEt >  EtO OEt
THF, 60 °C, 16h
464 466

Under an inert N> atmosphere, diethyl benzylmalonate (0.34 mL, 3.0 mmol, 1 equiv.) was added
to a suspension of NaH (92 mg, 3.8 mmol, 1.3 equiv.) in THF (6 mL) stirring at 0 °C. The reaction

was left to stir and warm up to RT over 30 min.
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In a separate reaction vessel under N2, Ni(dppe)CL (80 mg, 0.15 mmol, 5 mol%) and propargyl
bromide (0.72 mL, 3.0 mmol, 1 equiv.) were dissolved in THF (6 mL) and left to stir for 30 min.
After that time, the diethylbenzylmalonate and sodium hydride solution was added to the propargyl
solution portionwise over 30 min. The reaction was stirred for 16 h and then quenched with water
and filtered through a celite plug. The filtrate was transferred to a separatory funnel and the product
was extracted with EtOAc (3 x’s). The organic layers were combined and washed with brine, dried

over MgSO4 and concentrated.

@
JNZNZN@ o o
O O O O " 476 O O
CuSOy, EtO OEt
Etﬁ{\oa + Etﬁ{\oa sodium ascorbate _ N pn + Etﬁ%OEt
Ph = Ph tBUOH/H,0O HN\N \ Ph
466 475 oh J 477 466

The crude mixture of products (716 mg) was added to a solution of benzyl azide (0.62 mL, 5.0
mmol, 2 equiv.) in tert-butanol (2.5 mL) and water (2.5 mL). The reaction mixture was stirred and
copper (II) sulfate (98 mg, 0.37 mmol, 0.15 equiv.) and sodium ascorbate (152 mg, 0.74 mmol,
0.3 equiv) were added. The reaction stirred for 16 h, then was filtered through a celite plug. The
solution was diluted with water and the product was extracted with EtOAc (3 x’s). The organic
layers were combined, washed with brine, dried over MgSO4 and concentrated. The alkyne in the
reaction mixture fully reacted and the allenic product 466 was isolated by FCC. Solvent conditions:
1% EtOACc in petroleum ether, product eluted in fractions 65-81. (13 % yield, 116 mg, 0.39 mmol).
'H NMR (400 MHz, Chloroform-d) & 7.28 — 7.13 (m, 5H), 5.62 (td, J= 6.8, 0.9 Hz, 1H), 4.94 (dd,
J=16.8, 1.0 Hz, 2H), 4.26 — 4.08 (m, 4H), 3.38 (s, 2H), 1.23 (td, /= 7.1, 0.9 Hz, 6H).

3C NMR (101 MHz, Chloroform-d) § 207.49, 169.78, 136.07, 130.29, 128.26, 127.07, 90.44,

61.82, 59.02, 40.68, 14.16.
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IR: 2980, 2926, 1957, 1731, 1604, 1495, 1454, 1366, 1258, 1214, 1183, 1082, 1039, 856, 777,
742,700, 562, 521, 464 cm’!

HRMS (ESI) m/z: [M+Na]" Calc’d for C17H20NaO4" 311.1254; Found 311.1261.
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APPENDIX

'H NMR, 3C NMR, DEPT and 2D NMR
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Figure 54. 3C NMR spectrum of 109a (In CDCl3)
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Figure 85. 3C NMR spectrum of 109q (In CDCl3, 101 MHz)




o+ o — = O gD L RN g = e R el |l =l R
" ) 5 Lt R L B e B e e e e B e B B i R R B
Fo b P IR Y. WA AW R e e R
. e bttt b il |
NH, H
o N\CH
\ ! i
1
l L
g 44 g 4 9 ry
& o @ -1 a & -
=] og " ] ] ]
— T T T T T — "7 1T T 77 T T 1
) i) 5 il 6.5 [ 55 o &5 4.0 is 3.0 25 24 5 1.0 0.5 1

Figure 86. 'H NMR spectrum of 109r (In CDCls, 400 MHz)

[J
sh564 23 1 "C:Users\sarah\Box\NMR Files\Sarah NMR Files" FE
2
pure pdf = | =
'8
=Y o =
- @

- P-4
-
= =
[ o
T T T T T T
8 3 4 2 F2 [ppm]

Figure 87. 2D COSY spectrum of 109r (In CDCls, 400 MHz)

277



—157.84
—141.62
—110.20
—104.86
—56.96

—49.41
—36.47

0000000 0 O 0

T T T T T T T T T T T T T T T T T T T
90 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

Figure 88. 13C NMR spectrum of 109r (In CDCl3, 101 MHz)

278



(9T —

8v'Z
vLT
R.L

- Fsez

08'C~:

