ABSTRACT
KALLIAT, SANJAY RAKESH. Synthesis and Biological Evaluation of Heterocyclic Scaffolds
and Visible LightMediated Method Development to Access Bridged Scaffolds. (Under the
direction ofDr. Joshua Pierce).

The threat of bacteria developing resistance towards therapeutics has existed since the
advent of antibiotics. To keep up with the need for innovation and new classes of antimicrobials,
the Pierce lab has explored and continues to explore various heterscgtfolds and derivatives.

We have developed methods that enable swift access to certain scaffolds that allow for the studies
and evaluations of libraries of these compounds.

Chapter two explores the synthesis and biological evaluation of pyrrefdsaiones.

Using the multicomponent reaction, we accessed a library of monomeric analogs of this scaffold
with a variety of electronics. We report the exciting antimicrobial artibiafilm activities of

these analogs and note that the presence mratrifluoromethyl substituent on thB-aryl
substitution of the scaffold proved to be advantageous in improving the biological profile of these
analogs over previous generations.

Chapter three describes our efforts to access synoxazolidinone C, a marine natural product
isolated fromSynoicum pulmonariaWe devised a model substrate to apply our synthetic
methodology, featuring a multicomponent reaction to accessdakazblidinone core and Parikh
Doering oxidatiorcyclization sequence to access the bicyclic core. Ultimately, our efforts to
install theguanidine moiety were unsuccessful and the total synthesis of synoxazolidinone C
remains unfulfilled for the time being.

Chapter four expounds on the ‘escape from
flat rings of existing biologically relevant small molecules are replaced with fully saturated, three

dimensional systems resulting in enhanced physiochemical prepé&kteeenvision contributing



to this effort by leveraging spriAdgaded scaffolds such as bicyclo[3.1.0]hexanes to access bridged
bicyclo[3.2.1]octane scaffolds using photoredox chemistry. After numerous trials, we discovered
that the topology of bicyclo[3.1.0]hexdnamines allows forupture of the cyclopropane moiety
furnishing bicyclo[3.2.1]octati-acetamides. The substrate scope, mechanism, and future studies

are elaborated.
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CHAPTER 1: INTRODUCTION

1.1 Infectious Diseases and Antibiotics

Infectious diseases have been around since ancient times as have their treatments. Around
2000 years ago, mold from bread was used to treat open wounds in places like China, Egypt,
Greece, and Serbia. While this was considered a traditional practiceetapdutic effects were
unknowingly attributable to antibiotics produced by microbes in the mold were responsible for the
therapeutic effects.From ancient times up to the present day, the history of medicine can be
divided into five periods: classic Western medicine (ancient tfilth century), traditional
Western medicine (16#i8th century), early modern medicine (the 19th century), late modern
medicine (19001980s), and exact medicine (1990=sent dayj.The late modern medicine era
marked the beginning of modern antibiotics with the discovery of salvarsan (a syntheticarsenic
based prodrug used as a therapeutic for sypRiggsire 1, compound), prontosil (a sulfonamide
used as a broaspectrum antibiotic?) and p elactam iwhidh ilargely(sapergeded

prontosil;3).
NH,

HO g' R H
H,N"1I ?],N H
As o 1 Me
I N  NH, o N\)<Me
o7

S
As 1l /
S\ Q. s
OH
o
OH
NH

NH, 2

salvarsan (1) prontosil (2) penicillin (3)

Figure 1. Structures of early antibiotics.

The serendipitous discovery of penicillin in 1928 and its mass production and distribution in the

1940s ushered in the Golden Age of Medicinal Chemistiigure 2 shows the abundance of



new antibiotics that were discovered from this time until the late 1960s, followed by a precipitous

decline.
Macrolides
KEY Glycopeptides
Actinomycete natural products Tuberactinomycins
Other bacterial natural products Polymyxins

Fungal natural products Nitrofurans

Synthetic antibiotics Pyridinamides Phosphonates
*Indicates that synthesis was =
inspired by a natural product Ansamycx_ns
Lincosamides
Aminoglycosides Streptogramins
Tetracyclines Cycloserine
Amphenicols Fusidic acid ; :
Polypeptides Cephalosporins L'P‘ﬁr”TVC'”S
Bacitracin Enniatins Diarylquinolines
Penicillins Quinolones
Salvarsan is no Sulfones Azoles®
longer in clinical use Salicylates Phenazines™ Carbapenems Lipopeptides
Diaminopyrimidines Mupirocin Pleuromutilins
Salvarsan Sulfonamides Ethambutol Monobactams Oxazolidinones
Thioamides .
|
1900 1910 1920 1930 19 1950 1960 1980 1990 2000 2010
4 R . Last class of
Flrgt_symhetlc Penicillin Penicillin clinically-used NP First actinomycete
anlIb.ID.tIC used discovered approved for antibiotic discovered genome sequenced
clinically clinical use MRSA first
First report of Coleed
First systematic antibiosis by Streptomycin
analysis of antibiosis [l actinomycetes discovered
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Figure 2. Timeline of discovery of various classes of antibiotics. Adapted from referénce 1.

1.2 Antimicrobial Resistance (AMR)

As a result of this decline in the discovery of novel antibiotics and the overprescription of
existing classes, bacteria developed antimicrobial resistance, resulting in decreased efficacy of
these therapeutics. Moreover, resistance towards newer aoshiats developed more quickly
than towards older one¥igure 3). Since the 1970s, the focus has shifted towards modifying
existing antibiotics to produce successive generations, and while this approach has had its
successes, it is imperative to develop novel classes of antibiotics to combat muésgistent

bacteral infections!*
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Figure 3. Timeline of antibiotic introductions and development of antibiotic resistance. Adapted
from reference 3.

Broadly, there are four mechanisms of antimicrobial resistaligaife 4b): (1) restricting the
access of antibiotics, such as by altering the structure of porins and reducing its functionality; (2)
expelling antibiotics via drug efflux pumps; (3) inactivating the antimicrobial agent using enzymes
encoded by chromosomal genes pl as mi d-lactamaseas;c(d) medsicatiBn of the
antimicrobial agent '’ s target, as i s t he ¢

vancomycin binding site from{Bla-D-Ala to D-Ala-D-Lac?

as
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1.2.1. Staphylococcus aureus

S. aureuss a Grampositive bacterium that is multidrug resistant and has been deemed by
the Centers for Disease Control and Prevention (CDC) as a serious threat pathogen that
necessitates continuous innovation for effective treatfeBue to its high gene plasticity,
environmental adaptability, and production of a high number of virulence fatisrparticularly
capable of developing AMR?C Livestock and poultry are also affected by'i case study

conducted in a hospital in Vietham from 2014 to 2021 highlighted the preponderance and rising



trend of AMR inS. aureugarticularly against macrolide antibiotics such as erythromyciine
[-lactam antibiotic methicillin was discovered in 1960 and methiai#gistanS. aureu§MRSA)
emerged soon afteFigure 3) which posed significant challenges for treatment. The CDC report
from 2019 recorded 10,000 deaths that could be attributed to MRSA while the global estimation
is greater than 100,0002 These figures illustrate the significant threats pose8.tgureusind

the need for novel treatments.

The development of resistance is a mutatiseociated defense mechanism that can be
passed down to the next generation of bacteria via vertical transmission or acquired from other
bacteria via horizontal transmission. This process is accelerated inrengirts shielded from the
deleterious effects of antibiotics, such as within biofilfhs.

1.3 Biofilms

Biofilms are surfacessociated communities of bacteria encased in an extracellular matrix
of polysaccharides, proteins, and DN#Biofilms can form on biotic or abiotic surfaces and are
a key virulence factor for numerous bacteria that can cause infetiibigure 5 shows an

overview of the lifecycle of a bacterial biofilm.

/

Biofilm
maturation
Planktonic Dissemination
bacteria Attachment Ty
\’ \ - A > _ Extracellular
—~4 e AT

> .= y 3

Initial site of infection Distal site of infection

Figure 5. Lifecycle of a biofilm. Adapted from reference 5.

The development of a biofilm consists of three main stages: (1) attachment: initial adhesion of

planktonic bacteria through a variety of mechanisms like electrostatic interactions or bacterial

5



appendages, for example, flagella; (2) biofilm maturation: formation and development of the
extracellular matrix through production ettracellular polymeric substanc@sPS), which leads
to the development of various physical and chemical microenvironments; (3) dissemination:
dispersal of the biofilm where cells leave the biofilm and regain some of the characteristics of
planktonic bacteria.
Apart from acting as a protective scaffold, the heterogeneity that a biofilm affords due to its
microenvironments engenders competitive and synergistic social interactions. Furthermore,
certain subpopulations can greatly slow down their metabolism, theéesteyoping a mechanism
for tolerance. A tolerant population is characterized by a slow rate of killing when exposed to an
antimicrobial agent due to this slow metaboligmlt is important to note that antibacterial
tolerance is different from antibacterial resistance; the latter involves genomic modification to
overcome the effects of an antibiotic while the former involves outliving exposure to an antibiotic
by slowing devn essential bacterial proces$&3herefore, bacterial biofilms pose a significant
challenge in the pursuit of designing effective antibacterial treatments as compared to planktonic
bacteria communities due to their additional resistance mechatfidinis. is particularly true in
the case of. aureuswhile the best method to treat biofilms is to prevent their formation in the
first place, this is rarely feasible dueSoaureuseadily developing resistanég?*

1.4 Pierce Lab Work

In the Pierce lab, we are particularly interested in natural products from the marine world,
both for the chemical challenge posed by their synthetic complexity and for their antimicrobial
and potential antibiofilm properties. These include polycyclic gliainm alkaloids like
batzelladine DKigure 6, compound) isolated from Caribbean sponigataellasp.?2? spirocyclic

y-lactams such as ansalactam # (solated fromStreptomycesp. strain found in marine



sedimentg? polypyrrole alkaloids like curvulaming) found from extracts o€urvularia sp.
found in the gut of white croaket$to name a few. The focus of this work will be on our efforts
to access, investigate, and improve promising biological activity-roEmbered heterocycles,

namely 4oxazolidinones and pyrrolidin2,3-diones?®

batzelladine D (4)

curvulamine (6)
ansalactam A (5)

Figure 6. Representative marine natural products of interest in the Pierce lab.

1.4.1. Chemoselective Multicomponent Reaction to Access Different Heterocyclic

Cores

The Pierce lab has developed a multicomponent reaction which can be modified to
chemoselectively access different core scaffolds, namelyaolidinones and pyrrolidir2, 3
diones, which is illustrated and summarizedSitheme 1. Multicomponent reaction affording

different chemoselectivity®
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Scheme 1. Multicomponent reaction affording different chemoselectivity.

The building blocks that constitute the multicomponent reaction are a pyruvic acid derivative, an

amine (represented in Reynolds Red), and an aldehyde (represented-indig). The

chemoselectivity can be adjusted based on the group attached to theycérbpresented in

Pyroman Flame orange) of the pyruvic acid derivative; a chloride results in the formation of a 4

oxazolidinone scaffold, i.e.,-O selectivity, while an alkoxy would yield a pyrrolidi2e3-dione

scaffold,

l.e., G&C selectivity. This #ective method was used to acces®xézolidinone

containing natural products like synoxazolidinone7A& B (8), and bioactive pyrrolidin€,3-

diones such a8. The multicomponent reactions were used extensively and will be described in

the upcoming chapters.



CHAPTER 2: PYRROLIDINE-2,3-DIONES: OPTIMIZING A POTENTIAL
ANTIMICROBIAL SCAFFOLD

2.1 Introduction to Pyrrolidine-2,3-diones

The first published instance of a natural product containing a pyrroi&jgeione
(hereafter used interchangeably with ‘“pyrrold]i
in 1995 when phenopyrrozifFigure 7, compoundl0. Numbers on the structure indicates the
numbering convention for the scaffold) was isolated frEenicillium sp?® Additionally,
phenopyrrozin ang-hydroxyphenopyrrozini{l) were isolated as secondary metabolites from
marine fungusChromocleistasp. in 2005.” However, it was only in 2013 that any biological
activity was reported for these compounds with low cytotoxicitgg#50-100ug/mL) against a
Grampositive bacteriumBacillus cereug® Leopolic acid A {2) is yet another pyrrolidinedione
containing natural product isolated fro@treptomycesp. in a soil sample from the Crimean
Mountains?®® It has shown moderate antimicrobial activity against Gpasitive bacteria with
reported MIC values of 16g/mL againsS. aureusand 32¢g/mL againsM. hiemalisApart from
natural products, synthetic derivatives of pyrrolidh&diones have been reported and shown to
have interesting activity such as a PBP3 inhibitd),(HIV-1 inhibitor (14), and blood platelet
inhibitors (15), amongst other®:31As a result, this scaffold presents a compelling opportunity for

the development of potent antimicrobial agents.
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Figure 7. Naturally occurring and synthetic, biologically relevant pyrroliéh@diones.

2.2 Previous Pierce Group Research on Pyrrolidine-2,3-diones

In the Pierce group, we have studied pyrrolig@diones extensively, andue to the
observedctivity continued investigation is warranted. In the process of developing more bioactive
oxazolidinone analogs, access to pyrrolie)@dione scaffolds was also found to be possibfé.
Further optimization led to establishing conditions for the multicomponent reaction that enabled
easy access to this scaffold and is now extensively used to generate numerous analogs, including
analogs derived from natural product leopolic aci(il2).3* We learned that although2 and its
analogs showed only moderdtelow antimicrobial activity, modification of the-position of the

scaffold to incorporate smadized alkyl chains resulted in noteworthy antibiofilm activity. In
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terms of synthetic pyrrolidinedione analogs, a preliminary SAR was developed by Cusumano and
coworkers®® which revealed the following trends: the presence of an eleatitbdrawing group

at the 4position of the pyrrolidinedione scaffoldFigure 8A, C, compoundd6-18), a free enol
proton (7, 19), and a substituted nitroge20( 21) are beneficial in terms of a lower MIC value.

All the compounds analyzed by Cusumano and coworkers were tested against other strains of
Staphylococcusp. too, however, only MRSA ATCC 33591 is discussed here. Although more
active analogs such a2 were observed, none ®6-23 were tested for antibiofilm activity. Nie

and coworkers built on this work and tested their anal¢2{) for antibiofilm activity against

a typical biofilmpromoting strain of MSSA (ATCC 25923) as represented by the MBEC
values®®* These pyrrolidinedione monomers, however, suffered from poor agqueous solubility
thereby making it challenging to evaluate their biological profile. VaRksa and coworkers
addressed this issue by synthesizing pyrrolidinedione dimers with the two msnammeected

by all-carbon or heteroatomontaining linkersKigure 8B, 28-30).2” These compoundswhich

were tested against the two aforementioned strairs. a@fureusand MSSA (ATCC 29213}
showed enhanced aqueous solubility and antimicrobial activity, and significantly better antibiofilm
activity. It is worth noting that FDApproved antimicrobial therapeutics do not possess significant
biofilm eradication capabilityesulting in high MBEC/MIC ratioé’ they would need to be used

in combination with other antibiotics; otherwise, the working concentration for standalone
antibiotics to eradicate biofilms would cause harmful side effects to the pétighe fact that
multiple analogs such 28-30 had low MBEC/MIC ratios was a notable achievement. We desired
to continue exploration of this space and develop pyrrolidinedione monomers that allow for
straightforward biological evaluation, possess significant antimicrobial and antibiofilm activities,

and by extension, low MBEC/MIC ratios.
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Figure 8. Representative pyrrolidin2,3-diones previously synthesized in the Pierce lab. (A)
Monomeric analogs (B) Dimeric analogs. (C) Summary of biological activity.

2.3 Synthesis and Microbiological Evaluation of Pyrrolidine-2,3-dione Analogs
2.3.1. Initial Screening of p-CF3 Pyrrolidine-2,3-dione Analogs
Upon subjecting an aromatic aldehyde to Erlenm&échl reaction conditions,

phenylpyruvic acid derivativ&l was prepared, which, upon methylation furnished pyruvate ester
12



32. Access to the pyrrolidinedione analogues was done using the multicomponent reaction in
which a pyruvate, an amine, and an aldehyde react in DX¢heine 2). The substituent on the
pyruvate made up thepbsition of the pyrrolidinedione scaffold, while the amine made up-the 1
position, and aldehyde the-pgosition. Since it was previously determined thpt
trifluoromethylphenylpyruvates afforded the most active analogs, this building block remained
constant.

1. N-acyl-Gly, Ac,O, NaOAc

o) o)
O)‘\H > XY 0OH ——  »
2.6 M HCI OH DMF
FsC FsC

110 °C
31
47% o
HO ( )
o o O
X “oMe  + ONHZ + -
OH H CH,Cly, rt
FsC
32 F5C
78% ”

Scheme 2. General synthetic route to accgs€F: pyrrolidinedione analog3).

Initially, we explored diversification of the substituent in thepdsition of the

pyrrolidinedione as this was the le@sfplored at the timeFigure 9).
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mycin
MIC (MSSA 29213) pg/mL 1 >128 >128 128 >128 »>128 8
MIC (MSSA 25923) pg/mL 1 64 128 64 128 >128 4

MIC (MRSA 33591) ug/mL 64

MBEC (MSSA 25923) ug/mL

MBEC / MIC ratio 2048 1 0.5

Figure 9. Initial exploration of pyrrolidine2,3-dione analogs. (A) Analogs synthesized. (B)
Biological evaluation.

Of this set of compounds, little to no antimicrobial activity was s@&s-83e) for most of them,

with moderate antibiofilm activity. However, it was curious that there was a marked improvement
in activity of an analog3@f) due to the presence of a hydroxyl group in the benzylic position of
the moiety that was furnished by the aldehyde in the multicomponent reaction compared to one
without a benzylic hydroxyl grou33e). Following this observation, we sought to investigate the
activity at that position by changing the amine involved in the multicomponent reaction to furnish

a new set of analogs.
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2.3.2. Synthesis of Mandelic Aldehyde

The aldehyde required for this set of analogs was obtained fRyymdndelic acid
(Scheme 3); this chiral pool starting material was methylatg4)) (followed by silyl protection of
the secondary alcohol. This intermedi&®) (vas subject to diisobutylaluminum hydride (DIBAL)
reduction conditions to access the requisite alde3@e This sequence was also used with (S)

mandelic acid, i.e., the enantiomer, to obtain the corresponding aldehyde.

TBDPSCI
@\u)‘i SOCl, @\uj\ imidazole 0 DIBAL
R, —_— R —_— R, —_—
: OH MeOH : OMe CH,Cl, :  OMe CH,Cl,
OH OH 0°C -4 OTES 7800
34 35
91% 84%

Al
&
OTES

36
80%

Scheme 3. Initial route to access mandelic aldehyde

2.3.3. Exploration of Benzylic Hydroxyl Group of Pyrrolidinedione Analogs

Compound3g (Figure 10), which is a diastereomer 83, turned out to be less active than
33f. The lack of activity o83h seems to indicate that a phenyl moiety is required for the aldehyde
building block, and the MIC values 88i compared to the other analogues containing a phenyl
moiety furnished by the amine building block indicates that that is required for activity as well.
Upon synthesizing and testing each of the halogens for antimicrobial activity, the pattern of turning
on activity whereby the presence of a benzylic hydroxyl group acted as a switch for activity,

persistedKigure 10, 33i—330).
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Figure 10. Expanded library of pyrrolidin2,3-dione analogs. (A) Analogs synthesized. (B)
Biological evaluation.

At this point, we turned to the Topliss Tf&éor guidelines on aromatic substitutions in
pursuit of improving antimicrobial activity; while the-bromo substituted analo@3p) was
unremarkable, disubstitutéddq presented enhanced activity, and the best activity was displayed
by 33r with MIC values of 2ug/mL across all th&. aureusstrains in our scope. These values
represent the highest antimicrobial activity among standalone pyrreRd#dione tested in our
lab and are comparable to FEaproved antibiotics such as linezdi®dCuriously, thep-CFs
substituent seemed to defy the trend displayed by the halog8as stsowed striking activity,
albeit slightly reduced as compared to its benzylic hydroxyl counte3partt is unknown why
this deviation from the expected trend is observed withptiés substituent. A divergence in
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trend compared to the bromo modifications was also observed for the disub38tutedich was

less active tha@3r. As expected though, the analog possessing the inverse hydroxyl stereocenter
(33u) followed the expected trend of reduced activity as was the case when the hydroxyl group
was not benzylic33v). Fathalla and coworkeYsobserved modest antimicrobial activity with the
presence of a methylene linker between N1 and an aryl group, as was the case for us with analog
33w. It did not, however, surpa33r as our lead analog, nor did-€i substitutior33x. We also
observed that an electronically neutral aromatic r38y) was active compared to an aliphatic
chain @3i), however, if the substituent at thara position is electronically activatin@d3z), it
rendered the compound inactive as well. For msugstitutions, the more electronically
deactivating the substituent, the better. Efforts to noatted-substitutedN-aryl substituents were
unsuccessful, likely due to the role of steric hindrance in the multicomponent reaction.

In the process of developing this library, it was also observed that the yield for the
multicompone{TFA deprotection sequence of reactions proved to be higher in cases where a
more nucleophilic amine was used. This is consistent with trends observegréeious work
done in the Pierce lab.

While we were able to elucidate certain trends for these pyrrolidinedione monomers in
terms of antimicrobial activity, those for antibiofilm activity appear to be unclear. Alth&tgh
was the most active analog in terms of antimicrobial activity, its antibiofilm activity was only
modest as represented by its MBEC value ofug4mL. Analogs33s and33v that contained a
second trifluoromethyl group displayed MBEC values equal fog3@L as did331 albeit sans the
second trifluoromethyl substituent. The latter two also showed a notably low MBEC/MIC ratio of
4 indicating that these compounds were able to eradicate bacterial biofilms at concentrations very

close to the concentration at which they gllinktonic bacteria.
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2.4 Summary and Future Work

We have built a library of monomeric pyrrolidi2e3-diones that illustrate certain trends
in antimicrobial activity and contain analogs that possess significant antimicrobial and/or
antibiofilm activity. The most potent analog, compo@d3a, has remarkable MIC values of 2
pHg/mL against the 3 strains &. aureudested. FoN-aryl substitutions on the pyrrolidisg3-
dione, the more electronically deactivating the substituent apdhe position, the better the
antimicrobial activity. For halogens, the presence of a chiral hydroxyl group at the benzylic
position of the Ssubstitution turned on activity. The antibiofilm activity is less predictable,
however, but compound33s, 33v, and 331 all have MBEC values of 321ig/mL with an
MBEC/MIC ratio of 4, which is uncommon in most FEsfpproved antimicrobials and represent
the first monomeric pyrrolidinediones to do so.

