Enantioselective Synthesis of Pretomanid
&
Investigations of Raman Spectroscopy for Through-Tube Monitoring of Reactions
By
Tho H. Tran
B.S. Chemistry, summa cum laude with honors
University of Houston, 2014

Submitted to the Department of Chemistry in Partial Fulfillment
of the Requirements for the Degree of

DOCTOR OF PHILOSOPHY IN CHEMISTRY
at the
Massachusetts Institute of Technology
June 2019

© 2019 Massachusetts Institute of Technology
All rights reserved.

Signature redacted

Department of Chemistry

_ May 29, 2019
Signature redacted

Signature of Author:

Certified by:

Timothy F. Jamison
U Robert R. Taylor Professor of Chemistry
Thesis Supervisor

Signature redacted

Accepted by:

MASSACHUSETTS INSTITUTE Robert W. F ield
OF TECHNOLOGY. Haslam and Dewey Professor of Chemistry

Chair, Departmental Committee on Graduate Studies

JUL 022019
LIBRARIES ARCHIVES







This doctoral thesis has been examined by a committee in the Department of Chemistry

Professor Rick L. Danheiser __

Professor Timothy F. Jamison

Professor Mohammad Movassaghi

Signature redacted

as follows:

Thesis Committee Chair
A. C. Cope Professor of Chemistry

Signature redacted

Thesis Supervisor
Robgn-P?Taonr Professor of Chemistry

—

Signature redacted

7 7 Tpesii?ommittee Member
. Professor of Chemistry
AN






For Diana, family, and friends.



Enantioselective Synthesis of Pretomanid
&

Investigations of Raman Spectroscopy for Through-Tube Monitoring

of Reactions
By
Tho Tran

Submitted to the Department of Chemistry on May 30, 2019
in Partial Fulfilment of the Requirements for the Degree of Doctor of Philosophy in
Chemistry

Abstract

Chapter 1: Enantioselective Synthesis of Pretomanid

o

N.© N
) )
OZN_Q\/T\J\O ‘- Nf;0 (1.1 equiv), BuyNNO; (1.1 equiv) g\lo

,\©\ DCM, rt, 18 h ,@\
(98% ee) OCF; (58% yield) OCF,

i . des-nitro Pretomanid
(7:1 4-nitro:5-nitro)

Late-stage nitration U
H
o _TMS o
"‘f - DMAP (0.5 equiv) er B'/\©\
<\.¢N 1:1 HFIP / DCM NN i OCF,

(98% yield)
Epoxide-opening cyclization

Pretomanid is a potential cornerstone active pharmaceutical ingredient for the treatment
of tuberculosis (TB). It is found in several advanced clinical trials and can possibly treat all forms
of TB. In this report, we discuss the development of a novel synthesis of pretomanid through a
selective epoxide-opening cyclization and late-stage nitration. This route offers a new strategy

to access the core of pretomanid and avoids the necessity of the explosive starting material.




Chapter 2: Investigations of Raman Spectroscopy for Through-Tube Monitoring of

Reactions
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Continuous-flow chemistry has seen expansive growth and thus requires powerful new

Raman Probe
Reagent A —
“I\

analytical techniques. The current commonly-used analytics involve inline analysis at a single
point, which can hinder analysis. In this report, we demonstrate the utility of the MargMetrix
TouchRaman probe for reaction monitoring through a continuous-flow reactor. The reactions

studied were ring-closing metathesis, benzyne generation, and ketene generation.
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Chapter One

Enantioselective Synthesis of Pretomanid
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Abstract

Pretomanid is a potential cornerstone active pharmaceutical ingredient for the
treatment of tuberculosis. It is found in several advanced clinical trials and can possibly
treat all forms of TB. In this report, we discuss the development of a novel synthesis of
pretomanid through a selective epoxide-opening cyclization and late-stage nitration.
This route offers a new strategy to access the core of pretomanid and avoids the

necessity of the explosive starting material.
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1.1 Tuberculosis

1.1.1 General Introduction

Tuberculosis (TB) is a major global health problem and is one of the leading causes
of death worldwide.! In 2017, there were 10 million new cases and 1.6 million deaths
from the airborne disease caused by the bacillus Mycobacterium tuberculosis.
Consequently, the World Health Organization (WHO) has declared TB as a persistent
global health emergency. While the disease is fully treatable, the current multiple-drug
treatment is lengthy and cumbersome, often requiring six or more months to have full
efficacy.®78 Furthermore, the standard treatment is incompatible with HIV-regimens,
causing further complication in disadvantaged regions where both HIV and TB are
prevalent. Recently, there has been a rise in multi-drug resistant (MDR)-TB, and even
extensively-drug resistant (XDR)-TB due to the poor compliance that often accompanies
the outdated regimen. Therefore, it is critical that new and original therapies for TB are

developed.

Pretomanid has emerged as a promising API in several clinical studies within the
TB drug pipeline, including one that is currently under review for approval by the
FDA.® 10 Pretomanid is part of a recently discovered nitroimidazole drug class with a
novel mechanism of action towards TB. In the M. tuberculosis cell, it first binds to an
F420-deazaflavin-dependent nitroreductase and is then subsequently activated to
generate des-nitro pretomanid and nitrous acid.' The released nitrous acid then
disproportionates into nitric oxide and will undergo anaerobic killing mechanism through

nitric oxide poisoning of the cytochrome ¢ oxidase. Pretomanid has additionally
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displayed aerobic killing mechanism through inhibition of mycolic acid biosynthesis.
These pathways resolve the issues from the current treatment in that poly- and multi-
drug resistant TB strains are susceptible. Furthermore, the developing treatments

involving pretomanid do not interfere with HIV medications.

Herein, we propose a novel, enantioselective synthesis of pretomanid through a
challenging epoxide-opening cyclization followed by a late-stage nitration. This
proposed route addresses many issues from existing routes such as avoiding an

expensive, explosive starting material.’”
1.1.2 What is tuberculosis?

Tuberculosis (TB) is the leading cause of death due to a single infectious disease,
above HIV." As a result, the World Health Organization (WHO) has declared this disease
as a global health emergency. While estimates have varied, at least 1.7 billion people,” or
23% of the world’s population, is infected. In 2017 alone, TB took the lives of an estimated
1.3 million people among those without HIV and an estimated 300,000 among those with
HIV." The most afflicted nations are generally those that reside in developing regions such
as sub-Saharan Africa and southern Asia, according to incidence rates (Figure 1)." A
disparaging view is through the case fatality ratio? (CFR) where variations in access to
proper TB treatment and facilities can be seen (Figure 2). In other words, if people were

treated in a timely manner with high quality care, then the CFR would be low despite a

" Approximately 5-10% will develop active TB during their lifetime.
T CFR — case fatality ratio, defined as the number of TB deaths divided by the estimated number of
incident cases in the same years, expressed as a percentage.
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high incidence rate. Unfortunately, this is not the case in nearly all heavily afflicted

regions.
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Figure 1. TB incidence rates per 100,000 population. (Image retreived from 2018 WHO
TB report’)
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Figure 2. Case fatality rates (CFR) including HIV-negative and HIV-positive people by
region. (Image retreived from 2018 WHO TB report')
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1.1.3 Mycobacterium tuberculosis

Tuberculosis was discovered to be caused by the bacterium Mycobacterium
tuberculosis, or Mtb, in 1882 by Robert Koch.? Since then, Mtb has been studied
extensively and can exist within a host as two forms: active and latent.? The active form
is what we commonly perceive as tuberculosis. In this form, the symptoms are present
and can include fever, fatigue, persistent coughing, and haemoptysis or the coughing of
blood. A common misconception with TB is that the Mtb infection is limited to only the
lungs; however, the infection¥ can spread throughout the body. In the active form, the
bacteria is highly contagious via aerosol transmission. The latent form, by contrast, is
completely symptom-free and innocuous. However, this form has the potential to

develop into the active form in 5-10% of the cases and therefore poses a great risk.*

Upon exposure to the bacteria, Mtb will infect the human host through respiration
where the bacteria will travel to the lower respiratory tract (Figure 3).2 As Mtb lodges
itself within the lungs, the alveolar macrophages (MP) will recognize this through its
various receptors and will initiate uptake of the bacteria. Other pathways, such as the
release of cytokines, T-cells, and B-cells are promoted to help with the bacteria
envelopment (Figure 3a). These self-propagating processes initiate the recruitment of
more immune cells to the infection site (Figure 3b) and will ultimately lead to the
formation of granulomas known as multinucleated Langhans giant cells (MGCs) or
differentiate into lipid-rich foamy cells (FM) (Figure 3c). Ironically, the creation of these

granulomas creates a microenvironment at which the bacteria can survive without

+ Denoted as extrapulmonary tuberculosis and occurs in 15-20% of cases.
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damage over long periods of time. At this point, Mtb exists as its latent stage, possibly
for decades, until environmental factors, such as HIV infection or immune deficiency, or
genetic factors, allow the bacteria to activate. ° Its activation will result in the death of
the infected macrophages leading to a necrotic zone called caseum due to its milky
appearance (Figure 3d). Ultimately, the structure will disintegrate allowing exit of the
bacteria, which will spread to other parts of the lungs and body and will lead to the
formation of new lesions. The infection can additionally spread to other hosts through

release of infected droplets via coughing (Figure 3e).

____ Opsonizing receptor
ng— __— TLRs
e - ‘-5.7 ——— Scavenger receptor
b '_l_;- Lol } . - C-type lectin receptor
3 !
.

S M. :ubrl\'l:ufnus

: :'“Cytpkin_c ) . &‘

(a) ‘ T-cell

M. tuberculosis MP ‘

c. \/\Jl, o
e ® |
et ) \Y/.o

Figure 3. a) Macrophage response upon exposure to Mtb. b) More macrophages are

recruited, along with other helpers from the immune system. ¢) Formation of MGCs or

differentiation into FMs to allow for Mtb to exist in the latent form. d) Environmental or

genetic triggers that causes death of the infected macrophages. Latent TB transitions

into its active form. E) Mtb is released as the active form and spreads throughout the
host and transmitted into the atmosphere. (Image retrieved from ref 3C)
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1.1.4 Current global landscape of tuberculosis therapeutics and associated drawbacks

An effective method to treat tuberculosis is through multi-drug therapeutics.® The
current state-of-the-art first-line treatment dates back to the late 1960s and has seen
minor variations since then.” For active, drug-sensitive (DS) TB, the drug therapies will
be a minimum two-month intensive phase of rifampicin (4), isoniazid (3), ethambutol (1),
and pyrazinamide (2) followed by minimum four-month continuation phase of rifampicin
and isoniazid (Figure 4). This lengthy treatment, which may last up to 2 years, and the
combination of active pharmaceutical ingredients (APls) has been determined to be the
most effective and efficacious towards eradicating both forms of Mtb from the body.

However, there is a chance of relapse due to residual latent Mtb.

HO
Me 0
Y Py
n/\/ r\Me H ]
4 OH Meo, . ;
Ethambutol | Me & [
H OH OH Me
(o] N,
fo) NH, N NH
N ES
E ST h | 3 o ""‘N
N 2 N = o O O
. . Isoniazid Me 4 N,
Pyrazinamide . .
Rifampicin

Figure 4. Typical APIs used as the first-line treatment of active, drug-sensitive TB.

The treatment is typically complicated with many adverse effects; in particular, liver
injuries are frequent enough that close monitoring is necessary. As a result, TB is
incredibly difficult to cure in developing regions due to both the required trained
personnel and the amount of resources to carry out the treatment to ensure complete
Mtb removal. Furthermore, the standard treatment is incompatible with HIV-regimens;
thus, treatment for those also infected comes with many complications.®
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In the past few decades, there has been a rise in drug-resistant Mtb strains. Of the
10 million new cases in 2017, 558,000 of those cases developed drug resistance to at
least one of the APIs within the standard treatment.’ Multi-drug resistant (MDR) TB has
seen an overall increase in incidences rate in virtually all countries and is defined as
having resistance to at least isoniazid and rifampicin, the two most effective APIs
against Mtb. The most fatal drug resistant form is known as extensively drug-resistant
(XDR) TB and is defined as having resistance to not only isoniazid and rifampicin but
also to any fluoroquinolone and any of the injectable second-line aminoglycosides

(Figure 5).7

......................................................
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Me ! OH :
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-
]
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Figure 5. Second-line TB treatment examples of fluoroquinolones and injectable
aminoglycosides.

1.1.5 The Global End TB Strategy set forth by WHO and the United Nations

From 2000 to 2015, there were considerable national and global efforts to reduce
the burden of tuberculosis.” The WHO and United Nations have devised an “End TB

Strategy” with three overarching, high-level indicators that are as follows:
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e the number of TB deaths per year
e the TB incidence rate (new cases per 100 000 population per year)
o the percentage of TB-affected households that experience catastrophic costs

as a result of TB disease

In this strategy, target milestone goals with several levels of accountability were set to
solidify efforts that will ultimately lead to the eradication of the TB epidemic by 2035.
The most immediate milestones, set for 2020, are to have a 35% reduction in TB deaths
and a 20% reduction in TB incidence. From Figure 6, there has been a steady global
decrease in both annual mortality rates and annual incidence rates from the year 2000

up to 2017. Sadly, these rates are not decreasing fast enough to reach the 2020

milestones.

TB incidence TB deaths

10 o m— ———— 15 \
TB deaths among

All TB cases HIV-negative people

1.0
and relapse cases 05 =

HIV-positive TB cases
T T T 00— | |
2000 2008 2017 2000 2008 2017

Millions per year
Millions per year

TB deaths among
HIV-positive people

0

Figure 6. (Left) TB incidence rates on the decline for all TB cases, notifications of new

and relapse cases, and HIV-positive TB cases. (Right) TB mortality rates among HIV-

negative and HIV-positive people on the decline. (Image retreived from 2018 WHO TB
report’)

The ambitious goal to eliminate the TB epidemic by 2035 comes with many
challenges that range from the worldwide presence of tuberculosis to the compounded

difficulties of treatment and the rise of drug resistant strains. The global community have
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taken on these challenges with full force and the future without TB is entirely possible.

One immediate solution is the development of newer and more effective therapies.

1.2 Pretomanid as a promising new anti-TB active pharmaceutical
ingredient

1.2.1 Pretomanid in promising emerging therapeutics

Pretomanid has emerged as a potential cornerstone API to be used in the
treatment of not only drug-sensitive Mtb but also drug-resistant Mtb due to its unique
biological activities. As of March 8, 2019, pretomanid is currently under review by the
FDA to be approved as an orphan drug$ under the new drug application (NDA)™
submitted by the TB Alliance?!.? As a new chemical entity and a member of a class of
compounds known as nitroimidazooxazines, pretomanid has appeared in 20 clinical
trials spanning 14 countries. The current regimen under review is known as BPal and is
comprised of bedaquiline (11), pretomanid (9), and linezolid (10) (Figure 7). In the
clinical trial Nix-TB, where BPaL was used, 89% of participants with XDR-TB or those
with treatment intolerant or nonresponsive MDR-TB was shown to have favorable
outcomes. Furthermore, pretomanid is present in two other advanced phase lli clinical

trials known as SimpliciTB and ZeNix for the treatment of DS/IMDR-TB and MDR/XDR-

§ An orphan drug is a pharmaceutical agent developed to treat rare medical conditions which would not
be profitable to produce without government assistance. This assignment of orphan status to such
diseases and drugs has spurred many medical breakthroughs that wouid have never been discovered.

“ An NDA includes data gathered from animal studies and human clinical trials, and is a formal proposal
for a new pharmaceutical to be sold in the US. On June 6, 2019, the FDA Antimicrobial Drugs Advisory
Committee will host a public discussion for NDA 212862.

1T The Global Alliance for TB Drug Development is a not-for-profit organization dedicated to finding faster-
acting and affordable drug regimens to fight TB. The TB Alliance utilizes innovative science and works
with several partners around the globe to ensure equitable access to faster, better TB cures.
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TB, respectively.'0 In these trials, the treatments are generally easier to administer (i.e.

oral as opposed to injection) and are much shorter in length when compared to the
current state-of-the-art. Moreover, there are no antagonistic interactions with current

HIV-regimens.

oM

OZN_Q:T\OJ\O k/N\Q\N’ﬁ\o o
9 /\©\OCF3 ] 10 \—k"’?:Me

Pretomanid Linezolid

Bedaquiline

Figure 7. BPaL (bedaquiline, pretomanid, linezolid) currently under review to be
approved by the FDA.

1.2.2 Structure development and mechanism of action

Pretomanid (9) exists in several high profile clinical trials. Accordingly, this has
resulted in many studies on how the molecule behaves within the body. As a

nitroimidazole, the development of pretomanid (9) can be traced back several

decades.'! The first appearance of such possible chemical entities to be used as drugs

was metronidazole or Mtz (12) (Figure 8). Further structure-activity relationship (SAR)
studies lead to CGI-17341 (13) and eventually PA-824, now known as pretomanid.'?
From these studies, delamanid (14) was discovered as a potent second-line option

against MDR-TB; however, the treatments come with many adverse drug reactions.’?
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Figure 8. Mtz (12) as the first potential candidate as a nitroimidazole. Many SAR
studies lead to CGI-17341 (13) and eventually pretomanid (PA-824) (9) and delamanid
(14) as anti-TB candidates.

In 2008, Singh and coworkers discovered that pretomanid (9) proceeds through
two possible mechanisms, effectively targeting both active, replicating Mtb and latent,
non-replicating Mtb (Figure 9).'* While the mechanism of actions are still under active
investigation, it is likely to behave as a prodrug#*. In the aerobic pathway of active,
replicating Mtb, pretomanid has been shown to disrupt the formation of mycolic acids,
major constituents of the cell envelope of Mtb. The mycolic acids are critical for the

integrity of Mtb’s cell wall, and therefore, replication is prevented.

For the anaerobic pathway that targets latent Mtb, pretomanid is activated by a
deazaflavin-dependant nitroreductase (Ddn) and cofactor Fa20 (Ddn:F420) found within
Mtb’s cell wall. Through a very specific binding, pretomanid is reduced to generate toxic
nitrogen species, such as nitric oxide, that react with cytochromes within Mtb to interfere

with electron flow and disrupt ATP homeostasis. This process requires a very powerful

# A prodrug is a medication or compound that is metabolized into a pharmacologically active drug.
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reductant not commonly found in mammals. In fact, Ddn:Fa20 is an enzyme that is

common to microoorganisms and extremophiles.
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OO000000000 Nitric Oxide
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Figure 9. Two possible mechanisms of action for pretomanid (9) that effectively targets
both active and latent Mtb.

These biological activity studies explain why pretomanid has shown such
promise in clinical trials for the treatment of all forms of Mtb. The dual nature of its
biological activity allows it to successfully treat both latent and active forms of Mtb.

Furthermore, these unique biological pathways allows it to target MDR- and XDR-TB.

1.2.3 Current syntheses

Given the importance of pretomanid, a viable, novel synthetic route is necessary to
meet supply demands. The original synthesis of 9 by Baker and coworkers was

performed in a five-step linear sequence (Scheme 1A).'%6 First, imidazole 15 was used
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to open epoxide 16 to furnish alcohol 17. Then, protection of alcohol 17, followed by
cleavage of the silyl ether and concomitant cyclization, furnished oxazine 18. Finally,
deprofection of 18 followed by benzylation with 19 provided pretomanid (9). Though
relatively concise, the sequence suffers from the use of an explosive 2,4-
dinitroimidazole (15) as starting material,'” and two protecting group manipulations to
access the oxazine core 18. Moreover, the synthesis required four chromatographic
separation steps, and as a result, its practicality on scale was limited. However, with
pretomanid (9) being a possible new cornerstone treatment for TB, much work has been
devoted to improve the costs and efficiency of the route, including a nonexplosive
variant to 15, a solventless modification, and a butanoyl group in lieu of the TBS

group‘18,19‘20

A)

o
oTBS N N
>N ON NO, 1)DHP, PPTS  O,N °
O,N M\j'_m:,z 2 *(\_T 2 S e 2 \:7— 1) AcOH, THF, H:0 pretomanid
W_NH Pr,NEY, PhMe, 70 °C 2) TBAF, THF AJ NS DN
. 17 18 OTHP  Br
15 (62% yield) OH  (58% yield, 2 steps) 19
OCF,
B) o 0
h§ v X
1. cat. NaH, ClCCN, TBME, 0” “Ar ON = 25 N Cl 0" “Ar
Hu’@\ heptane, 0 °C —> rt, 98% yield __ \/E N\ NH > ON u
20 ocF, 2.TIOH,DCM,0°Cor, o  © o K;CO3, Nal, DMF, 120 °C |
80% yield )l\ 24
23 07 “Ar OCF, (40-50% yield) Ar = p-MeOCgHs OCF,

cu\/E Ar = p-MeOCgHs KOH, MeOH,
OH 6C

Ar = p-MeOCgHs
imidazole, DCM f N.ﬁfo Y
O,;N O,N
c'\/Eon : _&N\J\o/\@ 0°C—rt : _Q/ \/E /@\
-
22 9 ocF, (60-70% yield) OCF,

cioc
OMe )
(78-82% yield) Pretomanid

8DHP = 3,4-dihydro-2H-pyran; PPTS = pyridinium p-toluenesulfonate.