68t
06't

el

mm.hg
mm.hg
9521
(521
e
6S5°L 7
0927
697
69°L7
0L°LA
1224
mm.h%
€10~
60°'8

11'8
Nﬁ.ww
v1'8
68'8
06’8

Yoz
i 7E€0'T
o oot

WJTOO..H

“CHs

o~
I - - 0T
zZ - OT'T

prm— 6°0
AMm.o

Nx

-~ =0'T

T
3.5

T
4.0
f1 (ppm)

T
4.5

5.0

Figure 89. "TH NMR spectrum of 109s (In CDCl3, 400 MHz)

3C NMR spectrum of 109s (In CDCl3, 101 MHz)

£b'9€ —

60°0S —

09'85 —

LT
¥9'cet
TaI4
19°9¢T ~
TT°6CT
6+°0€T

£E'8KT
€0°0ST
bb 0ST /

“CHs

I=z

NH,

N

40

50

T T T T T T T
170 160 150 140 130 120 110 100

T
180




‘ ‘

H,CO

6'T
6°S
Fzot

Fze0

Fo'e

Foo't

Fe6'0

et

F86'T
Al
F86'T
F1e't

T T
4.0 3.5

f1 (ppm)

T
4.5

5.0

7.0

Figure 90. '"H NMR spectrum of 115 (In CDCl3, 400 MHz)

¥S'TC
wm.HNV

T9°5€ —

€0vIT —
LzLen

vm.hwﬁk
TT'82T
9'6CT F
ﬁm.mNﬁ\
vN.omﬁ\
ﬁo.vmﬂ\
68'9€T

0T’ert

¢6'EPT

9€'6ST —

H,CO

140

170

120 110

130

150

160

180

90

1 (ppm)

Figure 91. 3C NMR spectrum of 115 (In CDCl3, 126 MHz)

280



|

u I

889~
1697
0€° L~
40l
99/~
89,7

“CHs

Iz

NH

Ts «

HsCO

¥

_

Feoz

=00'€
=96'C
hzo't
F10'T
-6'C

=00°T

10T

=10

F00C

T T T T T T T T T
6.5 6.0

45 4.0 35
f1 (ppm)

5.0

5.5

7.0

8.0 7.5

8.5

Figure 92. 'TH NMR spectrum of 114 (In CDCl3, 400 MHz)

(A YA

9€'9¢ —

TLES~
0€'Ss
06'85

86'€ETT —

9b'LTT
8/'LT1 A
€L'6217
6T'HET 7
S9'bET /
8b'EHT —

90°6ST —

“CHs

I=z

“NH

Ts

H,CO

50

90
1 (ppm)

110

T
170

T
180

Figure 93. 13C NMR spectrum of 114 (In CDCIl3, 101 MHz)

281



L9°T —

— He't

68C
ST'E
mﬁ.mPé
8T°¢

16T
-= 10T

== Frot

= 10T
I

156'0
H/S.N
=£6'0

Hs;CO

4.0
f1 (ppm)

T T T T
7.0 6.5 6.0 5.5 5.0 4.5

T
7.5

Figure 94. "TH NMR spectrum of 113 (In CDClsz, 400 MHz)

y

1

(wdd) 13

1.5
2.0

<
n
|

=7.0
r7.5
8.0
8.5
~9.0

2 \n 1 < 1
< < w © %)
1 1 1 I I

F2.5
3.0
3.5

T T T T T T T T
7.5 4.5 4.0

8.0

5.0

5.5

6.0

6.5

7.0

8.5

2 (ppm)

Figure 95. NOESY spectrum of 113 (In CDCl3, 400 MHz)

282



o~ ~N OO NLAN O

~ N noomanN-—= o

()} [ee] TMOHOAN—-HONT <

n < MmMnmMmmMmmMma N i

~— ~— = - —

| \ S\

NS\NH

N\CH
3

H,CO

_-58.46
_-55.31
~53.73
—35.81

Mwuwmmmmmm

T T T T T
180 170 160 150 140

T T T T
130 120 110 100 90 80

f1 (ppm)

Figure 96. 13C NMR spectrum of 113 (In CDCl3, 126 MHz)

283



o

o
!