Fluorinated moieties are widely seen in drug design and develofffnant] as per the
trends seen in our pyrrolidinedione analogs, a pentafluorosulfanyl compound 38ah @igure
11) would be interesting to synthesize and test for activity. This moiety is seen as a bioisostere of
trifluoromethyl group® with significantly higher electronegativity and
lipophilicity.**4° Additionally, substituting a different heteroatom at the benzylic position of the
aldehyde moiety3Bab) would inform our analysis. Concurrently, other members of the Pierce
group are working on different strategies to investigate the pyrrolgiidione scaffolds, such
as conjugating active analogs with vancomycin to improve antibiofilm activityinandotesting

of the same.
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Figure 11. Potential pyrrolidine2,3-dione analogs to investigate in future

2.5 Experimental Information

2.5.1. General Information — Chemistry

Dichloromethane (DCM) and tetrahydrofuran (THF) were purified using an alumina
filtration system before use. Aldehydes were purchased from a commercial chemical company and
used as received unless otherwise noted. Test reactions were monitored by TISS §pidy
coated silica gel 60 F254 plates, 250 mm layer thickness) and visualization was accomplished with
a 254 nm UV light and by staining with CAM solution (400 mL 10% sulfuric acid, 10 g ammonium
molybdate and 4 g ammonium cerium sulfate) with heafiegt reactions were also monitored
by LC-MS (2.6 mm C18 50 x 2.10 mm column) using electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI). A Biotage® flash chromatography system was
used to purify all compounds. Infrared (IR)espra were determined on a Bruker Alpha
spectrometertH and**C NMR spectra were obtained on a 500, 600, or 700 MHz instrument in
CDCls or as indicated. Chemical shifts were reported as observed in parts per million (ppm) with
the residual solvent peak used as an internal standard {&BGIMR = 7.26 ppm*C NMR =
77.16 ppm; CBOD 'H NMR = 3.31, 4.87 ppm; DMS®@s *H NMR = 2.50 ppm; TMSH NMR
=0 ppm,*3C NMR = 0 ppm)H NMR spectra were run at 500, 600, or 700 MHz and are tabulated
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, p = pentet,

m = multiplet, brs = broad singlet, dt = doublet of triplet, tt = triplet of triplaijnber of protons,
19



and coupling constant(s)®C NMR spectra were run at 125, 150, or 176 MHz using a proton
decoupled pulse sequence with a d1 of 1 second unless otherwise noted and are tabulated by
observed peak. High resolution mass spectra (HRMS) were obtained on an ion trap mass
spectrometer usinigeated electrospray ionization (HESI).
2.5.2. Synthetic Procedures & Characterization Data
Preparation of phenylpyruvate ester
o 1. N-acyl-Gly, Ac,0O, NaOAc

110 °C — 90 °C
/©)LH > XY “oH
2.6 M HCl OH
F,C F4C

110 °C

31
(Z)-2-Hydroxy-3-(4-(trifluoromethyl)phenyl)acrylic acid (31): 4-

(Trifluoromethyl)benzaldehyde (1.60 mL, $Immol), sodium acetate (1.05 g, 12.6 mmbb,
acetylglycine (1.36 g, 132 mmol) and acetic anhydride (3.29 mL, 34nmol) were added to a 25

mL round bottom flask (RBF). The contents of the flask were stirred at 110 °C initially then
brought down to 90 °C for 20 minutes, then brought to room temperature. The resulting solid is an
azlactone intermediate and was brokenthoroughly and filtered with very cold ethanol. To the
resulting residue was added 6 M HCI (50 mL) and refluxed for 18 hours at 110 °C, monitored by
HPLC-MS. After allowing the reaction to come to room temperature, the precipitate was filtered
with 1 M HCI. Acid 31 was obtained in 47% yield (1.26 g) as anwfite solid. Analytical data

was consistent with data previously reporigd.

(0] (o]
Mel, DBU
N OH —m—mmM N OMe
OH DMF OH
F;C Fs;C
31 32
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Methyl (Z)-2-hydroxy-3-(4-(trifluoromethyl)phenyl)acrylate (32): To 31 (1.2 g, 5.48 mmol)
dissolved in DMF (18.2 mL) was added iodomethane (1.72 mL, 27.4 mmol) and DBU (0.83 mL,
5.48 mmol) and stirred for-% hours, being monitored by TLC and/or HRMS. Upon
consumption of the starting material, the reaction was quenched with saturated ammonium
chloride and the aqueous layer was extracted with diethyl ether. The combined organic layer was
washed with deioned water and the resultant organic layer was dried with magnesium sulfate
and solvent removed in vacuo. Es3@rwas obtained in a 78% vyield (1.04 g) as a yellow solid.
Analytical data was consistent with data previously repdtted.

Preparation of aldehyde 36

TESCI

@L socl, @\/ﬁ\ imidazole o) DIBAL
—_— —_— —_—
OH MeOH OMe CH,Cl, OMe CH,Cl,
OH OH 0°C —rt OTES 78 °C
na = (R)-mandelic acid 34a, b 35a,b

nb = (S)-mandelic acid

H
OTES

36a, b
The synthesis of each enantiomer of aldel3@l&vas done using the above route employed by

Wolleb and coworker$’ The spectral data of each intermediate is consistent with their data and

any other precedent has been noted.

Methyl (R)-2-hydroxy-2-phenylacetate (34a): To commercially available (Rnandelic acid

dissolved in methanol (1 M) was added thionyl chloride (1 equiv) while the reaction flask was
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immersed in an ice bath. Upon consumption of the starting material, methanol was removed in
vacuo, the crude was redissolved in DCM and aqueous workup was done with saturated sodium
bicarbonate. The resultant organic layer was dried with sodium sulfateobraht removed in

vacuo. The product was taken forward without further purification. Following the procedure
above 34a was obtained in a yield of 2.76 g (86%) as a colorless oil:

'H NMR (600 MHz, CDC}) & —7.414rd, 2H), 7.39-7.36 (m, 2H), 7.36-7.31 (m, 1H), 5.18

(s, 1H), 3.77 (s, 3H).

Spectral data was consistent with previous data from Murayama and covw/®rkers.

(0]
> OMe
OH
34b

Methyl (S)-2-hydroxy-2-phenylacetate (34b): As per the previous procedure but starting with
commercially available (Snhandelic acid34b was obtained in a yield of 3.00 g (93%) as a
colorless oil.

IH NMR (500 MHz, CDC}) & —7.3%(mh, 2H), 7.39- 7.31 (m, 3H), 5.18 (s, 1H), 3.76 (s,

ALl
g OMe

OTES
35a

3H).

Methyl (R)-2-phenyl-2-((triethylsilyl)oxy)acetate (35a): To the corresponding ester obtained in
the previous step was added imidazole (1.7 equiv), chlorotriethylsilane (1.5, eissolved in

DMF (0.86 M) and stirred at room temperature. Upon consumption of the starting material, the
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reaction was quenched with saturated ammonium chloride and the aqueous layer was extracted
with diethyl ether. The resulting organic layer was washed with deionized water and the resultant
organic layer was dried and solvent removed in vacuo. Com@fandas obtained in a yield of
4.1469 g (84%) as a colorless oil.

'H NMR (500 MHz, CDC}) Ui 7.49—7.45 (m, 2H), 7.36-7.32 (m, 2H), 7.3+ 7.29 (m, 1H), 5.24

(s, 1H), 3.69 (s, 3H), 0.940.90 (m, 9H), 0.65-0.58 (m, 6H).

13C NMR (126 MHz, CDC$) 1172.8, 139.3, 128.5, 128.3, 126.5, 74.3, 52.3, 6.8, 4.7.

(o)

> OMe

OTES
35b

Methyl (S)-2-phenyl-2-((triethylsilyl)oxy)acetate (35b): As per the previous procedu8sh was
obtained in a yield of 1.47 g (86%) as a colorless oil.
'HNMR (500 MHz,CDC§) & 7. 48 (XE,7.3HzH2H), 7.3D (d3=4.3 Kzt 1H), 5.24

(s, 1H), 3.69 (s, 3H), 0.92 @= 7.9 Hz, 9H), 0.65-0.58 (M, 6H).

(R)-2-Phenyl-2-((triethylsilyl)oxy)acetaldehyde (36a): DIBAL (1 M in DCM, 1.2 equiv) was
added dropwise to a solution of the ester obtained in the previous step (1.0 equiv) in DCM (0.48
M) at-78 °C. The reaction mixture was stirred at this temperature until consumption of the starting

material as monitored bYLC. It was quenched with saturated Rochelle salt solution, allowed to
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warm to ambient temperature and stirred for another 2 hours. The phases were separated and the
agueous phase was extracted with DCM, and the resulting organic layer was dried with sodium
sulfate and solvent removed in vacuo to3fetin a yield of 1.1 g (88%) as a colorless oil.

'H NMR (500 MHz, CDC#) 119.52 (d,J = 2.2 Hz, 1H), 7.43-7.36 (m, 4H), 7.347.30 (m, 1H),

5.00 (d,J = 2.2 Hz, 1H), 0.94 () = 7.9 Hz, 9H), 0.63 (q] = 7.9, 1.6 Hz, 6H).

13C NMR (126 MHz, CDC#$) 11199.8, 136.6, 128.9, 128.6, 126.4, 79.9, 6.7, 4.9.

(o)

¥ H

OTES
36b

(S)-2-Phenyl-2-((triethylsilyl)oxy)acetaldehyde (36b): As per the previous proceduBsb was
obtained in a yield of 80.1 mg (10%) as a colorless oil.
TH NMR (500 MHz, CDC$) & 9J.=2.2 Hz( IH), 7.42 7.37 (m, 4H), 7.33 (d] = 4.4 Hz,

1H), 5.00 (d,J = 2.1 Hz, 1H), 0.94 (t) = 7.9 Hz, 9H), 0.65 (q] = 7.9, 1.4 Hz, 6H).

24



Preparation of 3-hydroxy-1,5-dihydro-2H-pyrrol-2-ones (pyrrolidine-2,3-dione

analogs 33)

F,C
> [=]
(o]
HO
S OMe + O’NHZ * 4 .
OH CH,Cly, rt O
F;C OTES OTES
32 36 FiC
(o)
HO ‘ )
\ N

(¢]
HO
RS OMe + ONH2 * L _—
OH CH2C|2, rt O
FsC OTES OTES
32 36 F;C
(o]
HO .( >
\ N
TBAF
—_
S
HO
33 [<]

General Procedure a: To a solution of methyl-oxoester (1 equiv) in DCM (0.05 M) at 0 °C was
added the respective aldehyde (1.1 equiv), followed by amine (1.1 equiv). The reaction was

allowed to come to room temperature and stirred f@42hours, being monitored by TLC and/or
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HPLC-MS. Upon consumption di-oxoester, solvent was removed in vacuo, or the suspension
was filtrated when the product precipitated from solution. The crude products were then purified
by flash column chromatography or trituration.

General Procedure b: The purified product obtained frofeneral Procedure a, was dissolved

ina 1:1 (v/v) mixture DCM/TFA (0.05 M) and stirred at room temperature fe24.8ours, while

being monitored by TLC and/or HPLERIS. Upon consumption of the starting material, solvent
was removed in vacuo, and the crude products were then purified by flash column
chromatography.

General Procedure c: The purified product obtained frof@eneral Procedure a, was dissolved

in THF (0.1 M) and placed in a 0 9€e bath. TBAF (3.0 equivwas added, and the reaction was
stirred for 46 hours, while being monitored by TLC and/or HRMS Upon consumption of the
starting material, solvent was removedatuo,and the residue was-dissolved in diethyl ether.

The organic layer was washed multiple times with saturated ammonium chloride, the resultant
organic layer was dried with sodium sulfate, and diethyl ether removed in vacuo. The crude
products were then pitied by flash column chromatography.

All analogs possess multiplet signals associated with one or more trifluorometbiyt(Qlfps for

their respectivé3C NMR spectrum. A representative example with comprehensive reporting of
all multiplet signals is shown f@&3w (vide infrg). However, for ease of comprehension and due

to paucity of material of certain analogs, only the most prominent peak from each multiplet signal
has been selected for the reported peaks for every other analog.

All analogs are a mixture of diastereomers.
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(0]
HO Br
\ N

Me

F;C
33a

1-(4-Bromophenyl)-3-hydroxy-5-methyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-
pyrrol-2-one (33a): According toGeneral Procedure a, 33a was synthesized in a yietd 20mg

(23%) as a pale yellow solid.

Rr= 0.58 (40% EtOAc in hexanes)

'THNMR (500 MHz, CDC}) & 7J=8.Q Hz 2H), 7.70 (d] = 8.1 Hz, 2H), 7.59 (d] = 8.7

Hz, 2H), 7.51 (dJ = 8.6 Hz, 2H), 5.09 (g] = 6.5 Hz, 1H), 1.38 (d] = 6.5 Hz, 3H).

13C NMR (151 MHz, CDC}) O 164. 8, 142. 4, 135. 4, 134. 5,
123.2,121.7, 119.0, 54.5, 18.8.

IR (DiamondA T R, m& 3205) 16%7, 1489, 1428, 1375, 1319, 1288, 1163, 1116, 1066, 930,
842, 820.

HRMS (m/2): calculated foC1 H1 B rsRQ[M-H]'4 09 . Goarki41 0. .0009

o}

HO @/Br
\ N

F;C
33b

1-(4-Bromophenyl)-5-cyclopropyl-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-
2H-pyrrol-2-one (33b): According toGeneral Procedure a, 33b was synthesized in a yield of

47.1 mg (74%) as a yellow solid.
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Rr= 0.66 (40% EtOAc in hexanes)
'HNMR (600 MHz,CDC$) & 7. 82 ( d58.2HH RH), 767 (6, 2H),(7.d3 (d, 2H),
5.04 (d,J = 7.3 Hz, 1H), 1.0# 1.01 (m, 1H), 0.37# 0.29 (m, 2H), 0.26- 0.15 (m, 1H), 0.12

0.07 (m, 1H).

13C NMR (151 MHz, CDC}) d 165. 6, 143. 2, 136. 0, 135. 3,

123.3, 120.4, 119.8, 77.4, 77.2, 76.9, 60.9, 13.8, 12.7, 9.3, 4.7, 2.3.
IR (DiamondA T R, & 8127, 3010, 2922, 1653, 1491, 1364, 1319, 1161, 1118, 1105,
1059, 824.

HRMS (m/2): calculated foC2 H1 B raRQ[M-H]" 4 36 . ,Goursl43 6. .0165

(0]

HO /®/Br
\ N

Cl

F3C
33c

1-(4-Bromophenyl)-5-(chloromethyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-
2H-pyrrol-2-one (33¢): According toGeneral Procedure a, 33¢ was synthesized in a yield of
12.9 mg (21%) as a brown solid.

Rr= 0.60 (40% EtOAc in hexanes)

'H NMR (600 MHz, CDC}) & 7J=m2 HZ, &8H), 7.71 (d] = 8.2 Hz, 2H), 7.61 (d, 2H),
7.42 (d, 2H), 4.46 (= 7.8, 6.3, 1.7 Hz, 1H), 3.963.85 (m, 1H), 3.73-3.70 (m, 1H).

13C NMR (151 MHz, CDC}) d 165. 8, 144. 7, 134. 2, 133.

123.1, 120.4, 117.1, 58.6, 43.8.
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IR (DiamondA T R, & 819), 2967, 2900, 1685, 1491, 1428, 1385, 1318, 1109, 1062,
1006, 818, 766, 708.

HRMS (m/2): calculated foC1 1 Br GNB[M-H]"4 4 3 . Joorti844 3. 96 19

(0]
HO Br
\ N

S
2

/

Fs;C
33d

1-(4-Bromophenyl)-3-hydroxy-5-(thiophen-2-yl)-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-
2H-pyrrol-2-one (33d): According toGeneral Procedure a, 33d was synthesized in a yield of
42.6 mg (39%) as a yellow solid.

Rr= 0.55 (40% EtOAc in hexanes)

'H NMR (500 MHz, CDC}) & 7J=B.8 Hz( 2aH), 7.58 (d] = 8.3 Hz, 2H), 7.48 (d] = 8.8

Hz, 2H), 7.34 (dJ = 8.8 Hz, 2H), 7.18 7.16 (m, 1H), 7.09 (ddl = 3.6, 1.2 Hz, 1H), 6.83 (dd,
=5.1, 3.5 Hz, 1H), 6.22 (s, 1H).

I3C NMR (151 MHz, CDC$) & 165. 1, 143. 3, 139.1, 134.9,
127.1,126.9, 125.6, 125.1, 125.0, 120.1, 120.0, 59.2.

IR (DiamondA T R, m& 32F6) 3114, 1683, 1489, 1372, 1323, 1284, 1167, 1116, 1073, 846,
824.

HRMS (m/2: calculated foC, H1 B raRQS[M-H]"4 7 7 . Goord®7 7. 97 33
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(o)

|-|0\N,©’Br
oY,

Fs;C
33e

5-Benzyl-1-(4-bromophenyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-
pyrrol-2-one (33e¢): According toGeneral Procedure a, 33e was synthesized in a yield of 7.5 mg
(4%) as dight-yellow solid.

Rr= 0.60 (40% EtOAc in hexanes)

'H NMR (500 MHz, CDC}) 1 7.80 (d,J = 8.2 Hz, 2H), 7.75 (d] = 8.2 Hz, 2H), 7.62 (d, 2H),
7.53 (d, 2H), 7.12 (1) = 7.4 Hz, 1H), 7.05 (1) = 7.5 Hz, 2H), 6.44 (d, 2H), 5.43 (t, 1H), 3.23 (dd,
J=14.3, 4.5 Hz, 1H), 3.12 (dd~= 14.3, 3.3 Hz, 1H).

13C NMR (151 MHz, CDC#$) U 164.9, 143.2, 135.6, 134.9, 133.0, 132.6, 129.8, 129.7, 128.0,
127.7,127.3, 126.1, 124.5, 123.2, 118.7, 118.6, 57.7, 35.6.

IR (DiamondA T R,  m& 8282, 3112, 3027, 2930, 1677, 1491, 1426, 1385, 1318, 1284,
1129, 1111, 1070, 822, 699.

HRMS (m/2): calculated foC2 H1 B rsRQ[M-H] 4 8 6 . ,GoBmd486 . .03 25
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1-(4-Bromophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33f): According to General
Procedure b, 33f was synthesized in a yield of 26 mg (10% over 2 steps) as a yellow oil.

Rr= 0.58 (40% EtOAc in hexanes)

'"H NMR (600 MHz, CDC#) t17.91 (d,J = 8.2 Hz, 2H), 7.72 (d] = 8.2 Hz, 2H), 7.47 (d] = 8.7

Hz, 2H), 7.39 (dJ = 8.8 Hz, 2H), 7.19 (dd} = 8.1, 6.3 Hz, 1H), 7.13 (d,= 7.8 Hz, 2H), 6.81 (d,
J=7.3 Hz, 2H), 5.61 (d] = 2.6 Hz, 1H), 5.18 (d] = 2.6 Hz, 1H).

13C NMR (151 MHz, CDC#$) t 165.1, 143.7, 138.1, 135.7, 135.1, 132.4, 129.7, 128.6, 128.4,
128.2,126.0, 125.5, 125.1, 124.9, 124.0, 119.0, 73.7, 62.7.

IR (DiamondA T R,  m& 8199, 2989, 2920, 2764, 1683, 1674, 1489, 1321, 1165, 1111,
1064, 1014, 824, 699.

HRMS (m/2): calculated foC2 H1 B raRQ[M-H]'5 0 2 . ,Go2argi®02 . .02 80

1-(4-Bromophenyl)-3-hydroxy-5-((S)-hydroxy(phenyl)methyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33g): According to General
Procedure b, 33g was synthesized in a yield of 7 mg (15% over 2 steps) as a yellow oil.

Rr = 0.58 (40% EtOAc in hexanes)
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H NMR (600 MHz, CDC}) 11 7.91 (d,J = 8.0 Hz, 2H), 7.72 (d] = 8.1 Hz, 2H), 7.47 (d] = 8.3

Hz, 2H), 7.38 (dJ = 8.3 Hz, 2H), 7.18 (tJ = 6.9 Hz, 1H), 7.147.10 (m, 2H), 6.81 (d] = 7.4

Hz, 2H), 5.61-5.59 (m, 1H), 5.17 (s, 1H).

13C NMR (151 MHz, CDC}) Ui 166.6, 140.9, 138.1, 135.7, 135.1, 132.4, 129.6, 128.6, 128.4,
128.2, 126.0, 125.5, 124.9, 124.2, 124.0, 119.0, 73.7, 62.8.

IR (DiamondA T R, e 8178, 2992, 2848, 1670, 1491, 1431, 1379, 1319, 1163, 1118,
1066, 1006, 932, 827, 768, 701, 663.

HRMS (m/2): calculated foC2 H1 B raRQ[M-H]'5 0 2 . ,Goargi®02 . .02 7 4

o
HO N/@/Br
\
HO OH
F3C
33h
o o)
NH; )QEV\
N VoMe  + Q LN
o
OH CH,Cly, rt
F4C Br l\;’/\Me Zre
32
o o)
HO N/@/Br "o er
\ \ N
-_——
TFA:CH,Cl,
OXO 1:1 HO OH
F1C Me Me F1C
33h

1-(4-Bromophenyl)-5-((S)-1,2-dihydroxyethyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-

1,5-dihydro-2H-pyrrol-2-one (33h): Using commercially availableR}-(+)-2,2-dimethy}1,3-
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dioxolane4-carboxaldehyde irGeneral Procedure b, 33h was synthesized (via a modified
intermediate as shown above) in a yield of 38 mg (44% over 2 steps) as a pale yellow solid.
Rr=0.21 (40% EtOAc in hexanes)

'H NMR (600 MHz, CDC}) 11 7.86 (d,J = 8.1 Hz, 2H), 7.71 (d] = 8.4 Hz, 2H), 7.61 (d] = 8.3

Hz, 2H), 7.41 (dJ = 8.3 Hz, 2H), 5.38 (s, 1H), 4.27 {t= 7.7 Hz, 1H), 3.98 (d] = 6.6 Hz, 2H).

13C NMR (151 MHz, CDC#$) U 165.9, 144.1, 135.2, 133.9, 133.1, 130.8, 128.1, 126.0, 125.5,
124.8, 121.1, 118.2, 68.8, 67.7, 60.4.

IR (DiamondA T R, & 824%, 29862, 2924, 2853, 1670, 1491, 1321, 1161, 1113, 1064,
1012, 848, 829, 731.

HRMS (m/2): calculated foC1 H1 B rasRQ[M-H] "4 5 6 . ,Goorsl85 6 . .00 5 4

Me

1-Hexyl-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-(trifluoromethyl)phenyl)-1,5-
dihydro-2H-pyrrol-2-one (33i): According toGeneral Procedure b, 33i was synthesized in a
yield of 17 mg (35% over 2 steps) as a yellow oil.

Rr = 0.43 (40% EtOAc in hexanes)

'H NMR (600 MHz, CDC}) 11 7.84 (d,J = 8.2 Hz, 2H), 7.68 (d] = 8.1 Hz, 2H), 7.41 (d]= 7.3

Hz, 2H), 7.37 (t) = 7.6 Hz, 2H), 7.30 () = 7.3 Hz, 1H), 5.14 (s, 1H), 4.95 (s, 1H), 3-78.64
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(m, 1H), 2.66-2.60 (m, 1H), 1.26-1.23 (m, 2H), 1.26-1.14 (m, 2H), 1.08-1.02 (m, 2H), 0.94
—0.86 (M, 2H), 0.82 () = 7.3 Hz, 3H).

13C NMR (151 MHz, CDC}) Ui 167.9, 144.9, 140.4, 135.1, 129.5, 128.7, 128.1, 127.9, 125.7,
125.3,123.3, 118.6, 72.2, 62.7, 42.5, 31.4, 27.9, 26.4, 22.6, 14.1.

IR (DiamondA T R, e 8189, 29564, 2924, 2857, 1662, 1653, 1321, 1163, 1118, 1109,
1066, 1014, 714.

HRMS (m/2: calculated folC> H2 55N Q[M-H] 4 3 2 . [ foorg@l4 32 . .17 92

(0]
HO F
SO
)
(D wo
FsC
33j
1-(4-Fluorophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33j): According to General
Procedure ¢, 33j was synthesized in a yield of 3.1 mg (12% over 2 steps) as a white solid.
Rr= 0.50 (40% EtOAc in hexanes)
"H NMR (600 MHz, CDC#) 17.92 (d,J= 8.2 Hz, 2H), 7.73 (d] = 8.2 Hz, 2H), 7.42 (dd} = 9.0,
4.7 Hz, 2H), 7.18-7.15 (m, 1H), 7.12 (ddl = 8.2, 6.5 Hz, 2H), 7.057.00 (m, 2H), 6.84 (d] =
7.2 Hz, 2H), 5.60 (d) = 2.5 Hz, 1H), 5.17 (d] = 2.5 Hz, 1H).
13C NMR (176 MHz, CDC#$) U 165.6, 159.8, 144.0, 138.4, 135.1, 132.5, 129.7, 128.4, 128.1,
128.1, 125.9, 125.8, 125.6, 125.0, 118.7, 116.0, 73.4, 63.6.
IR (DiamondA T R, & 8220, 29981, 2920, 2851, 1670, 1508, 1321, 1230, 1157, 1113,

1064, 1014, 833, 703.
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HRMS (m/2: calculated folC> H1 54N Q [M-H] 4 4 2 . [foaréld 42 ..1070

i F
o N L7
aWaY,
F5C

33k
5-benzyl-1-(4-fluorophenyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-
pyrrol-2-one (33k): According toGeneral Procedure a, 33k was synthesized in a yield of 6.2
mg (5%) as a yellow solid.
Rr=0.10 (20% EtOAc in hexanes)
'H NMR (600 MHz, CDC#) G 7.79 (d,J= 8.2 Hz, 2H), 7.74 (d] = 8.2 Hz, 2H), 7.57 (dd} = 9.0,
4.7 Hz, 2H), 7.20 (t) = 8.5 Hz, 2H), 7.12 (1) = 7.4 Hz, 1H), 7.05 () = 7.5 Hz, 2H), 6.46 (dJ
= 7.2 Hz, 2H), 5.43 (t) = 3.9 Hz, 1H), 3.20 (ddl= 14.3, 4.5 Hz, 1H), 3.12 (dd= 14.3, 3.4 Hz,
1H).
13C NMR (176 MHz, CDC#$) U 164.9, 159.6, 143.3, 135.0, 133.2, 132.6, 129.9, 129.7, 128.0,
127.7,127.3, 126.1, 124.9, 123.7, 118.5, 116.5, 58.2, 35.7.
IR (DiamondA T R,  m& 2922, 28%5, 1670, 1506, 1387, 1319, 1230, 1163, 1111, 1066,
1014, 932, 827, 745, 701, 663.