Scheme 1. A) Original route by Baker and coworkers. B) Sorensen route.

In 2010, the Sorensen group developed a convergent synthesis that accessed to

pretomanid in a convergent four step sequence (Scheme 1B).?! First, alcohol 20 was
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converted into its trichloroacetimidate derivative and reacted with alcohol 23, which was
formed through a benzoylation of diol 21, to give chloride 24. Then, chloride
displacement of 24 with nitroimidazole 25 gave imidazole 26. Finally, saponification and
subsequent cyclization provided pretomanid (9). A notable feature was the use of
recrystallization for all except the last step, which required chromatographic purification,

allowing the route to be suitable for kilogram-scale production.

In both of these routes, a recurrent issue was the use of the explosive
dinitroimidazole 15. In both the modified industrial route and the Sorensen route, the
problem was circumvented by using a chloride variant which reduce the detonation
potential. However, the chloride variant 25 comes directly from dinitroimidazole 15
through a laborious, dangerous, and hazardous route requiring high temperatures and
concentrated acids (Scheme 2). Starting from imidazole (28), two tandem nitrations
under harsh acidic conditions provided a highly explosive 1,4-dinitroimidazole (30).
Then, a thermally promoted 1,5-shift in chlorobenzene furnished 2,4-dinitroimidazole
(15). Prolonged heating in hydrochloric acid and chlorobenzene allowed for successful

exchange of the nitro group to provide chloride product 25.

2N AN
NP NH H,S0,, HNO; N7 NH conc. HNO3 N7 N-NO;
= —_— —
— 125°C, 8 h oN 29 AcOH, Ac,0 OzN) 20
2
28 (85% yield) (82% vield)
NJ\NH - HCl H,0 N“ °NH PhCl, 115 °C
= D PhCI, 105 °C, 7 h )=/ (83% yield)
ON 25 (65-80%) ON 15

Scheme 2. Synthesis of 2,4-dinitroimidazole (15) and 2-chloro-4-nitroimidazole (25).
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While these routes offer many advantages, there are many potential areas for
improvement. One potential area is avoiding the use of explosive dinitroimidazole 15. In
addition, since the overall cost and number of steps to access pretomanid is a major
factor for its future production at a much larger scale, a safer route that can access the
oxazine core more rapidly from cheap, simple starting materials would offer a great
advantage. Therefore, a new synthesis that addresses these challenges while

advancing modern chemical techniques is needed.

1.3 Synthesis of Pretomanid

1.3.1 Proposal and retrosynthetic analysis

Herein we propose a novel route to pretomanid (9). Shown retrosynthetically in
Scheme 3, we envision that 9 will be accessed through a selective nitration of des-nitro
pretomanid (31). Des-nitro pretomanid (31) can then come from trapping of the alkoxide
of oxazine 32 with benzyl bromide 19. To form oxazine 32, imidazolone 34 will undergo
a bis-alkylation with dielectrophilic epichlorohydrin (33). This route offers benefits over
the existing routes in its brevity and its absence of any protecting group manipulations.
The starting material imidazolone 34 can be accessed from inexpensive commodity
chemicals such as tartaric acid and urea. In addition, epichlorohydrin (33) can be

accessed readily from biomass.??:23

31



\b’

N~ -© N
OzN—q\lo Nitration G\J\O
9

2L
/Ooca OCF,

des-nitro Pretomanid

cl
H
N‘fo P Bis-alkylation N-.\.ro Br
N % N *
NH 5 < " OH 1 OCF,

Cyclization

34 33

Scheme 3. Retrosynthetic analysis of pretomanid (9) through epoxide-opening
cyclization and late-stage nitration.

1.3.2 Synthesis of analytical standards to aid investigation

In order to analyze the reactions in the proposed synthesis, oxazine 32 and des-
nitro pretomanid (31) were obtained through a scaled-up, modified route by Singh and
coworkers.'* To begin, racemic silyl ether 16 was synthesized in quantitative yield from
glycidol 35 (Scheme 4). 24 Next, we treated (+)-16 with K2CO3 and 2-nitroimidazole (36)
to give alcohol 37 in 73% yield. Protection of alcohol 37 with 3,4-dihydro-2H-pyran

(DHP) and pyridinium p-toluenesulfonate (PPTS) gave protected diol 38 in 84% yield.

NO
2 36
N? NH NO, NO,
[>/IOH TBSCI, imidazole OTBS k.o, \=/ A oTBS DHP, PPTS A oTBS
- —_—>» N7 N ———» NN
o DMF o EtOH, reflux, 4 h \—/ 37 DCM, 18 h, rt \—/ 2
34 (99% yield) (1)-16 (73% yield) . (84% yield) THPO

Scheme 4. Synthesis of protected diol 38.

From there, we pursued formation of the oxazine core of des-nitro pretomanid
(31). From protected diol 38, cleavage of the TBS group followed by ring-closing via
SNAr would have to occur to form 39 (Table 1). The reported conditions required

treatment with TBAF to cleave the silyl ether and then super-heating THF in a sealed
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vessel at 125 °C to force the ring closure. For comparison, the cyclization occurred
readily at room temperature for the synthesis of 18 involving either the dinitrated (17 to
18, Scheme 1A) or chloronitrated variant (26 to 9, Scheme 1B). Therefore, having the
electron-withdrawing nitro group at the 4-position likely activates the imidazole ring
towards SnAr to a large extent. When the conditions were attempted, yields of less than
20% were consistently observed upon isolation (Table 1, entry 1). The low yields may
be due to side reactions from the prolonged inefficient thermal heating under high
pressure. Therefore, an alternative would be to investigate the reaction conditions under
microwave irradiation as it has been shown to be more efficient in bulk heating.?® It was
found that subjecting 38 with TBAF followed by microwave irradiation at 130 °C gave 39
in 43% yield in 2 h (entry 2). The reaction time was then shortened to control for
possible product decomposition and 39 was isolated in 78% yield within 5 minutes
(entry 3). To ensure that ring-closing had indeed occurred, HMBC analysis was

performed and key interactions of C8 with H7 and H5 were observed.

NO

2
PN OTBS TBAF (3 equiv) N,}ro
NS e
— OTHP
THPO 38 39
Entry Conditions Yield®
1 125 °C, 18 h, sealed vessel <20% (65%)°
3 130 °C, 2 h, pW 43%
3 130 °C, 5 min, pW 78%

4 jsolated yield via column chromatography. “(reported yield).

3
HMBC Analysis N\J\
~” oTHP

C8 with H5 and H7

Table 1. Cyclization of 38 to give protected oxazine core 39.
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We then sought to complete the synthesis of des-nitro pretomanid (31) from 39.
First, deprotection of 39 was performed with acetic acid in aqueous THF. We
discovered that simple trituration with DCM gave (+)-32 in 80% yield (Figure 10) and
this methodology expedited purification. With oxazine (+)-32 in hand, benzylation with
19 would give us the desired des-nitro pretomanid (31). Repeating the reported
procedure provided 31 in 36% vyield (Table 2, entry 1). Switching to THF gave less than
10% vyield, likely from the poor solubility of (+)-32 (entry 2). Since TBAI is a known
phase-transfer catalyst,?® product may have been lost to the aqueous layer during
extraction due to the emulsion that formed. An alternative was to use Nal; however, low
yields were still observed (<10%) (entry 3). When the additive was omitted, 31 was

formed in a synthetically useful yield (72%) (entry 4).

N._© ACOH, THF, H,0 N._©
&0, S 0
OTHP (80% yield) OH
39

(£)-32

Figure 10. THP deprotection.

L

{:T\cj\w Br/19\©\oc,:3 Q\:TJ\O’\Q\OCF

Conditions o 31
(¥)-32 des-nitro Pretomanid
Entry Solvent Base Additive Temperature  Time Yield
1 DMF NaH TBAI 0°Cort 5h 36% (56%)?
2 THF NaH TBAI 0°Cort S5h <10%
3 DMF NaH Nal 0°Cort 5h <10%
4 DMF NaH - rt 5h 72%

2 (reported yield).
Table 2. Benzylation conditions of oxazine(+)-32.

When basic conditions using amines such as Hunig's base were studied, we

observed the unexpected epoxide product 41 in quantitative yield (Figure 11).
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Presumably, under these basic conditions, the imidazole 3-nitrogen of the oxazine core
(+)-32 is more nucleophilic than the hydroxyl group. Therefore, with adequate heating,
alkylation at nitrogen will occur to give intermediate 40 followed by ring-opening to
relieve the positive charge. A similar ring-opening of the oxazine core was reported by

Thompson and coworkers about a year after this discovery was made with AcCl as the

nitrogen activator.?” §8

o
F3CO 19 o
N~ o Hiinig's base /@AN“‘?
Q\:I/ ™ Fyco Q\/N\)O
a

N OH THF, 80 °C, 18 h
(+)-32 (99% yield) 41
@

; o
via S
F3CO Q\zN W\
3 OH
40

@ Characterized through mass-spectrometry and NMR experiments such as 'H NMR, "*C NMR, "°F
NMR, HMBC, HSQC, and COSY.

Figure 11. Unexpected rearranged product with Hiunig's base.

From our proposed bis-alkylation cyclization, we anticipate that the 5-membered
oxazole 43" is a possible side product. We have learned from the formation of oxazine
(+)-32 that the conditions will likely require an alkoxide intermediate and high heat to
promore SnAr. In addition, we anticipate that the cyclization will be faster as we are
forming a 5-membered ring over a 6-membered ring. Thus, we were able to obtain TBS-
protected oxazole 42 from 37 in 57% yield under refluxing NaH in dioxane (Table 3,

entry 1). We then attempted homogeneous conditions under microwave conditions with

8 The rearranged product was discovered in 2016.
“* To be discussed in greater detail in Section 1.3.5. Structure shown in Table 4.

35



NaOt-Bu as the base and obtained 42 in 71% yield (Table 3, entry 2). NaO{-Bu was
chosen to prevent possible intermolecular SnAr side reactivity that may occur with
smaller, more nucleophilic bases. HMBC analysis confirmed that it was indeed the
oxazole core that was formed. Interesting, we were not able to observe a correlation
between the 3° proton (H3) and central carbon (C1). When modeling the structure via
molecular mechanics 2 (MM2) calculations, we found that the dihedral angle was
approximately 104° and would therefore be very weak or undetectable according to the
Karplus relationship.?® From there, the last step was remove the TBS group. To our
surprise, this proved more challenging than simply using TBAF conditions from before,
which only provided 43 in 20% yield (Table 4, entry 1). The likely cause for the low
yields was possibly due to the oxazole product 43’s affinity to TBS-F or
tetrabutylammonium cation and its low solubility in organic solvents. Therefore, we
utilized conditions from the Kishi protocol to remove the ammonium cation but only trace
product was observed (entry 2).2° This result could be attributed to the formation of a
strong ionic bond between protonated oxazole and sulfonyl anion found on the surface
of the DOWEX 50WX8-400 resin (Figure 12). Next, acidic conditions were attempted
with only starting material recovered (entry 3). The best result was avoiding work-up

completely and gave 43 in 85% yield (entry 4).
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not - L0 '

observed :
NO, H ; :
OTBS SyAr 4103';?5 !
N“°N > }k HMBC !
\=/ HO Entry Conditions Yield N7 N, “H observed
. 0 '
37 1‘ NaH, dioxane, reflux  57% 42 J :
2 NaOt-Bu, dioxane, 71% :

100 °C, pW, 10 min E Side view down O-C bond

Table 3. Synthesis of TBS-oxazole 42, a possible by product from epoxide-opening

cyclization.
oTBS o _{‘ OH
Deprotection
/({ - A,
‘ , 42 Conditions Yield \—/ 43
1 TBAF, DCM, w/up 20%
2 TBAF, DCM, Kishi Trace product
protocol
TsOH (.2 equiv),
MeOH, DCM NR
4 TBAF, DCM, no w/up 85%

Table 4. Desilylation conditions to give oxazole 43.

Kishi Protocol for TBAF Desilylation

l BuyNF (excess)

BuNF + BuyN*OR + TBSF

SO3H (excess)
DOWEX 50WX8-400

CaCOyj; (excess)

Q—soa' BugN* + HO-R + H0 + CO,b + CaFyd + TBSF

© OH Filtration;
O— SO; O Evaporation

HO-R

Figure 12. Attempted Kishi protocol for desilylation of TBS-protected oxazole 43.
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We have successfully synthesized important analytical standards, such as
oxazine (+)-32, oxazole 43, and des-nitro pretomanid 31 for the analysis of our bis-
alkylation cyclization conditions (Figure 13). Given that we have sufficient access to

des-nitro pretomanid 31, our best course of action was to establish selective nitration

conditions.
~r ‘e S
Q’(t;g\ & J_\ 31 ,\@och

Figure 13. Important analytical standards, such as (+)-32, 43, and 31, successfully
synthesized.

1.3.3 Studies on selective late-stage nitration

In order for our synthesis to be successful, the nitration must be selective for the
4-position of imidazole over all other possibilities including the 5-position and the phenyl
ring (Figure 14).2° Another challenge may be activation positions alpha to heteroatoms
that may result in unwanted reaction pathways. Since we had access to des-nitro

pretomanid to perform these studies, we decided to pursue this step prior to cyclization.

Desired 4-
Orher possrb.’e nitration sites

posmon \I/
Undestred 5-
/ OCF,

position

Possible reactive positions

Figure 14. Possible selectivity issues with 31 under nitration conditions.

From Table 5, classic nitration conditions with fuming nitric acid and sulfuric acid
resulted in only complex mixtures (entry 1).®' This is not surprising given strongly acidic

and oxidizing conditions that 31 must withstand. A more mild standard nitration
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condition involving acetic anhydride and nitric acid gave only trace amounts of products,
determined by mass spectrometry.3? From these results, we sought more controlled

conditions that could form the nitronium ion reliably.

N o N (o}
- 4, < -
) TS S USRI 9|
0I\©\ conditions 0’\©\ . SN O/\©\
.—> 2
31 OCF; 9 OCF, 44 OCF,

A B
Entry® Nitration conditions Temperature Solvent Yield Regiomeric Ratio (A:B)
1° Fuming HNO3; / H,SO,4 0°C neat Complex mixture ND
2 Ac;0 / HNO3 0°Cort Ac,O Trace ND
3 TFAA/Bu4NNO; (1 equiv) -78°C—>rt DCM trace ND
4 TFAA/Bu4NNO; (1 equiv) 0°C—>30°C DCM trace ND
5 TFAA/Me NNO;3 (1 equiv) rt DCM 0% ND
6 Tf,0/BugsNNO; (1 equiv) rt DCM 56% 171
7 Tf,0/BusNNO; (1 equiv) rt DCE 61% 1.8:1
8 Tf,0/BusNNO; (0.5 equiv) rt DCE 44% 1.1:1
9 Tf,0/BusNNO;3 (2 equiv) rt DCE Complex mixture ND
10 Ts,0/BugNNO; (0.5 equiv) rt DCE Complex mixture ND
11 Ms,0/BusNNO; (1 equiv) rt DCE SM ND
13 Ms,0/BusNNO; (1 equiv) 40 DCE 20% conv. ND
14 Nf,O/BuyNNO; (1 equiv) rt DCE 53% 6.5:1

a All reactions were rune for 18 h unless otherwise noted. ® 1 h reaction time.

Table 5. Late-stage nitration conditions of 31.

The nitronium ion has been known to be formed through activation of a
tetraalkylammonium nitrate by an acylating reagent such as trifluoroacetic anhydride
(TFAA) (Figure 15).2% This method would allow for mild nitration conditions and possibly

limit side reactivity. Additionally, the nature of the nitronium counterion may affect
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selectivity based on a study of the nitration of 5,8-dichloroisoquinolines by Walker and
coworkers.** From the reported conditions by Shackelford and coworkers, we were able
to observe trace products with TFAA and tetrabutylammonium nitrate at low to
moderate temperatures (Table 5, entries 3 and 4). We then investigated the nature of
the nitronium counterion and found tetramethylammonium counterion was insufficient
due to its decreased solubility (entry 5). Based on the proposed intermediates from
Figure 15, the anionic partner will likely have a strong effect on the nitronium ion’s
reactivity. Therefore, Tf20 provided both the isomers in 56% yield in a 1.7:1 ratio,
favoring the desired regioisomer (entry 6). Importantly, no other nitration products were
observed. When DCM was switched DCE, we observed a minor increase to both the
yield and selectivity (entry 7). From there, an excess amount of nitronium ion was
discovered to give complex mixtures (entry 9) while a sub-stoichiometric amount
provided higher yield with lower selectivity (entry 8). Other anhydrides were investigated
such as Ms20 and Ts20 but resulted in either complex mixtures of starting material
(entries 10-13). Upon closer inspection of Tf20, it can be inferred that the significantly
low pKa may be important for the activation of the nitronium ion when compared to other
anions of the respective anhydride. In other words, if we consider intermediate 45 to
exist somewhere along a gradient between being completely ionic to being completely
covalent, then it is likely that the trifluoromethanesulfonate anion favors the ionic state
(Figure 16). As a result, the nitronium ion is more activated towards nitration.
Nonafluorobutanesulfonic anhydride, a variant of Tf20 that is commercially available,
was then used and provided the products in 53% yield and a 6.5:1 selectivity, favoring

pretomanid as the major product.
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+ c
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45

Figure 15. Formation of nitronium ion via activation of nitrate anion with an acylating
reagent.

0° o o o

N® _s-r[ v |@N©Oo-5-r
0O 0O n T ]
o o o

in situ nitronium formation

Figure 16. Covalent vs ionic nature of nitronium ion — counter ion relationship of
intermediate 45.

To explain the much higher selectivity of nitration via Nf20 versus Tf20, we
explored the following rationales (Figure 17). First, the 4-position of imidazole is more
electronically rich due to the donating nitrogen at position one. This is supported from
the first nitration event shown from the nitration of imidazole (Scheme 2). Another
possibility is that the 5-position is more sterically hindered, where the larger nitronium —

nonfluorobutanesulfonate pair may have higher difficulty accessing.

OR
AT,

Sterically
hindered

N (0]
s-CI/
Higher electron N

density

Figure 17. Possible rationales to explain selectivity for the 4-poosition over the 5-
position of imidazole.

With our selective, late-stage nitration achieved, we then set out to investigate
the unprecedented, challenging tandem bis-alkylation cyclization to form the crucial

oxazine core of pretomanid.
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1.3.4 Synthesis of imidazolone 34

Before we investigate our proposed key steps of the bis-alkylation epoxide-
opening, we must establish large scale (>10 g) reaction conditions that provide us with
adequate amounts of our starting material, imidazolone 34. Therefore, we commenced
our synthesis with construction of imidazolone 34 from urea (46) and tartaric acid (47).%°
A reported method for the formation of 34 used neat sulfuric acid at 80 °C to access 48
followed by decarboxylation (Table 6). When the procedure was replicated, the short
reaction time gave <10% yields for the first step, compared to the reported 53% (entry
3). Prolonging the reaction time to 18 h gave a slightly improved yield of 21% (entry 4).
Since time did not increase the yield to an appreciable extent, we reasoned that varying
the temperatures may be necessary. At 80 °C, the heat may be causing competing
undesired reaction pathways; thus, lower temperatures were investigated. However, no
conversion of starting material was observed at 60 °C after 1 h or 24 h (Table 1, entries
1 & 2). Upon heating to 100 °C for 2 h, 48 was obtained in a 32% vyield (entry 5). By
simply extending the reaction time to 5 h, we were pleased to isolate 48 in 86% vyield
(entry 6). Heating the reaction higher to 120 °C reduced yields to 19% and less than 5%
at 2 h and 5 h, respectively (entries 7 & 8). With 48 in hand, we then subjected it to
aqueous K2COs3 at reflux to give imidazolone 34 in 80% vyield (Figure 18). Imidazolone
34 was found to be challenging to isolate from the decarboxylation and isolated material

often contained potassium salts as impurities.
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o i
OH
J Ho)j\/kn/ H,S0, (neat) HN” “NH
HaN™ 'NH; —_— -
OH O (see table) '\

46 47 43 COoH
Entry? Temperature (°C) Time (h) Yield®

1 60 1 SM

2 60 24 SM

3 80 1 <10% (53%)°

4 80 18 21%

5 100 2 32%

6 100 5 86%

7 120 2 19%

8 120 5 <5%

2 All reactions were run in 2 M with respect to 46. °Characterized by "H and
13C NMR.€ (reported yield).

Table 6. Synthesis of carboxyl imidazolone 48.