1§'¢—
L6'C
66'C
00°€
No.mﬂ
oT'e
€T'e

vT'e
IT’'e
[ X%

6L'€
16V
:.m/
€T's
€T°S
ST'S

T16°9~
€697
VAN
60,7

“CHj

Iz

5

HsCO

J

=9T'6

Fso'e

Feot

=Ttzo1

=90°€

=L0°T

F60°C

Figure 97. 'TH NMR spectrum of 112 (In MeOD, 400 MHz)

9§7T
€b'6E —

08'8€ —

STIS~
62°'SS
Nv.mmv

TCPIT —

SELCT —

§6'8ST —

§9'84T —

“CHs

tBu)J\NH

H,CO

160

170

110

120

130

140

150

180

1 (ppm)

Figure 98. 13C NMR spectrum of 112 (In CDCl3, 126 MHz)

284



N MMWT MNW T N0 WM - @ o m T = @O ~N o o -
NNRNGhn T NN ® D NNN b ~RO =
O A N A N e A = -1 LR I
T N s e e |
N=
N—CHj
HsCO
|
i I
o
|
|
} |
I
1
(N | N _/ILL,_~JL_J‘_,—A_4_M,»-L__ _—
S d @ ® & e )
aaao o " e @c @
O - - - ™o ~N
r T | | T T T T T T T T T T T |
1.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0 05 -
f1 (ppm)

Figure 99. 'TH NMR spectrum of 117 (In CDCl3, 400 MHz)

k

h

sh-5-88 12 1 "C:\Wsers\sarah\Box\NMR Files\Sarah NMR Files"
imidazolidine

[=]
=+
L
@ am =
- [ w
oo
T T T T T T . T T
8 6 4 2 F2 [ppm]

Figure 100. COSY spectrum of 117 (In CDCl3, 400 MHz)

285



- N MANON© ©
N T MmnHOM Y Q-9 n
n o Mo NA T emnm R
e} n MMM AaNANANN — o o n <
— ~— R B B B B e I B o | O N n [s2]
I I N L N/ I
—
N—CHj

HsCO

[ —— A Sp————

T T T T T T T T T T T T T T T T
90 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

f1 (ppm)

Figure 101. 3C NMR spectrum of 117 (In CDCl3, 126 MHz)

286



— M- Mm - O MO NT M- O <
n Qo NRR  QNNRNAONSD N
NN OO <+ < < MnmmMmmen menmeN —
N2 N T |
0
HN
N—CHj
H5CO
6 3 dn 4
-3 5 5} RS ° )
- N o M- - (4]
8‘.5 8‘.0 7‘.5 7‘.0 é.S 6‘.0 5‘.5 5‘40 4‘.5 4‘.0 3“.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘45 C;.O -6.5 -1‘
f1 (ppm)
Figure 102. 'TH NMR spectrum of 118 (In CDCl3, 400 MHz)
nm wn O <
— n < la] o~ o NN a
o o MmN < MmN n
O n (3] [aV] i O nm o
— ~— -~ — n wmnwn (]
\ Lo | SO e |
@)
HN
N—CHj
H5;CO
I
I
I
|
I
-umuwummmmuu-mmmmlmfwm
1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 éD .":0 “‘00 ?‘:0 2‘0 1‘0 b

1 (ppm)

Figure 103. *C NMR spectrum of 118 (In CDCl3, 126 MHz)

287



szt
hN.NW
fxax4
mN.N\

SEC

£v'E
Sb'E

€5°€

mm.mW
98°'€

se’
T6°€ ~L
[
ST'S q
91'S q
AR

8T°S
(A
0S°L
18°L
;L

[
vS'L
vS'L
s9'L
s9'L
99,
L9t
1921
69° 1
69°
SLLA
SLLA
9L'L A
9L LA
06'L
0624
16°L
26°L
6L+

60'8
608
60'8
'8
11'8
8

mm.m\
98’8

|

90T
6z

ot
Fsot

Fsot

Bz
g0
B0
T

1 (ppm)

Figure 104. '"H NMR spectrum of 200a (in CDCl3, 400 MHz)

Ly'6E —

2048 —

w9 —

vLeL —

6ELIT —

TTETT ~
b9zt

[A3:T49 v
80'62T

£E°8bT
80'0ST ~
68051

NH

W

CHj
N
b

7\

N=

f1 (ppm)

Figure 105. 3C NMR spectrum of 200a (In CDCls, 101 MHz)

288



T mmao N - OO OO UOUMmeELM—~O0O00 WO T+ N
5 NMaa RITXITIMARIAAMO®
o 0 W NINNN TFFTFmmmnmmmommnmmnmNNNN N
o o ST ARV NN b
CHj3
T
—
[]
I
I
i
I
I u \ '
4 & 3 4 4l e
3 e 8 g 385 A
o~ ~N - - - o ”m -

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4‘.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)
Figure 106. '"H NMR spectrum of 200b (In CDCls, 400 MHz)
o d N
™M ¢ uf (o)) n o —
8¢ 7 4 Sd &
T 1 ToRT T
CH
o3
™
NH
\
N /
2‘10 260 1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 lbﬂ 5;0 éO 7‘0 él) 5;0 “‘00 3‘0 2‘0 1‘0 b 7‘10

f1 (ppm)