HRMS (m/2): calculated foCz Hi EsN Q [M+H] " 428.1268, found 428.1276.
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331

1-(4-Chlorophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (331): According to General
Procedure b, 331 was synthesized in a yield of 7.6 mg (22% over 2 steps) as a yellow oil.

Rr= 0.27 (40% EtOAc in hexanes)

'TH NMR (600 MHz, CDC#) i17.91 (d,J= 8.1 Hz, 2H), 7.72 (d] = 8.1 Hz, 2H), 7.48- 7.45 (m,

2H), 7.34 (dJ=8.4 Hz, 2H), 7.19 (Y= 7.4 Hz, 1H), 7.13 (§ = 7.5 Hz, 2H), 6.80 (d] = 7.5 Hz,

2H), 5.62 (dJ= 2.6 Hz, 1H), 5.18 ( = 2.9 Hz, 1H).

13C NMR (176 MHz, CDC#$) U 165.1, 143.7, 138.1, 135.2, 135.1, 131.2, 129.7, 129.4, 128.6,
128.3,128.1, 126.1, 126.0, 125.5, 123.8, 118.6, 73.7, 62.9.

IR (DiamondA T R, & 8228, 3006, 2920, 2851, 1696, 1685, 1493, 1379, 1321, 1165,
1113, 1092, 1064, 1012, 827, 723, 701.

HRMS (m/2): calculated foC2 H1 € 1 3R Q[M-H]" 4 5 8 . ,GoLrtl45 8. .07 7 8

o

Ho\N/O’C'
e,

F,;C
33m
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5-benzyl-1-(4-chlorophenyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-
pyrrol-2-one (33m): According toGeneral Procedure a, 33m was synthesized in a yield of 9.7
mg (8%) as a yellow solid.

Rr=0.18 (20% EtOAc in hexanes)

'"H NMR (600 MHz, CDC#) 11 7.80 (d,J = 8.2 Hz, 2H), 7.75 (d] = 8.2 Hz, 2H), 7.59 (d] = 8.8

Hz, 2H), 7.47 (dJ) = 8.8 Hz, 2H), 7.13 (1) = 7.4 Hz, 1H), 7.05 (tJ = 7.5 Hz, 2H), 6.44 (d] =

6.8 Hz, 2H), 5.44 (1) = 3.9 Hz, 1H), 3.23 (dd] = 14.2, 4.5 Hz, 1H), 3.13 (dd,= 14.3, 3.3 Hz,

1H).

13C NMR (151 MHz, CDC#$) Ut 165.1, 143.4, 135.1, 134.9, 133.1, 131.0, 129.7, 129.3, 129.3,
128.0, 127.7,127.3, 126.1, 125.0, 123.0, 118.8, 57.9, 35.6.

IR (DiamondA T R, e 2922, 2855, 1670, 1491, 1387, 1319, 1282, 1200, 1163, 1111,
1066, 1014, 932, 820, 753, 701.

HRMS (m/2): calculated folC; Hi € | slF Q [M+H]* 444.0973, found 444.0981.

33n

3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-(4-iodophenyl)-4-(4-(trifluoromethyl)phenyl)-
1,5-dihydro-2H-pyrrol-2-one (33n): According toGeneral Procedure b, 33n was synthesized
in a yield of 23 mg (21% over 2 steps) as a yellow oil.

Rr = 0.50 (40% EtOAc in hexanes)
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H NMR (600 MHz, CDC}) 11 7.92 (d,J = 8.0 Hz, 2H), 7.72 (d] = 8.1 Hz, 2H), 7.59 (d] = 8.1

Hz, 2H), 7.21- 7.15 (m, 3H), 7.11 (&) = 7.6 Hz, 2H), 6.81 (d] = 7.2 Hz, 2H), 5.56 (d] = 2.4

Hz, 1H), 5.14 (s, 1H).

13C NMR (151 MHz, CDC}) Ui 165.6, 144.1, 138.2, 136.3, 135.1, 129.7, 128.5, 128.2, 127.9,
125.8, 125.5, 125.2, 125.1, 124.6, 118.9, 90.1, 73.5, 63.0.

IR (DiamondA T R, e 8207, 2920, 2762, 1670, 1487, 1381, 1321, 1165, 1109, 1062,
1005, 822, 721, 699.

HRMS (m/2): calculated foCz Hi Rzl N&M-H]'55 0 . ,Gour®kI25 0. .01 35

HO \ON’(::T/I
AW

330
5-Benzyl-3-hydroxy-1-(4-iodophenyl)-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-
2-one (330): According toGeneral Procedure a, 330 was synthesized in a yield of 2.8 mg (2%)
as a yellow solid.
Rr=0.24 (20% EtOAc in hexanes)
'"HNMR (600 MHz, CDC}) & 7J=8.0 Hz( 4H), 7.74 (d] = 8.3 Hz, 2H), 7.41 (d]=8.4
Hz, 2H), 7.12 (tJ= 7.3 Hz, 1H), 7.04 (§ = 7.5 Hz, 2H), 6.44 (d)= 7.4 Hz, 1H), 5.42 (1= 3.9
Hz, 1H), 3.22 (ddJ = 14.5, 4.6 Hz, 1H), 3.11 (dd~=14.2, 3.3 Hz, 1H).
13C NMR (151 MHz, CDC}) o 165. 0, 143. 3, 138. 6, 136. 3,

127.7,127.3, 126.1, 125.0, 123.4, 118.7, 89.6, 57.6, 35.6.
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IR (DiamondA T R, e 2922, 2848, 1662, 1483, 1379, 1319, 1282, 1163, 1118, 1066,
1006, 924, 813, 753, 701.

HRMS (m/2: calculated folCz Hi &3l NAM+H] " 536.0329, found 536.0334.

33p

1-(3-Bromophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33p): According to General
Procedure b, 33p was synthesized in a yield of 30 mg (14% over 2 steps) as a dark yellow oil.
Rr=0.10 (20% EtOAc in hexanes)

'HNMR (700 MHz, CDC$) & 7J=%8.3 Hz 2H), 7.73 (d] = 8.2 Hz, 2H), 7.58 (} = 2.0

Hz, 1H), 7.48 (ddJ = 7.6, 2.0 Hz, 1H), 7.30 (dd,= 7.8, 2.5 Hz, 1H), 7.22 (8§ = 8.0 Hz, 1H),

7.17 (tJ=6.8 Hz, 1H), 7.13 (= 7.4 Hz, 2H), 6.85 (d] = 7.7 Hz, 2H), 5.60 (d] = 2.6 Hz, 1H),

5.20 (d,J = 2.3 Hz, 1H).

13C NMR (176 MHz, CDC#$) U 165.3, 143.6, 138.1, 137.9, 134.6, 130.5, 129.2, 128.9, 128.6,
128.5, 128.2, 126.0, 125.8, 125.6, 125.5, 122.9, 121.3, 118.8, 73.5, 62.9.

IR (DiamondA T R, & 8350, 2922, 2855, 1677, 1588, 1476, 1379, 1319, 1163, 1111,
1059, 1014, 850, 768, 723, 678.

HRMS (m/2): calculated for H1eBrFsNOs [M+H] * 504.0416, found 504.0413.
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33q

1-(3,4-diBromophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33q): According to General
Procedure b, 33q was synthesized in a yield of 17 mg (29% over 2 steps) as a pale yellow oil.
Rr= 0.55 (40% EtOAc in hexanes)

'"H NMR (600 MHz, CDC#) 11 7.93 (d,J = 8.1 Hz, 2H), 7.74 (d] = 8.2 Hz, 2H), 7.57 (d] = 2.8

Hz, 1H), 7.50 (dJ = 8.6 Hz, 1H), 7.30 (ddl = 8.6, 2.5 Hz, 1H), 7.17 (d,= 7.2 Hz, 1H), 7.13 (t,
J=7.3 Hz, 1H), 6.88 (d] = 7.1 Hz, 2H), 5.53 (d] = 2.3 Hz, 1H), 5.17 (s, 1H).

13C NMR (151 MHz, CDC#$) U 165.6, 143.8, 138.2, 136.6, 134.7, 133.7, 129.9, 128.4, 128.3,
127.7,125.9, 125.7, 125.6, 125.0, 123.2, 123.1, 121.5, 119.0, 73.2, 63.4.

IR (DiamondA T R, & 8200, 3001, 2919, 2851, 1683, 1675, 1467, 1321, 1165, 1109,
1064, 1014, 846, 805, 697.

HRMS (m/2): calculated foCz H1 B sFsNQ[M-H]'5 7 9 . 9aBre157 9. 9375

33r
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3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-dihydro-
2H-pyrrol-2-one (33r): According toGeneral Procedure b, 33r was synthesized in a yield of 9
mg (13% over 2 steps) as a reddish brown solid.

Rr=0.57 (40% EtOAc in hexanes)

'"H NMR (600 MHz, CDC#) 117.93 (d,J = 8.2 Hz, 2H), 7.74 (d] = 8.2 Hz, 2H), 7.61 (q] = 8.9

Hz, 4H), 7.19-7.15 (m, 1H), 7.11 (dd} = 8.3, 6.9 Hz, 2H), 6.80 (d,= 7.3 Hz, 2H), 5.68 (d] =

2.6 Hz, 1H), 5.20 (t) = 2.9 Hz, 1H).

13C NMR (176 MHz, CDC#$) U 165.4, 143.6, 139.7, 138.1, 134.9, 129.7, 128.6, 128.4, 128.2,
127.9,127.3, 126.4, 125.9, 125.6, 125.1, 122.2, 118.9, 73.5, 62.7.

IR (DiamondA T R,  m& 820}, 2922, 2848, 1677, 1610, 1431, 1379, 1319, 1163, 1111,
1066, 1014, 932, 842, 768, 716, 656.

HRMS (m/2: calculated folC> H1 56N Q[M-H] 4 9 2 . [ foarRi®9 2 . .104 1

33s

5-Benzyl-3-hydroxy-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33s):
According toGeneral Procedure a, 33s was synthesized in a yield of 8 mg (4%) &glat-yellow
solid.

Rr= 0.63 (40% EtOAc in hexanes)
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'H NMR (500 MHz, CDC}) & 7J=8.2 Hz 2H), 7.78 7.74 (m, 6H), 7.13 (t = 7.4 Hz,

1H), 7.05 (tJ = 6.9 Hz, 2H), 6.43 (d] = 6.9 Hz, 1H), 5.51 (dd] = 4.4, 3.3 Hz, 1H), 3.27 (dd,

= 14.3, 4.4 Hz, 1H), 3.14 (dd= 14.2, 3.3 Hz, 1H).

13C NMR (151 MHz, CDC}) Ui 165.3, 143.2, 139.6, 134.7, 132.9, 129.9, 129.6, 129.4, 128.1,
127.8, 127.4, 126.8, 126.1, 125.6, 125.0, 121.2, 119.2, 57.7, 35.6.

IR (DiamondA T R, e 8219, 2926, 2853, 1668, 1614, 1319, 1288, 1163, 1109, 1068,
1014, 833, 699.

HRMS (m/2: calculated folC> H1 56N Q [M-H] 4 7 6 . ,fourgld7 6 . .1 090

33t
1-(3,4-Bis(trifluoromethyl)phenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33t): According to General
Procedure b, 33t was synthesized in a yield of 2 mg (2% over 2 steps)ightayellow oil.
Rr=0.18 (20% EtOAc in hexanes)
'HNMR (600 MHz,CDC}) &6 8. 18 (s, 1H)Y58.7Hz,aH),78Wd=81H) ,
Hz, 2H), 7.72 (dJ = 8.2 Hz, 2H), 7.23 (dJ = 7.4 Hz, 1H), 7.16 (t) = 7.6 Hz, 2H), 6.74-6.72
(m, 2H), 5.81 (dJ = 2.2 Hz, 1H), 5.28 (d] = 2.1 Hz, 1H).
I3C NMR (151 MHz, CDC§) &6 166 . 2, 141. 1, 136. 3, 134. 4,

128.0, 127.8, 126.0, 125.9, 125.5, 125.4, 125.3, 124.8, 123.8, 122.2, 118.8, 75.5, 62.5.
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IR (DiamondA T R, & 8314, 2922, 2848, 1677, 1461, 1379, 1319, 1163, 1111, 1066,
1014, 842.

HRMS (m/2: calculated for @H15FeNOs [M-H] 560.0914, found 560.0915.

3-Hydroxy-5-((S)-hydroxy(phenyl)methyl)-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-dihydro-
2H-pyrrol-2-one (33u): According toGeneral Procedure b, 33u was synthesized in a yield of

11 mg (15% over 2 steps) aight-yellow oil.

Rr=0.61 (40% EtOAc in hexanes)

"H NMR (600 MHz, CDC%) 1 7.93 (d,J = 8.0 Hz, 2H), 7.73 (d) = 8.1 Hz, 3H), 7.52 (s, 4H),
7.16—7.11 (m, 1H), 7.08 (tJ = 7.5 Hz, 2H), 6.82 (d] = 7.6 Hz, 2H), 5.64 (d] = 2.4 Hz, 1H),

5.16 (d,J = 2.3 Hz, 1H).

13C NMR (151 MHz, CDC#$) U 165.8, 143.9, 139.6, 138.2, 134.9, 129.9, 128.6, 128.5, 128.3,
128.2, 126.3, 125.7, 125.6, 125.1, 124.9, 122.6, 119.3, 73.3, 63.1.

IR (DiamondA T R, & 8217, 2983, 2920, 2769, 1675, 1612, 1383, 1319, 1163, 1116,
1107, 1064, 1014, 849.

HRMS (m/2: calculated foCz H1 FsN Q [M+H]*4 9 4 . Hourkl$9 4 . 1189
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33v
3-Hydroxy-5-((R)-1-hydroxy-2-phenylethyl)-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-
dihydro-2H-pyrrol-2-one (33v): According toGeneral Procedure b, 33v was synthesized in a
yield of 16 mg (16% over 2 steps) akght-yellow oil.
Rr= 0.43 (40% EtOAc in hexanes)
'TH NMR (600 MHz, CDC#$) i1 7.95 (d,J = 8.1 Hz, 2H), 7.76-7.74 (m, 2H), 7.74-7.73 (m, 1H),
7.71 (d,J=8.0 Hz, 2H), 7.24-7.17 (m, 4H), 6.86 (dd]l = 7.9, 1.6 Hz, 2H), 5.50 (d,= 2.1 Hz,
1H), 4.21 (dtdJ = 9.2, 4.5, 2.0 Hz, 1H), 2.56 (dd~ 13.9, 4.3 Hz, 1H), 2.39 (dd,= 13.9, 9.3
Hz, 1H).
13C NMR (151 MHz, CDC#$) U 165.6, 143.3, 139.7, 136.7, 134.8, 130.2, 129.1, 129.0, 128.7,
128.1, 127.2, 126.9, 125.6, 124.9, 124.7, 122.9, 119.7, 72.6, 62.0, 39.1.
IR (DiamondA T R, & 8222, 2985, 2920, 2755, 1675, 1612, 1319, 1165, 1107, 1062,
1014, 842, 699.

HRMS (m/2): calculated foCz H2 56N Q [M+H]*5 0 8 . ,foarti20 8 . .1 34 6
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33w
3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-(4-(trifluoromethyl)benzyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33w): According to General
Procedure b, 33w was synthesized in a yield of 18 mg (17% over 2 steps)igistayellow oil.
Rr= 0.36 (40% EtOAc in hexanes)
'H NMR (700 MHz, CDC#) 11 7.78 (d,J = 8.1 Hz, 2H), 7.66 (d] = 8.2 Hz, 2H), 7.43 (d]= 7.8
Hz, 2H), 7.40-7.36 (m, 5H), 6.73 (d] = 7.9 Hz, 2H), 5.17 (d] = 15.5 Hz, 1H), 5.13 (s, 1H),
4.71 (s, 1H), 3.74 (d = 15.5 Hz, 1H).
I3C NMR (176 MHz, CDC}$) U 168.6, 144.4, 140.5, 140.2, 134.5, 130.1)(g,32.5 Hz), 129.8
(0,J =325 Hz), 129.1, 128.2, 128.2, 127.9, 125.8)(g,3.6 Hz), 125.7 (q) = 3.6 Hz), 125.4,
124.1 (qJ = 272.4 Hz), 124.1 (4} = 271.5 Hz), 119.8, 72.1, 62.5, 45.6.
IR (DiamondA T R, & 8166, 2920, 2786, 1668, 1616, 1450, 1319, 1163, 1109, 1064,
1016, 850, 716.

HRMS (m/2): calculated foC, 2 FsN Q[M+H]*5 0 8 . ,foBdi20 8 . .1 34 6

45



33x

3-Hydroxy-5-(hydroxy(4-(trifluoromethyl)phenyl)methyl)-1,4-bis(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33x): According to General
Procedure ¢, 33x was synthesized in a yield of 1 mg (2% over 2 steps) as a white solid.
Rr=0.52 (40% EtOAc in hexanes)

'H NMR (600 MHz, CDC}) & 7J=%.2 Hz( 2H), 7.76 (d] = 8.2 Hz, 2H), 7.58- 7.52 (m,

5H), 7.35 (dJ = 8.1 Hz, 2H), 6.99 (d] = 8.0 Hz, 2H), 5.67 (d] = 2.2 Hz, 1H), 5.25 (s, 1H).

IR (DiamondA T R, & 8272, 2922, 2855, 1677, 1610, 1431, 1379, 1319, 1223, 1163,
1111, 1066, 1014, 932, 842, 753, 716, 663.

HRMS (m/2: calculated folCz> KH1 FoN Q[M-H]'56 0 . ,Goarei36 0. .09 11

3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,5-
dihydro-2H-pyrrol-2-one (33y): According toGeneral Procedure b, 33y was synthesized in a
yield of 12 mg (25% over 2 steps) akght-yellow solid.

Rr=0.42 (40% EtOAc in hexanes)

46



'H NMR (600 MHz, CDC}) & 7J=8.2 Hz( aH), 7.70 (d] = 7.8 Hz, 2H), 7.46 (d] = 7.8

Hz, 2H), 7.32 (tJ = 7.5 Hz, 2H), 7.16 (& = 7.3 Hz, 1H), 7.12-7.10 (m, 1H), 7.09- 7.06 (m,

2H), 6.81 (dJ = 7.7 Hz, 2H), 5.62 (s, 1H), 5.14 (s, 1H).

13C NMR (151 MHz, CDC}) & 165.4, 144.0, 138.2, 136.5,
128.0, 126.0, 126.0, 125.4, 125.1, 122.8, 118.8, 73.9, 62.9.

IR (DiamondA T R, e 8168, 2989, 2920, 2784, 1668, 1321, 1288, 1165, 1111, 1064,
1016, 839, 718, 690, 673.

HRMS (m/2: calculated folC> Hi N Q [M-H] 4 2 4 . Yourkld2 4 . .1 16 4

3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-(4-methoxyphenyl)-4-(4-
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one  (33z): According to General
Procedure b, 33z was synthesized in a yield of 17 mg (46% over 2 steps) as a pale yellow solid.
Rr=0.29 (40% EtOAc in hexanes)

'"H NMR (600 MHz, CDC#) t17.92 (d,J= 8.0 Hz, 2H), 7.71 (d] = 8.0 Hz, 2H), 7.39 (] = 8.4

Hz, 2H), 7.18-7.09 (m, 3H), 6.88 (d] = 8.5 Hz, 2H), 6.84 (d] = 7.4 Hz, 2H), 5.58 (d] = 2.6

Hz, 1H), 5.15 (s, 1H), 3.82 (s, 3H).

13C NMR (151 MHz, CDC#$) U 165.4, 157.7, 144.2, 138.4, 135.5, 129.6, 129.4, 128.5, 128.1,

128.0, 125.9, 125.4, 125.2, 124.7, 118.5, 114.6, 73.8, 63.5, 55.7.
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IR (DiamondA T R, & 2987, 2917, 2758, 1662, 1510, 1321, 1299, 1247, 1165, 1107,
1064, 1031, 1016, 829, 725.
HRMS (m/2: calculated folC> H1 55N Q [M-H] 4 5 4 . foargld54 . .12 71

2.5.3. General Information — Microbiology

Methicillin-resistant and methicillisusceptible Staphylococcus aureufMRSA and
MSSA respectively) strains were obtained from the laboratddy.a@hristian Melanderf¢rmerly
of North CarolinaStateUniversity) (ATCC 33591) and Dr. Jessica Gilbertie (ATCC 25923, ATCC
29213). Bacteria were kept in frozen stocks on glycerd@@tC until use. Bacteria were streaked
onto trypticsoy agar for colony isolation. Muelkétinton broth (MHB, 211448D) and D
glucose CAS: 49262-6) were purchased from Fisher Scientific. Tryptic soy agar (TSA, cat. #
22091) and linezolid (cat. # P70014) were purchased from Sijdnech, and vancomycin HCI
(cat. # BP29581) was purchased from Fisher Scientific. All assays were rundiugjets. All
compounds were dissolved in molecular biology grade DMSO as 10 mM stock solutions. Optical
densities were measured using a Thermo Scientific Genesys 20 spectrophotometer. Data for
MBEC and MIC assays were collected using a BioTek ELx808 Miate Reader and/or by visual
assessment.

Broth Microdilution Method for Determination of Minimum Inhibitory

Concentrations (MICs)

As prescribed by the Clinical and Laboratory Standards Institute (CLSHA80QYol. 29
(2) MSSA (ATCC 25923) and MRSA (ATCC 33591) was grown in MHB fe8 &; this culture
was used to inoculate fresh MHB (5 x®10FU/mL). The resulting bacterial suspension was
aliquoted (0.5 mL) into 1.5 mL Eppendorf tubes and the compound to be tested was added from a

10 mM DMSO stock to achieve the desired initial starting concentration (typicallggi8.).

48



Linezolid (from a 10 mM DMSO stock) or vancomycin (from a 10 mM DMSO stock) was used
as a positive control. Inoculated media with no added compound served as the negative control.
The MIC was determined by micro broth dilution following the CLSI guidelifiég® MIC was
defined as the lowest concentration of antimicrobial agent with no visible growth. The plate was
sealed and incubated under stationary conditions at 37 °C. After 16 h, MIC values were recorded
as the lowest concentration of compound at wimchvisible growth of bacteria was observed,
and/or when no growth was detected using a BioTek ELx808 Microplate Reader.

Determination of Minimum Biofilm Eradication Concentrations (MBECs) Using

Calgary Biofilm Device (CBD) on MSSA (ATCC 25923) Biofilms

Biofilm eradication experimerft were performed using MSSA (ATCC 25923) and the
Calgary Biofilm Device (CBD, Innovotech, product code: 19111) to determine MBEC values for
various compounds of interest. The Calgary device is\vaplate with a lid containing 96 pegs
that sit in the radia contained in the bottom well. Biofilms are grown on the vertical pegs prior to
treatment. The established biofilms can be transferred to a nevelBplate for MBEC testing.
For the MBEC assay, an overnight culture of MSSA (ATCC 25923) was adjafied¥cFarland
in MHB. The 0.5 McFarland solution was diluted by a factor of 10 with fresh MHB (1x10
CFU/mL) and supplemented with 45% glucose solution (Corning, product numEg37-23) to
a final concentration of 0.05% glucose by volume. The CBD was inoculated wittlL1@5the
prepared bacterial suspension and incubated at 37 °C under microaerophilic conditions with
shaking at 110 RPM for 24 hours to establish biofilms. The CBD lid containing the established
biofilms on individual pegs was removed, washed three tim#s 1 PBS and transferred to
another 96év e | | pl ate containing serial dilutions

and incubated at 37 °C under microaerophilic conditions with shaking at 110 RPM for 24 hours.
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The CBD lid was then removed from the challenge plate, washed three times with PBS 1X to
remove any residual treatment compound and placed into a new|BiGase plate containing 165
eL of fresh MHB. The plate was then sonicated for 20 minutes to disperse the remaining biofilms
on the pegs into the fresh MHB in the base well. After sonication, the plate was incubated for 24
hours at 37 °C under microaerophilic conditions. MBEC values determined as the lowest test
concentration that resulted in no observed visual growth in the sonicated fluid confirmed by

absorbance at 600 nm using a BioTek ELx808 Microplate Reader.
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CHAPTER 3: EFFORTS TOWARDS THE SYNTHESIS OF SYNOXAZOLIDINONE C

3.1 Introduction to Synoxazolidinones

The first oxazolidinondased antibiotic available commercially was linezokigare 12,
compound37) and was found to be remarkably active against Grasitive pathogens such s
aureus E. faecalis andStreptococcusp?° It functions by inhibiting protein synthesis by binding
to the 50S subunit of the bacterial ribosome, thereby preventing downstream interface with the
30S subunit and 70S initiation compt&towever, shortly after the approval of linezolid in 2000,
drugresistant strains began to appear which necessitated new generations of analogs. Tedizolid
(38) is an example of a newgeneration xazolidinone analog which has been used for the

treatment of skin infections by susceptible bacteria such as the ones mentioned préviously.