) o)
A K;COs A
HN” “NH > HN” °NH
= H,0, 110 °C, 7 h \=/

48 COH (80% yield) 34

Figure 18. Decarboxylation to access imidazolone 34.

Our next approach was to form urea derivative 50 from amine 49 followed by
condensation in acid to give imidazolone 34 (Scheme 5a).3¢ The first step was
successful and provided urea derivative 50 in 51% yield from amine 49 and potassium
cyanate at a 32 g scale. However, subjecting urea derivative 50 under various
concentrations of sulfuric acid and temperatures, no condensation product was isolated
and only minor amounts of hydroxyl imidazolone 52 was observed. Mechanistically, this
step is likely very sluggish and polymerization may have occurred resulting in the lack of

yield after release of ethanol (Scheme 5b).
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A (o)
) OEt KOCN, HCl, H,0 JOL H,S0, )L

H2N > LNT N OEt » HN” °NH
49 OEt (51% yield) 2 50 H various concentration, 34 \—/
38 g scale OEt temperature, and time not observed
B)
(o) o]

Scheme 5. Attempts to synthesize imidazolone 34 from amine 49.

While these previous two routes offered low-cost starting materials to provide
imidazolone 34, we were discouraged by the large potential waste from the use of
concentrated sulfuric acid. Therefore, we sought a different approach that excluded the
use of acid altogether. Our chosen method was through the chemoselective reduction of
hydantoin 53, an incredibly cheap starting material (Table 7).3” This two-step process
involved addition of DIBAL to hydantoin at 0 °C followed by overnight stirring. Of note,
other reductants were investigated such as NaBH4 and LiAlH4 but only starting material
or complex mixtures resulted, respectively. The reaction was then quenched with 10%
H20 in MeOH and refluxed for another 24 h to first break apart the aluminum complex
54 followed by condensation to provide imidazolone 34 in 88% yield. The solid alumina
byproducts were simply filtered off. While this process is slow, scales up to 20 g have
been performed and reaction yields are generally between 88%-95%. This reaction was
then attempted in a continuous-flow process but with hydantoin 53 having limited
solubility in THF and severe clogging observed upon quenching, it was not pursued
further. Regardless, with a large scale synthesis of imidazolone accomplished, we then

set our focus towards investigating cyclization conditions to access oxazine core (+)-32.
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0

: HNJLNH o
JL DIBAL (X equiv) \ ( MeOH, H,0 J-L
N > 0-Al Reflux HN” “NH

\—< THF, 0°C, 18 h 54 or A=
53 O 88% yield

Reduction of Hydantoin Conditions

Entry DIBAL Equiv.? Conversion Yield®
1 2 13% 9%
2 35 63% 55%
3 45 100% 88 - 93%
4 LiAlIH4 (2 equiv) 100% Complex mixture
5 NaBH, (2 equiv) 0% SM

a DIBAL solution was 25 wt% in PhMe. ° Yield after quenching and
condensation with 10% H,0 in MeOH

Table 7. Synthesis of imidazolone 34 through chemoselective reduction of hydantoin.

1.3.5 Investigations into bis-alkylation cyclization

With our successfully synthesized analytical standards and our nitration studies
completed, we then set forth with our investigation into the challenging bis-alkylation,
cyclization to access the oxazine core of pretomanid. We envisioned basic conditions as
a fitting starting point according to the possible mechanistic pathway (Scheme 6). The
key reaction would first proceed by adding base to 34 to form an anionic intermediate
with resonance structures 55a and 55b. From there, N- or O-alkylation can occur when
(+)-epichlorohydrin (33) is added. Once 33 is added, it can either undergo epoxide
opening or a chloride displacement. Via pathway A, N-alkylation will occur with epoxide
opening to give alkoxide 56a. A second equivalent of base would then form oxazine
alkoxide product 58 through an epoxide-opening cyclization. Likewise, pathway B is
expected to progress in a similar manner starting with O-alkylation. Pathways C and D
may also occur with direct chloride displacement of 33 to give 57a or 57b, respectively.

3 As all possible pathways converge to form alkoxide oxazine 58, benzyl bromide 19
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could then be added as a trapping reagent to form des-nitro Pretomanid (31). However,

if the benzylation step proves to be difficult, then 58 would be quenched as oxazine (+)-

32.
» H__o cc Lfo
~ = Q\,U\ - Lr_Po|—
o - 0® 57a
a
e
55a Cl1
4 ° e
H base b N [s) 19 ocF
N o} (o] ase .:r\)\ A
E— —_——3 des-nit
Q\:lﬁl [Q\’ N c,'.e jl P::to mraon id
34 D 58 i
Q
N -0
<\,NH 55b NYO
N O Ny 0 = (£)-32
oo T |~y |- 1)
N-vs. O-alkylaton === | oww L | — - B ipiigy
SGD(C'I\-Q 57b "0 Oxazine core

Scheme 6. Epoxide opening (paths A & B) vs. chloride displacement (paths C & D).

In our reaction studies, various bases were studied including carbonates,
alkoxides, amines, and sodium hydride (Table 8). Many of these results were found to
be complex mixtures. Given the intricacies of the mechanism, different orders of
addition were considered such as adding to a solution of imidazolone and base or vice-
versa. Multiple temperatures and times were investigated with each entry. For the
carbonate series, analogous microwave conditions were also pursued (entry 1). When
milder bases such as amines were used, epoxide opening or chloride displacement was
observed at elevated temperatures. When stronger bases such as LIHMDS or LDA
were used to deprotonate imidazolone, we observed epoxide opening or chloride
displacement at low temperatures. We examined less common bases such dimsyl anion
but was still met with complex mixtures. *° These findings lead us to conclude that basic
conditions were not likely to undergo the ambitiously proposed transformation.

Furthermore, epichlorohydrin is well known to undergo polymerizations and may explain
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the many complex mixtures that were observed.*° As we switched to various Lewis or

Brensted acidic conditions, the results were largely the same in that most of the results

were complex mixtures (Table 9).

H Cl ) L o
{L ?0 . J Basic Conditions . Q\Nr \l

\_NH o 33 OH

34 (¥)-32
Entry? General Conditions Solvents Result
1 X,C03, X = Li, Na, K, Cs Et,0, DCM, THF, DMF, DMSO Complex mixtures
2 XORMenX=NeLiR=Me by U, DOWIHE OME DUSO,  Compls e sood com
3 NaH Et,0, DCM, THF, DMF Complex mixtures
4 NaH with additives: Lil, KI, Et;NI, TBAI Et,0, DCM, THF, DMF, DMSO Complex mixtures
5 Dimsyl anion DMSO, THF Complex mixtures
6 LiIHMDS, KHMDS, LDA Et,O, DCM, THF, DMF, DMSO Complex mixtures
g Amine bases such as Et;N, DBU, DABCO Et,O, DCM, THF, DMF, DMSO Complex mixtures
8¢ OMs, OTs, Br derivatives of epichlorohydrin - Complex mixtures

2 Temperature, time, order of addition, and stoichiometry were varied. ® Conditions were additionally subjected to microwave. © Repeated

conditions with these variants. OMs generally required higher amounts of base due to its synthesis and use as crude material.

Table 8. Attempted basic conditions for cyclization.

47



H e 2 (o}
0 Acidic Conditions N~
N . - Y
2 -
NH 0 33 OH
34

(x)-32
Entry? General Conditions Solvents Result
10 ggf oNrOAag)(. X=CLBr, CQs, O, P Et,0, DCM, THF Complex mixtures
2 HCl in Et,0 Et,0, DCM, THF Complex mixtures
3 TFA, AcOH, H,S0, Et,O, DCM, THF Complex mixtures
4 Phosphoric acids® Et;0, DCM, THF, DMF Complex mixtures
5 Jacobsen's catalyst? Et;0, DCM, THF Complex mixtures
6 TiClg, Ti(O/Pr)4 THF Complex mixtures

2 Temperature, time, order of addition, and stoichiometry were varied. ® Conditions were additionally subjected to
microwave. ¢ Includes 1,1'-Binaphthyl-2,2"-diyl hydrogenphosphate. ¢ N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-

cyclohexanediaminomanganese(lll) chloride.

Table 9. Attempted acidic conditions for cyclization.

We concluded that numerous side reactions could be occurring alongside our

desired reactivity. Therefore, we reasoned that the best possible solution is to eliminate

the need to alkylate imidazolone and have the epoxide present prior to cyclization.

1.3.6 Revised route with appended epoxide

The appended epoxide 60 is a pivotal intermediate that may lead to pretomanid.

Therefore, we designed a forward route to access the material expediently and in large

quantities to aid with our investigation (Scheme 7). From our cyclization studies, the two

similar N-H protons on imidazolone 34 was problematic and having only one present

when attaching the epoxide would simplify reactivity. From imidazolone 34, a

monodeprotection will mask one proton followed by subsequent alkylation to provide us

59. The protecting group would then be ideally removed without affecting the epoxide.
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/lL 1) mono-protection JL

HN” “NH > PG TINTN
\—/ 2) X/\<C‘) \—/ o
34 X = OTs, OMs, Cl, Br 59

HN” NN
\—/ o
60

o
Deprotection JL

Scheme 7. Anticipated forward route to access appended epoxide 60.

From Table 10, monoalkylations were met with generally low yields and poor
selectivity for the monoalkylated product. This is likely due to the poor solubility of
imidazolone 34 and the relatively higher solubility of the monoprotected product. As a
result, the monoprotected product becomes more reactive and is thus diprotected. The
TMS protecting group was found to be too unstable and resulted in starting material
(Table 10, entry 1). When switching to the larger, bulkier TBS group, both mono- and di-
protected products 61 and 62 were isolated in 6% and 10%, respectively. When benzyl
bromide was used, both mono- and di-products, 63 and 64, were once again observed
in 19% and 16%. A common protecting group for nitrogen was benzoy! chioride and that
provided us with 65 and 66 in 8% and 17% yield, respectively. Upon isolation, it was
found that dibenzoyl imidazolone 66 was highly crystalline, and thus, allowed us to find
recrystallization conditions using DCM and MeOH. Furthermore, removal of the benzoyl
group may be milder when compared to removal of a benzyl group or less toxic when

removing a silyl due to the use of fluoride.4'

49



o Conditions o o
/u\ R. J’l\ +* R. )l\ .R
HN NH N NH N N
\—/ \—/ \—/
34 A B
Entry General Conditions R Result Ratio
1 TMSCI (1 equiv), Et3N (1.1 equiv), DCM T™S SM NA
2 TBSCI (1 equiv), imidazole (1.1 equiv), DCM TBS 6% A (61), 10% B (62) 1:1.7
3 BnBr (1 equiv), K;CO5 (1 equiv), DMF Bn  19% A (63), 16% B (64) 1:1.2
4  BzClI (1 equiv), TEA (1.1 equiv), DMAP (0.1 equiv), DCM Bz 8% A (65), 17% B (66) 1:2

Table 10. Monoprotection conditions of imidazolone (34).

With these findings, we revised our strategy for there to be a two-step sequence
to access monoprotected imidazolone. While this added an additional step, isolation
would be simpler and would thus speed up synthesizing necessary material. From
Figure 19, 66 was achieved in 83% at 10 g scale with excess benzoyl chloride and base

after recrystallization with methanol and DCM.

(0] (o)
JL BzCl (2.4 equiv), TEA (2.4 equiv) )L
HN™ 'NH DMAP (0.1 equiv), DCM, rt., 18 h BzN' NBz
\_/ (0.1eq )' \—/
(83% yield)
34 66
10 g scale

Figure 19. Benzoylation conditions of 34 to access 66.

The next step was to selectively remove one benzoyl group.4' From Table 11, we
found that tertiary amines were unreactive and provided only starting material (entries 1-
4). Hydrazine, commonly used to remove benzoyl groups, resulted in very fast, full
deprotection despite lowering the temperature (Table 11, entry 6 & 7). While
diethylamine in methanol and DCM resulted in full deprotection, diethylamine in DCM

provided our desired benzoylimidazolone 65 in 85% yield at room temperature after 18
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hours. Increasing from room temperature to 40 °C to reduce reaction time resulted in a

reduced yield of 69% within 3 hours.

o 9 o o 9
JL Selective monodeprotection )L
N N > N NH
\—/ \—/
66 65
Entry Conditions Yield
1 DIPEA (1 equiv), DCM, rt, 18 h NR
2 DIPEA (1 equiv), MeOH, DCM, rt, 18 h NR
3 TEA (1 equiv), DCM, rt, 18 h NR
4 TEA (1 equiv), MeOH, DCM, rt, 18 h NR
5 NH,;NH, (1 equiv), DCM, r.t., <5 min Full deprotection
6 NH;NH; (1 equiv), DCM, 0° C, <5 min Full deprotection
7 Et,NH, MeOH, DCM, r.t.,, <5 min Full deprotection
8 Et,NH, DCM, r.t., 18 h 85% yield
9 Et,NH, DCM, 40° C,3 h 69% yield

Table 11. Monobenzoylation conditions of 66 to access 65.

With benzoyl imidazolone 65 in hand, our next step was to alkylate to give
epoxide 67. The conditions must be selective for deprotonation and not deprotection.
From Table 12, epichlorohydrin (33) gave a complex mixture, likely through
polymerization pathways (entry 1).4° Methanesulfonyl leaving group was chosen to
increase bias towards alkylation over epoxide opening. Using mesylate derivative 68
neat or with a bulky amine base gave no reaction (entries 2 & 3). Use of stronger bases
such as LIHMDS resulted in a complex mixture (entry 4). When LDA was used,
deprotection product was observed as 70 was isolated as a byproduct in 60% yield
(entry 5). Sodium hydride was then used as a base and 10% vyield of our desired
product was isolated (entry 5). These results could be attributed to the use of mesylate
derivative. Since it was unstable to chromatography, it had be used as crude material.
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Thus, it could have potentially quenched the bases or caused side reactions from

residual acid. Therefore, when we switched to the isolable and pure tosylate 69, we

were able to obtained 67 in 40% yield with sodium hydride in DMF. During this step, N

vs O alkylation was possible, as shown in Scheme 6, N-alkylation was confirmed over

O-alkylation product 71 by HMBC correlation of the methylene and aromatic C-H of

imidazolone (Figure 20).

0 0
o] (o]
A, < N
N"NH —— O N7 NN
\—/ \—/ (o]
65 67
Entry X Conditions Conversion?® Yield
1 ClI (33) NaH, DMF, 0 °C 100% Complex mixture
2 OMs (68) neat, up to 3 equiv of epoxide 0% NR
3 OMs (68) DBU, DCM 0% NR*
4 OMs (68) LiIHMDS, THF, -78 °C 37% Complex mixture
5 OMs (68) LDA, THF, -78 °C 100% 60% amide byproduct?
6 OMs (68) NaH, DMF, 0 °C 77% 10%
7 OTs (69) NaH, DMF, 0 °C 100% 40%

2 Monitored by TLC. @ byproduct o J\
N

70

Table 12. Alkylation of 65 to acquire epoxide 67 with various glycidol derivatives under

basic conditions.

71 VS,

Not observed

(0]
o/\d 0 0
X A o
\—/

Confirmed by HMBC

Figure 20. HMBC identification of O- vs. N-alkylation for 71 vs 67, respectively.

With benzoyl epoxy imidazolone 67 in hand, we then investigated the possibility

of cyclization without removal of the benzoyl group. According to Scheme 8, this
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transformation could go through either pathways A or B. In pathway A, cyclization would
occur through the 6-endo epoxide-opening to give intermediate 72. Then, either through
an inter- or intramolecular process, a benzoyl group transfer could occur to give 6-endo
product 73. Likewise, the 5-exo epoxide opening pathway could occur to give
intermediate 74 and then 75. In general, epoxide-opening cyclizations will favor the 5-
exo product.*> However, our molecule contains a flat, heterocycle that will cyclize
through nucleophilic attack with an sp? oxygen. Previous work has shown that
templating could play a large role in determining epoxide-opening selectivity.** From
Table 13, we were unable to promote any cyclization products under microwave
conditions up to 140 °C. While there was no reaction observed with aprotic solvents,
deprotected byproduct 76 and epoxide opened product 77 were observed for entries 5

and 6, respectively.

y @Qg}oe - t—f};:@

o)

: 2 e
= e o] o}

68 \ @J(N%“j/\oe . 5 _?/;OJK©

74

Scheme 8. Oxazine vs oxazole formation and possible benzoyl group transfer to give
73 or 75, respectively.
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] j\ o] ? o i
L) — 030 - iy
\=/ N 73 §/N 75
67 A B
Entry Solvent Temperature @ Result
1 DCM rt. to 140 °C NR
2 THF rt. to 140 °C NR
3 MeCN rt. to 140 °C NR
4 Dioxane rt. to 140 °C NR
5 HFIP 120 °C 15% ester
6 H,0 100 °C 13% opened epoxide

2 Temperatures were studied in 20 °C increments and run for 30 minutes in
microwave.

o) o ©
OJ\CFJ NJLN/Y\OH
76 \=/ 77 on

Entry 5 ester byproduct Entry 6 opened epoxide byproduct

Table 13. Attempted cyclization of 67 to form 73 or 75.

While cyclization of 67 was unsuccessful, we were still on course for our strategy
to cyclize appended-epoxide 60. Therefore, conditions must be explored to remove the
benzoyl group without affecting the epoxide. From Table 14, some conditions were
revisited that had proven successful in the monodebenzoylation of 66. Hydrazine was
first studied due to its fast reaction rate; however, a complex mixture was observed
(entry 1). Less nucleophilic ethylamine was then used and gave full conversion of
starting material to give epoxide opened byproduct 78 and ethyl benzamide 79 in 38%
and 54% vyield, respectively. Our selective monodeprotection conditions provided our
desired product 60 in 30% yield. Epoxide-opening had also occurred to give byproduct
80 in 12% vyield. These results indicate that both epoxide opening and debenzoylation is
occurring. In search for more mild conditions, DMAP in DCM was investigated and no

reaction occurred. From an earlier result where using a protic solvents gave ester 76
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(Table 13, entry 5), using a protic solvent such as methanol could possibly improve

reaction rate while maintaining mild conditions. Indeed, use of DMAP in a 1:1 mixture of

methanol and DCM provided our desired epoxide 60 in 64% yield with full conversion.

1)

ﬁ

Deprofec!fon
\_I
67 “
Entry Conditions Results

1 NH2NH> (1 equiv), DCM, r.t. 100% conversion, complex mixture

o] (o]
2 EtNH,, DCM, H,0, 30 min HNJLN N

- ’Y\N N

7 HO H/\ 79

38% yield 54% yield
X
Et,NH, DCM, 4 h, r.t. BzN N’\/\ j J o
3 \_7 N J 30% SM
80 Ho /’. Nt 60
12% yield 30% yield 30% yteld

4 DMAP, DCM, rt,, 18 h, No reaction
5 DMAP, MeOH, DCM, rt., 18 h, 64% yield , 100% conv.

Table 14. Mild debenzoylation conditions of 67.