Figure 107. 3C NMR spectrum of 200t (In CDCl3, 101 MHz)

289



1152
4 112z
0.99-7
1.06

N

4.52
4.50
4.48

4

1127

2.40
2.27
2.24
2.22

I

18000

17000

16000

15000

14000

13000

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0.99-7

Figure 108. "TH NMR spectrum of 200¢ (in CDCl3, 400 MHz)

148.67
148.64

<

A A

— 139.65

—134.23

123.61

A4 1001

T
4.0
f1 (ppm)

73.17

—62.88
— 58.95

39.56

70000

65000

60000

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

~-5000

+-10000

T T T T
90 180 170 160 150

Figure 109.13C NMR spectrum of 200c (In CDCl3, 101 MHz)

T
140

T
130

T
120

T
110

T
100

T
90

f1 (ppm)

T
80

290



NSNS N o oo coxaNoLTTANN k28000
mmmm MmN VhoooonhRNRNNY
NNNK ©6666636606 3 P RN IR AN IN
e SN TSN
26000
24000
CH;
| 22000
N ( ( - / [
‘ \ ] / / {20000
NH |
o 18000
\\ 16000
14000
12000
10000
8000
6000
4000
J I u‘ 2000
R N~ Lo
3 iy Py P
3 =23 E 3 2 4 3 +--2000
T T
3.

T
.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

Figure 110. '"H NMR spectrum of 200d (in CDCls, 400 MHz)

75000

156.00
142.16
—110.26
—105.85
72.62
—59.37
—55.17
39.79

70000

65000

C H 3 60000
N 55000

7 50000

NH
45000

\ 40000

35000

o

30000

25000

20000

15000

10000

5000

T T T T T T T T T T T T T T T T T T T 1
90 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

Figure 111. 3C NMR spectrum of 200d (In CDCl3, 101 MHz)

291



9000
8000
6000
5000

(wdd) 13

N_CH3*7UOO

Ph

Ph

S a

S s Jr

1.5

2.0

2.5

3.0

3.5

2 (opm)
Figure 113. COSY of 207 diastereomer mixture
292

8 8 8 8
5 a ] S ° ° - ~ = < n
i | ) | I 2 I | h | i 1
in o~
[< (=]
(g\]
o S
— o =) &
74
in e e s s
L2 nm.w
2 =
L2 S 8§ 8 H]
B
L o
- 72]
« e g
s B
|~ S ° ¢ °
e
4)\mv.N wn 0
Fserra [-P) o
= -
Fewol 2 N
o > o 8
o
Freol m F ° 3
) S
HTﬁ: O\W (=]
reg m
Wmm.c bl
oc”« u
H\mmowﬁ u
(>
F oot ()
R
: m
ru
° 4
LS H
n o
re .
o
-
Le o
~
5] b %
= S 6
ST | 1 = scg
st [ ) JEz
= 38
o =
[~ oo
n
[~ oo
o

é &%’



sh-4-60.9.fid OQLOVAMMNTMNMAVITNDIMMADN N OO
- SN-HOABTONBBNNNOONRO MM~

column 1, 4
13C

Ph

64.70
7 62.94
_-60.05
\59.70
3881
X\ 38.44

Figure 114. 3C NMR for mixture of diastereomers of 207
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Figure 116. HSQC of 207 mixture
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Figure 117. 'THNMR spectrum of 360 (in CDClz, 400 MHz)
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Figure 118. 3C NMR spectrum of 360 (in CDCl3, 101 MHz)
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Figure 119. '"H NMR spectrum of 366 (in CDCl3, 400 MHz).
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Figure 121. 3C NMR spectrum of 362 (in CDCls, 101 MHz)
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Figure 122. 'TH NMR spectrum of 467 (in CDCl3, 400 MHz)
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Figure 123. 2D COSY spectrum of 467
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Figure 124. 2D NOESY spectrum of 467
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Figure 125. 3C NMR spectrum of 467 (in CDCls, 101 MHz)
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Figure 126. DEPT 135 (top), and DEPT 90 (bottom) spectra of 467
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Figure 127. HSQC spectrum of 467
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Figure 128. '"H NMR spectrum of 466 (in CDCls, 400 MHz)
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Figure 129. 2D COSY spectrum of 466
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Figure 130. 3C NMR spectrum of 466 (in CDCl3, 101 Hz)

T T
210 200

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

Figure 131. DEPT 135, 90, 45 (top to bottom) spectra of 466
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