F
0 //\0 N=N
o/U\ ’@N\J 0 / NN
N /U\ _ N~ "Me
(- N

i 8
Me\« = Ho\\\\‘ F
(o)
linezolid (37) tedizolid (38)
MIC = 1 ug/mL (MRSA ATCC 33591) MIC = 0.5 ug/mL (MRSA)

Figure 12. Antibiotics containing a -»xazolidinone core.

If past trends are an indication of how quickly resistant strains can emerge, further innovation is
warranted. The Pierce lab has been exploring natural products that are isosteres of 2
oxazolidinones, i.e.,-éxazolidinone cores, namely synoxazolidinoAg¥) & B (8) (Figure 13)

and the total syntheses of these have been published &€ WMedise compounds are natural
products isolated frorBynoicum pulmonarjsa surArctic ascidian off the coast of NorwayIn

addition to both synoxazolidinone A & B containing thexazolidinone motif and a stereocenter

in their core scaffolds, synoxazolidinone A possesses an additional stereocenter due to the presence

of a chloro substituent in its guanidine e motif.
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3.1.1. Antimicrobial Activity of Synoxazolidinones A & B and its Derivatives

The Pierce lab has also shown notable activity for oxazolidinones derived from nature as
well as their derivative®°? Furthermore, SAR studies were done to identify key motifs-in 5
benzylidene4-oxazolidinones that are required for biological activitin terms of antimicrobial
activity, natural products synoxazolidinone A and B show MIC values of 10 gugl/3Q against
MRSA respectively Table 1).5°* Tadesse and coworkers also showed that hydrolysis of the
oxazolidinone core results in loss of activity confirming that the oxazolidinone scaffold is the
pharmacophore of these compouftd&Vork published by the Pierce group has shown that
analogues39, 40) of synoxazolidinone A and B could be engineered to have as good and even
better antimicrobial activity against MSSA (ATCC 29213), MRSA (ATCC 33591), And

baumanii(ATCC 19606) Table 1).4¢
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Figure 13. Naturally occurring and synthetic oxazolidinones with relevant biological activity.

Table 1. Summary of antimicrobial activity of relevant oxazolidinones.

Compound 7 8 39 40
MSSA (ATCC 29213) pg/mL 12.5 30 10 25
MRSA (ATCC 33591) pg/mL 20 30 20 20
A. baumanii(ATCC 19606) pg/mL 100 >100 80 50

53



3.1.2. Antibiofilm Activity of Synoxazolidinones A & B and its Derivatives

With respect to antibiofilm activity, the presence of an eleetvithdrawing substituent
on the benzylidene moiety and the presence of a dichloromethylene functionality in the
oxazolidinone tail improves the antibiofilm property, as measured by % biwifilitition and %
biofilm dispersion Table 2, compounds9, 41).>3 Further studies in the antibiofilm space showed
that it may be beneficial to use oxazolidinone derivatives as adjuvants to enhance antibiofilm
activity. Analogs#2 and43 are not inactive against biofilms as seen from their high MBEC value,
however, when used in conjunction with doxycycline, a known antibiotic, the MBEC value shows
tremendous improvement and goes down tqud@nL. It also marks an improvement from the
MBEC value of doxycycline when used by itself which is 42%85 ug/mL for MSSA (ATCC
25923). Itis hypothesized that the reduction in MBEC value is because the oxazolidinone promotes
the release of bacteria from the biofilm matrix, after which the planktonic bacteria are killed by

the oxazolidinone and doxycycline inlgton.

Table 2. Summary of antibiofilm activity of relevant oxazolidinones against MSSA (ATCC
25923).

Compound 7 39 41 42 43
% biofilm inhibition (5 uM) 36 89 51 8 25
% biofilm inhibition (40 uM) 62 N/A N/A 69 71
% biofilm dispersion (5 pM) 32 59 14 2 4
% biofilm dispersion (40 puM) 9.9 87 26 42 63
MBEC (pg/mL) N/A N/A N/A 256 256
MBEC of doxycycline with 8 pig/mL N/A N/A N/A 16 16
compound (pg/mL)

3.2 Synoxazolidinone C
A third compound in the family of synoxazolidinone natural products is synoxazolidinone

C (44, Figure 14).>* Unlike synoxazolidinones A & B, synoxazolidinone C is bicyclic due to the
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presence of a pyrrolidine ring and giving rise to another stereocenter for a total of three
stereocenters. In addition to showing equally good antimicrobial activity as synoxazolidinone A,
synoxazolidinone C shows antimicrobial activity against a widexyaof bacteria as well as
moderate anticancer and antifouling properties against marine bacteria, microalgae, and
barnacle$*°°It is worth noting, however, that although synoxazolidinone C showss/&lues of
30uM against A2058, MCH, and HF29 cell lines, its cytotoxicity also extends to reancerous
cell lines like MRGCS5, i.e., lung fibroblast cells. Given its greater structural complexity and broader
biological activity, we sought to complete the total sysih@f synoxazolidinone C as well as
biological testing using previously known information to inform our pursuit of more bioactive
analogs.

3.3 Efforts Towards the Synthesis of Synoxazolidinone C Model Substrate

To date, there is no known total synthesis of synoxazolidinone C. The initial goal was to
access the bicyclic scaffold of synoxazolidinone C. Therefore, we pursued the synthesis of model
substrate45. Dr. Shymanska, formerly of the Pierce group, published the total syntheses of
synoxazolidinones A & B, and we intended to adopt the same key multicomponent reaction step

to access the oxazolidinone céfe.

o o)
Br NH
MeO ﬂ NH, Og NH,
By H Y MeO
ci Br
synoxazolidinone C (44) model substrate (45)

MIC MSSA (ATCC 25923) = 10 ug/mL
MIC MRSA (ATCC 33591) = 10 ug/mL
MIC E. faecalis = 20 ug/mL
MIC E. coli = 30 ug/mL

Figure 14. Structures of synoxazolidinone C and model subs#ste
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In preparation for the multicomponent key step, the aldehyde fragment can be prepared by
0 p e n tbutygolagtone under basic conditions to furrdsh(Scheme 4). The primary alcohol
was then silyl protected usirigrt-butyldiphenylchlorosilane, followed by reduction of the ester
47 using lithium aluminum hydride to furnish the primary alcof&ylwhich was then oxidized to
aldehyde49 using Swern oxidationScheme 4, top). While this route wakigh yielding it had
issues with scalability as isolation 47 via column chromatography used copious amounts of
solvent. To circumvent this issue, we tried starting with a different starting materibltafdediol
(50, Scheme 4, bottom). We were able to protect only one of the primary alcohols by using the
diol in excess (3 equiv) along with 1 equivalent of TBDPSCI and 1.5 equivalents of TEA, which

gaved48 in quantitative yield. This monprotected alcohol was then oxidized by Swern oxidation.

MeOH TBDPSCI
0 EtsN ) imidazole 0 LiAIH,
. —_— e
HO TBDPSO
do 60 °C \/\)LOMe CH,Cl, \/\)LOMe THF
46 47 0-C
77% 99%
TBDPSO\/\/\ >
OH TBDPSO
CH,Cl,, 78 °C \/\)LH
48 49
72% 920%
TBDPSCI (1 equiv)
Et3N (1.5 equiv) (COCl),, DMSO, Et3N

HO TBDPSO

~N"oH > ~N"N0H >

CH,Cl, CH,Cl,, -78 °C
50 48
(3 equiv) quant.
o)
TBDPSO
\/\)LH

49

Scheme 4. Synthesis and optimization of aldehyde fragmént
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To prepare the pyruvic acid derivative, -8llbromo4-methoxybenzaldehyde was
methylated 1), followed by the Erlenmeyéd?lochl reaction and acid hydrolysis to obtain the
phenyl pyruvic acid derivativés2 (Scheme 5). The multicomponent reaction to access the
oxazolidinone core was done under strict anhydrous conditions; aldefydend 2,4
dimethoxybenzylamine were stirred together at 0 °C to form the resulting imine, which was then
added to the acid chloridé3) that was formed whe$4 was reacted with oxalyl chloride aad
catalytic amount of DMF. After stirring at room temperature overnight, this reaction yielded the
oxazolidinones4 which was isolable by column chromatography. The silyl and DMB groups were
deprotected by reacting with TFA to gi§8. Oxidation of the primary alcohol 86 proved to be
norttrivial; none of IBX, DMP, Swern, nor PCC oxidation conditions worked, and degradation
was observed with Jones oxidation. The only reaction that caused oxidation to take place was the
ParikhDoering oxidation, which yielded the bicyclimide 56. This structure was verified by-X
ray crystallographyKigure 15). To install the guanidine moiety pursuant to access the model
substrate, we envisioned reducing the imide to a hemiaminal followed by substitution. We were

able to do the reduction to the hemiamifalsing DIBAL.
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(o] o) 1. N-acyl-Gly, Ac,0, NaOAc
Br H Mel Br. H 110 °C — 90 °C
o >
HO DMF MeO 2.1613/|°|g0|
Br 55°C Br
51
99%
o (COCI), o)
Br.
X OH DMF (cat.) Br X cl \/\)CJ)\
OH THF OH *  TBDPSO *
Meo 0°C—rt MeO :
Br Br
52 53 48
70%
o]
Br.
NH Y~ “‘n-DMB TFA
- E—— —_—
DMB” 2 MeO o
THF e 40°C
0°C—rt Br
OTBDPS
54
21%
DIPEA
Br 0 py+SO3
A NH pyridine Br DIBAL
o] EE——
MeO DMSO MeO d CH,Cl,
Br CH,Cl, -78°C
-78°C
55 56
76% 18%
o]
Br.
H
A N (o)
(o}
MeO

Br

57
1%

Scheme 5. Access to the synoxazolidinone core via the multicomponent reaction.
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Figure 15. X-ray structure of6.

However, efforts to guanidinylate proved unsuccesschd¢me 6). Neither stirring57

with guanidine hydrochloride nor trisBoc guanidine yielded the desired substitution. We also

attempted a Mitsunobu reaction with trisBoc guanidine but that was unsuccessful as well. At

present, welo not have a viable approaithinstall this moiety.

7 o
Br N OH guanidinylation Br. N H NH
N e » N
° (o]
MeO \d MeO U NH2
Br Br
57
2 0
H
Br X oH GuHClI Br N H o N
N — X N
° 0
MeO CH,Cl, MeO NH,
Br Br
57
BocHN NHBoc
7 o
Boc
Br A OH NBoc Br N Boc NBoc
N > > N
© " o NHBoc
MeO CH2C|2 MeO
Br RT, 40 °C Br
57
o DIAD
PPh
B Y\ OH BocHN__NHBoc 3 Br.
+
© NB +
MeO oc MeO
Br
57

B°° NBoc

\d NHBoc

Scheme 6. Efforts to install the guanidine moiety on the synoxazolidinone C model substrate.
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To understand the oddities of the reactions after formation of the oxazolidinone scaffold,
we orthogonally deprotected the two protecting groups on the scaffold, DMB and TBDPS, to
assess their influence @ubsequent reactionScheme 7). After selectively deprotecting the
TBDPS group using TBAF, the oxidation 28 using DMP proved to be facile and high yielding.
Attempts to deprotect the DMB group using TFA, however, resulted in degradati of
Alternatively, selectively protecting the free nitrogen of the oxazolidino&8 with a Boc group
(60), followed by DMP oxidation1) was also facile and high yielding. In this case, the Boc group
was deprotected after treatment with TFA and what resulted was two inseparable compounds
aldehyde62 and hemiaminab7 — that are in equilibrium. Notably, the absence of a protecting
group on the nitrogen of the oxazolidinone seemed to greatly affect the oxidation of the primary
alcohol. Furthermore, while orthogonal protection and deprotection may add to the stepf count o
the synthetic route, the conversion to products is easier and, due to the equilibéiandf7,

may even negate the need for reductiofiéof
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Br Br

XY \w-DMB TBAF N_DMB DMP
(o] —_— —_—
MeO H THF MeO CH,Cl,
Br 0°C—rt
OTBDPS OH
58
54 7%
(o] (o]
Br. Br.
N7 \\-DMB TFA N wH
o x > o
MeO MeO
Br 40°C Br
H H
59 (0] (0]
84%
0 bod 0
Br Br.
A NH EtsN A N—Boc DMP
o —_— o —_—
MeO CH,Cl MeO CH,Cl
Br 0°C-—rt Br 0°C—rt
OH OH
60
55 44%
(o]
Br.
= N—Boc
MeO o > MeO
Br CH,Cl,
H
(0]
qu6a1nt 79% o7

Scheme 7. Efforts to optimize synthetic route to hemiamifalafter the multicomponent
reaction.

Originally, the idea was to incorporate the synthetic route developed to access the model
substrate for the natural produstheme8s h o ws t h e s ychldardaklehydé3which t he «
was then successfully used in the multicomponent reaction to access the oxazolidinone scaffold
64. Progress towards the synthesis of the natural product was paused at this stage as efforts were

redirected to the model substrate.
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o NCS Q

OH TBDPSO
—>
TBDPSO\/\)L + N \/\HJ\H
H H 8 CH,Cl,

Cl
0°C 63
3 27%
(COCl),
Br DMF (cat.) Br o
A OH I N Cl + TBDPSO\/\)J\H +
OH OH
MeO THF MeO CI
Br 0°C—-rt Br
52 63

(o)

Br.
Y “‘n-DMB
pmp- "2 ——— o
THF MeO
0°C—rt Br cl
OTBDPS
64

28%

Scheme 8. Sy nt h e-shio® aldefiydecand its utilization in the multicomponent reaction.

3.4 Future Work

Dueto difficultiesin installing the guanidine moiety and the more presseggito pursue
other projects, the total synthesis of synoxazolidinone C remains incomplete for the time being.
We anticipate that the findings and experimentation done in this work will be a useful platform to
build on for future pursuits of this synthesis.

3.5 Experimental Information

3.5.1. General Considerations

SeeSection 2.5.1.
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3.5.2. Synthetic Procedures

Br.

MeO
Br

51

3,5-Dibromo-4-methoxybenzaldehyde (51): 3,5-Dibromo-4-hydroxybenzaldehyde (6.15 g) was
dissolved in DMF (0.24 M) and was added iodomethane (2.25 equiv) and potassium carbonate (2
equiv) and stirred for-%6 hours at 55 °C, being monitored by TLC. Upon consumption of the
starting material, the reaction was cooled to room temperature, quenched with deionized water
and vacuum filtered with copious amounts of water inflask containing saturated ammonium
chloride. Dried the resulting solid under vacuum, &havas obtained in 62g (99%) yield as a

white powder.

'HNMR (500 MHz,CDC}) & 9.86 (s, 1H), 8.03 (s, 2H), 3.

Br.

OH
MeO

Br
52

(Z)-3-(3,5-diBromo-4-methoxyphenyl)-2-hydroxyacrylic acid (52): According to the procedure
described irSection 2.5.2, 52 was synthesized in a yield of 6.@ (70%) as a creaitolored solid.
'HNMR (500 MHz,DMSQds) & 9. 76 (s, 1H), 8.06 (s, 2H),

LRMS (ESI+APCI) m/z 392.0 [M+ACN+H].
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o

Ho\/\/U\OMe

46

Methyl 4-hydroxybutanoate (46): To methanol (0.2 M) and triethylamine (155 mmol) was added
y-butyrolactone (2% mmol) and refluxed at 65 °C for 16 hours. Methanol was removed in vacuo
and the resultant mixture was treated with hexanes and removed in vacuo. Corpovasl
obtained as an orange oil in 2.22 g (77%) yield.

'H NMR (500 MHz, CDC$) & 3 J#%2, A.4Hd, 5H), 2.42 (di,= 7.1, 3.5 Hz, 2H), 1.86

(td, J= 6.7, 3.0 Hz, 2H).

o

TBDPso\/\)LOMe

47

Methyl 4-((tert-butyldiphenylsilyl)oxy)butanoate (47): To 46 (17.46 mmol) was added
imidazole (52.4 mmol), TBDPSCI (22.7 mmol), dissolved in DCM (0.5 M) and stirred for 18
hours. The reaction was quenched with water and the aqueous layer was extracted with DCM. The
combined organic layer was dried with sodium gajfandthesolventwasremoved in vacuo. The

crude mixture was purified by flash chromatography to yeeldrless viscous 0i47 in 6.1761 g

(99%)) yield.

'H NMR (500 MHz, CDC}) & —7.646n7, 4H), 7.45-7.36 (m, 6H), 3.69 (] = 6.0 Hz, 2H),

3.66 (s, 3H), 2.46 (] = 7.5 Hz, 2H), 1.93-1.85 (m, 2H), 1.05 (s, 9H).

TBDPSO\v/\\/”\OH

48
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4-((tert-Butyldiphenylsilyl)oxy)butan-1-ol (48): To 1,4butanediol (7.45 mmol) was added
triethylamine (112 mmol), dissolved in DCM (0.5 M), an@rt-butyldiphenylchlorosilane (7.45
mmol). The reaction mixture was stirred until starting material was consumed, and following basic
agueous workupt8 was obtained as@lorlessoil in 2.44 g (quantitative) yield.

'H NMR (500 MHz, CDC}) & —7.66Qm8, 4H), 7.46-7.34 (m, 6H), 3.70 (t) = 5.7 Hz, 2H),

3.67 (t,J = 6.0 Hz, 2H), 1.73-1.62 (m, 4H), 1.07 (d] = 7.1 Hz, 9H).

(o)

TBDPso\/\)LH

49

4-((tert-Butyldiphenylsilyl)oxy)butanal (49): To oxalyl chloride (111 mmol) dissolved in DCM

(0.1 M) was added DMSO (Z2mmol) while immersed in &8 °C bath. After stirring for 1 hour,

48 was chargedo the reaction mixture and stirred for 1 hour, after which triethylamine (46.2
mmol) was added and stirred until the starting material was cons&olExnving aqueous workup
and drying the resultant orgarayer, solvent was removed in vacuo to afféfdas a colorless

oil, 2.73g, 90% vyield.

THNMR (500 MHz, CDC$) & = Z.BHz,(1H), 7.65 (ddl = 8.0, 1.6 Hz, 4H), 7.467.34

(m, 6H), 3.69 (tJ = 6.0 Hz, 2H), 2.55 (td] = 7.2, 1.7 Hz, 2H), 1.89 (tf,= 7.2, 6.0 Hz, 2H), 1.04

(s, 9H).
0]

TBDPSO\/\HL
H

Cl
63
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4-((tert-Butyldiphenylsilyl)oxy)-2-chlorobutanal (63): To 49 (0.770 mmol) was added-L
proline (0.847 mmol) and DCM (0.5 M) while immersed in an ice bath. NCS (1.00 mmol) was
added and the reaction was stirred at room temperature for 3 hours. Following isolation via flash
chromatographyg3 was obtained in 76 mg (27%) yield.

'H NMR (500 MHz, CDC$) & 9J.=&.1 Hz( 1#H), 7.67%7.64 (m, 4H), 7.447.37 (m, 6H),

4.53 (ddd,J = 7.5, 5.0, 2.1 Hz, 1H), 3.85 (td,= 5.5, 2.0 Hz, 2H), 2.08 2.00 (m, 2H), 1.04 (s,

9H).
Preparation of 4-Oxazolidinones
(COCl),
DMF ( cat) o
+ TBDPSONLH +
THF
0°C—rt R
o]
N-DMB

NH, o
DMB
THF
0°C—rt
OTBDPS

General Procedure: To an RBF was added 3 A molecular sieves, aldehyde (1.5 equiv), THF (0.5
M) and the amine (1 equiv) at0 °C and stirred for 3 hours. To a separate RBF was added
phenylpyruvic acid derivative (1 equiv) and dissolved in THF (0.5 M1@t’C. Oxalyl chloide

(1.2 equiv) and DMF (0.1 equiv) were added and stirred for 1 hour. The imine formed in the initial
RBF was syringed out and added slowly to the acid chloride formed in situ and was stirred at room

temperature for 20 hours. The crude reaction mixtuepuaified by flash chromatography.
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(o]

Br.
Y “‘w-DMB

(o)
MeO
Br
OTBDPS

54
(Z))-2-(3-((tert-Butyldiphenylsilyl)oxy)propyl)-5-(3,5-dibromo-4-methoxybenzylidene)-3-
(3,4-dimethylbenzyl)oxazolidin-4-one (54): According to the general procedur84 was
synthesized in a yield of 146 mg (21%) as a viscous dark yellow oil.

'HNMR (500 MHz,CDC$) & 7. 75 782 (m,2AH),)7.,427/39 @n51H), 7.38-7.33

(m, 4H), 7.23 (d) = 9.0 Hz, 1H), 6.45-6.41 (m, 2H), 6.05 (s, 1H), 5.42 (dbs 6.0, 2.3 Hz, 1H),
4.95 (d,J = 14.7 Hz, 1H), 4.19 (dl = 14.8 Hz, 1H), 3.87 (s, 3H), 3.79 (s, 3H), 3.76 (s, 3H), 3.70
(td,J=5.8, 5.8 Hz, 2H), 2.17 (dddd~ 14.6, 9.3, 6.7, 2.4 Hz, 1H), 1.90L.82 (m, 1H), 1.61 (tt,
J=9.3, 6.2 Hz, 2H), 1.05 (s, 9H).

LRMS (ESI+APCI) m/z 806.2 [MH]*.

o)
Br.
Y~ “w-DMB
o)
MeO '\S-ﬁ\—
Br
Cl OTBDPS
64

(Z2)-2-(3-((tert-Butyldiphenylsilyl)oxy)-1-chloropropyl)-5-(3,5-dibromo-4-
methoxybenzylidene)-3-(3,4-dimethylbenzyl)oxazolidin-4-one (64): According to the general
proceduref4 was synthesized in a yield of 31 g (28%).

'HNMR (500 MHz,CDC¥) & 7. 78 ( 357.6HH ¥H), 7.26: 7613 (m,(2H), 7.42

7.38 (m, 6H), 7.24 (s, 1H), 6.47 (@= 7.8 Hz, 2H), 6.09 (s, 1H), 5.61 (s, 1H), 5.04J¢; 14.7
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Hz, 1H), 4.84 (d,] = 10.9 Hz, 1H), 4.19 (d] = 14.7 Hz, 1H), 3.87 (s, 3H), 3.83 (s, 3H), 3.80 (s,
3H), 3.73-3.70 (m, 2H), 1.65 (ddd = 14.8, 11.5, 3.4 Hz, 2H), 1.08 (@= 3.0 Hz, 9H).

LRMS (ESI+APCI) m/z 864.2 [M+Nd]

(0]
Br
Y NH
MeO 0
Br 1\\
OH
55

(Z)-5-(3,5-Dibromo-4-methoxybenzylidene)-2-(3-hydroxypropyl)oxazolidin-4-one (55): To

64 was added TFA (0.012 M) and stirred at 40 °C for 60 hours. Hexanes was used to remove TFA
in vacuo and the crude was purified by flash chromatography. This yigdad245 mg (76%)

as an offwhite solid.

'HNMR (500 MHz, CDC¥) & 7. 78 (s, 2H)I=43BHz116l), 445 (dpld H) ,
11.3, 5.9 Hz, 2H), 3.90 (s, 3H), 2.211.90 (m, 4H).