Since alkylation is no longer an issue, we reinvestigated our cyclization
conditions, shown in Table 15. While most conditions gave complex mixtures, we
observed trace amounts of desired (+)-32 (entries 9 & 10). When TMSOTf was used as
a Lewis acid, we were able to isolate 5-exo product 43 in 18% vyield. In each condition
examined, the starting epoxide material 60 was freshly prepared because it was found
to dimerize readily upon removal of solvent via vacuum. If left standing, it would

hydrolyze with any moisture present. Importantly, 60 was only soluble in protic solvents
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or those that are highly polar and nucleophilic such as DMSO. As a result, these
solvents were incompatible with the epoxide. Storage was possible for this material but

it had to be kept under inert atmosphere and frozen in benzene, despite its poor

solubility.
HO

)OL Conditions i/j/OH . o 4{

HN NN N“ N A 43
\=/ 60 o \—/ (¥)-32 N“ "N

\—/ B

Entry Reagents Solvent  Temperature Result
1 NaH THF 0°C Complex mixture
2 - H,O up to 100 °C Complex mixture
3 Amines THF up to 80 °C Complex mixture
4 LiIHMDS THF -78 °C Complex mixture
5 Amber\;gt:clgaA400, THF up to 80 °C Complex mixture
6 Xtal-FluorE Dioxane up to 80 °C Complex mixture
7 TFA THF up to 80 °C Complex mixture
8 CSA THF 60 °C trace product
9 AgPFg THF 40 °C trace product
10 BF;*OEt,, TEA THF 40 °C Complex mixture
11 TMSOTf, DCM DCM RT 18% B

Table 15. Reinvestigation of cyclization conditions with appended epoxide 60.

From our investigations thus far, we were encouraged by formation of trace
amounts of (+)-32. Undeniably, it was possible to form the oxazine core through this
strategy. Our next challenge was to overcome the sensitive nature of the terminal
epoxide, which appears to be reacting with the already present nucleophilic nitrogen

and any impurities. Since our highest yield for the cyclization was the undesired 5-exo
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product, a modified strategy that would bias towards the 6-endo product while reducing

the terminal epoxide’s reactivity would be ideal.

1.3.7 Introduction of trimethylsilyl group

In regard to epoxide openings, there are numerous examples where selectivity
can be biased towards either the 5-endo or 6-exo product through templating*? or
substituent effects.** Research in the Jamison group have shown that selectivity for the
6-endo epoxide opening was possible over the 5-exo through the use of a trimethylsilyl
group that, after directing the regioselectivity of epoxide ring-opening, is lost prior to
isolation of product.#®> From Scheme 9, our new targets, trans-82 or cis-83, would likely
resolve many of the current issues such as the sensitivity of having a terminal epoxide,
lack of solubility in most organic solvents, and most importantly, selectivity towards the
oxazine core over the oxazole core. After cyclization to frans-84 or cis-85, we would
then have the flexibility to remove the TMS group along any point in the remainder of

synthesis that would provide us the highest yielding desilylated product.

New T: t
i i conditions o J)’ OzN—Q:r \l
""""""" S X

HN N
\—/ 0 TMS N?°N N’ N
\—/ OCF,

trans-82 or cis-83

(4)-84 (i)-85

Scheme 9. Revised route with TMS-group to potentially resolve existing issues.

Retrosynthetically, the stereochemistry of the epoxide could be either cis or
trans, depending on yield and selectivity of cyclization (Scheme 10). According to the
proposed transition state for cyclization, we anticipated that the trans-TMS epoxide

would be better suited given that the TMS-group would be equatorial and 1,3-diaxial
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interactions would be avoided (Figure 21) Regardless, both isomers would be

investigated and be accessed from readily available propargyl alcohol 88.

o o
JL TsO HO ™.
HN” N —_— A p— /\
B ’\(op-ms B2N" “NH ’\q\ms X s
\—/ \—/ i 88
trans-82 or cis-83 65 trans-86 or cis-87

Scheme 10. Retrosynthesis of TMS-epoxy imidazolone 82 and 83.

1,3-diaxial interaction

-

Figure 21. Proposed transition stage for cyclization of trans TMS-epoxy imidazolone 82
and cis TMS-epoxy imidazolone 83.

With our new strategy established, our first course of action was the synthesis of
trans epoxide 82. The synthesis commenced with silylation of propargyl alcohol 89 to
give TMS-propargy! alcohol 88 in 94% yield. Red-Al reduction in ether at 0 °C furnished
exclusively trans TMS allyl alcohol 90 in 99% yield (Scheme 11). From there, trans TMS
epoxide 86 could be accessed through two routes (Scheme 12). For route A, tosylation
would occur first followed by epoxidation. However, standard tosylation conditions were
unsuccessful or resulted in low yield (entries 1-3). With TsCl, there was likely acid
present as impurities and caused unwanted side reactions. Switching to strongly basic
conditions with butyllithium and Tf20 gave tosyl allyl alcohol 91 in 51% yield (entry 4). In
the following step, epoxidation occurred very sluggishly and conversion was very
minimal even after 48 hours. The absence of hydrogen bonding to coordinate

epoxidation with mCPBA significantly affected reaction rate.4®¢ Compared to route A,
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route B was much more efficient. From 90, epoxidation furnished frans epoxide 92 in
63% yield at a 10 g scale. ™™t Then, tosylation with Ts20 afforded tosyl TMS epoxide 86
in 80% yield at a 6 g scale. With tosyl epoxide 86 in hand, subjecting it to alkylation
conditions established earlier (Section 1.3.7, Table 12, entry 7), we were able to obtain
to obtain TMS-epoxy imidazolone 93 in 51% yield with full conversion (Figure 22). This
higher yield supports our previous rationale that the TMS group reduces side reactivity

involving the terminal epoxide in 60.

n-Buli (2.25 equiv),

HO/\\\ TMSCI (2.25 equiv) - HO\ Red-Al HOM\TMS
THF, - 78°C ™S Et,0,0°C 90
89 o 88 4 g scale, 99% yield
(2 g scale, 94% yield) exclusively Z-olefin
OMe H @’H
AR
\
. 2 N
Vi veo o‘/'\l/,/\ T™S RoAIg
e . R
~"o © Yms
Scheme 11. Synthesis of TMS propargyl alcohol 90 from 89.
Route A
_ Conditions P
HO """ 1Ms P 1507 " 1Ms
90 “ . 91 mCPBA, DCM, 0 °C
Entry eagents Yiel
a teld » Sluggish, not isolated
1 TsCl, pyridine, TEA Decomposition
2 TsCl, imidazole, TEA Decomposition
3 TsCl, DMAP, TEA, DCM 25% yield
Y TsO/\<c')\ ™S
4 n-BulLi, Tf,0 51% yield (£)-86
Route B CPBA. DEM. 0°C Ts,0, TEA, DCM
’ ’ (6 g scale, 80% yield)
b
HOT P Ts - HO/\<CI)\TMS
90 (63% vield) (1)-92
10 g scale

Scheme 12. Two possible routes to access trans epoxide 86.

T mCPBA was used as the impure commercial grade of <77% by weight.
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NaH, DMF
TsO ™S
BzNJLNH " /\<c!)\ 4 g scale 51%yie,d)» BzNJLN/\<l\TMS
\=/ (£)-86 ' \=/ 14).93 ©

65

Figure 22. Alkylation conditions to synthesize 93.

Our next step was to synthesize cis epoxide 87. From TMS propargy! alcohol 88,
a Lindlar’s reduction strategy was chosen based on precedence by Compain (Figure
23).47 From Table 16, almost every possible variable for the reduction was investigated.
Overall, over 50 conditions were examined with 27 shown. In general, the results were
widely varied ranging from no product to complete E selectivity. The best solvent was
methanol as it allowed for the highest concentration of dissolved hydrogen gas.“® At 1%
catalyst loadings, there was little to no reactivity unless high pressure and temperature
was used (entries 1-12). Since the high pressures required using a Parr bomb reactor,
the scale-up would be limited and thus 10% catalyst loadings were used going forward
(entries 5-12). Quinoline concentration was important as excess amounts typically
reduced conversion. Temperature significantly reduced reaction time; however,
isomerization was likely occurring and resulted in reduced selectivity. In each
experiment, full conversion was necessary as the starting material 88 and both E and Z
olefins were inseparable. VWhen the scales were varied, the results were difficult to
reproduce. As eventual scale-up was necessary, these conditions would result in an

exorbitant amount of Lindlar’s catalyst. Ultimately, this reaction was not pursued further.

OH _ o
S H, / Lindlar's ;OH ™S
\\ Quinoline —
94  TMS a1z 95

Figure 23. Precedence by Compain for Lindlar’s reduction.

60



/\OH Lindlar's catalyst (\

z L

T™S m TMS OH
88 N/ 96 97

Entry? Solvent Catalyst loading Concentration Quinoline T(C) Pressue Time (h) Ratio (Z:E)°¢ Conv.?
(mol%) (M) Equiv. (bar)
1 IPA 1 0.5 3 50 1 60 6:1 7%
2 EtOH 1 0.5 3 50 1 60 6:1 7%
3 MeOH 1 0.5 3 rt 1 60 z 2%
4 EtOH 1 0.5 3 rt 1 60 z 2%
5 MeOH 1 0.5 1 rt 50 2 Only Z 6%
6 MeOH 1 0.5 1 rt 15° 2 10:1 9%
7 MeOH 1 0.5 1 rt 500 2 74 22%
8 MeOH 1 0.5 3 rt 150 2 Only Z 2%
9 MeOH 1 0.5 1 rt 150 24,48 5:1 85%
10 MeOH 1 0.5 0.5 rt 15° 24,48 1.6:1 89%
" MeOH 1 0.5 1 rt 25b 24,48 2.13:1 84%
12 MeOH 1 0.5 0.5 rt 25° 24, 48 11 95%
13 EtOAc 10 0.2 0 rt 1 24 nd trace
14 EtOAc 10 0.2 1.2 rt 1 24 nd trace
15 EtOAc 10 0.2 3.1 rt 1 24 nd trace
16 MeOH 10 0.5 1.2 rt 1 2 nd 40%
17 MeOH 10 0.5 1.2 rt 1 5 20:3 50%
18 MeOH 10 0.5 12 rt 1 24 4:1 100%
19 MeOH 10 0.5 1.2 50 1 2 nd ~65%
20 MeOH 10 0.5 1.2 50 1 5 nd 100%
21 MeOH 10 0.5 1.2 50 1 24 3:50 100%
22 MeOH 10 0.5 0 50 1 2 nd 25%
23 MeOH 10 0.5 0 50 1 5 nd 100%
24 MeOH 10 0.5 0 50 1 24 all E 100%
25 EtOH 10 0.5 1.2 50 1 2 nd 50%
26 EtOH 10 0.5 1.2 50 1 5 nd >95%
27 EtOH 10 0.5 1.2 50 1 24 4:5 100%

a All reactions were run on 100 mg scale. ?Parr bomb reactor. ° determined by 'H NMR. ¢ Determined by GC-MS and "H NMR.

Table 16. Lindlar’s reduction conditions studied to access 97 in high selectivity and full

conversion.
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Our next strategy involved using a modified method by the Jamison group in
2006 (Scheme 13).%° In that work, TMS propargy! alcohol 88 was used to access both
E- and Z-isomers through a divergent route by using either Vitride or DIBAL,
respectively. We reasoned that after DIBAL reduction, quenching with a proton source
could give us Z-olefin 97. From Table 17, the DIBAL reduction required an excess
amount of 4.5 equivalents to give full conversion over 3.5 equivalents (entries 1-3).
Furthermore, there was significant solvent effects where completely opposite selectivity
was observed (entry 3 vs. entry 4). While heating to 40 °C allowed for full conversion
after 24 h, it was likely also causing decreased selectivity through thermal isomerization
(entries 5 & 6). Scaling up resulted in decreased selectivity; however, higher yield was
observed (entry 6). Our best conditions were found with ether and hexanes at 4.5
equivalents of DIBAL at room temperature. While the reaction took 5 days to complete,
the yield and selectivity was excellent (33:1, Z:E) to provide synthetically useful
amounts of material after aqueous work-up with Rochelle’s salt and (entry 7). Of note,
we found that the material could be used as the crude mixture for the next reaction,

thus, requiring no chromatographic separation.

1. Vitride, Et,0 S
2. MelLi _
™ Ho ™s 98

3. allyl bromide,

CuleP(OEt);, THF 95% vyield
HO
/\
88 ™S 1. DIBAL, Et,0 ™S
2. MelLi /\)\/\
e Z 99

3. allyl bromide, HO N

CulsP(OEt)3, THF 43% yield

Scheme 13. Precedence by Langille and Jamison, 2006.
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DIBAL OH
/\OH - (\/

T™MS 88 Solvent, -20 °C — 40 °C, 24 h TMS g5
Entry Solvent DIBAL Soln? Equiv Conversion Yield Ratio (Z:E)
1 Et,O THF 3.5 27 2% 3:1
2 Et,O PhMe 3.5 92 56% 48:1
3 Et,O PhMe 4.5 100 53% 12:1
4 PhH PhMe 45 100 61% 3:100
5 Et,O Cy 45 100 56% 20:1
6 Et,O Heptane 45 100 56% (88%°) 50:1 (25:10)
7 Et,O Hexanes 4.5 100 82% 33:1¢d

aAll solutions are 1 M. ? 3 g scale. © 4.25 g scale. ? Room temperature, 120 hours.

Table 17. Reduction of 88 with DIBAL.

Our next step was the epoxidation of Z olefin 97 followed by alkylation via
imidazolone 65. From Scheme 14, Z olefin 97 was epoxidized with 97% pure mCPBA to
give cis epoxide 100 with slightly reduced cis/trans ratio. Less pure mCPBA was found
to generally give much lower yields or complex mixtures. Tosylation of 100 provided
tosyl epoxide 87 in 86% yield. Next, 87 was then used to alkylate benzoyl imidazolone
65 to give 101 in 12% yield. Overall, the synthesis of cis-TMS imidazolone 101 was
significantly more challenging the trans analogue. It is likely that for 90, the reduction
forced the TMS and methylene in close proximity resulting in severe steric repulsion,3°

which is then carried throughout the synthesis as the epoxide.

T™S

K\/OH mCPBA Ts ,0, EtsN, DMAP ™S JOL NaH, DMF JOL s
- > + /\(’
DCM HO/\<' DCM, rt, 18 h T50/\<' BzN" NH  4oc ¢ BzN N
e e 60% yield (100 0 o vi +)-87 © \—/ \—=/ (1).701°
(60% yield) (86% yield) 25:1 cis:trans 65 25:1 cis:trans

(12% yield)

33:1 cis:trans 25:1 cis:trans

Scheme 14. Synthesis of cis-TMS epoxy imidazolone 101.
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With trans 93 and cis 101 TMS-epoxy imidazolone isomers in hand, our next step
was to remove the benzoyl protecting group and examine possible cyclization
conditions to access the oxazine core. Afterwards, TMS removal conditions will be

examined.
1.3.8 Access to pretomanid via trimethylsilyloxiranes

Our studies towards cyclization of trans 93 commenced with our debenzoylation
conditions with DMAP in 1:1 methanol and DCM (Figure 24). To our surprise, we
isolated three unique products that were identified as the epoxide 82, our desired
oxazine core 84, and undesired oxazole 102 in 60% with a 5:7:3 ratio. While the
epoxide product 82 was straightforward to elucidate given its unique epoxide chemical
shifts on 'TH NMR, oxazine 84 and oxazole 101 were harder to discern (Figure 25). With
regards to splitting patterns on '"H NMR, both would be very similar. As we turn to
HMBC analysis, we expected there to be a correlation with the TMS methine doublet
(H3) in oxazine 84 with the central carbon (C1). Likewise, there would be a correlation
between the methine multiplet (H3) of oxazole 102 with central carbon (C1). However,
this was observed in neither case. Upon closer inspection, both products contained a
correlation between the methylene (H5 of 84, H4 of 102, respectively) and the central
carbon (C1 for both 84 and 102). However, we observed that of the HMBC correlation
pairs, one pair contained a weak C-H correlation and a strong C-H correlation while the
other pair had both very strong C-H correlations. Upon modeling both products through
MM2 calculations, it was found that the methine doublet of oxazine 84 (H3) (Figure 26)
and methine multiplet of oxazole 102 (H3) both displayed a nearly 90° dihedral angle

with the central carbon (C1 for both) (Figure 27). This aligned well with why we were
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unable to observe that HMBC correlation.5' As for the methylenes, one of the protons of
oxazine 84 (H5) was close to 90° with the central carbon (C1) (Figure 26) whereas both
methylene protons of oxazole 102 (H4) was nearly 120° (Figure 27). Therefore, this
supports that our major product was indeed our desired 6-endo cyclized epoxide. This
result allowed for two possibilities: 1) we could bypass the deprotection step completely

and 2) achieve our desired oxazine core.

™S ™S

o o} 3 <9
N DMAP N . o on 20 ol
BzN” N T s " o BN N TMs oy + 3
\—/ (o) A=/ o SN NS % 4
MeQH / DCM 1:1 aNZ N
(+)-93 epoxide product \u=71f (+)-84 \—/ °(x)-102
(£)-82 6-endo 1'5_8;0

) Desired Oxazine core
(100% conversion, 60% yield, 5:7:3 ratio)

Figure 24. Unexpected cyclized products 84 and 102 from debenzoylation.

HMBC ™S HMBC ™S

[0]
J.L OH OH
HNT SN TMs 9
\:I o N\/_-\;i/ N s N
—"strong / weak \é‘-jstrong / strong

5-exo

epoxide product

6-endo
Desired Oxazine core

Figure 25. Structure comparison between 82, 84, and 102.
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down O-C bond down C-N bond

Figure 26. HMBC and MM2 analysis of oxazine 84. (top right) Full structure view.
(bottom right) View down C-N bond with methylene protons shown. (bottom left) view
down O-C bond with methine proton shown.
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down O-C bond down C-N bond

Figure 27. HMBC and MM2 analysis of oxazole 102. (top right) Full structure view.
(bottom right) View down C-N bond with methylene protons shown. (bottom left) view
down O-C bond with methine proton shown.

With oxazine 84 as our likely major product, we set our attention to optimizing the
conditions for yield and selectivity. From Table 18, we found that varying the
temperature and time did little to increase selectivity towards oxazine 84. When heated

to 50 °C in the microwave for 15 minutes, only epoxide 82 and oxazine 84 was obtained

67



in full conversion at 95% yield and a 3.8:1 selectivity. Prolonging the heating to 1 hour
resulted in an overall lower yield, but higher selectivity for the oxazine 84 and oxazole
102 (entry 3). Increasing the temperature higher to 100 °C, we observed only cyclized

products 84 and 102 in 65% vyield in a 4:5 ratio.

™S ™S

)

)OI\ DMAP (0.5 equiv) )OL o OH o OH
> + +
BzN N/\<(')\TMS 1:1 MeOH / DCM HN N/\<(l)\TMS 4k/>’ A
\—/ =/ (+)-82 N“ N N“"N
(1)-93 \—/ (+)-84 \—/ (£)-102

epoxide product

6-endo 5-ex0

Entry Temperature (°C) Time (h) Conversion Yield Ratio (Ep:6-endo:5-exo)

1 rt 18 100% 60% 5:7:3
2 50~ 0.25 100% 95% 3.8:1:0
3 50* 1 100% 74% 1:2:2
4 100* 10 min 100% 65% 4:5

microwave

Table 18. Optimization based on conditions from unexpected product 84.

Our next optimization studies investigated the benefits of the protic nature of the
solvent, given that methanol was present. With DCM only, we observed low conversion
and yields with the epoxide as the only product (Table 19, entry 1). Using a more
lipophilic and bulky protic solvents such as IPA resulted in drastically reduced yields of
8% with the epoxide as the only product (entry 2). When we switched to more acidic
trifluorethanol (TFE), we observed low yields of 27%; however, only our desired oxazine
84 was formed (entry 3). With hexafluoroisopropanol (HFIP), we observed an increased
in yield to 53% of only oxazine 84 after 18 hours at room temperature (entry 4).
Switching to microwave heating at 50 °C, we were able to isolate oxazine 84 as the only
product in 88-98% yield. We then investigated the stoichiometry of DMAP and found

that at 0.1 equivalents of DMAP, we observed a decreased yield of 70% and a 1:7:0
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selectivity of epoxide 82 to oxazine 84 to oxazole 102. To determine if DCM was
necessary, HFIP only conditions were performed and similar results (entry 7) were
observed to that of entry 5. Importantly, these reactions were easy to perform and do

not require any careful handling nor does it required air-free techniques.

™s ™S,
(o) (o] - 7/—OH
BzN)LN/\<'\TMS e HNJL NN T Tms i/TOH . /z {
\—/ o Conditions \—/(+)-82 o N“ N NN
(-3 eooride product \=/ )84 =/ (2)-102
6-endo 5-ex0
Entry Solvent Temperature (°C) Time (h) Conversion Yield Ratio (Ep:6-endo:5-exo0)
1 DCM only rt 96 63% 37% epoxide only
2 1:1IPA/DCM rt 48 100% 8% epoxide only
3 1:1 TFE/DCM rt 18 100% 27% 6-endo only
4 1:1 HFIP / DCM rt 18 100% 53% 6-endo only
5 1:1 HFIP / DCM 50° 1 100% 88-98% 6-endo only
6 1:1 HFIP / DCMP 50° 1 100% 70% 1:7:0
7 HFIP only 502 1 100% 88-95% 6-endo only

@ 1 h in microwave. ? 0.1 equiv DMAP.

Table 19. Investigations under protic conditions to access 84.

After achieving complete selectivity for our desired TMS-oxazine 84, the next
step was to remove the silyl group to give oxazine (+)-32.4° According to Table 20,
TBAF in THF at room temperature gave trace amounts of product (entry 1). However,
upon gentle heating, we observed 87% conversion and 28% desilylated product (+)-32
(entry 2). Importantly, the NMR data from this matches our analytical standard oxazine
(+)-32 that we synthesized earlier in our research program, supporting the formation of
the oxazine core. As we increased heating to 60 °C and reduced the reaction time, we
observed (+)-32 in 65% vyield (entry 3). Desilylation was then attempted in methanol and

DCM for the possibility of telescoping desilylation immediately after cyclization.
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However, this resulted in no reaction (entry 4). Basic conditions as reported by Heffron

and coworkers were unsuccessful (entries 5 & 6). The reasoning is likely due to the

trans relationship between the silyl group and the alcohol as opposed to the cis in their

system.°
TMS
0/5“\0H conditions o/j/OH
NékN N’*N
\—/ (+)-84 \—/ (¥)-32
Entry Reagent Solvent Temperature (°C) Time (h) Conversion Yield
1 TBAF THF rt >168 <5% Trace
2 TBAF THF 50* 1 87% 28%
3 TBAF THF 80* 0.5 100% 49%
4 TBAF  1:1 MeOH /DCM 100 1 SM 0%
5 Cs,CO; 1:1 MeOH /DCM 50 1 <5 Trace
6 Cs,CO; 1:1 HFIP/DCM 100 1 <5 0

Table 20. Investigations into desilylation of 84 to access (1)-32. Basic and TBAF

conditions were examined.

After the trans epoxide system was successfully cyclized and desilylated, we

turned our interest towards the analogous cis epoxide to investigate its cyclization

conditions and how it compares to 93. Upon subjecting cis TMS-epoxy imidazolone 101

to the same conditions its frans counterpart, we observed debenzoylated product 106 in

69% yield with 6-exo 85 in less than 10% vyield (Scheme 15). Isolated 83 was then

subjected to HFIP under gentle heating for 1 hour and we observed full conversion after

1 hour to give cyclized 85 in 60% yield. Afterwards, TBAF desilylation afforded our

oxazine core (+)-32 in 55% yield.
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)ol\ ™S DMAP (0.5 equiv) )L 0o OH
BzN N/\<' HFIP, 50°C° 1hr /\<' A
\_ ( (o] ! ! (o] N v N
\=/ ()83 \—/ (£)-85
®-101 69% yield
<10% yield
T™MS OH
)OL ™S HFIP, 60 °C °, 1 hr o OH TBAF THF /j’
HN N/\<J) (60% yield) 4k 60 °C, 1 h
= 83 \—/ (£)-85 (55% yield) \=/ (4)-32
-

Scheme 15. Synthesis of oxazine (+)-32 via cis-epoxide 101.

As we compare the trans route against the cis route, we conclude that the trans
route is more practical and expedient. The cis variants were in general more unstable to
standard conditions and required careful handling and storage. For example, a 4:1 Z.E
mixture of TMS-olefin 95 isomerized to a 1:1 Z:E mixture after one week. Furthermore,
the reactions were often difficult to reproduce due to their reactive nature. Therefore,
with each step established and successfully completed, our last efforts will be put

towards the enantioselective route to pretomanid.
1.3.9 Enantioselective synthesis of pretomanid

From our successful late-stage nitration to our conditions to exclusively form the
6-endo oxazine core, we present our final enantioselective route to access pretomanid
(Scheme 16). From imidazolone 34, double benzoylation followed by a selective
monobenzoylation gave 65 in 76% yield over two steps. 65 is then alkylated with chiral
epoxide 86,52 accessed through a Sharpless epoxidation, to give benzoyl TMS-epoxy
93 (79:1 er, >97% ee). From there, 93 is cyclized via epoxide-opening to furnish TMS-
oxazine core 84 in 98% yield. Then, desilylation with TBAF allows access to oxazine 32

in 55% vyield. After desilylation, benzylation provided des-nitro pretomanid 31 in 64%
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yield. Last, our late-stage nitration established pretomanid (9) in 58% yield with 98% ee
and a 7:1 selectivity over the 5-nitro variant. The longest linear sequence is nine steps
from propargyl alcohol 89 or twelve steps total (including hydantoin (63) reduction), with

a 3.1% overall yield.

L S R P S U
bNH, o +
Q\/ > Q\, TsO\/ﬁ DMF Q, \j 1:1 HFIP / DCM Q\’N
NH (76% over two steps) NH (41% yield) L OH
34 65 79:1 er, >97% ee (98% vyield) 84
TBAF

1) Ti(Oi-Pr),, L-(+)-DIPT, THF
tBuOOH, DCM, -20 °C

2) Ts,0, E3N, DCM
{46% vyield over two

1) TMSCI, BuLi N._O
- = &
> N
(83% yield over two steps) HO 90 OH
OH E isomer only 55% yield

89
vl
19 OCF,

N (o} NaH, DMF, 0 °C - rt
OZN_CF"/\J\ Nf,0 (1.1 equiv), BuyNNO; (1.1 equiv) &Y\J\ (64% yield)

9 0/\©\ DCM, ., 18 h /\©\ -
Pretomanid OCF, (58% yield) ! OCF,

(98% ee) (7:1 4-nitro:5-nitro) des-nitro Pretomanid

Scheme 16. Enantioselective synthesis of pretomanid (9).

1.4 Conclusions and future directions

Pretomanid has emerged as a potential cornerstone anti-TB APl and it is critical for
us to design a new synthesis that avoids the explosive starting material while advancing
chemical knowledge. Our research program was successful in achieving pretomanid
through a challenging, highly selective 6-endo epoxide-opening to access the oxazine

core and late-stage nitration thereby avoiding explosive, starting material 15.

From our initial proposal, we sought to reduce the total step count compared to
existing syntheses. Furthermore, we anticipated that we could avoid the use of

protecting groups entirely. However, given the complications brought forth by the similar
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N-H protons on imidazolone 34, benzoyl protecting groups were necessary to effect our
desired cyclization. Nonetheless, our route offers a new strategy to access potentially
new imidazooxazine and possibly imidazooxazole derivatives. To our knowledge, the
only existing method to access such structures is through an SnAr cyclization that
requires a leaving group present. For many of our steps, we relied on chromatographic
purifications. That said, most of the material were crystalline in nature and this opens
opportunity for crystallization purification. For our enantioselective synthesis, the steps
were performed at laboratory scales (<1 g). For the Sharpless epoxidation of 90, a
decrease in selectivity (6:1 er) was observed at larger scales (5 g). Therefore, future

work could be performed to adapt our route for a larger scale synthesis of pretomanid

(9).
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Chapter One

Enantioselective Synthesis of Pretomanid —

Experimental Section
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General Information

Reactions were performed under an inert argon atmosphere unless otherwise
stated. Commercially available chemicals were purchased from either Sigma-Aldrich
Chemical Company (Milwaukee, WI), Alfa Aesar (Ward Hill, MA), Acros Organics
(Pittsburgh, PA), or TCI America (Portland, OR). Anhydrous tetrahydrofuran (THF),
dimethylformamide (DMF), dichloromethane, dichloroethane, dimethyl sulfoxide
(DMSO), triethylamine, toluene, and acetonitrile were purified via an SG Water USA
solvent column system (Nashua, NH) before use. All reactions were monitored with thin-
layer chromatography (TLC), which was performed using EMD 60-F254 silica glass
plates and visualized with a UV lamp (254 nm). Microwave conditions were performed
with Biotage Initiator+ using microwave reaction vials with cap with septum and
magnetic bars purchased from Biotage. All microwave reactions were run under normal
absorption with 45 second pre-stirring. Products were purified on SNAP Ultra columns

utilizing the Biotage® IsoleraTM flash purification system.

NMR spectra were obtained in CDCls, MeOD, or DMSO-ds purchased from
Cambridge Isotope Laboratories and used as received. Norell 5 mm NMR tubes with
standard septa caps were used. '"H NMR Spectra were obtained on Bruker Avance 400
(400 MHz for H, 100 MHz for 13C), JEOL 500 MHz (500 MHz for 'H, 126 MHz '3C),
and Bruker AVANCE 600 MHz (600 MHz for 'H, 151 MHz for '3C) equipped with TXI
Cryoprobe. 3C spectra were obtained with 'H decoupling. "H chemical shifts are
reported in parts per million relative to TMS (6 = 0.00 ppm) and were referenced to the
residual solvent peak. The following designations are used to describe multiplicities: s

(singlet), b (broad singlet), d (doublet), t (triplet), g (quartet), dd (doublet of doublets), dt

82



(doublet of triplets), m (multiplet). Unless otherwise noted, NMR spectra were collected
at room temperature (23-27 °C). High-resolution mass-spectrometry (HRMS) data were
acquired on a Bruker Daltronics APEXIV 4.7 Tesla FT-ICR Mass Spectrometer (DART
and ESI), a JEOL Accutof 4G LC-Plus system outfitted with an ionSense DART
ionization source (DART), or an Agilent 6545 Q-TOF LC/MS (ESI). HPLC trace data
were obtained with Agilent Technology 1290 Infinity Il with Chiralcel OD-H column.

Optical rotation was obtained using an Anton Paar Polarimeter MCP 500.
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Section 1.3.2 — Experimental Information

NO.
2 36
N7 “NH NO, NO,
OH  TBSCI, imidazole I>/?TBS K,COs \=/ OTBS DHP, PPTS A OTBS
—_— ————®» N“ N ————————® N“'N
[o] DMF o] EtOH, reflux, 4 h \—/ 37 DCM, 18 h, rt \—/ 28
35 (99% yield) (#)-16 (73% yield) HO (84% yield) THPO

tert-butyldimethyl(oxiran-2-ylmethoxy)silane (16): Synthesized according to a
reported procedure.’ Glycidol (35) (10.0 g, 8.95 mL, 135 mmol) was added dropwise to
a stirred solution of imidazole (26.45 g, 176 mmol) and TBSCI (14.7 g, 216 mmol) in
DMF (80 mL) at 0 °C. The reaction was allowed to warm to rt and stirred for 30 min. The
reaction was quenched with 250 mL of sat. NH4Cl solution and 250 mL of DI water. The
reaction mixture was extracted 5 times with 150 mL hexanes, and the combined
organics were washed with 500 mL of brine and dried over NazSOa. The crude was
purified with column chromatography with 10% EtOAc in hexanes to give (+)-16 (25.2 g,
134 mmol, 99% vyield) as a clear oil. Spectral data were in agreement with the

literature.’

1-((tert-butyldimethylsilyl)oxy)-3-(2-nitro-1H-imidazol-1-yl)propan-2-ol (37):
Synthesized according to a reported procedure.? To a mixture of 36 (5.00 g, 44.2 mmol)
and K2COs3 (0.856 g, 6.19 mmol) in EtOH (53.1 mL) was added (+)-16 (12.5 g, 13.9 mL,
66.3 mmol). The solution was heated at 85 °C for 5 h. The solvent was removed under
reduced pressure and DCM (50 mL) was added. The precipitates were filtered off and

the filtrated was concentrated under reduced pressure. The crude mixture was purified

" Hering, K. W.; Chambournier, G.; Endres, G. W_; Fedij, V.; Krell II, T. J.; Mahmoud, H. M. Methods of
Synthesizing a Prostacyclin analog. W.O Patent 2014/089385 A2, June 12, 2014.

2 Singh, R.; Manjunatha, U.; Boshoff, H. I. M.; Ha, Y. H.; Niyomrattanakitt, P.; Ledwidge, R.; Dowd, C. S ;
Lee, |. Y., Kim, P.; Zhang, L.; Kang, S.; Keller, T. H.; Jiricek, J.; Barry 3, C. E. PA-824 Kills
Nonreplicating Mycobacterium tuberculosis by Intracellular NO Release. Science 2008, 322, 1392.
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via column chromatography to give 37 (5.84 g, 19.4 mmol, 73% yield) as a yellow

orange solid. Spectral data were in agreement with the literature.’

H NMR (500 MHz, Chloroform-d) 5 7.19 (s, 1H), 7.12 (s, 1H), 4.66 (dd, J = 13.8, 3.1
Hz, 1H), 4.34 (dd, J = 13.8, 8.3 Hz, 1H), 4.07 — 3.98 (m, 1H), 3.74 (dd, J = 10.3, 4.2 Hz,

1H), 3.59 (dd, J = 10.2, 5.1 Hz, 1H), 0.90 (d, J = 3.1 Hz, 9H), 0.08 (d, J = 2.1 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) § 128.19, 127.35, 70.55, 64.18, 52.50, 25.90,

25.72,18.33, -3.50, -5.38.

1-(3-((tert-butyldimethylsilyl)oxy)-2-((tetrahydro-2H-pyran-2-yl)oxy)propyl)-2-nitro-
1H-imidazole (38): Synthesized according to a reported procedure.? To a mixture of 37
(5.00 g, 16.6 mmol) and PPTS (6.25 g, 24.9 mmol) in DCM (50 mL) was added DHP
(2.79 g, 3.03 mL, 33.2 mmol). The mixture was stirred overnight and quenched with 125
mL saturated NaHCO3 solution. The organic layer was collected and the aqueous layer
was extracted twice with 70 mL DCM. The combined organics were washed with 200
mL brine and dried over NazSQOs. The solvent was removed under reduced pressure
and purified via column chromatography to give both diastereomers of 38 (5.39 g, 14.0

mmol, 84% vyield) as a yellow oil. Spectral data were in agreement with the literature.2

TH NMR (500 MHz, Chloroform-d) § 7.13 - 7.09 (m, 2H), 5.09 - 3.45 (m, 5H), 1.98 -

1.24 (m, 9H), 0.90 (s, 9H), 0.08 (s, 6H).

13C NMR (126 MHz, Chloroform-d) § 127.82, 127.65, 127.12, 100.27, 96.97, 63.23,
63.06, 62.52, 61.82, 51.30, 50.56, 30.68, 30.48, 25.93, 25.88, 25.73, 25.22, 25.10,

19.75, 19.50, 18.30, -3.51, -5.37.

85



N OTBS TBAF (3 equiv) N‘\I/o
’d
N Ny THF Q\/N
OTHP
39

THPO 3

6-((tetrahydro-2H-pyran-2-yl)oxy)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine (39):
Synthesized according to a modified reported procedure.? Tetrabutylammonium fluoride
(TBAF, 1 M in THF, 3 mL, 3 mmol) was added to a stirred solution of 38 (390 mg, 1
mmol, 1 equiv) in 4 mL THF in a microwave vial. The reaction heated to 130 °C for 5
min and allowed to cool before removing vial cap. Reaction was quenched with 10 mL
saturated NaHCO3 and extracted with 15 mL DCM twice. The combined organic
extracts were washed with 15 mL brine, collected, dried over Na2SQOa4, and concentrated
under reduced pressure. The dark brown oily crude was purified by chromatography
with 5-10% MeOH in DCM to obtain both diastereomers of 39 (176 mg, 0.79 mmol, 78%

yield) as a light brown oil. Spectral data were in agreement with the literature.?

"H NMR (500 MHz, Chloroform-d) § 6.66 (d, J= 2.1 Hz, 1H), 6.49 (d, J = 2.1 Hz, 1H),

4.84 - 3.42 (m, 5H), 2.02 - 1.46 (m, 9H).

3C NMR (126 MHz, Chloroform-d) § 149.39, 149.21, 124.64, 124.56, 114.19, 114.09,
98.21, 97.81, 69.45, 67.06, 65.80, 65.25, 62.89, 62.52, 47.79, 46.23, 30.55, 30.51,

25.26, 19.29, 18.99.

N~-© ACOH, THF, H,0 N__©
OTHP (80% vyield) OH
39

(£)-32

6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol ((+)-32): Synthesized according to a
modified reported procedure.? To a solution of 66 mL AcOH, 33 mL THF, and 15 mL
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H20 opened to air, 39 (3.3 g, 14.7 mmol) was added and stirred overnight at 60 °C. The
reaction was then concentrated under reduced pressure. Trituration of the crude oil with
DCM gave (+)-32 (1.65 g, 11.8 mmol, 80% vyield) as an off-white solid. Spectral data

were in agreement with the literature.?

H NMR (500 MHz, Methanol-d4) § 6.63 (d, J = 1.6 Hz, 1H), 6.54 (d, J = 1.6 Hz, 1H),
4.30 (d, J = 2.8 Hz, 2H), 4.25 (d, J = 3.0 Hz, 1H), 4.13 (dd, J = 12.9, 3.8 Hz, 1H), 3.90

(d, J=2.8 Hz, 1H).
3C NMR (126 MHz, Methanol-d4) § 149.29, 122.19, 114.60, 70.22, 60.53, 48.28.

gCOSY and HMBC (See Spectral Data section)

N (o]
Br/\©\ \\r\J\
0 \S
O UL e o
N\_N
OH OCF;

>
NaH, DMF 31
(+)-32 des-nitro Pretomanid

6-((4-(trifluoromethoxy)benzyl)oxy)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine
(31): Synthesized according to a modified reported procedure.? To a solution of NaH
(95% pure, 1.07 mg, 4.46 mmol) in DMF (0.2 M, 15 mL) at 0 °C, (+)-32 (500.0 mg, 3.57
mmol) in 3 mL DMF was added dropwise. The reaction mixture was stirred for 1 h or
until bubbling ceased. 19 (0.628 mL, 1.00 g, 3.92 mmol) was then added dropwise at 0
°C and the reaction was stirred for 5 h at rt. The reaction was quenched with 1 mL
MeOH, diluted with 20 mL of sat. ammonium chloride, and extracted 4 times with 20 mL
DCM. The combined organics were then washed with 40 mL brine, dried over Na2SO4,

and concentrated. Crude was purified with column chromatography with 5% MeOH in
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DCM to give 31 (803 mg, 2.56 mmol) as a white solid. Spectral data were in agreement

with the literature.?

H NMR (600 MHz, Chloroform-d) § 7.35 (d, J = 8.5 Hz, 1H), 7.23 - 7.19 (m, 1H), 6.69
(d, J=1.7Hz, 1H), 6.49 (d, J=1.6 Hz, 1H), 471 (d, J=12.0 Hz, 1H), 4.62 (d, J=12.0
Hz, 1H), 4.46 (ddd, J = 11.8, 4.6, 1.9 Hz, 1H), 4.29 (dd, J=11.9, 1.9 Hz, 1H), 4.11 (dd,

J=12.1,4.2 Hz, 1H), 4.08 — 3.96 (m, 1H).

13C NMR (151 MHz, Chloroform-d) § 148.99, 135.76, 129.00, 124.74, 121.29, 121.17,

119.58, 114.06, 77.24, 77.03, 76.81, 70.18, 67.66, 66.93, 46.63.

HRMS (ESI, m/z) [M+H]* Calculated for C14H14F3N203": 315.0951; found 315.0946.

o
F3CO 19 o
N~ 0 Hiinig's base N
Q\:l’ g - Q\,Nf Do
N oH F3CO

THF, 80 °C, 18 h
(£)-32 (99% yield) 41

1-(oxiran-2-ylmethyl)-3-(4-(trifluoromethoxy)benzyl)-1,3-dihydro-2H-imidazol-2-
one (41): To a stirred solution of (+)-32 (30.0 mg, 0.214 mmol) and
diisopropylethylamine (45 uL, 33.20 mg, 0.257 mmol) in 2.14 mL THF at rt, 19 (81.9 mg,
52 uL, 0.321 mg) was added and refluxed at 80 °C overnight. The reaction was
quenched with 3 mL sat. KHCO3 solution, extracted twice with 5 mL DCM, and dried
over Na2S0Oa4. The crude mixture was concentrated under reduced pressure and purified

with column chromatography to give 41 (67 mg, 0.214 mmol) as a white solid.