LRMS (ESI+APCI) m/z 417.9 [MH]*.

Br

N
(0]
MeO

Br

56
(Z)-2-(3,5-Dibromo-4-methoxybenzylidene)dihydropyrrolo[2,1-b]oxazole-3,5(2H,6 H)-dione
(56): Compounds5 (0.1242 mmol) was dissolved in DCM (0.07 M), DIPEA (2.6836 mmol) was
added, and stirred at 0 °C. In a separate ,RIBFur trioxidepyridine complex (2.6836 mmol),

pyridine (4.0254 mmol), and DMSO (26.767 mmwgre addedThis mixture was charged to the

68

5.



initial RBF and the reaction was stirred for 2 hours. Following which, it was diluted with a 20%
mixture of ethyl acetate and hexanes, and the organic layer was washed sequentially with saturated
sodium bicarbonate, 1 M HCI, saturated sodium bicarbonat®,agnd the combined aqueous

layer was extracted with ethyl acetate. The combined organic layer was dried with sodium sulfate
andthe solventwasremoved in vacuo. The crude was purified by flash chromatography to yield

56 as a white solid in 9 mg (18%) yield.

'HNMR (600 MHz,CDC) & 7.81 (s, 2H)J=66.43Mz (H 3.91 sH) , 6.
3H), 2.85— 2.78 (m, 3H), 2.34-2.27 (m, 1H)3C NMR (176 MHz,CDG)) & 169.51, 15
154.29, 144.66, 133.78, 131.50, 118.53, 106.04, 91.71, 34.04, 29B6 (d3 . 8 Haz(dm | R v
1Y: 3260, 3069, 2921, 2850, 1710, 1529, 1471, 1420, 1391, 1357, 1264, 1251, 1201, 1096, 1064,
995, 880, 737.

LRMS (ESI+APCI) m/z 479.0 [M+ACN+N4]

Br X OH

N
(0]
MeO

Br

57
(Z2)-2-(3,5-Dibromo-4-methoxybenzylidene)-5-hydroxytetrahydropyrrolo[2,1-b]oxazol-
3(2H)-one (57): Compoundsé (0.0215 mmol) was dissolved in DCM (0.014 M), placed i&
°C bath, and was added DIBAL (0.0431 mmol). Stirred for 3 hours and agueous workup was done
with 1 M HCI. The crude was purified using a pipette column to olstain 1 mg (11%) yield.
'THNMR (500 MHz,CDC$) &6 7. 76 (s, 2H)J=72,.5B9z 1H 5.692Zd1) , 6.

J=4.0 Hz, 1H), 3.89 (s, 3H), 3.32 (s, 1H), 2.53Xg,9.4, 8.0 Hz, 2H), 2.27 (dd,= 7.2, 3.7 Hz,
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1H), 1.78-1.69 (m, 1H)!*C NMR (151 MHz,CDCGJ)) & 164. 32, 153.25, 144.
118.20, 100.72, 94.24, 80.45, 60.76, 33.00, 31.67.

LRMS (ESI+APCI) m/z 416.0 [MH]*.

o)

Br
Y “‘y-DMB

(o)
MeO
Br
OH

58
(Z2)-5-(3,5-Dibromo-4-methoxybenzylidene)-3-(3,4-dimethylbenzyl)-2-(3-
hydroxypropyl)oxazolidin-4-one (58): Compounds4 (0.0621 mmol) was dissolved in THF (0.1
M) and TBAF (0.1864 mmol) was added. Stirred until the starting material was consumed, and
workup was done using saturated ammonium chloride. The resulting organic layer was dried and
solvent removed in vacuo ancetbrude was purified using flash chromatography. Comp68nd
was obtained as an effhite oil in 28 mg (77%) yield.

'HNMR (600 MHz, CDC}) & 7. 74 (s, 2H)I=85Hz225) q05 (s, 1a)H) , 6.
5.43 (d,J = 5.8 Hz, 1H), 4.91 (dJ = 14.7 Hz, 1H), 4.24 (d] = 14.7 Hz, 1H), 3.86 (s, 3H), 3.81
(s, 3H), 3.78 (s, 3H), 3.68 (d,= 6.5 Hz, 2H), 2.18 (dt] = 14.6, 7.6 Hz, 1H), 1.82 (dd,= 14.4,

7.0 Hz, 1H), 1.63 (t) = 7.1 Hz, 2H).

Br

MeO
Br

59
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(Z2)-3-(5-(3,5-Dibromo-4-methoxybenzylidene)-3-(3,4-dimethylbenzyl)-4-oxooxazolidin-2-

yl)propanal (59): Compounds8 (0.2529 mmol) was dissolved in DCM (0.034 M) and DMP
(0.7588 mmol) was added at 0 °C and the reaction was stirred until the starting material was
consumed. It was quenched with saturated sodium thiosulfate and saturated sodium bicarbonate.
The organic lagr was washed successively with the aforementioned aqueous solutions and the
combined organic layer was extracted with DCM. It was dried and solvent removed in vacuo to
give59 in 121 mg (84%) yield.

'HNMR (500 MHz, CDC¥) & 9. 78 ( 3=3.3HA2H), 6.48.6.43(m, 2H),,6.08 (s,

1H), 5.48 (dd,) = 5.4, 2.5 Hz, 1H), 4.89 (d,= 14.7 Hz, 1H), 4.27 (d] = 14.7 Hz, 1H), 3.88 (s,

3H), 3.83 (s, 3H), 3.80 (s, 3H), 2.52.50 (M, 2H), 2.47 2.40 (m, 1H), 2.13-2.06 (m, 1H).

(0]
Br.
N N—Boc
MeO °
Br
OH
60
tert-Butyl (Z)-5-(3,5-dibromo-4-methoxybenzylidene)-2-(3-hydroxypropyl)-4-

oxooxazolidine-3-carboxylate (60): To 55 (0.2460 mmol) was addedEMAP (0.037 mmol) and
triethylamine (0.492 mmol) at 0 °C. fert-butyldicarbonate (0.0369 mmol) was added dropwise
and continued stirring till the substrate was consumed. The crude was purified via flash
chromatography to affor6 in 56 mg (44%) yield.

'HNMR (600 MHz,CDC¥}) & 7.80 (s, 2H)J=6&,.28Mz (H,3.904sH), 5.
3H), 3.74 (g,J = 6.0 Hz, 2H), 2.29 (dddd,= 16.3, 9.1, 6.4, 2.3 Hz, 1H), 2.61.93 (m, 1H), 1.74

(tdd,J = 13.1, 8.5, 6.5 Hz, 2H), 1.58 (s, 9H).
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N N—Boc
(o]
MeO
Br
H
o
61

tert-Butyl (Z)-5-(3,5-dibromo-4-methoxybenzylidene)-4-o0xo0-2-(3-oxopropyl)oxazolidine-3-
carboxylate (61): Compound60 (0.1 mmol) was dissolved in DCM (0.034 M) and DMP
(0.3229 mmol) was added at 0 °C and the reaction was stirred until the starting material was
consumed. It was quenched with saturated sodium thiosulfate and saturated sodium bicarbonate.
The organic layer wasaghed successively wilaidaqueous solutions and the combined organic
layer was extracted with DCM. It was dried and solvent removed in vacuo téIgimehigher

than theoretical yield and the crude product was clean enough to take forward.

'HNMR (500 MHz,CDC¥) & 9.83 (s, 1H), 7.76=65%26H2H), 6.
1H), 3.90 (s, 3H), 2.66 (8,= 7.1 Hz, 2H), 2.55 (dtd] = 14.7, 7.3, 2.5 Hz, 1H), 2.21 (diiz 14.4,

7.0 Hz, 1H), 1.59 (s, 9H).

(o]

Br

N NH

0]
MeO
Br
H
62 0
(Z2)-3-(5-(3,5-Dibromo-4-methoxybenzylidene)-4-oxooxazolidin-2-yl)propanal (62):

Compoundb1 was dissolved in a 1:1 (v/v) mixture DCM/TFA (0.26 M) at room temperature for
2 hours, being monitored by TLC. Upon consumption of the starting material, solvent was removed
in vacuo and the crude products were purified by flash column chromatograpkig 62 g@s an

off-white solid in 18 mg (79%) yield. This compound is in equilibrium \&ith
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IHNMR (500 MHz,CDC¥) & 9.85 (s, 1H), 7.79 (s, J=2H),

4.5 Hz, 1H), 3.90 (s, 3H), 2.72 {t= 6.7 Hz, 2H), 2.27 (dd}= 7.2, 3.7 Hz, 1H), 2.18 (di= 15.0,

6.7 Hz, 1H).

BCNMR (151 MHz,CDC}) & 200. 12, 165. 35, 153. 38, 146

87.70, 60.76, 36.84, 28.30.
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CHAPTER 4: VISIBLE LIGHT-MEDIATED METHOD DEVELOPMENT TO ACCESS
BRIDGED SCAFFOLDS

4.1 Introduction

4.1.1. Bioisosterism and ‘Escape from Flatland’

Arenes are highly prevalent in drug discovery; according to the FDA Orange Book, just
phenyl rings and pyridine rings appear in approximately 49% of marketed-rawiatule
drugs®® Their prevalence can be attributed to several factors, including their ability to form diverse
interactions with biological targets, flat structure, and robust accessibility via reactions such as
crosscouplings:’ However, there has been a concerted effort to move away from aromatic rings,
particularly phenyl groups, si n%%Thesegaidekndsv e n t
highlighted the liabilities of arenes in medicinal chemistry, including poor aqueous solubility and
permeability. Additionally, there are concerns associated with metabolic modifications, such as
CYP450mediated oxidation of phenyl rings highly reactive benzoquinone derivativBehieme

9).60

R R R

CYP450-mediated metabolism 0 o
@ -
0]
(0] 0]

Scheme 9. CYP450mediated metabolism of phenyl rings.

A common strategy to circumvent these issues is to employ bioisosteres; early ideas of
bioisosterism focused on similar number of atoms and electronic similarities but has since evolved
to consider spatial arrangement and functional similafitisaportantly, Lovering and coworkers

pioneered the concept escape from flatl and”’

fully saturated, thredimensional systems and quantifying the complexity of molecules that were
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under consideration as drug candid&te$his is done by considering the number of chiral carbons
in the molecule and using parameter fractiod &sp’) which is the ratio of number of $p
hybridized carbons over the total carbon count. Later research further revealed that increasing
complexity reduced promiscuity and CYP450 inhibition which are linked to decrease in t®xicity.
Modern bioisosteres include numerous bridged, saturated compd®tignis: (16A) which,
in addition to being useful in medicinal chemistry, are interesting synthetic targets as
well.** Recent work from the Mykhailiuk group showed that incorporating heteroatoms into
bridged bicyclo[2.2.2]octane ([2.2.2]BCO) scaffolds produce novel bioisosteres while also
enhancing physicochemical properties such as improved water solulliignré 16B,
C).555¢They demonstrated in their work that when the pyridine ring in the antihistamine drug
rupatadine was replaced bya3a[3.1.1]BCHept to producé5 (Figure 16D), led to dramatic

improvements in solubility, metabolic stability, and lipophilidty.
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bioisosteric

@ | replacement 3 L A& v& L@

bicyclo[1.1.1] bicyclo[2.1.1] bicyclo[3.1.1] bicyclo[2.2.2]
pentanes hexanes heptanes octanes
bioisosteres O-atom solubility
O{ﬁ) | > Q<O
(0]
p-benzene [2.2.2] 0-[2.2.2]

bioisosteres bioisosteres
)OO ~— — O
N —N

piperidine N-[2.2.2] pyridine
Cl / N (o / N
[~ [ v
N
Me Y Me\fﬁ)
|
N N
Me
rupatadine 65
enhanced physicochemical
properties

Figure 16. (A) Modern bioisosteric replacements for benzene. (B) [2.2.2]BCO bioisosterism for
p-benzene. (CN-[2.2.2]BCO bioisosterism for piperidine and pyridine. (Ba£&[3.1.1]BCHept
analog of rupatadine.

4.1.2. Aza-bicyclo[3.1.0]hexane and Spring-Loaded Systems
The 3azabicyclo[3.1.0]hexane (&za[3.1.0]BCHex) motif is seen commonly in synthetic

biologically active compound&igure 17).8 These include antitumor agents such as adozelesin
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(66) andfluoroquinolone antibiotics such as trovafloxac@Y){ Pseudopeptides containing this
scaffold are used as antivirals, namely nirmatreb8),(which is a component of the medication

sold under the brand name Paxlovid, a treatment for C@\DThey are also seen in kinase
inhibitors such as69, which inhibits MAP3K12 and can be used in the treatment of
neurodegenerative diseases. Apart from synthetic molecules, the scaffold is present in natural

products such as the ergot alkaloid cycloclavitg and indolizomycin71), an antibiotic.

0
o Fc4  Bu
HN Mo

o)
\ Fa CO,H S N Me
Y o N H
i:N N“ N o
F “CN
0
N
F H

H,NY =
2 H

adozelesin (66) trovafloxacin (67) nirmatrelvir (68)
antitumor antibiotic antiviral
oo H
N/ "'H
Me =
—_—
me”
HN Me
69 cycloclavine (70) indolizomycin (71)
leucine zipper kinase (MAP3K12) antibiotic

inhibitor

Figure 17. Biologically relevant synthetic and naturathgcurring compounds possessing 3
aza[3.1.0]BCHex.

The widespread occurrence of this motif, therefore, presents an opportunity for modification to
add further threglimensionality for improved pharmacokinetics. To do so, we planned to leverage

strainrelease of the fused cyclopropane to access more cosyaénrlds.
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The 3aza[3.1.0]BCHex scaffold presents an opportunity for modification to add further
threedimensionality for improved pharmacokinetics, particularly by leveraging stetease of
the fused cyclopropane and accessing more complex scaffolds and faliditon. This
approach has been seen extensively for strained systems such as bicyclo[1.1.0]DRigyuerd
18) and [1.1.1]propellane78) and less commonly in housanes like bicyclo[2.1.1]pent2#ke (
wherein rupture of the internal oC-C bond of
depending upon the method us@eowever, more complex stramelease or sprintpaded
systems such as&a[3.1.0]BCHex remain underexplored.

A o9

bicyclo[1.1.0]butanes cyclobutanes
(72)

] strain-release

[1.1.1]propellanes

bicyclo[1.1.1]pentanes

(73)
bicyclo[2.1.0]butanes cyclopentanes
(74)

Figure 18. Strainrelease of springpaded systems to access various scaffolds.

4.1.3. Bicyclo[3.2.1]octane Bridged Scaffolds
The bicyclo[3.2.1]octane ([3.2.1]BCO) scaffold is commonly found in biologically
relevant molecules across the literature-ddtbon skeletons of this moiety are seen in natural

products such as terpen®s and76 (Figure 19A), alkaloids like77 and platensimycin78), a
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metabolite fromStreptomyces platensi®mown to have antimicrobial properti€sn addition to
compounds possessing therapeutic properties, isosteres of the [3.2.1]BCO show utility in
identifying binding sites and key residues in enzymes that are implicated in diseases as
demonstrated by Gopalsamy and coworkéms. major class of compounds with ashetere
[3.2.1]BCO scaffold is the tropane alkaloids, which include atrop®eiigure 19B) and cocaine

(80), and have weltlocumented physiological effectsSynthetic analogs of this scaffold include

CFIl-401870 81), a potent, orally bioavailable TTK inhibitor which demonstrated in vivo growth

inhibition.”®

H
Xy O
N.
Me o
zizaene maritimol gelsemine platensimycin
(75) (76) 77) (78)
antibiotic
<N H
\ N
MeN z
% OH CO,Me A
0 MeN
Ph OBz
o
atropine cocaine CFI-410870
(79) (80) (81)

TTK inhibitor

Figure 19. (A) Compounds possessing an-arbon [3.2.1]BCO scaffold. (B) Representative
compounds with +hetere[3.2.1]BCO scaffold.
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Multi-heteroatom variants of the [3.2.1]BCO scaffold also show noteworthy biological properties.
These include BM§91325 82, Figure 20A), which possesses a 3j#za[3.2.1]BCO scaffold

and is an allosteric inhibitor of HCV NS5B, an enzyme implicated in hepatftts83,and 84

(Figure 20B) possessing-8xa8-aza[3.2.1]BCO scaffolds, each of which affect enzymes that are
important in cancer treatmerf®s’® and85 and BD356 §6, Figure 20C) possessing-8xa-3-aza
[3.2.1]BCO scaffolds, wher85 inhibits CH24H, an enzyme responsible for regulating 24
hydroxycholesterol in the brafif:"® It is interesting to note th&6 and its derivatives as described

by Zhang and coworkers can be used as organic dyes that span across UV and visible light and
possess high quantum efficiencies, enhanced water solubility, and tunaipleroedlability. The
8-oxa3-aza[3.2.1]BCO auxochroms contribute to the desirable photophysical properties of the
overall molecul€® We, therefore, sought to explore the chemical space occupied by these bridged

scaffolds and develop a rapid method to access these compounds.
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85 BD356
CH24H inhibitor (86)

; icd
BMS-791325 : organic aye
(82)
antiviral

83 YY2201
mTOR inhibitor (84)

ATR inhibitor

Figure 20. Multi-hetero atom derivatives of [3.2.1]BCO scaffold. (A)-8j8za[3.2.1]BCO. (B)
3-oxa8-aza[3.2.1]BCO. (C) 8oxa-3-aza[3.2.1]BCO.

By starting with a sprirdpaded 3aza[3.1.0]BCHex system, we envisioned accessing the
3-aza[3.2.1]BCO scaffold through a modular photoredox approach. Tdmag.2.1]BCO itself
features in compounds that have beneficial biological properties si8haasl 88 (Figure 21),

however, as with most bridged systems like these, it remains underexplored.
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P
N N
| SN -
(0] = HO ?
NH “,, _OH
HN éo M ‘-
2ve HO
87 88
a3B4 and a6/434 receptor agonist adenosine A1 receptor agonist

Figure 21. Biologically relevant 3aza[3.2.1]BCOderivatives.

4.2 Photoredox-Mediated Radical Formal (3+2) Cycloaddition

The most commonly used method for the synthesis of compounds containing aza
[3.2.1]BCOs—seen in the syntheses of vareniclidigemmacin B and others-8%%equires
multiple redox manipulations which reduces synthetic efficiency and precludes modular

derivatization of the bridged scaffolScheme 10).

Ho  OH R'NH, R
NalO, No NaBH(OAc); N
—_ 0/ >
oxidative R reductive
R cleavage amination (x2) R
CO,H
O,N N
Oy
N
OO
Z
N (o
varenicline gemmacin B

Scheme 10. Commonly used method for accessing-gz2.1]BCOcontaining compounds.
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Our proposed method to access these scaffolds is tcam31.0]BCHex(89, Scheme
11) as precursor, which upon undergoing a photochemical single electron oxidation and
subsequent strairelease scission events would produce a neutral radical species which would
undergo a formal intermolecular (3+2) radical cycloaddition with a suitabdieal acceptor9Q)
such as aalkene to form the-aza[3.2.1]BCO scaffold91) after a hydrogen atom transfer event
to close the photocatalytic cycldote that throughout this chapter, cyclopropane moieties and
bonds arising thereof are depicted in Carmichael Aqua, and thoadicdl acceptors and bonds

arising thereofire in Reynolds Red.

Ar PC A Z R Ar
N hv o 90 N
N
—_— -
Q H E)@ @
then R
p-scission hydrogen atom transfer
89 (HAT) 91

Scheme 11. Proposed radical (3+2) cyclization mode

The (3+2) radical cyclization following scission ©fclopropylaminds a reliable method
that has been used numerous times in past works to nrrakenbered standalone and fused rings.
In 2012, Maity and coworkers employed mono and bicyclic cyclopropyl amines and styrenes to
access mono and bicyclic scaffoldFigure 22A).8* Asymmetric variants of similar
transformations were published by two groups independently in agar¢ 22B).85% These
methods produced products that were not bridged in nature, but that was not the case for the method
developed by Staveness and coworkers who syntheskadinbnorbornanes (i.e.,-NH»-
[2.2.1]BCHept) via intramolecular (3+2) radical annulatibBiggre 22C) 8" Recently, Zheng and
coworkers described a similar method to access [3.1.1]BCHept scaffolds intermole&tiganty (

22D)% 1t is worth noting that this method is a (
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wor ks are (3ocg+2m). To dat e, a similar met hod

elucidated.

PC NHAr

[ PC e
Ar | chiral Brgnsted acid R K‘l Ar ;
ArHN{] Xy > AN,
blue LEDs

R up to 96% ee
PC
i R chiral borate ion H RAr

ArHNJLNH + }\ > Ar"'N\n/N:, 2
A Ar blue LEDs

up to 97% ee

PC

R' Lewis acid additive
Xf( > RN
R,N R’ blue LEDs

CO,R pc ArHN
AHN—] + % o
que LEDs Ar CO,R

Figure 22. Radical (3+2) cycloaddition using cyclopropylamines (A) with styrenes. (B)
Asymmetric variants. (C) Intramolecular radical (3+2) to access bridged norbornane scaffolds. (D)
|l ntermol ecul ar radical (30c+20c) annul ation to

4.2.1. Presumed Mechanism
Scheme 12 outlines the presumed mechanism for the (3+2) cycloaddition reaction in our
system; upon irradiation with the appropriate wavelength, an appropriate photocatalyst would

singleelectronoxidize 3aza[3.1.0]BCHex tothe corresponding radical catifint-A). The pka
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of tplotn ofithe resultant radical cation is significantly lower than that of its corresponding
neutr al amine, which would all ow famimoradieat i | e d
specieqInt-B).2% A -gission event, driven by the strain relief associated with fragmentation of

the cyclopropane moiety, would produce an intermedist€” that would undergo radical Giese

addition to an electronically compatible oleffhSince the radical formed after the cyclopropane
fragmentation would be nucleophifi€,the olefin would have to be a Michael acceptor. Following

radical addition to the olefin, the resulting electpmor radical(Int-D) would be poised to

undergo cyclization to form the desired [3.2.1]BCO scaffold. The Giese addition/cyclization
sequence constitute the f or ramiho rddidakIatE) couldc | oadd
then be reduced by a hydrogen atom donor (shown herestdoxythiophenol is shown as a
representative HAT reagent) or via hydrogen atom abstraction from another equivalent of starting
material in a lightinitiated radical chain process to yield theutral 3aza[3.2.1]BCO product.

We presumed that an electrooh N-aryl substitution would be required in order for suitable

electronics for the reaction to proceed.
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N
PC* l >
Reductive
SET quenching 89
Ar SH cycle SE

O y

;Ar
H N
cyclization ()\/@ Giese L/\E strain-relieving
R Int-E Int-D addition Int-C fragmgntqt/on Int-B
(p-scission)

Scheme 12. Presumed mechanism of formal (3+2) radical cycloaddition

4.3 Reaction Setup and Initial Trials

Initial screening of reaction conditions involved setting up the reactiowrarh vials and
the setup and light irradiation was done by a SynLED Parallel Photore@dmiir(fra Section
4.10.2) which uses 465 nm blue LEDs. Sprilmgded 3(4-methoxyphenybaza[3.1.0]BCHex
(89a, Scheme 13A) was the substrate and methyl acrylate used in 5.0 equivalents was the radical
acceptor and the reactions were monitored by LC/MS. Under the standard reaction conditions
(Table 3, entry 1), the desired proddawa s n ot o0 b s enonocacglate dddus9@ae a d «a
mong  a n-di-acoylata adduct9@a-di) were isolated. In fact, none of the trials (entrie$2
produced the desired produahdin somecasesio reactioroccurredentries 7, 9, 10). As per the
presumed mechanisrSdheme 12), a HAT reagent was used as an additive to aid in the terminal
step and create turnover of the PC (entry 2), however this resulted in a Michael addition of the

nucleophilic thiol to the electrepoor olefin. When sodium acetate was used as the base (entry
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12), a product with a mass of 273.1 amu was isolated, with the desired product mass being 275.1
amu. No olefinic peaks were observed in tHENMR spectrum, we think that an additional ring

was present in the product obtainbdt this could not be confirmed. Indeed, as the case with the
other trials, there was no fragmentation of the cyclopropane (cyp) moiety that is the key step in the

cascade.