H NMR (500 MHz, Methanol-ds) § 7.34 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.3 Hz, 2H),
6.54 (d, J = 3.0 Hz, 1H), 6.46 (d, J = 3.0 Hz, 1H), 4.82 (s, 2H),4.00 (dd, J = 7.7, 5.0 Hz,
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1H), 3.86 (dd, J = 14.1, 4.2 Hz, 1H), 3.67 (dd, J = 14.0, 7.5 Hz, 1H), 3.45 (dd, J=10.7,

4.6 Hz, 1H), 3.37 (dd, J = 10.7, 5.4 Hz, 1H).

3C NMR (126 MHz, Methanol-ds) § 153.31, 148.62, 136.51, 129.05, 121.01, 112.55,

110.61, 69.31, 48.51, 48.17,45.99, 34.70.
SF NMR (471 MHz, Methanol-ds) § -59.47.
HSQC and HMBC (See Spectral Data section)

HRMS (ESI, m/z) [M+H]* Calculated for C14H14F3N203*: 315.0951; Found 315.0947.

NO, . H OTBS
/k oTBS NaOt-Bu, dioxane, fo]
NN > A S
\—/ 100 °C, pW, 10 min N N" "H

HO \—/
37 42

(S)-2-(((tert-butyldimethylsilyl)oxy)methyl)-2,3-dihydroimidazo[2,1-bJoxazole (42):
To a solution of 6.4 mL dioxane with 37 (200 mg, 0.664 mmol) in a microwave vial,
NaOt-Bu (70.15 mg, 0.365 mL, 0.73 mmol) was added. The reaction was heated to 100
°C in the microwave for 10 min. The reaction was concentrated under reduced pressure
and purified via flash chromatography with 5% MeOH in DCM to give 42 (119 mg, 0.468

mmol) as a white solid.

H NMR (500 MHz, Chiloroform-d) 5 6.63 (s, 1H), 6.54 (m, 1H), 5.21 (m, 1H), 4.15 —

4.03 (m, 2H), 3.96 — 3.83 (m, 2H), 0.83 (s, 9H), 0.07 (s, 3H), 0.03 (s, 3H).

13C NMR (126 MHz, Chioroform-d) § 160.03, 129.43, 110.47, 86.12, 63.46, 44.92,

25.76, 18.26, -5.37.

HMBC (See Spectral Data section)
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HRMS (ESI, m/z) [M+H]* Calculated for C12H23N202Si*: 255.1523; Found 255.1520.

OJ/NOTBS TBAF, DCM 0{"”
N¢< > Nﬁ(N

N

(2,3-dihydroimidazo[2,1-b]Joxazol-2-yl)methanol (42): To a stirred solution of 42 (96
mg, 0.377 mmol), TBAF (108.5 mg, 0.415 mmol, 415uL, 1 M in THF) was added slowly
at rt. The reaction was stirred for 30 min or until full conversion by TLC. The reaction
mixture was then concentrated and purified via column chromatography (10% MeOH in
DCM) to give 43 (45 mg, 0.321 mmol, 85% yield) as a white solid. Spectral data are in

agreement with literature.?

'H NMR (600 MHz, Methanol-d4) § 6.72 (d, J = 1.8 Hz, 1H), 6.56 (d, J = 1.8 Hz, 1H),
538 —5.31 (m, 1H), 4.24 (t, J = 9.1 Hz, 1H), 4.06 (dd, J = 9.5, 6.9 Hz, 1H), 3.92 (dd, J =

12.8, 3.4 Hz, 1H), 3.76 (dd, J = 12.7, 4.3 Hz, 1H).

3C NMR (151 MHz, Methanol-d4) § 159.77, 127.19, 110.97, 87.80, 61.72, 48.46,

48.04, 44.19.
HRMS (ESI, m/z) [M+H]* Calculated for CeHaN202*: 141.0659; Found 141.0659.

Section 1.3.3 — Experimental Information

N -© N._-O N__O
P 2P SO
o/\© Nf,0/BusNNO (1 equiv) o’\©\ 5 O/\CL
- O,N
31 OCF,4 9 OCF, 44 OCF,

DCE, r.t.

3 Suehiro, M.; Yang, G.; Torchon, G.; Ackerstaff, E.; Humm, J.; Koutcher, J.; Ouerfelli,0. Radiosynthesis
of the tumor hypoxia marker ['8F]TFMISO via O-['8F]trifluoroethylation reveals a striking difference
between trifluoroethyl tosylate and iodide in regiochemical reactivity toward oxygen nucleophiles. Bioorg.
Med. Chem. 2011, 19, 2287-2297.
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2-nitro-6-((4-(trifluoromethoxy)benzyl)oxy)-6,7-dihydro-5H-imidazo[2,1-
b][1,3]Joxazine ((+)-Pretomanid) (9) and 3-nitro-6-((4-
(trifluoromethoxy)benzyl)oxy)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine (44): In a
glovebox, tetrabutylammonium nitrate (10.7 mg, 0.035 mmol) was measured into a
sealed vialed. The sealed vial was taken out and connected with an Argon line. Nf20
(20.3 mg, 10.7 uL, 0.035 mmol) in DCM (0.16 mL) was added slowly, and the reaction
was stirred at rt for 1.5 h. 31 (10 mg, 0.032 mmol) in DCM (0.16 mL) was added slowly
and the reaction was stirred overnight at rt. The mixture was quenched with 1 mL 5%
NaHCOs3 and extracted three times with 2 mL DCM. The combined organics were dried
over Na2S0a4, and purified with column chromatography (5 to 10% methanol in DCM) to
give 9 (5.3 mg, 0.015 mmol) as a white solid and 44 (0.8mg, 0.008 mmol) as a white

solid. Spectral data are in agreement with literature.’

2-nitro-6-((4-(trifluoromethoxy)benzyl)oxy)-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazine (Pretomanid) (9):

TH NMR (600 MHz, Methanol-d4) 5§ 7.77 (s, 1H), 7.45 (d, J=8.6 Hz, 2H), 7.26 (d, J =

8.1 Hz, 2H), 4.79 — 4.69 (m, 3H), 4.50 (d, J = 12.1 Hz, 1H), 4.37 —4.21 (m, 3H).

3C NMR (151 MHz, Methanol-d4) § 148.68, 147.75, 142.50, 136.86, 128.99, 121.35,

120.68, 116.30, 69.37, 67.94, 66.98, 46.80.

" Thompson, AM,; Bonnet, M_; Lee, H. H.; Franzblau, S. G.; Wan, B.; Wong, G. S.; Cooper, C. B.; Denny,
W. A. Antitubercular nitroimidazoles revisited: synthesis and activity of the authentic 3-nitro isomer of
pretomanid. ACS Med. Chem. Lett 2017, 8, 1275.
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H NMR (600 MHz, Chloroform-d) & 7.43 (s, 1H), 7.37 d, J = 8.5 Hz, 2H), 7.24 (d, J =
8.5 Hz, 2H). 4.75 (d, J = 11.9 Hz, 1H), 4.71 — 4.62 (m, 2H), 4.43 — 4.36 (m, 1H), 4.19 —

4.14 (m, 3H).

3C NMR (151 MHz, Chloroform-d) § 149.20, 145.63, 144.94, 135.06, 129.13, 121.28,

119.64, 114.85, 70.27, 67.06, 66.55, 47.61.

'H NMR (600 MHz, DMSO-d6) & 8.04 (s, 1H), 7.45 (d, J = 8.6 Hz, 2H), 7.38 — 7.31 (m,

2H), 4.75 — 4.61 (m, 3H), 4.48 (d, J = 11.9 Hz, 1H), 4.32 — 4.22 (m, 3H).

3C NMR (151 MHz, DMSO-d6) & 148.20, 147.57, 142.56, 137.78, 129.88, 121.44,

118.48, 79.65, 69.19, 68.30, 67.04, 47.22.
HRMS (ESI, m/z) [M+H]* Calculated for C14H13F3N3Os*: 360.0802; Found 360.0797.

Section 1.3.4 — Experimental Information

— o -
0 HNJLNH fo)
JL DIBAL (X equiv) MeOH, H,0 )L
"N o - o-Al Reflux HN NH
\—§ THF, 0 °C, 18 h 54 34 \—/

53 O

1,3-dihydro-2H-imidazol-2-one (34): To a dried flask under argon containing 53 (10 g,
99.92 mmol) and 30 mL THF at 0 °C, DIBAL (25 wt% in toluene, 1.5 M, 300 mL, 63.95
g, 460 mmol) was added dropwise over 30 min and stirred over night at r.t. Reaction

was cooled down to 0 °C and SLOWLY quenched with 500 mL 9:1 MeOH:H20 solution.

Caution: Stirring is very important! Make sure to have a large stir bar that can

sweep most of the bottom of the flask and a stir plate with a strong magnet.
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Caution: Upon addition of the quench, bubbling is rigorous. The mixture will
solidify as a gel indicating that the most of the DIBAL has been consumed. The
gel will return to liquid state after standing for a few hours or upon slowly adding
more MeOH':H>0 solution. It is safe to break apart the gel with a spatula at that

point, if necessary.

The mixture was stirred further for 6 hours at rt. A condenser was attached and the
reaction mixture was heated to 100 °C and refluxed overnight. Mixture was then filtered
and the unwanted precipitate was washed with MeOH. The solvents were removed
under reduced pressure to give 34 (7.82 g, 93.01 mmol) as a white solid. Spectral data

are in agreement with literature.?

"H NMR (500 MHz, DMSO-d6) § 9.67 (s, 2H), 6.20 (s, 2H).
3C NMR (500 MHz, DMSO-d6) § 155.52, 109.07.

TH NMR (500 MHz, Methanol-d4) § 9.93 (s, 2H), 6.32 (s, 2H).
3C NMR (126 MHz, Methanol-d4) § 155.63, 109.18.

Section 1.3.6 — Experimental Information

(o) (o)
JL BzCl (2.4 equiv), TEA (2.4 equiv) JL
HN™ 'NH DMAP (0.1 equiv), DCM, rt., 18 h BzN  NBz
\_’ ( ). —
(83% yield)
34 66

1,3-dibenzoyl-1,3-dihydro -2H-imidazol-2-one (66): To a dried flask containing 34 (10

g, 118.9 mmol) and DMAP (1.45 g, 11.9 mmol) in 48 mL DCM, TEA (14.44 g, 19.9 mL,

2Fiala, T.; Sindelar, V. Synthesis of norbornahemicucurbiturils. Syniett 2013, 24, 2443,
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142.72 mmol) was slowly added dropwise followed by dropwise addition of benzoyl
chloride (35.11 g, 29.0 mL, 249.8 mmol). Reaction was quenched with 50 mL sat. aq.
KHCOS, and the extracted organic layer was washed three times with 50 mL brine. The
organic layer dried over Na2SO4 and the solvent was removed under reduced pressure.
The dried crude was dissolved in a minimal amount of DCM and chilled MeOH was
added. The precipitate was filtered and collected. After two crystallizations, 66 (28.9 g,

98.9 mmol, 83% yield) was obtained as a light, white solid.

"H NMR (500 MHz, Chloroform-d) § 7.74 (d, J = 7.7 Hz, 4H), 7.54 (t, J = 14.9 Hz, 7 Hz,

2H), 7.42 (t, J = 7.8 Hz, 4H), 7.10 (s, 2H).

13C NMR (126 MHz, Chloroform-d) § 167.03, 148.50, 133.33, 131.97, 129.74, 128.26,

112.07.

HRMS (ESI, m/z) [M+H]* Calculated for C3HsN20*: 293.0921; Found 293.0914.

o (o)
)L Et,NH, DCM, rt., 18 h )j\
N” °N ; - N” "NH
¢SO .
66 65

1-benzoyl-1,3-dihydro-2H-imidazol-2-one (65): To a solution of 66 (10 g, 34.21

mmol) in 171 mL of DCM at rt, diethylamine (2.5 g, 3.54 mL, 34.21 mmol) was added
dropwise and stirred overnight. The reaction was quenched with 100 mL DI water and
extracted twice with 100 mL DCM. The combined organics were washed with 100 mL
brine. The organic layer was dried over Na2SOa, concentrated under reduced pressure,
and purified via column chromatography with 50% EtOAc in Hexanes to give 65 (4.46 g,

23.70 mmol) as a white solid.

94



"H NMR (500 MHz, Chloroform-d) § 10.16 (s, 1H), 7.77 (d, J = 7.4 Hz, 2H), 7.57 (t, J =

7.4 Hz, 1H), 7.45 (t, J= 7.7 Hz, 2H), 6.74 (d, J = 5.1 Hz, 1H), 6.27 (d, J = 2.4 Hz, 1H).

3C NMR (126 MHz, Chloroform-d) § 167.49, 153.33, 133.00, 132.68, 130.04, 129.77,

128.46, 128.42, 128.24, 112.06, 109.77, 77.46, 77.20, 76.95.

HRMS (ESI, m/z) [M+H]* Calculated for C1o0H9N202": 189.0659; found 189.0657.

JOL fo) DMF /lol\
BzN” °NH T N T TsO X > Ba2N N’\<c|)
\=/ 4 69 \=/ &

1-benzoyl-3-(oxiran-2-ylmethyl)-1,3-dihydro-2H-imidazol-2-one (67): To a solution of
NaH (153.03 mg, 95% pure) in 20 mL of DMF at 0 °C, 65 (1 g, 5.31 mmol) in 3.5 mL of
DMF was added slowly. The reaction was stirred for 1.5 h or until bubbling ceased. 69
(1.46 g, 6.38 mmol) in 3.5 mL of DMF was then added at 0 °C and reaction was stirred
overnight at rt. The reaction was quenched with 50 mL 5% LiCl aqueous solution, and
extracted three times with 30 mL of EtOAc. The combined organics were washed twice
with 50 mL brine and dried over NazSOa4. The crude mixture was concentrated under
reduced pressure and purified via column chromatography with 25% - 50% EtoAc in

hexanes to give 67 (656 mg, 41% yield) as a vicious, clear oil.

TH NMR (500 MHz, Chloroform-d) § 7.74 (d, J = 7.5 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H),
744 (t, J=7.7Hz, 1H), 6.92 (d, J= 3.4 Hz, 1H), 6.47 (d, J=3.3 Hz, 1H), 4.06 (dd, J =
15.0, 2.8 Hz, 1H), 3.43 (dd, J = 14.9, 6.3 Hz, 1H), 3.18 (m, 1H), 2.82 (t, J = 4.3 Hz, 1H),

2.57 (dd, J = 4.6, 2.6 Hz, 1H).
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13C NMR (126 MHz, Chloroform-d) § 167.48, 151.07, 132.87, 132.59, 129.79, 129.59,

128.04, 115.06, 108.48, 77.42, 77.17, 76.91, 50.16, 45.02, 44.98.

HRMS (ESI, m/z) [M+Na]* Calculated for C13H12N2NaOzs*: 267.0740; Found 267.0736.

MeOH, DCM, r.t., 18 h,

? o
o O
JL</| DMAP o] i‘
NS g HN’U\N
\—/ \—/

67 60
1-(oxiran-2-ylmethyl)-1,3-dihydro-2H-imidazol-2-one (60): To a solution of 67 (200
mg, 0.818 mmol) in 4 mL DCM, DMAP (50 mg, 0.409 mmol) in 4 mL MeOH was added
dropwise and stirred overnight. The reaction was concentrated under reduced pressure

and purified with column chromatography with 10% MeOH in DCM to give 60 (72 mg,

0.52 mmol, 64% yield) as a viscous, clear oil.

"H NMR (500 MHz, Chloroform-d) § 10.43 (broad, 1 H), 6.29 (t, J = 2.3 Hz, 2H), 4.06
(dd, J=14.9, 2.8 Hz, 1H), 3.58 (dd, J = 15.0, 5.8 Hz, 1H), 3.19 (dqg, J = 6.2, 2.9 Hz, 1H),

2.81(t, J = 4.3 Hz, 1H), 2.55 (dd, J = 4.7, 2.6 Hz, 1H).
13C NMR (126 MHz, Chloroform-d) § 154.75, 112.23, 108.48, 50.60, 44.89, 44.43,

H NMR (500 MHz, Methanol-ds) & 6.44 (d, J = 3.0 Hz, 1H), 6.37 (d, J = 3.0 Hz, 1H),
3.96 (dd, J = 14.9, 3.3 Hz, 1H), 3.57 (dd, J = 14.9, 5.8 Hz, 1H), 3.15 (td, J = 6.0, 2.9 Hz,

1H), 2.77 (t, J = 4.4 Hz, 1H), 2.53 (dd, J = 4.8, 2.5 Hz, 1H).
13C NMR (126 MHz, Methanol-ds) § 154.20, 112.61, 108.08, 49.88, 44.32, 4425

Section 1.3.7 — Experimental information
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n-BuLi (2.25 equiv),

TMSCI (2.25 equiv Red-Al Z
HO\ Kl > HO\ - HO" " Tws
THF, - 78 °C ™S Et,0, 0 °C 90
89 88 4 g scale, 99% vyield

o) i
(2 g scale, 94% yield) exclusively Z-olefin

3-(trimethylsilyl)prop-2-yn-1-ol (88): Synthesized according to literature procedure.?
To a solution of 91 (2.00 g, 2.06 mL, 35.7 mmol) in THF (71.0 mL) at -78 °C was added
n-BuLi (5.14 g, 21.1 mL, 2.5 M solution, 80.3 mmol) dropwise. After addition was
complete, the reaction was allowed to slowly warm to rt and stirred for 1.5 h. The
reaction was then cooled back down to -78 °C and TMSCI (8.72 g, 10.2 mL, 80.3 mmol)
was added dropwise. After addition was complete, the reaction was allowed to slowly
warm to rt and stirred overnight. The reaction was quenched with 100 mL of 1 M HCI
solution and diluted with 100 mL Et20. The layers were separated and the aqueous
layer was extracted 3 more times with 100 mL Et20. The combined organics were
washed with 300 mL brine and dried over Na2SOa4. The resultant crude mixture was
concentrated under reduced pressure and purified via column chromatography to give
89 (4.3 g, 33.5 mmol, 94% yield) as a pale yellow oil. Spectral data are in agreement

with literature.3

(E)-3-(trimethylsilyl)prop-2-en-1-ol (90): Synthesized according to literature
procedure.* To a solution of 88 (4.00 g, 4.57 mL, 31.2 mmol) in Et20 (62.4 mL) at 0 °C

was added Red-Al (10.61 g, 20.3 mL, 3.07 M, 62.4 mmol). The reaction was allowed to

3 Langille, N. F.; Jamison, T. F. trans-Hydroalumination/Alkylation: One-Pot Synthesis of Trisubstituted
Aliylic Alcohois Org. Lett. 2006, 17, 3761.

4 A) Arai, S.; Hori, H.; Amako, Y. Nishida, A. A new protocol for nickel-catalysed regio- and
stereoselective hydrocyanation of allenes. Chem. Comm. 2015, 51, 7493. B) Kacprzynski, M. A.; Kazane,
S. A.; May, T. L.; Hoveyda, A. H. Cu-catalyzed asymmetric conjugate additions of dialkyl- and diarylzinc
reagents to acyclic B-silyl-a,B-unsaturated ketones. Synthesis of allylsilanes in high diastereo- and
enantiomeric purity. Org. Lett. 2007, 9, 3187.
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warm to rt and stirred for 6 h. The reaction was quenched with 4 mL H20 and 8 mL
H2S04 (3.6 M) at 0 °C. The reaction was diluted with 100 mL Et2O and 100 mL H20.
The layers were separated and the aqueous layer was extracted 3 more times with 100
mL Et20. The combined organic layer was washed with 300 mL brine and dried over
Na2S0a4. The crude mixture was concentrated under reduced pressure to give 90 (4.05
g, 31.2 mmol, 99% vyield) as a pale yellow oil and used without further purification.

Spectral data are in agreement with literature.

mCPBA, DCM, 0 °C Ts,0, TEA, DCM
HO NP 1ms > HO™ T TMs » Ts07 KD Tms
(63% yield) o (6 g scale, 80% yield) o

90 (3)-92 ()-86
(trans-3-(trimethylsilyl)oxiran-2-yl)methanol (92): To a solution of (+)-92 (2 g, 15.35
mmol) in 61 mL DCM at 0 °C, mCPBA (3.18 g, <77% wt) was added slowly. The
reaction was allowed to warm to rt and stirred overnight. The reaction cooled down to 0
°C and quenched slowly with 20 mL of sat. Na2S20s solution and allowed to stir for 30
min. 40 mL sat. NaHCOs3 was added and the aqueous layer was extracted three times
with 40 mL of DCM. The combined organics were washed twice with 50 mL sat.
NaHCOs3, dried over Na2S0O4, and concentrated under reduced pressure. The crude was
purified by column chromatography with 50-80% EtOAc in hexanes to give (+)-92 (1.41

g, 9.64 mmol, (63% vyield) as a clear, viscous oil.

'"H NMR (500 MHz, Chloroform-d) § 3.91 (dd, J = 12.4, 2.4 Hz, 1H), 3.48 (dd, J = 12.7,

5.1 Hz, 1H), 2.97 (m, 1H), 2.20 (d, J = 3.6 Hz, 1H), 0.01 (s, 9H).
13C NMR (126 MHz, Chloroform-d) § 63.51, 56.14, 48.39, -3.60.

HRMS (ESI, m/z) [M+H]* Calculated for CsH1502Si*: 147.0836; Found 147.0815.
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(trans 3-(trimethylsilyl)oxiran-2-yl)methyl 4-methylbenzenesulfonate ((*)-86): To a
solution of Ts20 (278.9 mg, 0.854 mmol) in DCM (3.4 mL), (+)-92 (100 mg, 0.683 mmol)
in 3.4 mL DCM was added at 0 °C. EtsN (86.5 mg, 0.119 mL, 0.854 mmol) mas added
dropwise at °C and the reaction was allowed to warm to rt and stirred overnight. The
reaction was then quenched with 7 mL sat. NaHCO3 and extracted twice with 7 mL
DCM. The combined organics was washed with 14 mL brine, dried over Na2S04, and
concentrated under reduced pressure. The crude was purified with column
chromatography to give (+)-86 (166 mg, 0.552 mmol, 81% yield) as an off-white semi-

solid.

"H NMR (500 MHz, Chloroform-d) § 7.79 (d, J = 7.8 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H),
4.26 (dd, J=11.2, 3.3 Hz, 1H), 3.89 (dd, J=10.9, 6.3 Hz, 1H), 3.03 (dd, J = 6.3, 3.3 Hz,

1H), 2.43 (s, 3H), 2.04 (d, J = 4.0 Hz, 1H), 0.03 (d, J = 1.1 Hz, 9H).

13C NMR (126 MHz, Chloroform-d) § 145.10, 132.90, 129.99, 128.06, 72.37, 52.53,

49.08, 21.75, -3.69.

HRMS (ESI, m/z) [M+H]* Calculated for C13H2104SSi*: 301.0924; Found 301.0919.

o) /\<l\ NaH, DMF i
+ TsO TMS -
BzN NH o (4 g scale, 51% yield) BzN N/\<cl,\TMS
\—/ (£)-86 \—/
. (2)-93

1-benzoyl-3-(trans-(3-(trimethylsilyl)oxiran-2-yl)methyl)-1,3-dihydro-2H-imidazol-2-
one((*)-93): Procedure was performed according to synthesis of 67. To a solution of

NaH (561 mg, 95% pure) in 56 mL of DMF at 0 °C, 65 (4 g, 21.3 mmol) in 25 mL of

99



DMF was added slowly. After addition was complete, the reaction was stirred for 1.5 h
or until bubbling ceased. (+)-86 (7.02 g, 6.38 mmol) in 25 mL of DMF was then added
at 0 °C and reaction was stirred overnight at rt. The reaction was quenched with 200 mL
5% LiCl agueous solution, and extracted three times with 100 mL of EtOAc. The
combined organics were washed twice with 200 mL brine and dried over Na2SOas. The
crude mixture was concentrated under reduced pressure and purified via column
chromatography with 25% - 50% EtOAc in hexanes to give (+)-93 (3.42 g, 10.8 mmol,

51% vyield) as a viscous, clear oil.

'H NMR (500 MHz, Chloroform-d) § 7.75 (d, J = 7.5 Hz, 2H), 7.56 (t, J = 14.2 Hz, 7.5
Hz, 1H), 7.45 (t, J = 16 Hz, 7.8 Hz, 2H), 6.92 (d, J = 3.3 Hz, 1H), 6.49 (d, J = 3.2 Hz,
1H), 4.19 (dd, J = 14.6, 2.5 Hz, 1H), 3.27 (dd, J = 14.6, 6.9 Hz, 1H), 3.02 (dt, J = 6.2,

3.0 Hz, 1H), 2.09 (d, J = 3.6 Hz, 1H), 0.05 (s, 9H)

3C NMR (126 MHz, Chloroform-d) § 167.53, 151.01, 132.82, 132.66, 129.58, 128.02,

115.07, 108.45, 54.04, 49.41, 46.74, -3.62.
HMBC, HSQC (See Spectral Data Section)

HRMS (ESI, m/z) [M+H]* Calculated for C16H21N203Si*: 317.1316; Found 317.1312.

/\OH DIBAL . %\/OH

88 Et,0,-20°C —» rt, 120 h TMS 97

(Z2)-3-(trimethylsilyl)prop-2-en-1-ol (97): To a solution of 88 (4.25 g, 4.91 mL, 33.14
mmol) in 66 mL Et20, DIBAL (1 M in hexanes, 14.14 g, 99.42 mL, 99.42 mmol) was
added dropwise at 0 °C, allowed to warm rt, and stirred for 120 h. The reaction was

cooled down to 0 °C and quenched with 5 mL MeOH. 50 mL of sat. Rochelle’s salt was
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added and stirred for 30 min, and extracted twice with 40 mL Et20. The combined
organics were washed with 60 mL brine, dried over Na2S0O4, and concentrated under
reduced pressure. Purification by chromatography provided 97 (3.53 g, 27.06 mmol,

82% yield) as a clear oil, in 33:1 Z:E ratio.

"H NMR (600 MHz, Chloroform-d) § 6.47 (dt, J = 14.3, 6.4 Hz, 1H), 5.74 (dt, J = 14.3,

1.3 Hz, 1H), 4.23 (ddd, J = 6.7, 5.7, 1.3 Hz, 2H), 0.15 (s, 9H).
13C NMR (151 MHz, Chloroform-d) § 146.33, 132.47, 63.25, -1.76.

HRMS (DART, m/z) [M-H] Calculated for CsH130Si: 129.0741; Found 129.0738,

(\/OH mCPBA ™S Ts,0, Et3N, DMAP» TMS
_-»
DCM HO DCM, rt., 18 h TsO/\<'
™S 97 (+)-100 O (+)-87 ©

(60% yield) (86% yield)

33:1 cis:trans 25:1 cis:trans 25:1 cis:trans

(+)-(cis-3-(trimethylsilyl)oxiran-2-yl)methanol (100): Procedure was performed
similarly to the synthesis of(+)-92. Purified mCPBA (see below) was prepared using a
modified literature procedure.® To a solution of 97 (1.00 g, 7.68 mmol) in 38.4 mL DCM
at 0 °C, mCPBA (1.66 g) was added slowly. The reaction was allowed to warm to rt and
stirred overnight. The reaction cooled down to 0 °C and quenched slowly with 25 mL of
sat. Na2S20s solution and allowed to stir for 30 min. 25 mL sat. NaHCO3 was added and
the aqueous layer was extracted three times with 40 mL of DCM. The combined
organics were washed twice with 70 mL sat. NaHCOs3, dried over Na2S0O4, and

concentrated under reduced pressure. The crude was purified by column

SHorn, A.; Kazmaier, U. Purified mCPBA, a useful reagent for the oxidation of aldehydes. Eur. J. Org.
Chem. 2018, 20, 2531.
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chromatography with 50-80% EtOAc in hexanes to give (+)-100 (0.676 g, 4.58 mmol,

63% vyield) as a clear oil.

mCPBA purification: In a 1 L volumetric flask, NaOH (0.1 N, 410 mL) and KH2PO4 (0.2
M, 250 mL) was mixed. The flask was filled up to 1 L with distilled water and the pH was
adjusted to give 7.5 pH buffer solution. Commercial mCPBA (<77% wt, 15 g) was
dissolved in 200 mL Et2O and washed four times with 200 mL 7.5 pH buffer solution and
once with 200 mL saturated KHCOs. The organic layer was dried over Na2SOa4 and the
solvent was carefully and gently removed under reduced pressure to give mCPBA

(10.2, 97% purity) as a dry, white solid. The peracid was stored under argon at 4 °C.

'H NMR (500 MHz, Chloroform-d) 5 3.86 (ddd, J = 12.1, 7.6, 3.0 Hz, 1H), 3.49 (ddd, J
=12.0,7.2,4.5Hz, 1H), 3.35 (ddd, J=7.6, 5.3, 3.0 Hz, 1H), 2.31 (d, J = 5.4 Hz, 1H),

0.12 (s, 9H).
3C NMR (126 MHz, Chloroform-d) § 63.65, 57.77, 49.95, -1.63.
HRMS (ESI, m/z) [M+H]* Calculated for NaCeH1402Si*: 169.0655; Found 169.0656.

(+)-(cis-3-(trimethylsilyl)oxiran-2-yl)methyl 4-methylbenzenesulfonate (87):
Procedure was performed similarly to the synthesis of 86. To a solution of Ts20 (368
mg, 1.13 mmol), DMAP (12.5 mg, 0.103 mmol), and EtsN (114 mg, 0.160 mL, 1.13
mmol) in DCM (3.00 mL), (+)-100 (150.0 mg, 1.03 mmol) in 3.00 mL DCM was added at
0 °C. EtsN (86.5 mg, 0.119 mL, 0.854 mmol) mas added dropwise at °C and the
reaction was allowed to warm to rt and stirred overnight. The reaction was then
quenched with 5 mL sat. NaHCO3 and extracted twice with 5 mL DCM. The combined

organics were washed with 10 mL brine, dried over Na2SOas, and concentrated under
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reduced pressure. The crude was purified with column chromatography to give (+)-87

(265 mg, 0.882 mmol, 86% yield) as an off-white semi-solid.

"H NMR (500 MHz, Chloroform-d) § 7.80 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H),
4.21 (dd, J=11.0, 3.8 Hz, 1H), 3.90 (dd, J=11.1, 7.3 Hz, 1H), 3.35 (ddd, J= 7.3, 5.3,

3.7 Hz, 1H), 2.44 (s, 3H) 2.26 (d, J = 5.3 Hz, 1H), 0.06 (s, 9H).

3C NMR (126 MHz, Chloroform-d) § 145.18, 132.83, 130.00, 128.12, 70.75, 49.56,

21.76, -1.92.

HRMS (ESI, m/z) [M+H]* Calculated for C13H2104SSi*: 301.0924; Found 301.0919.

j\ TMS  \aH, DMF JOL TMS
+

BzN" 'NH TsO/\<‘ 0°C > rt BzN N/\<'
\—/

\—=/(+).101°

65 (12% yield)

1-benzoyl-3-((cis-3-(trimethylsilyl)oxiran-2-y{)methyl)-1,3-dihydro-2H-imidazol-2-
one (101): Procedure was performed according to synthesis of 67. To a solution of NaH
(14.0 mg, 0.583 mmol, 95% pure) in 1.70 mL of DMF at 0 °C, 65 (100.0 mg, 0.531
mmol) in 1.00 mL of DMF was added slowly. After addition was complete, the reaction
was stirred for 1.5 h or until bubbling ceased. (+)-87 (175.6 g, 0.584 mmol) in 1 mL of
DMF was then added at 0 °C and reaction was stirred overnight at rt. The reaction was
quenched with 10 mL 5% LiCl aqueous solution, and extracted three times with 8 mL of
EtOAc. The combined organics were washed twice with 20 mL brine and dried over
Na2S0a4. The crude mixture was concentrated under reduced pressure and purified via
column chromatography with 25% - 50% EtoAc in hexanes to give (+)-101 (19.9 mg,

0.063 mmol, 12% yield) as a viscous, clear oil.
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"H NMR (500 MHz, Chloroform-d) § 7.76 (dd, J = 8.3, 1.3 Hz, 2H), 7.64 — 7.52 (m, 1H),
7.45 (t, J=7.8 Hz, 2H), 6.95 (d, J = 3.4 Hz, 1H), 6.55 (d, J = 3.4 Hz, 1H), 4.30 (dd, J =
14.5, 2.0 Hz, 1H), 3.33 (ddd, J = 9.0, 5.3, 2.1 Hz, 1H), 3.02 (dd, J = 14.5, 9.1 Hz, 1H),

2.33(d, J = 5.3 Hz, 1H), 0.17 (s, 9H).

3C NMR (126 MHz, Chloroform-d) § 167.55, 151.00, 132.86, 132.66, 129.61, 128.04,

114.56, 108.69, 77.37, 77.11, 76.86, 55.63, 49.48, 45.32, -1.66.

HRMS (ESI, m/z) [M+H]* Calculated for C16H21N203Si*: 317.1316; Found 317.1316.

) )
A DMAP J OH OH
BzN” NN TMs HNT NN s * /k
\—/ 0 — \—/ 0 /(
MeOH / DCM 1:1
(£)-93 epoxide product \=/ ()84 (i )-102
(+)-82 6-endo

. . 5-exo
Desired Oxazine core

(100% conversion, 60% yield, 5:7:3 ratio)

1-(trans-(3-(trimethylsilyl)oxiran-2-yl)methyl)-1,3-dihydro-2H-imidazol-2-one (82),
7-(trimethylsilyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol (84), and (2,3-
dihydroimidazo[2,1-bjoxazol-2-yl)(trimethylsilyl)methanol (102): The procedure was
performed similarly to the synthesis of 60. To a solution of 93 (344 mg, 1.09 mmol) in
DCM (2.70 mL), DMAP (66.4 mg, 0.544 mmol) in MeOH (2.70 mL) was added and the
reaction was stirred over night at rt. The reaction mixture was concentrated under
reduced pressure and purified via column chromatography (5% to 10% MeOH in DCM)
to give 84 (45.8 mg, 0.215 mmol, 19.8% yield) as a clear oil, 84 (64.4 mg, 0.303 mmol,
27.9% yield) as a white solid, and 102 (27.7 mg, 0.130 mmol, 12.0% yield) as a white

solid.
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1-(trans-(3-(trimethylsilyl)oxiran-2-yl)methyl)-1,3-dihydro-2H-imidazol-2-one (82)

spectral data:

H NMR (500 MHz, Methanol-ds) § 6.44 (d, J = 2.9 Hz, 1H), 6.37 (d, J = 3.0 Hz, 1H),
3.99 (dd, J = 14.6, 3.2 Hz, 1H), 3.55 (dd, J = 14.7, 6.0 Hz, 1H), 3.03 (dt, J = 6.4, 3.4 Hz,

1H), 2.09 (d, J = 3.5 Hz, 1H), 0.03 (s, 9H).

3C NMR (126 MHz, Methanol-ds) § 154.14, 112.63, 108.09, 53.91, 49.08, 45.74, -5.10.

HRMS (ESI, m/z) [M+H]* Calculated for CsH17N202Si*: 213.1054; Found 213.1051.

7-(trimethylsilyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-0l (84) spectra data:

H NMR (500 MHz, Methanol-ds) & 6.61 (d, J = 1.6 Hz, 1H), 6.54 (s, 1H), 4.25(q, J =

5.3 Hz, 1H), 4.06 (dd, J = 5.5, 3.3 Hz, 2H), 3.80 (dd, J = 12.2, 5.4 Hz, 1H), 0.10 (s, 9H).

3C NMR (126 MHz Methanol-ds) § 150.06, 122.27, 114.22, 77.23, 62.58, 53.51, 48.71,

-4.79.

HMBC, HSQC, gCOSY (See Spectral Data Section)

HRMS (ESI, m/z) [M+H]* Calculated for CoH17N202Si*: 213.1054; Found 213.1052.
(2,3-dihydroimidazo[2,1-bJoxazol-2-yl)(trimethylsilyl)methanol (102) spectral data

"H NMR (500 MHz, Methanol-ds) § 6.44 (d, J = 3.3 Hz, 1H), 6.35 (d, J = 2.8 Hz, 1H),
3.89-3.79 (m, 2H), 3.70 (dd, J = 14.1, 6.5 Hz, 1H), 3.04 (d, J = 8.5 Hz, 1H), 0.07 (s,

9H).

13C NMR (126 MHz, Methanol-ds) § 154.74, 130.74, 113.99, 107.52, 72.61, 65.73, -

4.03.
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HMBC, HSQC, gCOSY (See Spectral Data Section)

HRMS (ESI, m/z) [M+H]" Calculated for CoH17N202Si*: 213.1054; Found 213.1052.

TMS

i AN

BzN" N T™™MSs DMAP (0.5 equiv)

NE NN,
(£)-93 HFIP only \=—/ (¢)-84

7-(trimethylsilyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol (84): The procedure
was performed similarly to the synthesis of 60. A solution of 93 (500.0 mg, 1.58 mmol)
and DMAP (96.5 mg, 0.790 mmol) in HFIP (8 mL) was prepared in a microwave vial
opened to air. The reaction mixture was microwaved at 50 °C for 1 h under normal
absorption. After completion of microwave, the reaction mixture was concentrated under
reduced pressure and purified via column chromatography to give 84 (333 mg, 1.57
mmol, 99% vyield) as a white solid. Spectral data are in agreement with previously

synthesized 84.

™S on
0~ \.+OH TBAF, THF, 80 °C i/j’
A T NN

N“ "N

\—/ (3)-32

\—/ ()-84

6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-0l ((*)-32): To a solution of (+)-84 (10 mg,
0.047 mmol) in 0.235 mL THF in a sealed microwave vial, TBAF (1 M in THF, 13.55 mg,
0.052 mmol) was added and microwaved at 80 °C for 1 h. The reaction was quenched
with methanol (1 mL), concentrated, and purified with column chromatography to give
(3)-32 (3.3 mg, 0.015 mmol, 49% vyield) as a white solid. Spectral data were in

agreement with previously synthesized (+)-32.
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TMS

/I'OL TMS DMAP (0.5 equiv) i ™S o OH
BzN N’\<' Y N’\<' L
\—/ o) ' ' \=/, g3 © NP N
(1) \—/ ()85
(*)-101 69% yield
<10% yield

1-(cis-3-(trimethylsilyl)oxiran-2-yl)methyl)-1,3-dihydro-2H-imidazol-2-one (83):
Procedure was performed similarly to the synthesis of (+)-84. A solution of 101 (40.0
mg, 0.126 mmol) and DMAP (7.72 mg, 0.063 mmol) in HFIP (0.630 mL) was prepared
in a microwave vial opened to air. The reaction mixture was microwaved at 50 °C for 1 h
under normal absorption. After completion of microwave, the reaction mixture was
concentrated under reduced pressure and purified via column chromatography to give

83 (18.6 mg, 0.088 mmol, 69% yield) as a white solid.

TH NMR (500 MHz, Chloroform-d) § 9.30 (s, 1H), 6.40 (t, /= 2.5 Hz, 1H), 6.30 (t, J =
2.6 Hz, 1H), 4.35 (dd, J = 14.6, 2.1 Hz, 1H), 3.34 (ddd, J=9.1, 5.3, 2.2 Hz, 1H), 3.09

(dd, J=14.5, 8.8 Hz, 1H), 2.32 (d, J = 5.3 Hz, 1H), 0.18 (s, 9H).

13C NMR (126 MHz, Chloroform-d) § 154.28, 111.91, 108.20, 77.36, 77.10, 76.85,

56.18, 49.46, 45.00, -1.65.
gCOSY, HMBC (See Spectral Data Section)

HRMS (ESI, m/z) [M+H]* Calculated for CoH17N202Si*: 213.1054; Found 213.1051.

TMS OH
j\ TMS HFIP, 60 °C °, 1 hr o OH TBAF, THF i/j/
-
HN- N /\<l (60% yield) NJ\N 60°C,1h NZ N
()-83 \—/ ()85 (55% vyield) \=/ (%)-32
+)-
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(+)-7-(trimethylsilyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-0l (85): A solution
of 83 (18.6 mg, 0.088 mmol) in HFIP (0.44 mL) was prepared in a microwave vial
opened to air. The reaction mixture was microwaved at 50 °C for 1 h under normal
absorption. After completion of microwave, the reaction mixture was concentrated under
reduced pressure and purified via column chromatography to give 85 (11.2 mg, 0.053

mmol, 60% yield) as a white solid.

1H NMR (500 MHz, Chloroform-d) § 6.44 (d, J = 1.8 Hz, 1H), 6.31 (d, J = 1.8 Hz, 1H),

4.22(d, J=40Hz 1H),4.01 (dd, J=12.4,4.1 Hz, 1H), 3.97 — 3.87 (m, 2H), 0.25 (s, 9H).