(4]

OMe
PMe [Ir(dFCF3ppy),(dtbbpy)]PFg (1.5 mol%)
CsOAc (2.0 equiv)
Q 465 nm SynLED cube
+ Z>co,Me > J
N toluene (0.1 M)
90a rt (w/ cooling fan)
(5.0 equiv) 24 h
MeO,C
89a 91a

OMe
N; MeO,C N;
e)_\—COZMe CO,Me

92a-mono 92a-di

Scheme 13. (A) Standard reaction conditions for initial trials witi{&methoxyphenybaza
[3.1.0]BCHex89a) . ( B) Un d e smonocadbucpfaemdngc t asn-di-aalducta
(92a-di).
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Table 3. Initial reaction trials with 34-methoxyphenybaza[3.1.0]BCHex §9a).

Deviation from Std.

Entry Conditions Result/Findings
1 None 92a-mono and2a-di
2 Additive: f;}hélﬁgphSH (50 92a-di and Michael adduct of thiol & acrylate
3 Olefin: 1 equiv 92a-mono
4 Solvent: MeCN Mostly unreacted SM & some unidentifiable
moncadduct
5 Solvent: DCE 92a-mono
6 Solvent: MeNQ MeNQO; adducts to both SM and olefin
7 Solvent: HFIP Unreacted SM; NR
8 Solvent: TFE Indecipherable mixture
9 PC: [t-Bu)-Mes-PhAcr|BR Unreacted SM; NR
10 Base: 2,dutidine Unreacted SM; NR
11 Base: Qgas Decomposition of SM
12 Base: NaOAc Monoadduct of mass 273.1; cyp intact

Since there was no reaction when the PC was changed (entry 9), it indica®ed-timaino
and 92a-di were being formed via a radical process, presumably, Giese addition followed by
r e d u c t -canboxyl caflicaldo the carbanion followed by protonation. The hypothesis drawn
from this set of experiments was that in order to facilitate scission of the imt a | cC-C bo
the cyp, the electronics will need to be biased to stabilize and encourage radical formation at the
carbon center we desired. Therefore, the subsiatevould need to be altered.

4.4 3-aza-[3.1.0]BCHex Substrate Modification and Trials

We theorized that installing an electraithdrawing group at the-Dbr 6-position of the 3
aza[3.1.0]BCHex skeleton would direct the formation of a neutral radical to those positions via

cyp rupture 93, 94, Scheme 14A). Scheme 14B describes the retrosynthesis9dh with the key
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step being a Guatalyzed oxidative carbanion cyclizatiérandScheme 14B shows that 094a,

both endo and exo versions, via-Bitalyzed cyclopropanatid.

R N
I
Qg
EWG EWG
93 94
hydrogenation/ amidine
NBoc boc installation NBn ducti
. reduction
| ? > E 2 ——
7
CO,Et CO,Et
93a 93b
Cu-catalyzed
NBn oxidative cyclization
NTs A\ NHB —_
s > - = cn
CO,Et 96
95
Boc Boc Rh-catalyzed
N cyclopropanation Boc RCM EOC
H—& + H :) EN) — : )/
Y H H =~ Z \
EtO,C EtO,C
97 98
94a-endo 94a-exo

boc protection

H
> /j”<

Scheme 14. (A) Modified general substrates for biasing electron{& Retrosynthesis of-1
COpEt-3-aza[3.1.0]BCHex 03a) (C) Retrosynthesis of6O:Et-3-aza[3.1.0]BCHex94a).
It is worth noting that we switched to NBoc instead of NBn for a few reasons: ease of

synthetic access, potential for interference with NBn, and we wanted to emulate the conditions of
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McManus and coworket$ to give the modified substrates the best chance at undergoing the
transformation successfully. Furthermore, the conditions dictated the use of an acrlohisienn

PC ([¢-Bu)Mes-PhAcr]BF) and with it, 456 nm light. The light source available to us at that
wavelength were Kessil lamps, therefore a new, bespoke reaction setup had to be(witikzed
infra, Section 4.10.3). To ensure that this new setup worked properly, we attempted to replicate
the conditions described in the aforementioned work, which was done successithnlyhe
syntheses o#9-mono and2b-mono(Scheme 15). This set of conditions obviates the use of an
external base as the boc gr oup-ammtpretonaTe an
researchers also used methyl vinyl ketd@®b) as their model radical acceptor, which we adopted
as well.

[(t-Bu),Mes-PhAct]BF,4 (5.0 mol%)
456 nm Kessil lamp

Boc i 0
M rt (w/ cooling fan) Boc
N N /\“/ e - N Ve
o CH,CI, (0.1 M)
24 h

90b 99-mono
(3.0 equiv) 23%
[(t-Bu)oMes-PhAct]BF4 (5.0 mol%)

Boc 456( n/m Kelssilflam)p ﬁoc
N Me rt (w/ cooling fan

+ N > ol O

H’& 0 CH,Cl, (0.1 M) H—&H \—4
H 24 h Me
89b 90b 92b-mono
(3.0 equiv) 56%

Scheme 15. Replication of reaction conditions of McManus and coworRérs.

When applied to the modified substrates, however, these conditions did not produce the

corresponding desired producsleme 16). In the case 093a (top), no reaction was observed

when the reaction was done in the absence and presence of base and the substrate was recovered

in each case. Likewise, no reaction was observed @e®exo Scheme 16, bottom) was used.
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Although94a-endo showed slightly more reactivity under the given conditions, starting material
was overwhelmingly recovered and there was no evidence to suggest that the reactivity involved
rupture of the cyclopropane.

[(t-Bu),Mes-PhAct]BF4 (5.0 mol%)
456 nm Kessil lamp BOC
rt (w/ cooling fan)

NBoc
Me
& e { X > CO,Et
2
CO,Et

o)

CH,CI, (0.1 M) Me
90b 24 h o)
93a (3.0 equiv)
[(t-Bu)o,Mes-PhAct]BF, (5.0 mol%) Boc
Boc 456 nm Kessil lamp N
Me rt (w/ cooling fan)
z 4 H
H * /\(f)r 7< > Et0,C H
H CH,Cl, (0.1 M) Me
EtO,C 90b 24 h o
3.0 equiv
94a-exo ( quiv)
or
94a-endo

Scheme 16. Subjecting modified &za[3.1.0]BCHex derivatives to photoredox conditions
developed by McManus and coworkeBsibstitution at the-position(93a, top), at the gosition
(94a, bottom).

At this point, we hypothesized that the fundamental issue that we were faced with was that
the orbitals in the system were misaligned to trigger the cascade we desired. Specifically, the
internal oC-C bond of the cymti swvidlhmastC-Cr,t hma
scission of the cyp unlikely. This can be visualized by looking at the crystal struct9dzseto
acidand94a-endoacidas published by Nguyen and coworkefigre 23);*0c C2 -C3 (not e t
the numbering followed here only pertains to

rules) would be unable to donate its electron
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Boc Boc
N N
: AX
H Y H
HO,C HO,C
94b-exo acid 94b-endo acid

Figure 23. Crystal structures df4a-exoacidand94a-endoacid adapted from the work of
Nguyen and coworkerS.

|t i's conceivable that the alignments of oC2-
rupture of the cyp. A similar phenomenon is seen in the work of Maity and cowdskhesnie

17), where the cyp scission 100 is triggered by the formation of an anilinium radical catod

resulted in101 after reacting with styren®@c).®* The key differences here are that the atom

vicinal to the cyp in this case is nitrogen, not carbon, and that the resultant cascade produces a
fused system and not the bridged system that we desire. Nevertheless, this was a blueprint of the
morphology onevould need to approach to produce a bridged product, i.e, the presence-of an N
centered radical cation one atom away from the cyp moiety that would have the correct alignment

to induce rupture of the cyp.
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[Ru(bpz)3](PFe)2 (2 mol%)
R 13 W fluorescent bulb NOR
H N + A ph » H "o
Me MeNO, .
rt Ph

100 90c 101

Scheme 17. Representative example from the work of Maity and cowo?kersere the cyp
moiety in an az43.1.0]BCHex system is broken. The bond where the cleavage ancl08 is
shown in Hunt Yellow.

4.5 Trials with 1-NH2-[3.1.0]BCHex
To test our new hypothesis, we sought out substrates with a skeleton as sliibgurdén

24, i.e, bicyclo[3.1.0]hexad-amine (ENH2-[3.1.0]BCHex 102).
Q
NH,

Figure 24. 1-NH>-[3.1.0]BCHex scaffold.

A wide array of these compounds was available under the Building Blocks Analog of Enamine.
4.5.1. Trials with 1-NH:-3-(Bn)-aza-[3.1.0]BCHex
With 1-NH2-3-(Bn)-aza[3.1.0]BCHex in hand as the dihydrochloride gali2a2HCI,
Scheme 18), conditions were screened for the formation of desired prd@3at(Conditions a).
DCM was unable to solubilizE)2a«<2HCI (Table 4, entry 1), however, DMF did (entry 2). This
run was initially performed with no base added to the reaction mixture and allowed to react, but
there was no consumption of starting material seen, therefore 1 equivalep€ak@ms added
in the reasoning that the dihydrochloride salt would need to be neutralized to initiate the
photocatalytic cycle. The reaction was allowed to run for 3 days and consumptié2aefHCI

was seen, but isolation was ntrivial and the run was inconclusive. Owing to theadidic nature
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of 102a<2HCI, 2 equivalents of base was added followed by stirring for 1 hour prior to addition of
the olefin and irradiation (entry 3piven the apparent difficulty in isolating the free amif8a,

the reaction was treated with acetic anhydride upon completion with the expectation that isolation
of the NHacetylated derivativel(4a) would be easier (Conditions b). Consumption, albeit
partial, 0f102a«2HCI1 and appearance @b3a by LC/MS was noticeably quicker, as wHsta

upon subjecting to Conditions b. The structur@é(afa was confirmed upon purification and NMR
spectroscopy. The catalyst loading was increased to 4.0 mol% to encourage further consumption
of 102a«2HCI1 and MeCN was used as the solvent for ease of workup, and the reaction was cleaner

and better yielding (entry 4).

Ph

z/

NH,
Conditions a:
[Ir(dFCF3ppy),(dtbbpy)]PFg (1.5 mol%) G Me
base
456 nm Kessil lamp 103a
solvent (0.1 M) from Conditions a
Ph rt (w/ cooling fan)
Me duration
N =z
* /\[r - Ph
(¢} Conditions b: 7
'NHZ.ZHCI 90b then AC2O (30 eqUiV) N
(3.0 equiv) Th
102a+2HCI NHAc
o Me
104a

from Conditions b

Scheme 18. General reaction conditions for trials witiNH»>-3-(Bn)-aza[3.1.0]BCHex
(102a+2HCY).
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Table 4. Reaction trials with INH>-3-(Bn)-aza[3.1.0]BCHex (02a2HCI).

Entry Base (S(;) llvif[l)t Duration CO(I; (/ill)t)l‘? ns Result/Findings
1 None DCM 6 h a SM insoluble; NR
CsCO: (1 SM soluble; partial
2 equiv) DMF 3 days a consumption ol 02a+2HCI
3 CeCO,(2 e 5 h b 104a isolated, 6% yield
equiv)
g CCOC yeen  2n b 104a isolated, 22% yiek!
equiv)

3PC loading: 4.0 mol%dYield as determined b+ NMR using internal standard was 49%.

While the change in substrate did tangibly address the orbital misalignment hypothesis, the
reaction still suffered from side reactions, such as adducts arising from Giese addition due to
neutral radical formation at the benzylic position. To addresathisaction optimization, further
substrate modification was needed.

4.5.2. Switch to 1-NH:2-3-o0xa-[3.1.0]BCHex (102bHCI)

3-oxabicyclo[3.1.0]hexarl-amine hydrochloride (NH2-3-oxa[3.1.0]BCHex)
(102bsHCI, Scheme 19A) was commercially available and would potentially address the issues
of sidereactivity caused by the-Bn moiety in102a-2HCI. Upon subjectind02bsHCI to the
same conditions,-8xa[3.2.1]BCO derivativel 04b was obtained in 70% yield as determined by
'H NMR analysis using -4romoanisole as internal standard and 64% isolated yield as a single
diastereomerScheme 19B). This confirmed our previous hypothesis and establig2heHCI

as the new model substrate for reaction development.
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Ph
N-to-O
N swap 0,
9 l > p
’‘NH,*2HCI ‘NH,eHCI
102a+2HCI 102b*HCI
[Ir(dFCF3ppy),(dtbbpy)]PFg (4.0 mol%)
Cs,CO3 (1.0 equiv)
MeCN (0.1 M)
456 nm Kessil lamp
rt (w/ cooling fan) o
0 Me 2h
g') S . > NHAc
‘NH,*HCI o then ACZ? (h3.0 equiv) Ve
90b (o]
102b+HClI (3.0 equiv) 104b

64% (70%)

Scheme 19. (A) Replacement of -NH2>-3-(Bn)-aza[3.1.0]BCHex (02a<2HCI) with 1-NH-3-
oxa[3.1.0]BCHex (02bsHCI). (B) Transformation ofl02bsHCI under previous conditions.
Isolated yield is displayed withd NMR vyield in parentheses

4.6 Optimization Studies

General procedure for optimization conditions (unless otherwise specified) was as follows

(Scheme 20).
PC (x mol%)
base (x equiv)
solvent (conc.)
456 nm Kessil lamp
rt (w/ cooling fan) o
0 Me 2h
/ ¥ %\“/ > NHAc
‘NH,*HClI o then ACZ? (h3.0 equiv) e
90b (0]
102b+HCI (x equiv) 104b

Scheme 20. General optimization conditions will®2bsHCI and olefin MVK @Q0b).

A flame-dried Xdram vial cooled under vacuum was charged with PC (x md@2heHCI (0.10

mmol, 1.0 equiy, base (0.10 mmol, 1.0 eqyipand a stir bar. A screw cap with a septum was used
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to cap the vial. The gap between the vial and the cap was sealed with black electrical tape and a
further small strip of tape was stuck on top of the septum. The vial was sparged for 10 minutes
with argon gas using a balloon. Solvent (conc.) was addedsyiange to theial, and the reaction
mixture was degassed for 10 minutes using an argon balloon. After the elapsed degassing time,
the vial was wrapped in aluminum foil, and the reaction mixture was stirred for 1 hour. MWX (
was added via a microliter syringe, the balloon taken out, foil removed, and the reaction mixture
was stirred under 456 nm Kessil lamp irradiation with a cooling fan ove(hedinfra Figure
29). Upon completion, acetic anhydride (3.0 equiras added to the reaction mixture and allowed
to stir without Kessil irradiation. After 1 hour, the reaction mixture was filtered through a Pasteur
pipet packed with anhydrous sodium sulfate (bottom) and Celite (top). The vial was washed out
with the samesolvent that was used for the reaction. The solvent was removed by rotary
evaporation. 8romoanisole (1L, 0.1 mmol) was added as an internal standard for ciidde
NMR analysis to determine the yield.

4.6.1. Equivalence of Olefin Screening

[Ir(dFCF3ppy),(dtbbpy)]PFg (4.0 mol%)
Cs,CO3 (1.0 equiv)

MeCN (0.1 M)
456 nm Kessil lamp
rt (w/ cooling fan) o

° Me 2h

/ ¥ /\ﬂ/ > NHAc

’NH,*HClI o then ACZ? (h3.0 equiv) e

90b (0]

102b+HCI (x equiv) 104b

Scheme 21. Conditions for equivalents of olefin screening.
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Table 5. Equivalence of olefin trials.

Entry x equivalents of 90b Yield (%)
1 3.0 70%
2 1.0 12%
3 5.0 26%

4.6.2. Solvent Screening

[Ir(dFCF3ppy),(dtbbpy)]PFg (4.0 mol%)
Cs,CO3 (1.0 equiv)
solvent (0.1 M)
456 nm Kessil lamp

rt (w/ cooling fan) o
0 Me 2h
g,} * /\ﬂ/ . > NHAc
‘NH,*HCI 0 then Ac,0 (3.0 equiv) "
90b 1h o e
102bHCI (3.0 equiv) 104b
Scheme 22. Conditions for solvent screening.
Table 6. Solvent trials.
Entry Solvent Yield (%)
1 DMF (0.1 M) <5%
2 TFE (0.1 M) NR
3 MTBE (0.1 M) 27%
4 toluene (0.1 M) 45%
5 MeCN (0.1 M) 70%
6 PhCR (0.05 M) 61%
7 2-MeTHF (0.05 M) 18%

98



4.6.3. Solvent Concentration Screening

[Ir(dFCF3ppy),(dtbbpy)]PFg (4.0 mol%)
Cs,CO3 (1.0 equiv)
MeCN (conc.)
456 nm Kessil lamp
rt (w/ cooling fan) o

0 Me 2h
9 * %\n/ ) > NHAc
’NH,*HClI o) then Ac,0 (3.0 equiv)
1h Me
90b o
102b°HCI (3.0 equiv) 104b
Scheme 23. Conditions for concentration screening.
Table 7. Reaction concentration trials.
Entry Concentration Yield (%)
1 05M 64%
2 0.1 M 70%
3 0.05 M 93%

4.6.4. Screening of Water Content in Reaction Mixture

During the process of optimization, we noticed an idiosyncrasy in the reaction, that there
was a deleterious effect in the yield when a braew bottle of MeCN was used. Intrigued by this
observation, we decided to investigate it further. Karl Fishemfioim is the most popular
analytical method by which water content is determined, however, the apparatus was not available
for our use. We attempted to obtain the best approximation of water content in various bottles of
MeCN by'H NMR by using 4bromoanisole as an internal standard, and DMS& the solvent.
These solvent samples were then subjected to the reaction condsichemé¢ 24) and yields

estimatedTable 8).
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[Ir(dFCF3ppy),(dtbbpy)]PFg (4.0 mol%)
Cs,CO3 (1.0 equiv)
MeCN (0.05 M, MeCN:H,0)
456 nm Kessil lamp

rt (w/ cooling fan) o
0, Me 2h
Q * %\ﬂ/ . - NHAc
‘NH,*HClI o) then Ac,0 (3.0 equiv)
1 Me
90b (o]
102b-HCI (3.0 equiv) 104b
Scheme 24. Conditions for screening various MeCN®isolvent systems.
Table 8. Trials at different ratios of MeCNA®.
Entry MeCN (0.05 M, MeCN:H20) Yield (%)
1 240:1 52%
2 104:1 66%
3 53:1 93%
4 49:1 87%
5 19:1 79%
6 9:1 72%

Entries 3 were three different bottles of MeCN in our lab space, with entry 1 being a
brandnew 100 mL bottle. Based on these trends, we intentionally spiked the reaction mixture with
DI H20 to an anhydrous MeCN reaction mixture as per the ratios and subjected them for trial
(entries4-6). We chose 49:1 (v/v) MeCN#@® as the optimized solvent system for ease of
measurement while setting up the reactions. For a 0.1 mmol scale, this ratio would amount to 1.96
mL MeCN + 0.04 mL HO, which was rounded up to 2.00 mL MeCN + 0.04 miOHWe

speculate that the reason for this trend is to do with the overall solubility of the reaction mixture.
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4.6.5. Photocatalyst Screening

PC (4.0 mol%)
C32003 (1 .0 equiv)
MeCN (0.05 M)
456 nm Kessil lamp

rt (w/ cooling fan) o
0 Me 2h
e') * %\n/ - NHAc
‘NH,*HClI (o) then Ac,0 (3.0 equiv)
90b 1h o Me
102b+HCI (3.0 equiv) 104b

Scheme 25. Conditions for photocatalyst screening.

Table 9. Photocatalyst trials.

Entry PC (4.0 mol%) Yield (%)
1 [Ru(bpy)]Cl2 NR
2 4-CzIPN 81%
3 Phenox GPC A0202 NR
42 [(t-Bu)2MesPhAcr|BR 55%
5 [Ir(dFCFRsppy)x(bpy)]PFs 84%
6 [Ir(dFCRsppy)(dtbbpy)]PFk 93%

#PC loading: 6.6 mol%
4.6.6. Photocatalyst Loading Screening

[Ir(dFCF3ppy)s(dtbbpy)IPFg (x mol%)
Cs,CO3 (1.0 equiv)
MeCN (0.05 M)
456 nm Kessil lamp

rt (w/ cooling fan) 0
0 Me 2h
e,) * %\ﬂ/ > NHAc
‘NH,*HCI o) then Ac,0 (3.0 equiv)
90b 1h o Me
102b-HCI (3.0 equiv) 104b

Scheme 26. Conditions for photocatalyst loading screening.
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Table 10. Photocatalyst loading trials.

Entry [Ir(dFCF3ppy)2(dtbbpy)]PFs (x mol%) Yield (%)
1 2.0 mol% 7%
2 4.0 mol% 93%
3 8.0 mol% 85%

®Reaction was done using the MeCN bottle estimated at 53:1 MeON:H
4.6.7. Deviation Studies and Control Reactions

[Ir(dFCF3ppy),(dtbbpy)]PFg (4.0 mol%)
Cs,CO05 (1.0 equiv)
MeCN/H,O (49:1, 0.05 M)

456 nm Kessil lamp

rt (w/ cooling fan) 0
° Me 2h
Q * é\ﬂ/ > NHAc
“NH,*HClI o) then Ac,0 (3.0 equiv)
90b 1h o Me
102beHClI (3.0 equiv) 104b

Scheme 27. Optimized reaction conditions.

Once the optimized reaction conditions were establisbdeme 27), we subjected it to
other miscellaneous modification¥able 11, entries 25) and control reactions (entries8).
There was no improvement in yield, and the control trials demonstrated that each component of

the reaction was necessary for desired product formation.
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Table 11. Deviation studies and control reactions

Entry Deviations from Standard Condition Yield (%)
1 None 93%
28 CsCOs (0.5 equiv) 74%
3 CsOAc (1.0 equiv) 44%
42 NaOPiv (1.0 equiv) 56%
52 LiCl (4 equiv) additive 8%

6 No base NR
7 No light NR
8 No PC NR

#Reaction was done using the MeCN bottle estimated at 53:1 MeON:H

4.7 Substrate Scope

After developing the optimized reaction conditions for the transformation, we set out to
build a substrate scope.

4.7.1. Amine Scope

Using distilled MVK as the olefin radical acceptor, various amine salts were tested under
the optimized conditionsS¢heme 28). In addition to the oxaariant of bicyclo[3.1.0] hexar&
amine, the altarbon skeleton, and bgeotected aminwariant were able to be transformed to the

respective productld4d and104e in high yields.
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[Ir(dFCF3ppy)(dtbbpy)]PFg (4.0 mol%)
Cs,CO3 (1.0 equiv)
MeCN/H,0 (49:1, 0.05 M)

456 nm Kessil lamp

rt (w/ cooling fan) X
X Me 2h
9 * /\ﬂ/ _ - NHAc
“NH,*HClI ) then ACZO1 (h3.0 equiv) Ve
90b o
102+HCI (3.0 equiv) 104
Boc
(o)
NHAc NHAc NHAc
o Me o Me o Me
104c 104d 104e
86% (93%) 97% (84%) 60% (96%)

Scheme 28. Amine scopelsolated yield is displayed withi NMR yield in parentheses.

4.7.2. Radical Acceptor Scope

We also sought out to explore the versatility of the radical acceptor M2heHCI
(Scheme 29) . V a r -unsaiusatedoketfnes were shown to be compatible under the give
reaction conditions; exocyclic and endocyclic double bomataining ketones producé@sa and
105b, a fsubstitated ones gav®5c and 105d. Methyl acrylate gave rise th)5e, however
double the loading of the photocatalyst had to be udsel of the bisester gave better yield(q5f)
but that was not the case @5g when methyl fumarate was usddhe modified conditions, lower
yield, and other observations are discussed in further detékdtion 4.7.3. -sffbstituted
acceptors could be used in this transformation withhiEnylsuccinimide giving produdt)5h
albeit in low yield. Interestingly, electregoor heterocycle -Buraldehyde produced the desired
product105i after aromaticity was broken. However, it was curious that its isomer, furfidial (

infra, 90i, Scheme 30A), did not do so.
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[Ir(dFCF3ppy),(dtbbpy)]PFg (4.0 mol%)
Cs,CO3 (1.0 equiv)
MeCN/H,0 (49:1, 0.05 M)

456 nm Kessil lamp

rt (w/ cooling fan) (o)
0 2h
Q v 7 : . > NHAc
NH,*HClI then Acza (h3.0 equiv)
90
102b-HCI (3.0 equiv) 105
(o) o (0]
o NHAc NHAc NHAc
Me Me
o o)
105a 105b 105¢
31% (50%) 19% (25%) 55% (56%)
(0]
(0] (0]
NHAc
Ph Ph NHAc NHAc
o CO,Me MeO,c CO:Me
105d 105e 105f
20% (30%) 31% (32%)? 54% (56%)
(o) (o)
(0]
H 7 “SNHAC How NHAc
NHAc o H o __ H
MeO,C N
2¥  CO,Me Ph © 0
105¢g 105h 105i
5% (11%) 16% (N/A) 10% (N/A)

Scheme 29. Radical acceptor scopksolated yields displayed withH NMR yieldin parentheses
3PC loading: 8.0 mol%.

4.7.3. Unsuccessful Substrates and Competing Reactivity
While ketonecontaining Michael acceptors were readily accepted by the reaction

conditions to give the desired product, other radical acceptors containing functional groups such
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as amides90c—d, Scheme 30A), esters 40e), sulfonyls 00f), nitriles @0g), and styrenytype
(90h) substrates either did not. It was observed that, instead of the desired product, these substrates
give rise tol106 (Scheme 30B) as the product of this reaction. We hypothesize that after reduction
of the radical adduct that is formed after Giese addiflao-ITI, Scheme 31) to the resulting
carbanionInt-1V), there is a competition between nucleophilicity and basicity; if the carbanion is
sufficiently basic, i.e., higher pKit will abstract a proton from the iminium ion, resulting in a
straight chain adduct and the resultant imine is hydrolyzed to form dihydrepymae derivative
106. However, if the carbanion is insufficiently basic, its nucleophilicity dominates and adds to
the carbon of the iminium to produce the bicyclo[3.2.1]heptane scaffolds as Sadrerme 28
andScheme 29. Compoundd04b, 105e, and105f are illustrative of this. When MVK is used as
the radical acceptor, the pif thecorrespondindnt-IV is approximately 19 (in watéP) and the
yield of the desired produd®4b is 93%. However, under the same conditions, methyl acrylate
produces an analog 06 with no desired produdid5e and in order to get some of it to form, the
PC loading had to be doubled. The,oKf  tcéri@oxylatdnt-IV is approximately 25 (in kD)%,
i.e., a million times more basic than the analogous ketone. By this corollary, {fefpK - he «a
malonateInt-IV that would precede the formation #05f is approximately 18.5 and the
corresponding analog @06 is not seen. The discrepancy between the yield84if and105f can
be attributed to greater steric bulk on the part of the nucleophilic carbanion of the latter. This
phenomenon was seen fific-h and it informed the selection of suitable radical acceptors as the
scope was built out.

Furan derivatives substituted at theahd/or 5position with an electron withdrawing

group (90i-n) reacted much slower (i.e., reaction ran for 24 hours) and either returned the
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substrates in the case9¥m, formed an adduct with the rearomatized heterocycle as was the case

with 901, or indecipherable mixture of producf9h—o).

Ph

Z CONH, ZCONBoc, CO,Me
90c 90d 90e
e
Zs0,Ph sy CF,
90f 90g 90h
Me
/ \_ H \\_ H
/ \ H MeOZC (o) (0)
(o)
Y o o}
90i 90j 90k
COZMe
I\ me ao AN e 7 Q—§
o ¢ o D\
o) o) Me™ Ng” ~COzMe Boc
90l 90m 90n 900
[Ir(dFCF3ppy).(dtbbpy)]PFg (4.0 mol%)

Cs,CO3 (1.0 equiv)
MeCN/H,0 (49:1, 0.05 M)
456 nm Kessil lamp
rt (w/ cooling fan)

0 24 h H o
- 20 - o[}
"NH2-HCI then Ac,0 (3.0 equiv)

1h
20 106
102b+HCI (3.0 equiv)

Scheme 30. (A) Unsuccessful radical acceptors. (B) Reaction of unsuccessful radical acceptors to
produce dihydropyraf-one derivatived06.

4.8 Mechanistic Studies
Since 102b*HCI1 was established as the model substrate of choice, we had to slightly

modify what our previous presumed mechanism would look 8kkeme 31).
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9 [e
R NH,

Int-11l

Giese
addition

Scheme 31. Proposed mechanism for the transformation-bH>-3-oxa[ 3 . 1 .

NH2-3-0xa[3.2.1]BCO.

J e
NH,
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o]
102beHClI g >
‘NH,eHCI
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The function of the base in this reaction is solely to neutralize the acidic salt of the amine, after

which the free amine would likely quench the excited state of the PC to get oxidized to the radical

cationInt-I. To evaluate the thermodynamic feasibility of any higtatuced transfer involving

photoinduced electron transfer, one must compare the standard redox potenoakhé¢ donor

and acceptor species. For an amine such02b (i.e., the donor speciesf, (102b° /102b) ~

+ 0.

80-1. 1079 anhd fors[lr(dFCREPEL(dtbbpy)]Pk (i.e., the acceptor specie®

(Ir<(1ID/Ir(1)) = +1.21 V vs. SCE® Electron transfer is favorable when the redox potential of the

donor is lower than that of the acceptor, which is true in this system. Note (t02b" /102b) is
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el ectron densi t ylntIhwitban mini@m-mbiety and alGerdered pdical as
a result of rupture of the cyp. The polarity of this radical would be suited to perform a Giese
addition to an appropriate olefin partner to yibd-III. This species would be well sap for
single electron reduction by the reduced photocatalyst; comparing reduction potentials, if the olefin
used were MVKE (Int-ITI/Int-IV) ~-0.20 V vs. SCE andE (Ir(1)/Ir(11)) = -1.37 V vs. SCE,
i.e., thermodynamically favorable. Carbanlat-I'V could then cyclize onto the iminum, relieving
the positive charge and yielding theNH»>-3-oxa[3.2.1]BCO scaffoldl03. As noted irSection
4.7.3, depending upon the olefin used, the basicity of carbahiedlV may predominate its
nucleophilicity, which would give rise to undesired prodLg.

4.8.1. Radical Intermediate Trapping
A common strategy in radical transformation is to trap radical species with a suitable trap to
confirm potential reaction intermediaté8 Typically, a stable radical like TEMPQ(6, Figure
25A) is used, however Williams and coworkers have recently suggested using more sophisticated
traps such as CHANTI(7) to circumvent some of the issues with TEMPO such as trapping of
heteroatorrcentered radicals oxidation to thNeoxide°* CHANT is designed to feature a good
radical leaving group (i.e., a nitroxide) and upon reaction with a short lived radical with CHANT
via homolytic substitution reaction§3’ ) , a -mdical prbdact i:formed upon expulsion

of TEMPO {Figure 25B).
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X trapped TEMPO
short-lived bp (stable radical
. radical
radical byproduct)

Figure 25. (A) Radical traps. (BCHANT trapping mechanism

When CHANT was used in the reaction that was develofSehletne 32), as per its
designed reactivity, TEMPO was released to produce radical trapped p168unt6% yield.
This product was also detected as an MS peak with m/z equal to 266.2, i.e., exactliotaphisf
H*. Due to the amide moiety if07, the behavior of this olefinic radical acceptor was effectively
what was outlined irSection 4.7.3, which explains the formation of keton@9 instead of its
amine/acetamide analolgs formationstrongly indicates the -€entered radical intermedidket-
IT after rupture of cyp. The release of a stable radical byproduct from CHANT poisoned the
reactivity with the yield ofl04b having plummeted and high recovery of the acetylated substrate

(108).
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CHANT (1 equiv)
[Ir(dFCF3ppy),(dtbbpy)IPFg (4.0 mol%)
Cs,CO3 (1.0 equiv)
MeCN/H,0 (49:1, 0.05 M)

456 nm Kessil lamp
rt (w/ cooling fan)

(0] .
l > Me 45 min
+ /\n/ y
'NHZ-HCI (o) then Ac,0 (3.0 equiv)

0.5h

90b
102b+HCI (1.0 equiv)
N o
(o)
NHAc * Q * QNH o
5 Me NHAc d
104b 108 , 10.9
23% yield 64% yield 6% yield
Exact Mass: 211.12 Exact Mass: 141.08 Exact Mass: 265.17

Scheme 32. Trapping experiment with CHANT107).

The data obtained so far lays a solid foundation for elucidating the mechanism of this
reaction but in order to understand the nuances of this transformation, further experimentation is
required yide infra Section 4.9.2-4.9.4).

4.9 Future Directions

4.9.1. Expanded Substrate Scope

We intend to further build out the existing substrate scope to incorporate a variety of
functionalities, including but not limited to, more substituted ketoRiggite 26, 90p—q), nitriles
(90r-s), esters and anhydride80¢—w), amides 90x), styrenes Q0y—z), sulfonyls 00aa), and
other heterocycles9(ab) . While these olefinic radical a
paradigm90acwoul d react by (30c+20) and would repre:
successful. Shifting away from the [3.2.1]BCO scaffold, compoun@dsand 111a—b would

produce other bridged scaffolds, if successful.
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90p

EtO,C o

Boc
90x

90ab

o)
NC
jii NC 2 o
o Y CN
90q 90r 90s
0
o o)
\l\:/</ \/d I s
0 | o
S o
90u 90v 90w
/\@\ SO,Ph
R SO,Ph
90y 90aa
Boc
fo) N BocN
R é
‘NH, NH, NH,
90ac 110 111a 111b

Figure 26. Substrates of interest for expanded scope.

4.9.2. Cyclic Voltammetry (CV)

CV is an analytical technique to determine the potentials of compounds and intermediates.

We have attempted to obtain the potential @bsHCI, however the presence of chloride ions is

notorious for producing erroneous results. To date, efforts to obtain the potential of the free amine

102b have been unsuccessful.

4.9.3. Sensitivity and Robustness Screening

The Glorius group has been pioneers in quantifying reaction sensitivity and robustness and

has published usdriendly assessment tools for their profilit§:1% The sensitivity screening
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entails systematic alterations to various parameters such as concentration, light intensity, etc.,

obtaining the yields for each alteration, and mapping them onto a radar di&igane ¢7).1°

LowC
100%an
High 02 miith e, High C
-50%
-25%
Mid 02 £ 0% b Low H20
y,
2T
&)
High 1§ == » High H20
Low I} % High 02
High T

Figure 27. Sample radar diagram of a hypothetical reaction for sensitivity screening.

Figure 27 is a hypothetical reaction in which the yield under each alteration is +10% deviation
from the standard yield, and is, therefore, an example of a reaction with low sensitivity. This
produces an intuitive and standardized presentation of the results iboh&l dyorofile of the
sensitivity of the reaction which can provide information on its reproducibility and mechanism.

The robustness screening involves the introduction of additive of various chemical profiles
to the established reaction conditions the yields of the desired product and percentage of additive
consumed are determined in each d&&his process gives an indication of functional group
tolerance and overall mildness of a reaction.

4.9.4. Computational Studies

We intend to pursue computational studies to validate and map out the relative energies of

the proposed intermediates in the reaction mechanism. Additionally, computational studies would
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also be useful to validate our hypothesis of orbital misalignment in the case®f31.0]BCHex
scaffolds.

4.10 Experimental Information

4.10.1. General Considerations

SeeSection 2.5.1.

Photoredox reactions were carried out-4dram borosilicate glass vials (Fisher Scientific;
catalog no.: 0838A), sealed with polypropylene caps equipped with PTFE/silicone septa (VWR
International; catalog no.: 1@060K), and charged with 8 mm x 1.5 niRFE stir bars (Fisher
Scientific; catalog no.: 1812-150). When less than 50 pL of liquid had to be dispensed,
Hamiltor®® syringe(SigmaAldrich, catalog no.: 20737) was used. TLCs from these reactions were
mainly visualized with ninhydrin and/or vanillitCompoundsl02¢HCI1 were purchased from
Enamine an®0 were purchased frof8igmaAldrich, Fisher ScientificAmbeedand were used
without additional purification unless otherwise notetY/K and methyl acrylate were vacuum
distilled prior to use.

Light sources:

SynLED Parallel Photoreact@igmaAldrich; catalog no.Z74268( featured bottontit
LEDs (465470 nn) across a 4x4 reaction block arrayght intensity (136140 Im), angle (45°)
built-in bottom cooling fan.

Kessil lamp (Kessil; catalog no.: PR160) with 456 + 5 nm wavelength blue light, average
intensity at 1 cm distance 352 mWkm and 2. 48” di ameter. The LED

Mean Well (catalog no: HL&@40H-15A).
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4.10.2. Reaction Setup: SynLED Parallel Photoreactor

Figure 28. SynLED parallel photoreactofcube” setup.

Out of the 16 available slots, only the central 4 could stir reliably. The rest were covered
up with foil. The temperature probe as part of the IKA stir plate rea€2¢hen placed into the

slot in the cube when the reactor and the cooling fan from the bottom were turned on.
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4.10.3. Reaction Setup: Kessil Lamps

\

Figure 29. Kessil lamp reactor setup. (a) Fouddam vials setup for reaction (without cooling
fan). (b) Reaction setup with cooling fplacedon top. (c) Lightblocking shield + cooling fan
element.

A cardboard box was repurposed to be used as a photoreactor by cutting out holes for Kessil
lamps, covering the inside walls and bottom with aluminum foil, and affixing a trimmed peg tube
rack to hold the vials in place. Although there are 4 slots avaitabl-dramvials with acceptable
stirring (Figure29a) , we only wused slots *“1° and "3’ as
and "4’ were used. Both Kessil | amps were alw
bl ocking shielding + f anFigeré28conantwas aiwvays sunedeord 1 2 .
and placed on top unless otherwise noted. The 2 lamps and cooling fan were connected-using a Y

split cable which was connected to a Mean Well LED adapter.
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4.10.4. Synthetic Procedures for Precursors

Pd(OAc), (1.0 mol%) OMe
RuPhos (2.0 mol%)

OMe NH-HCI NaO'Bu (1.2 equiv)
/©/ + r
Br toluene (2.0 M) N
110 °C, 15 h l )

89a

3-(4-methoxyphenyl)-3-azabicyclo[3.1.0]hexane (89a): A 1-dram vialequipped with a magnetic

stir bar was charged with-Bromoanisole {.1048 g, 0.5322nmol), 3azabicyclo[3.1.0]hexane
hydrochloride (0.0638 g, 0.50681mol), Pd(OAc) (0.0012 g, 0.005inmol), RuPhos@.0048 g,
0.0102mmol), and powdered NdaBu (0.0603 g, 0.6082nmol). The vial was transferred to a
preheated oil bath (110 °C). Afteb h, the reaction mixture was cooled and dissolvea in
CHCI>/H>0 mixture (1:1). The organic phase was separated, the solvent was evaporated in vacuo,
and the product was isolated a clear oiby flash chromatographn 0.0424 g (44%) yield.

'H NMR (500 MHz, CDC}) & 6= ®B0 Hg, @H), 6.5 (d] = 8.5 Hz, 2H), 3.7 (s, 3H), 3.5 (d,
J=8.6 Hz, 2H), 3.1 (d] = 8.4 Hz, 2H), 1.6 (dtJ= 7.1, 3.1 Hz, 2H), 0.7 (td,= 7.8, 4.5 Hz, 1H),

0.4 (s, 1H).

LRMS (ESI+APCI) m/z 189.9 [M+H].

Br NaOH (6.0 equiv)
XASNH, O/\ - H
/\/N

96

N-benzylprop-2-en-1-amine (96): Benzyl bromide (1.19 mL, 10 mmolyas added slowly to
allylamine (4.49 mL, 60 mmokver 10 minutesieat at roontemperature and the reaction was

stirred for 16 h. The reaction wgasenched with 1 M NaOH and extractetideswith EtO. The

117



combined organic layers were dried over MgS€édncentrated viaiotary evaporatiorand the
product was obtained as a yellow oil in 1.44 g (99%yas used without further purification.

Spectral data was consistent with previous ¢4ta.

CuCN (15 mol%)

TsN 3 (1.2 equiv)
THF (0.33 M) //@
rt, 1h
=——CO,Et + H\/@ r N
ad DBU (2.2 equiv) gzZNTS

CuBr; (1.5 equiv)
60 °C, 24 h CO,Et

95

96
(1.2 equiv)

Ethyl (E)-3-benzyl-2-(tosylimino)-3-azabicyclo[3.1.0]hexane-1-carboxylate (95): To a stirred
solution of ethyl propiolated(75 mL, 7.37 mmglin dry THF .33 M) in a flamedried 250 mL
RBF, was added CuCND(0999 g, 1.105 mmofpllowed by p-toluenesulfonyl azidel@.8 mL,
8.8404 mmoal and the mixture was vigorously stirred at room temperature torubhder N
atmosphere. To this reaction mixtugs, (1.5942g, 10.829 mmplwas added and the resultant
mixture was stirred at room temperature. Aftér, DBU (2.2 equiv) and CuBr 2 (1.5 equiv) were
added and the reaction mixture was stirred at®Qntil the completion of reaction as indicated
by TLC. The reaction mixture was diluted with saturated@GIH20 mL) and extracted withCM

(2 x 30 mL). The organic layer was separated, dried over anhydrop8Ciydfiltered and
concentratedvia rotary evaporationThe product(95) was isolatedas an orange oiby flash
chromatographyn 2.6489 g (87%) yield (combind&lZ isomers).

'H NMR (500 MHz, CDC#) 8 — 7/@.(n8 2H), 7.3-7.2 (m, 3H), 7.2 (ddJ = 8.2, 6.6 Hz, 2H),
7.0—6.9 (M, 2H), 4.8 (dJ = 14.5 Hz, 1H), 4.3-4.2 (m, 2H), 4.2 (dJ = 14.5 Hz, 1H), 3.6 (dd]
=11.5,5.5 Hz, 1H), 3.2 (d,= 11.5 Hz, 1H), 2.4 (s, 3H), 2-32.2 (m, 2H), 1.3 (t) = 7.1 Hz, 3H),

0.8 (d,J = 2.9 Hz, 1H).
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LRMS (ESI+APCI) m/z 413.2 [M+H].

Spectral data was consistent with previous &ata.

NaBH, (5.0 equiv)
I, (0.5 equiv)
N > N
QQ':NTS THF (0.17 M) l ?
CO,Et rt to reflux, 22 h CO,Et

95 93b

Ethyl 3-benzyl-3-azabicyclo[3.1.0]hexane-1-carboxylate (93b): To a flamedried 250 mL RBF
wascharged®5 (2.15 g, 5.212 mmplandhalf the volumelry THF 0.17 M), sodiumborohydride
(0.4023 g, 10.424 mmpll equivalent at a timat room temperature. To this reaction mixture,
iodine 0.6627 g, 2.606 mmplin the remaining volumelry THF (3 mL) was added over 30
minutesand the reaction mixture was stirred at reflux until the completion of reaction as indicated
by TLC. Then the reaction mixture was cooledt®C, methanol (15 mL) waadded,and the
resultant mixture was allowed to stir for 30 minutes. The reaction mixture was evaporated under
reducedpressureand the residue was diluted witlydrogen peroxid€¢1l.6 mL, 16.158 mmol
followed by sodium ethoxidg€1.94 mL, 5.212 mm¢lwas added & °C. The resultant mixture

was allowed to stir for 30 minutes at room temperature, diluted with distilled water (15 mL) and
extracted with EtOAc (2 30 mL). The combined EtOAc solvent was washed with brine solution
(30 mL), dried over anhydrous p&Qy, filtered and concentratedvia rotary evaporationThe
product(93b) was isolateas a clear oiby flash chromatographn 0.4994 g (39%) yield

'H NMR (500 MHz, CDC}) & —7722.(n8 5H), 4.1 (o) = 7.1 Hz, 2H), 3.6 (d] = 3.3 Hz, 2H),

3.1 (d,J= 9.0 Hz, 1H), 2.9 (d] = 8.9 Hz, 1H), 2.7 (d] = 9.0 Hz, 1H), 2.4 (dd] = 8.9, 3.7 Hz,
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1H), 1.9 (ddd,) = 8.5, 5.1, 3.7 Hz, 1H), 1.5 (,= 4.3 Hz, 1H), 1.3 (dd] = 8.2, 3.7 Hz, 1H), 1.2
(t, J=7.1 Hz, 3H).

Spectral data was consistent with previous ¢&ta.

Boc,0 (2.0 equiv)
Pd/C (10% wiw), H NBoc

N >
& MeOH (0.075 M) COzEt
CO,Et 2h
93b 93a

3-(tert-Butyl) 1-ethyl 3-azabicyclo[3.1.0]hexane-1,3-dicarboxylate (93a): To a 100 mL RBF
wascharge®3b (0.32 g, 1.31 mmg] methanol (0.075 MYi-tert-butyl dicarbonate (0.59 g, 2.61
mmol), and palladium (0.069 g, 0.032 mmol). The flask was degassed using a hydrogen balloon
fitted with a long needle for 15 minutes, then the needle was dipped into the reaction mixture with
the bleed needle still pierced in theptum and stirred till the starting material was fully consumed
as indicated by TLC. The reaction mixture was filtered through Celite and the filtrate concentrated
via rotary evaporation The product(93a) was isolatedas a lightyellow oil by flash
chromatographyn 0.1466 g (44%) yield

'H NMR (500 MHz, CDC$) & 4J=173 HZ, 2H), 3.73 (d) = 11.9 Hz, 1H), 3.63 (d] =

11.3 Hz, 1H), 3.5%3.51 (m, 1H), 3.41 (ddl = 10.9, 4.2 Hz, 1H), 2.042.00 (m, 1H), 1.57 (dd,
J=8.4, 4.6 Hz, 1H), 1.44 (s, 9H), 1.25Jt 7.1 Hz, 3H), 0.83 (J = 5.0 Hz, 1H).

Spectral data was consistent with previous ¢&ta.
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Boc,0O (1.2 equiv)

H Boc

N N
J { - J {

\ MeOH (0.33 M) \

0°C

To a 250 mL RBF set in an ice bath was addietlylamine (26 mL, 21 mmol), methanol (0.33
M), and di-tert-butyl dicarbonate (5.6 g, 25 mmol) portigvise. After complete addition the
reaction mixture was allowed to warm to room temperature, stirrehfahen concentrated under
reduced pressur€rude98 was collected as an effhite oil in 3.81 g (93% yield, calculated from
H NMR, accounting for leftovedi-tert-butyl decarbonate) anglure enough to besed without
further purification.

'H NMR (500 MHz, CDC}) & —5.708n@ 2H), 5.1%5.07 (m, 4H), 3.9+ 3.68 (m, 4H), 1.45

(d,J = 1.3 Hz, 9H).

B
Noc Grubbs' 1st gen (2 mol%) Boc
J -
Z \ CH,Cl, (0.05 M)
reflux
98

tert-Butyl 2,5-dihydro-1H-pyrrole-1-carboxylate (97): To a 500 mL RBF flushed with NNvas

added a solution d& r u bfibssgeneratiormetathesis cataly$0.132 g 0.153 mmol) in DCM

(130 mL) and a solution &8 (1.51 g, 7.65 mmol) in DCM (23 mL)he mixture was heated

under reflux for 2 h after which the solvent was evaporated under reduced pressure. The crude
product was purified by column chromatograjimgl obtained as a dark brown oil in 1.11 g (86%)
yield.

'THNMR (500 MHz,CDC}) & 5.76 (s, 2H), 4.11 (s, 4H),

Spectral data was consistent with previous ¢4ta.
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EDA (1 equiv)

Rh,(OAC), (2 mol%) EOC ﬁoc
Boc 4 AMS
N > H—& + H
L) CH,Cl, (0.1 M) Y H H
97 rt EtO,C EtO,C
(2 equiv) 94b-endo 94b-exo

Compound94b): A flame-dried 50 mL RBF containing 2.32 d\4nolecular sieves arfiy (0.785

g, 4.64 mmol) was backfilled with2\B times and was added half the volume of DCM (0.1 M). To

a separate flamdried 5 mL RBF was added the remaining volume of DCM idnadiium(Il)
acetate(0.021 g, 0.046 mmol) to make a stock solution. The stock solution was added to the
reaction mixture and stirred for 15 minutes after whethyl diazoacetate (EDA.304 g, 2.32
mmol) was added in 3 portions over 2 hours and further stirred for 19 hours. The reaction mixture
was filtered through Celite and the filtrate concentratedotary evaporatioand purified by flash
chromatography.

3-(tert-Butyl) 6-ethyl (1R,5S,6s)-3-azabicyclo[3.1.0]hexane-3,6-dicarboxylate (94b-endo) was
obtained as a colorless oil in 0.111 g (19%) yield.

TH NMR (500 MHz, CDC}) & 4 J9 71, {.20Hd, 2H), 3.78 (d,= 11.2 Hz, 1H), 3.72 (d,
J=11.0 Hz, 1H), 3.42 (ddl = 10.5, 3.2 Hz, 1H), 1.85 (dd,= 7.3, 2.6 Hz, 2H), 1.76 (§ = 8.1

Hz, 1H), 1.42 (dJ = 1.4 Hz, 9H), 1.24 (td] = 7.1, 1.2 Hz, 3H).

3-(tert-Butyl) 6-ethyl (1R,5S,6r)-3-azabicyclo[3.1.0]hexane-3,6-dicarboxylate (94b-exo) was
obtained as a lighgellow oil in 0.182 g (31%) yield.

'H NMR (500 MHz, CDC$) & 4J1=172 HZ, 2H), 3.67 (d) = 11.3 Hz, 1H), 3.59 (d] =

11.2 Hz, 1H), 3.40 (td] = 10.5, 3.6 Hz, 2H), 2.05 (d,= 3.1 Hz, 2H), 1.46 (t) = 3.2 Hz, 1H),

1.42 (s, 9H), 1.25 (] = 7.2 Hz, 3H).
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Spectral data of bo®4b-endoand94b-exowere consistent with previous ddfa.
Preparation of CHANT (107)

TEMPO (1.2 equiv)

Nal (2. O equiv)
0 Na,SO; (3.0 equw NaOH
B'/\[ﬁj\ome MeCN (0.1 M) /\’ﬁL 1 J4-dioxane
65 °c

cyclohexylamine (1.0 equiv)
HBTU (1.1 equiv)

o DIPEA (2.0 equiv) /O
N,
OYJ\OH DMF (0.1 M) /\[HL

S-1 CHANT (107)

To a flamedried 250 mL RBF was addedethyl 2(bromomethyl)acrylate (1.79 §,70
mmol), TEMPO(1.88 g, 12.0 mmg] Nal (2.92 g, 19.4 mmol), NaSCs (3.73 g, 29.1mmol, 3.0
eg.) were dissolved in MeCN.L M). This solution was purged with.Mndstirred at 65°C for
48 hours MeCN was then removed in vacuo:.GHwas added anthe aqueousextracted with
EtOAc 3 times The organic phase was dried with MgStdfiltered. The solvent was removed
in vacuo, yielding crude orange aihich was taken forward without purification. To this
intermediatg€2.48g, 9.67mmol) wasaddedl,4-dioxane(63 mL), aqueous NaOH (1.0 M3 mL,

63 mmol) and the solution wastirred for 24 burs The resultant solution was acidified (pH 5)
with aqueous HCI (2.0 M32 mL, 63 mmol) and the product was extracted with EtOAe< (&0
mL). The organic phassas washed with brine, dried wiMgSQs and filtered. The solvent was
removed invacuoand the crudeurified using flash silica column chromatograp@pmpound-

1 was obtained aswhite crystallinesolid in 0.97 g (41%) yield.

Spectral data was con®jistent with the authors
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To a flamedried 100 mL RBF was addé&d1 (0.833 g, 3.45 mmol), HBTU (1.440 g, 3.80 mmol),
DIPEA (1.21 mL, 6.90 mmol), cyclohexylamine (0.40 mL, 3.45 mmol) and dissolved in DMF (0.2
M). This solution was purged withoNind stirred Upon completion, the reaction mixture was
diluted in EtO and washed with saturatldHCG;, H20 3 times andiried withMgSQs. CHANT
(107) was isolated by flash chromatography as a white ndielsolid in 0.56 g (50%) yield and
stored in an amber scintillation vial in20 °C freezer.
'H NMR (600 MHz, CDC}) & 6J.=8.0 Hz( 1H), 6.08 (d] = 1.7 Hz, 1H), 5.48 (d] = 1.4
Hz, 1H), 4.48 (dJ = 1.1 Hz, 2H), 3.84 (dtdl = 11.1, 7.5, 4.0 Hz, 1H), 1.99 (dii= 12.6, 4.0 Hz,
2H), 1.74 (ddJ = 15.1, 4.0 Hz, 3H), 1.64 (di,= 12.9, 3.8 Hz, 1H), 1.5 1.46 (m, 4H), 1.45
1.32 (m, 3H), 1.2+ 1.09 (m, 14H).
Spectr al data was con%istent with the authors

4.10.5. General Procedure for Reaction Screening with SynLED Parallel

Photoreactor

OMe PC (1.5 mol%)

base (2.0 equiv)
additive(s)
465 nm SynLED cube
+  Z2>co,Me >

solvent (0.1 M)

N
90a rt (w/ cooling fan)
(5.0 equiv)

89a

A flame-dried :dram vial cooled under vacuum was charged with photocatalyst (1.5
mol%), 89a (0.141 g, 0.0745 mmol, 1.0 equiv), base (2.0 equiv), and a stir bar. A screw cap with
a septum was used to cap the vial and the gap between the vial and the cap was sealed with black
electrical tape and an additional small strip of tape was stuck orf tbp septum. The vial was
sparged for 10 minutes with argon gas using a balloon. Solvent (0.1 M) was added along with

additives, if any, anél0a (35 pL, 3.0 equiv) and the reaction mixture was degassed for 10 minutes
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using an argon balloon. The vial was placed in the SynLED parallel photoreactor as described in
Section 4.10.2 and the reaction mixture was stirred at 600 rpm. The reaction was monitored by
LC/MS and TLC and upon completion, the solvent was removed by in vacuo. The crude mixture
was purified by column chromatography when necessary.

4.10.6. General Procedure for Preparation of [3.2.1]BCOs

[Ir(dFCF3ppy).(dtbbpy)]PFg (4.0 mol%)
Cs,CO53 (1.0 equiv)
MeCN/H,O (49:1, 0.05 M)

456 nm Kessil lamp
rt (w/ cooling fan)

X 2h
g,) + 7 O > NHAc
‘NH,*HClI

then Ac,0 (3.0 equiv)

90 1h
102+HCI (3.0 equiv) S-2

A flamedried Xdram vial cooled under vacuum was charged with photocatalyst
[Ir(dFCRsppy)(dtbbpy)PFs (0.0045 g, 4.0 mol%)102¢HC1 (0.10 mmol, 1.0 equiv), GEOs
(0.0329 g, 0.10 mmol, 1.0 equiv), and a stir bar. A screw cap with a septum was used to cap the
vial and the gap between the vial and the cap was sealed with black electrical tape and an additional
small strip of tape was stuck on top of the septum. Tdlewas sparged for 10 minutes with argon
gas using a balloon. MeCN#£B (0.05 M, 2.0 mL, 49:1 v/¥was added and the reaction mixture
was degassed for 10 minutes using an argon balloon. The vial was wrapped in aluminum foil, and
the reaction mixture was stirred at 600 rpm for 1 hour. Radical acc®9to8.0 equiv)° was
added via a microliter syringe, the balloon and foil removed, and the reaction mixture was stirred
under 456 nm Kessil lamp irradiation with a cooling fan as per the reaction setup siSeetioim
4.10.3. The reaction was monitoréty LC/MS and TLC and upon completion, 28 (0.03 mL,
3.0 equiv) was added and stirred without Kessil lamp irradiation. After 1 hour, the reaction mixture

was filtered through a Pasteur pipet packed with anhydropSQdgbottom) and Celite (top) and
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the vial washed out with MeCN. The filtrate was removed by rotary evaporati@nordoanisole

(13 pL, 0.1 mmol. 1.0 equiv) was added as an internal standard for HlubR analysis to
determine the yield. The crude mixture was purified by column chromatography.

%or 0.1 mmol scale, this ratio would amount to 1.96 mL anhy. MeCN + 0.04 mL@Iwhich

was rounded up to 2.00 mL MeCN + 0.04 mL DIQH The latter was added using a microliter
syringe.”If the radical acceptor is doped with a stabilizer such as hydroquinone (HQ), it is highly
recommended to distill it before use for better yi€ldshe radical acceptor is a solid, it was added
along with the other components prior to capping and sealing theé’Wihkenever the septum
needed to be pierced, the largest gauge possible for the application was used to minimize the

damage to the septum.

Using MVK (90b):
Ph
Boc
N o 9 N
; “NHps2HCI ; “NH,+HCI “NH,+HCI ; “NH,*HCI
102a+2HCI 102b+HCI 102¢+HCI 102d+HCI

Figure 30. Amines102<HCI used.
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Ph

NHAc

o Me

104a
N-((1R,58,7S)-7-acetyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (104a): According to the
General Procedure, the title compound was synthesized 18ag2HCI and MeCN (0.1 M) in a
yield of 18.3 mg (22%) as\gellow oil.
TH NMR yield 49%.
IHNMR( 700 MHz, MeQ@I(h, 48), 723 B20 (m, 1H), 3.79 (dd = 9.3, 5.6 Hz,
1H), 3.55 (dJ = 13.2 Hz, 1H), 3.48 (d] = 13.1 Hz, 1H), 3.38 (d] = 9.4 Hz, 1H), 2.63 (d] =
10.4 Hz, 1H), 2.26-2.19 (m, 1H), 2.18 2.17 (m, 1H), 2.16 (s, 3H), 2.03 (ddb 12.0, 9.4, 2.2
Hz, 1H), 1.99 (dJ = 10.5 Hz, 1H), 1.84 (d] = 10.0 Hz, 1H), 1.80 (s, 3H), 1.69 (dtk 12.0, 6.0

Hz, 1H), 1.41 (dJ= 9.7 Hz, 1H).

BCNMR (151 MHz, MeOD) & 214. 4, 173. 1, 139.

42.4, 36.2, 34.7, 31.0, 22.8.

LRMS (ESI+APCI) m/z 301.2 [M+H].

NHAc
Me

104b
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N-((1R,58,7S)-7-acetyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (104b): According to the
General Procedure, the title compound was synthesized 1&2bgHCI in a yield of 18.3 mg
(87%) as a yellow solid

'"H NMR yield 93%.

IHNMR( 600 MHz, Me QP )0.052.94z, 1H3, 3.16ddd= 9.4, 5.8 Hz, 1H), 3.57
(ddd,J = 10.6, 2.9, 2.1 Hz, 1H), 3.46 (@= 10.6 Hz, 1H), 3.13 (d] = 10.0 Hz, 1H), 2.27 (dddd,
J=10.6, 5.2, 2.9, 2.0 Hz, 1H), 2.20 (ddds 6.5, 6.0, 2.7 Hz, 1H), 2.17 (s, 3H), 2.05 (dd¢;
12.8, 9.3, 2.1 Hz, 1H), 1.83 (s, 3H), 1.80 (ddid, 11.9, 6.6, 5.8 Hz, 1H), 1.67 (ddi= 10.9, 2.7
Hz, 1H).

BCNMR( 151 MHz, MeOD) &6 213. 7, 173. 5, 75. 8,

LRMS (ESI+APCI) m/z212.2[M+H] *.

NHAc

oMe

104c

N-((1R,58,7S)-7-acetylbicyclo[3.2.1]octan-1-yl)acetamide (104c): According to the General
Procedure, the title compound was synthesized usizgHCI in a yield of 20.0 mg (97%) as an
orange solid

TH NMR yield 84%.

IHNMR( 600 MHz, Me ODX9.3,%.9Biz, B#, 2.382.83 (m, 1H), 2.28 2.24
(m, 1H), 2.15 (s, 4H), 1.85 (dd= 9.3, 2.1 Hz, 1H), 1.81 (s, 3H), 1.79 (dd; 13.2, 5.9 Hz, 1H),
1.63—1.57 (m, 2H), 1.56-1.46 (m, 1H), 1.45 1.42 (m, 1H), 1.4+ 1.37 (m, 1H), 1.36-1.23

(m, 1H).
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BCNMR( 151 MHz, MeOD) & 214.0, 172.7, 63.
44.1, 38.4,35.9, 34.9, 32.0, 31.1, 22.9, 20.4.
LRMS (ESI+APCI) m/z2103 [M+H] *.

m.p.: 86.3-89.6

Boc

NHAc

oMe

104d
tert-butyl (1R,5S,7S)-1-acetamido-7-acetyl-3-azabicyclo[3.2.1]octane-3-carboxylate (104d):
According to the General Procedure, the title compound was synthesized @&iaHCl in a
yield of 18.5 mg (60%) as a pale yellow solid
TH NMR yield 96%.
'THNMR( 600 MHz, Me 05)2.14.8#z, B2 3.§1dlt 16.9 Hz, 1H), 3.53 (1
= 7.9 Hz, 1H), 2.81 (dd] = 57.8, 11.3 Hz, 1H), 2.51 (dd~ 53.6, 12.5 Hz, 1H), 2.332.27 (m,
1H), 2.23 (ddd,) = 11.0, 5.0, 2.7 Hz, 1H), 2.15 (s, 3H), 1.85 (s, 3H), 1.801dd9.3, 7.3 Hz,
2H), 1.59 (dJ=10.9 Hz, 1H), 1.48 (d] = 9.4 Hz, 9H).
The largelJ-couplings are a result of the rotomeric nature of the compound.
BCNMR(151 MHz, MeOD) o6 213.3, 173.4, 157.
49.3, 49.1, 49.0, 48.9, 48.7, 48.6, 41.4, 35.0, 34.1, 31.1, 28.7, 22.7.
LRMS (ESI+APCI) m/z3112 [M+H] *.

m.p.: 54.8-56.4
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Using 102bHCI:

O A

90ad 90ae 90af
Ph

Ph CO,Me
o 2 co,Me CO,Me

90ag 90a 90ah

o o)
H
MeO,C.__~
2ENFNco,Me o o
90ai 90aj 90ak

Figure 31. Radical acceptor®0) used.

(o) NHAc

105a
N-((1R,1'S,4S,5'R)-3-0x0-3"-oxaspiro[bicyclo[2.2.1]heptane-2,6'-bicyclo[3.2.1]octan]-5'-
yl)acetamide (105a): According to the General Procedure, the title compound was synthesized
using90ad in a yield of8.1mg (31%) as agreenish yellow solid
TH NMR yield 50%.
'THNMR( 700 MHz, Me OD)11.% 3.5Hz,11H), 358 @i,= 10.4, 2.4 Hz, 1H),
3.51 (d,J=10.3 Hz, 1H), 3.46 (d] = 11.6 Hz, 1H), 2.98 (dfl = 3.4, 1.7 Hz, 1H), 2.83 (dddd,
=11.0, 5.4, 3.1, 2.1 Hz, 1H), 2.50 (dds 5.2, 1.5 Hz, 1H), 2.26 (dj,= 10.9, 1.9 Hz, 1H), 2.06
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(ddd,J = 7.2, 5.8, 2.7 Hz, 1H), 2.031.99 (m, 1H), 1.9% 1.85 (m, 1H), 1.83 (d] = 2.7 Hz, 1H),
1.81 (s, 3H), 1.7721.73 (m, 2H), 1.68 (ddl = 11.1, 2.7 Hz, 1H), 1.51 (ddd= 10.9, 1.8, 1.1 Hz,
1H), 1.43 (ddddj = 12.8, 8.2, 6.3, 2.1 Hz, 1H)

BCNMR( 151 MHz, MeOD) & 224.5, 173.0, 73.7,
48.9, 48.7, 48.6, 44.6, 43.0, 38.5, 35.5, 34.1, 27.0, 26.6, 23.9.

LRMS (ESI+APCI) m/z264.2[M+H] *.

NHAc
o

105b
N-((1R,5R)-9-0x00ctahydro-1,5-methanobenzo|[d]oxepin-1(2H)-yl)acetamide (105b):
According to the General Procedure, the title compound was synthesize®@@:ging a yield of
4.5mg (19%) as dight-yellow oil.
TH NMR yield 25%.
IHNMR( 700 MHz, Me @D9.9, A7 Hz,.1H)83.67 (dit 10.5, 2.5 Hz, 1H), 3.51
(d, J = 10.5 Hz, 1H), 3.42 (dd] = 10.0, 2.9 Hz, 1H), 2.79 2.73 (m, 1H), 2.642.59 (m, 1H),
2.44—2.34 (m, 3H), 2.00-1.94 (m, 1H), 1.94-1.88 (m, 2H), 1.85 (s, 3H), 1.821.75 (m, 1H),
1.65—1.61 (m, 1H), 1.42-1.39 (m, 1H).

LRMS (ESI+APCI) m/z238.2[M+H] *.
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NHAc
Me' Me

(0]
105¢c

N-((1R,5S5)-7-acetyl-7-methyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (105¢): According to
the General Procedure, the title compound was synthesize®0afiig a yield 0of10.1mg (55%)
as ayellow solid

TH NMR yield 56%.

'HNMR( 600 MHz, Me OIx)10.9) 3.14Hz,7118), 3(58 (ddd,= 10.4, 2.4, 2.1 Hz,
1H), 3.53 (dJ = 10.3 Hz, 1H), 3.27 (d] = 10.9 Hz, 1H), 2.66 (dd] = 12.9, 7.5 Hz, 1H), 2.43
(dddd,J=11.1, 5.3, 3.1, 2.0 Hz, 1H), 2.17 (s, 3H), 2.11 (ddd,7.7, 5.6, 2.6 Hz, 1H), 1.85 (s,
3H), 1.77 (s, 3H), 1.63 (dd,= 11.1, 2.3 Hz, 1H), 1.30 (dd,= 13.0, 2.3 Hz, 1H).

BCNMR( 151 MHz, MeOD) o6 215.9, 174.0, 74.0, 72.
19.7.

LRMS (ESI+APCI) m/z226.1[M+H]*.

NHAc
Ph Ph

o
105d

N-((1R,55)-7-benzoyl-7-phenyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (105d): According to
the General Procedure, the title compound was synthesized0agm a yield of7.0mg (20%)
as acolorless oll

TH NMR yield 30%.
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IHNMR( 600 MHz, MeOD) &7.58(m62H), 1.5 (s, 2H)H7)35 =774 Bz
1H), 7.30 (tJ = 7.6 Hz, 2H), 7.26-7.19 (m, 3H), 3.89 (d] = 11.3 Hz, 1H), 3.83 (ddd,= 10.4,
2.9, 2.6 Hz, 1H), 3.62 (d,= 10.3 Hz, 1H), 3.35 (dd,= 11.2, 3.0 Hz, 1H), 3.05 (dd= 14.5, 2.0
Hz, 1H), 2.65 (dddd] = 11.6, 5.9, 2.9, 2.6 Hz, 1H), 2.49 (dds 14.5, 7.5 Hz, 1H), 2.41 (dd=
11.8, 1.9 Hz, 1H), 2.35 (ddd= 6.9, 6.5, 2.7 Hz, 1H), 1.99 (s, 3H).

BCNMR( 151 MHz, MeOD) & 202.9, 172.9, 139.
128.4, 73.6, 72.7, 67.9, 64.7, 42.0, 37.7, 36.0, 24.4.

LRMS (ESI+APCI) m/z350.1[M+H] *.

NHAc
COZMe

105e
methyl (1S,5R,6S)-5-acetamido-3-oxabicyclo[3.2.1]octane-6-carboxylate (105¢): According to
the General Procedureth PC loading of 8.0 mol%the title compound was synthesized using
90a in a yield of7.2mg (31%) as dime-green solid
TH NMR yield 32%.
IHNMR( 6 00 MHz, Me QB )0.1p3.0Hz, BH}, 3.61dsd3H), 3.57 (@t 10.5, 2.4
Hz, 1H), 3.49- 3.45 (m, 2H), 3.20 (dJ = 10.1 Hz, 1H), 2.34 (dddd,= 10.7, 5.2, 3.0, 2.0 Hz,
1H), 2.22 (dddJ = 6.3, 5.9, 2.6 Hz, 1H), 2.692.00 (m, 2H), 1.84 (s, 3H), 1.70 (dtk 10.8, 1.8
Hz, 1H).
BCNMR( 151 MHz, Me OD) 6 177. 2, 173. 4, 75. 4,

LRMS (ESI+APCI) m/z228.1[M+H] *.
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NHAc
MeOZC COzMe

105f
dimethyl (1S,5R)-5-acetamido-3-oxabicyclo[3.2.1]octane-6,6-dicarboxylate (105f): According
to the General Procedure, the title compound was synthesized90aingn a yield of15.3mg
(54%) as awhite solid
TH NMR yield 56%.
IHNMR( 700 MHz, Me 0820.6,8.0Hz 1HP 3.76 (5t3H), 3.71 (s, 3H), 3.57 (dd,
J=10.6, 2.7 Hz, 1H), 3.54 (d,= 1.6 Hz, 2H), 3.03-2.96 (m, 1H), 2.64 (dd] = 13.8, 7.3 Hz,
1H), 2.35-2.27 (m, 2H), 2.26-2.22 (m, 1H), 1.91 (d] = 1.1 Hz, 3H).

LRMS (ESI+APCI) m/z286.2[M+H] *.

NHAc
COZMG
105g

MeO,C

dimethyl (1R,5R,68S,7S)-1-acetamido-3-oxabicyclo[3.2.1]octane-6,7-dicarboxylate (105g):
According to the General Procedure, the title compound was synthesize®@sinmga yield of
1.4mg (5%) as dight-yellow oil.

TH NMR yield 11%.

'THNMR( 600 MHz, Me QB3)10.252.94z,4H), 3.85d(di= 6.0 Hz, 1H), 3.80 (dt,
J=10.9, 2.3 Hz, 1H), 3.71 (s, 3H), 3.65 (s, 3H), 3.4946.3 Hz, 1H), 3.45 (d] = 11.1 Hz, 1H),
3.25 (d,J =10.2 Hz, 1H), 2.54 (ddd,= 6.5, 6.2, 2.0 Hz, 1H), 2.442.37 (m, 1H), 1.85 (s, 3H),
1.83 (d,J=10.7 Hz, 1H).
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LRMS (ESI+APCI) m/z286.2[M+H] *.

H Un
o “'H

N
Ph ©

NHAc

105h
N-((3aS,4R,8R,8aS)-1,3-dioxo-2-phenylhexahydro-1H-4,8-methanooxepino[4,5-c|pyrrol-
4(5H)-yl)acetamide (105h): According to the General Procedure, the title compound was
synthesized using0aj in a yield of4.9mg (16%) as ayellow oil.
'H NMR (600 MHz, CDC}) & 7J=%.DHz(2H), 7.43 (tJ=7.5 Hz, 1H), 7.27 (dJ=8.3
Hz, 2H), 4.21 (dJ = 10.5 Hz, 1H), 3.80 (dd,= 10.8, 2.7 Hz, 1H), 3.74 (dd~= 10.5, 2.8 Hz, 1H),
3.62 (d,J=10.9 Hz, 1H), 3.38 (d]= 7.6 Hz, 1H), 3.30 (d] = 7.6 Hz, 1H), 2.81 (dd] = 4.8, 2.9
Hz, 1H), 2.70 (dJ = 12.3 Hz, 1H), 1.96 (s, 3H), 1.80 (ddds 12.1, 5.0, 2.7 Hz, 1H).
I3C NMR (151 MHz,CDC}) o6 177.8, 177.0, 170.6, 131.6,
48.7, 47.3, 40.5, 36.8, 24.0.

LRMS (ESI+APCI) m/z315.1[M+H] *.

NHAc
H

(0]
105i

N-((4R,8S,8aS)-3a-formyl-3a,7,8,8a-tetrahydro-4,8-methanofuro(2,3-d]oxepin-4(5H)-
yl)acetamide (105i): According to the General Procedure, the title compound was synthesized

using90ak in a yield of2.3mg (10%) as acolorless oll
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IHNMR( 700 MHz, MeOD) & J9=.28Bz {H} 5.441dH 2,8 HB, 1H),3
5.25 (d,J = 6.8 Hz, 1H), 4.34 (ddl = 10.3, 2.9 Hz, 1H), 3.97 (ddd= 10.7, 2.3, 2.3 Hz, 1H), 3.51
(d,J = 10.9 Hz, 1H), 3.18 (d] = 10.3 Hz, 1H), 2.51 (dd] = 6.1, 2.1 Hz, 1H), 1.99 (dddd,=
10.8, 5.3, 2.6, 2.6 Hz, 1H), 1.90 (s, 3H), 1.75)(d,11.6 Hz, 1H).

LRMS (ESI+APCI) m/z 238.1 [M+H].
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