13C NMR (126 MHz, Chloroform-d D) § 150.14, 123.41, 114.20, 76.18, 63.40, 51.41, -

2.95.

gCOSY, HMBC (See Spectral Data section)

HRMS (ESI, m/z) [M+H]* Calculated for CoH17N202Si*: 213.1054; Found 213.1053.

6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol ((%)-32): To a solution of 106 (3.0 mg,
0.014 mmol) in 0.071 mL THF in a sealed microwave vial, TBAF (1 M in THF, 3.69 mg,
0.014 mL, 0.014 mmol) was added and microwaved at 80 °C for 1 h. The reaction was
quenched with methanol (1 mL), concentrated, and purified with column
chromatography to give (£)-32 (1.1 mg, 0.008 mmol, 55% yield) as a white solid.

Spectral data are in agreement with previously synthesized(+)-32.

Section 1.3.9 — Experimental information

Ti(Oi-Pr),, L-(+)-DIPT,

tBUOOH, DCM, -20 °C T™MS
(o)
HO N 1s > HO\/ﬁ
87 92
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((2S,3S)-3-(trimethylsilyl)oxiran-2-yl)methanol (92): Synthesized according to a
reported procedure.® To a solution of molecular sieves (4 A, 200 mg, 20% wt of alcohol)
in DCM (2.2 mL) at -20°C, Ti(OiPr)4 (437 mg, 0.455 mL, 1.54 mmol) was added
dropwise followed by L-(+)-DIPT (288 mg, 0.257 mL, 1.23 mmol) and 87 (1.00 g, 1.18
mL, 7.68 mmol). The reaction was stirred for 30 min and tBuOOH (1.38 g, 3.07 mL, 15.4
mmol) was added dropwise. The reaction was stirred for 4 days at -20 °C and then
poured over a mixture of FeS04-7H20 (2.5 g), tartaric acid (50 mg), 20 mL H20, and 20
mL Et20 at 0 °C. The resultant mixture was stirred rigorously at °C and filtered through
celite with Et20. The reaction mixture was diluted with 10 mL brine and extracted thrice
with 20 mL Et20. The combined organics were dried over Na2SO4 and purified via
column chromatography to give 92 (901 mg, 6.16 mmol, 80% yield) as a clear oil.

Spectral data are in agreement with previously synthesized 92.

HPLC Trace data: Obtained using Chiralcel OD-H column with a gradient of 1-30%

IPA/Hexane, 230 nm.

Racemate 92:

8 Raubo, P.; Wicha, J. Synthesis of Optically Active 2,3-0-Isopropylidene-I-(trimethylsilyl)glyceraldehyde
and Other Derivatives of (a-Hydroxyacyl)silane J. Org. Chem. 1995, 59, 4356.
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# [min] Width [min] Area [MAU*S] Height [mAU] Area %
1 8.657 0.1418 250.52213 26.01938 8.2970
2 11.681 0.1498 251.97198 21.64161 8.3450
Product 92:
"] B
-14 4
161
-18—3
,20.‘
-22 ] ’ ,—/w_ﬁ———f—”‘f
.24 4 - —
-ze-’J"’”_.“.',‘ . .
é Il} ‘ ' 111 1|2 ‘ mir|
# [min] Width [min] Area [MAU*S] Height [mAU] Area %
1 8.475 0.1596 200.87062 1510533 60.2922
5 - - = = -

TMS Ts ,0, Et;N, DMAP TMS
(0] _— (o]
HO 92 DCM, r.t., 18 h TsO 86

((2S,3S)-3-(trimethylsilyl)oxiran-2-yl)methyl 4-methylbenzenesulfonate (86):

Synthesized according to the synthesis of (+)-86. To a solution of Ts20 (245 mg, 0.752
mmol) in DCM (3.4 mL), 92 (100 mg, 0.683 mmol) in 3.4 mL DCM was added at 0 °C.

EtsN (76.1 mg, 0.105 mL, 0.752 mmol) was added dropwise at °C and the reaction was
allowed to warm to rt and stirred overnight. The reaction was then quenched with 7 mL

sat. NaHCO3 and extracted twice with 7 mL DCM. The combined organics was washed
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with 14 mL brine, dried over Na2SQ4, and concentrated under reduced pressure. The
crude was purified with column chromatography to give 86 (123 mg, 0.409 mmol, 60%
yield) as an off-white semi-solid. Spectral data are in agreement with previously

synthesized (+)-86.

o}

)
NaH, DMF
TsO ™S -
BzNJLNH v /\<g BzNJLN/\<l\TMS
\—/ 86 \—/ (o]
65 93

1-benzoyl-3-(((2S,3S)-3-(trimethylsilyl)oxiran-2-yl)methyl)-1,3-dihydro-2H-imidazol-
2-one (93): Synthesized according to the synthesis of (+)-93. To a solution of NaH
(9.82 mg, 95% pure) in 1.9 mL of DMF at 0 °C, 65 (70.0 g, 0.372 mmol) in 1 mL of DMF
was added slowly. After addition was complete, the reaction was stirred for 1.5 h or until
bubbling ceased. 86 (123 mg, .409 mmol) in 1 mL of DMF was then added at 0 °C and
reaction was stirred overnight at rt. The reaction was quenched with 3 mL 5% LiCl
aqueous solution, and extracted three times with 3 mL of EtOAc. The combined
organics were washed twice with 5 mL brine and dried over NazSOa4. The crude mixture
was concentrated under reduced pressure and purified via column chromatography with
25% - 50% EtoAc in hexanes to give 93 (48.7 mg, 0.153 mmol, 41% yield) as a viscous,

clear oil. Spectral data are in agreement with previously synthesized (+)-93.

~. 7 T™MS
o N :
JL HFiP o OH
+
BzN” NN TMs “ Do A
\—/ o J 50 °C N“ "N
93 N \—/ 84

(6S,7R)-7-(trimethylsilyl)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol (84):

Synthesized according to the synthesis of (+)-84. A solution of 93 (48.7 mg, 0.153
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mmol) and DMAP (9.4 mg, 0.077 mmol) in HFIP (0.38 mL) and DCM (0.38 mL) was
prepared in a microwave vial opened to air. The reaction mixture was microwaved at 50
°C for 1 h under normal absorption. After completion of microwave, the reaction mixture
was concentrated under reduced pressure and purified via column chromatography to
give 84 (31.9 mg, 0.150 mmol, 98% yield) as a white solid. Spectral data are in

agreement with previously synthesized (1)-84.

™S oH
0~\\LOH THF o
S ¢
NZ°N \—/
\—/ 84 32

(S)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol (32): Synthesized according to the
synthesis of (+)-32. To a solution of 84 (31.9 mg, 0.150 mmol) in 0.750 mL THF in a
sealed microwave vial, TBAF (1 M in THF, 39.3 mg, 0.150 mmol) was added and
microwaved at 80 °C for 1 h. The reaction was quenched with methanol (0.5 mL),
concentrated, and purified with column chromatography to give 32 (11.6 mg, 0.083
mmol, 55% vyield) as a white solid. Spectral data were in agreement with previously

synthesized (+)-32.

N (o]
(o] OH U
/*/j’ . Nah . Brm DMF Q\/ N o
NN OCF4 /\CL

(S)-6-((4-(trifluoromethoxy)benzyl)oxy)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine

OCF,

(31): Synthesized according to the synthesis of (+)-31. To a solution of NaH (2.19 mg,
4.46 mmol, 95% pure) in DMF (0.200 mL) at 0 °C, 32 (11.6 mg, 0.083 mmol) in DMF
(0.20 mL) was added dropwise. The reaction mixture was stirred for 1 h or until bubbling
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ceased. 19 (0.23 mg, 0.038 mL, 0.091 mmol) was then added dropwise at 0 °C and the
reaction was stirred for 5 h at rt. The reaction was quenched with 0.10 mL MeOH,
diluted with 1 mL of sat. ammonium chloride, and extracted 4 times with 2 mL DCM.
The combined organics were then washed with 4 mL brine, dried over Na2SO4, and
concentrated. Crude was purified with column chromatography with 5% MeOH in DCM
to give 31 (16.6 mg, 0.053 mmol, 64% yield) as a white solid. Spectral data were in

agreement with previously synthesized (+)-31.

&, T,
31 9

OCF; DCE, rt. OCF, OCF,

Pretomanid (9): Synthesized according to the synthesis of (+)-9. In a glovebox,

N (o]
St
5 (o]
O,N 45

tetrabutylammonium nitrate (13.9 mg, 0.046 mmol) was measured into a sealed
microwave vial. The sealed vial was taken out and connected with an argon line. Nf20
(26.5 mg, 14 uL, 0.046 mmol) in DCE (0.23 mL) was added slowly, and the reaction
was stirred at rt for 1.5 h. 31 (14.3 mg, 0.046 mmol) in DCM (0.23 mL) was added
slowly and the reaction was stirred overnight at rt. The mixture was quenched with 1 mL
5% NaHCOs and extracted three times with 2 mL DCM. The combined organics were
dried over Na2S0Oa4, and purified with column chromatography (5 to 10% methanol in
DCM) to give 9 (8.3 mg, 0.023 mmol, 51% yield) as a white solid and 45 (1.2 mg, 0.003
mmol, 7.3% yield) as a white solid. Spectral data are in agreement with previously
synthesized material. Analytical standard pretomanid (9): a3’ = -36.4 (¢ = 1.00, MeOH);

Found a3’ = -35.6 (¢ = 1.00, MeOH).
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Chapter One

Enantioselective Synthesis of Pretomanid —

Spectral Data
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Chapter Two

Investigations of Raman Spectroscopy for
Through-Tube Monitoring of Continuous-

Flow Reactions

Abstract

Raman Probe
e

£IX

Flow Reactor
Reagent B —

Continuous-flow chemistry has seen expansive growth and thus requires

powerful new analytical techniques. The current commonly-used analytics involve inline
analysis at a single point, which can hinder analysis. In this report, we demonstrate the
utility of the MargMetrix TouchRaman probe for reaction monitoring through a
continuous-flow reactor. The reactions studied were ring-closing metathesis, benzyne

generation, and ketene generation.

Dr. Justin Lummiss carried out Raman analysis through tubing. Dr. Justin Lummiss and
Tho Tran performed experiments on ring-closing metathesis and in acquiring spectral
data for all continuous-flow systems. Tho Tran carried out the synthesis of both ketene

and benzyne precursors.
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2.1 Continuous-flow chemistry and commonly used analytics

2.1.1 General Introduction

Continuous-flow processes have become vital for the chemist in the ever-
increasing competitive landscape of the production of chemical goods and active
pharmaceutical ingredients.'? In this regard, the advantages of continuous-flow
chemistry include safer handling of hazardous chemicals due to more efficient mass
and heat transfer, and smaller production foot print from using tubing as reactors,
among others.? Furthermore, as concern for the environment is becoming increasingly
more important, continuous processes generally produce less waste when compared to
batch counterparts.4> The importance of this growing field is thus exemplified by the
variety of commercial equipment that exist. &7 In a recent review of the patent literature,
flow chemistry utilized in the drug development pipeline resulted in improved regio- and
diastereoselectivity, higher throughput, and many of the advantages highlighted earlier.®
As this technology increases, there will be a paralleled demand for better analytics to

monitor and study these processes.

In continuous-flow chemistry, there is an opportunity to study and monitor
reactions inline. For example, Leadbeater and coworkers have analyzed organic
transformations in line with Raman and NMR spectroscopy.®'? A similar analytical
approach utilized both FT-IR and NMR for real-time monitoring of fluoroform
consumption by Ley and coworkers.'! 2 In those studies, a ReactIR flow cell was
developed to act as an operating window in the continuous-flow process. In many of

these techniques, real time data is obtained and thus decreases time and resources
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spent in optimization or troubleshooting chemical reactions.'?® A limitation, however, is
that the full reaction profile cannot be obtained within an equilibrated system. One
approach to solve this issue is through ramping of flow rates with a static

sensor. 4151617 While this solution is viable in some cases, it is still limited by a single
point. Furthermore, as the flow rates are changed, the entire system becomes
inherently different as other factors such as heat transfer and mixing are consequently
affected. This issue is further compounded as more operation steps are added to the

process.

Herein, we describe the use of an external Raman probe sensor that in principle
can be located to any point in a flow system. Raman spectroscopy seen a surge in use
as a powerful spectroscopic technique in manufacturing, pharmaceuticals, and
biomedical applications.'®19.20.2" This heightened prominence could be attributed to the
advent of more sophisticated optics and smaller, sensitive detectors. Aligned with this
prospect, we will demonstrate the MargMetrix TouchRaman that allows the user to have
immediate access to data with minimal perturbation to a chemical system.?2 The
advantages highlighted are that reactions can be monitored without the integration of a
sensor and real-time analysis can be performed without affecting other factors
mentioned earlier. Overall, these elements contribute to a decreased operational

complexity when designing a continuous system.
2.1.2 What is continuous-flow chemistry?

Continuous-flow chemistry has provided the chemist with many tools that
complement existing batch techniques. For example, a number of batch chemical

transformations are typically dangerous or difficult to handle such as organometallic
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reactions, oxidations, and nitrations.?® These reactions can generate intermediates that
could be hazardous, unstable, pyrophoric, highly reactive, toxic, or even explosive.
However, when these transformations were adapted into continuous-flow conditions,

great improvements were observed.

In recent years, chemical waste has been a larger concern as it heavily affects
our environment.* Continuous-flow chemistry, due to its generally smaller footprint,
offers a great solution in efforts for greener chemical processes.?* In continuous-flow
processes, the reactors offer precise control over residence times,?® improved mixing,2®

and the ability to telescope multistep reactions.>2’

From the aforementioned benefits of continuous-flow chemistry, it is not
surprising to see its adoption in industries such as pharmaceuticals where there has
been intense pressure to improve efficiency to keep up with rising costs.?® In 2013, MIT
scientists and engineers demonstrated an end-to-end continuous process for the
synthesis of aliskiren hemifumarate.?® In this report, a chemical intermediate was put
through a series of reactions, separations, crystallizations, drying, and formulation in
one tightly controlled process that was monitored at several points throughout the

single, continuous-process. The end result was a throughput of the API at 45 g-h™".

An example of a general continuous-flow diagram is shown where reagents A
and B are injected and met at a junction, “mixer” shown in purple (Figure 1). After the
junction, the reaction mixture of A and B proceeds through the reactor, R1, that is then
met with reagent C at second junction. The streams are mixed at the second junction
and subsequently flowed through a second reactor, Rz. The exiting stream then passes

through a back-pressure regulator (BPR) that acts as a gate-keeper to the system to
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maintain consistent flow rates and homogeneity.® After passing through the BPR, the

product can be isolated in-line or collected as the crude mixture.

Reagent B

Figure 1. Simplified continuous-flow diagram.

The above continuous process can be related to a typical batch process. In both
continuous-flow chemistry and batch chemistry, these reagents could be added with
syringe pumps. With regard to batch chemistry, a round bottom flask, such as the one
shown in Figure 2, is commonly used. A continuous-flow “round bottom flask” is the
analogous perfluoroalkoxy (PFA) tubing, typically chosen for its chemical robustness,
thermal stability, high pressure resistance, among others.2° In almost all chemical
reactions, mixing is incredibly important. In batch chemistry, there are many varieties of
stir bars to choose from, depending on the scale or other needs of a chemical
reaction.3! Likewise, in continuous-flow chemistry, mixing can be controlled at the
junction where streams at varying rates can meet through either a head-on collisions (T-
mixer) or at an angle (Y-mixer). In batch chemistry, the contents_of the reaction are kept
separated from the atmosphere with a septum. Additionally, a condenser is often used
in high temperature reactions to retain its contents. Similarly, a BPR can be considered

to behave as a septum or a condenser.
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Back-pressure
regulator

BPR
X psi

Figure 2. Representative analogous examples of flow diagram, flow equipment, and
corresponding batch equipment. (Image retrieved from ref. 30)

2.1.3 Commonly used analytics in continuous-flow chemistry

Continuous-flow processes offers many opportunities for monitoring at multiple
stages in real-time. At the industrial scale, process analytical tools (PATs) have become
critical in maintaining stringent production quality standards.*? Modern analytical tools
have reached a level where it is possible to detect chemicals or intermediates at very
low concentrations allowing for precise measurements. In continuous-flow chemistry,
these tools are often used in line and must therefore be able to withstand a wide range
of conditions such as high pressure fluctuations, corrosive conditions, and multiphasic

mixtures.

Various inline detection techniques are available to the continuous-flow chemist

such as near-infrared (NIR)®, infrared (IR)'?, ultraviolet/visible light (UV/vis)*4, and
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Raman.? %1% Mass spectrometry (MS) or nuclear magnetic resonance (NMR) analytical
methods have also been reported;**however, these techniques often require additional
sample manipulations to remove undesirable components that could interfere with the
signal. These analytical techniques can provide immediate data that can processed in
real-time for automated reaction optimization. In 2014, the Ley research group used
real-time data from an in-line IR to optimized methods for the synthesis of an important
TB treatment component.*® For the data analysis, they developed an algorithm through
an open-source package software with a Raspberry Pi® as the computer. In another
example, a reconfigurable system for automated optimization was developed by the
Jensen and Jamison research groups.®’” The in-line analytics used for optimization
included high-performance liquid chromatography (HPLC), MS, and vibrational

spectroscopy.

In Figure 3, a ReactIR was used to analyze the fluorination of quinoline 3.7 The
ReactIR flow cell (Figure 4) was placed in-line following a quench and workup with a
CaCOs3/SiO2 column. Consumption of reagent and product formation was analyzed
using an iC IR software. While the example has the flow cell placed after the fluorination
event, it can be placed further upstream. Therefore, short-lived reactive intermediates
could be observed to provide insights into complex transformations, depending on

where the ReactIR was positioned.
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Figure 3. Fluorination reaction with in-line ReactIR analysis.

/
|

Figure 4. ReactIR with flow cell and tubing shown. (Image retrieved from ref. 36)

While in-line analytics offer many benefits, one limitation is the static nature of
these devices. A roundabout solution could be to have multiple analysis windows placed
throughout a continuous-process at critical points. However, this increases operational
complexity, and ultimately, costs. Another setback is that many reaction conditions
require cryogenic or high temperatures where the reactor is placed in the appropriate
temperature bath. In order to have real-time data of the reaction profile, the
circumstance dictates that the inline analytical tool must be compatible, which is often a

challenging feat to accomplish.
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A comparison between conversion and net yield is shown between a batch

reactor and a continuous-flow reactor in Figure 5. For batch conditions, reaction

progress is shown as a change in color from starting material (red) to product (blue),

where the intermediacy is a combination of both (purple). In this case, the progress is a

function of time. Analogously, the reaction progress can be viewed as a function of

length along the reactor. Therefore, in-line analytics provide valuable data for reaction

analysis; however, with the downside of only being capable of analyzing one point. A

solution to circumvent this issue is through ramping of flow rates. The entire continuous-

flow system is ultimately affected, causing the data to become possibly inconclusive.

Moreover, changing the flow rates will consequently affect all unit operations

downstream, thus, further complications can transpire.

/ Batch Reactor \

Conversion

P 2
a Net yield

N, ot

/ Flow Reactor \

Net
Yield

.
= v

\ Conversion /

Figure 5. Reaction progress of batch process vs continuous-flow process. (I thank Dr.

Justin Lummiss for this graphic.)

2.1.4 Raman spectroscopy probe

As the chemical industry expands and becomes more refined, there is an ever-

increasing demand for better technology from the active chemist.?83° The MargMetrix

TouchRaman probe offers potential for applications in continuous-flow processes
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(Figure 6). While other laser probes exist,*® this handheld probe offers the convenience
of portability through its small size with a powerful laser (500-1100 nm) source up to 500
mW. The Class 3b laser source is emitted from the all-in-one (AlO) unit that additionally

functions as a computer that houses the analytical software.!

Figure 6. MargMetrix TouchRaman Probe. (Image retrieved from MargMetrix website*?)

The probe tip is a spherical, sapphire lens with the length of the probe being a
Hastelloy C-276 alloy (Figure 7).4? These specifications allow the probe to have a
continuous operating temperature range from -100 °C to 300 °C, and to withstand
pressures up to 6,000 PSI. Most importantly, the probe is resistant to harsh chemical
conditions. With a small focal length, it can be used to analyze samples of liquids,

solids, slurries, powders, and heterogeneous mixtures.
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Figure 7. Possible applications of Raman probe. (Image retrieved from MargMetrix
website*?)

An advantage of the probe is seen through the use of Raman spectroscopy. The
utilization of Raman spectroscopy in organic chemistry has been largely outpaced by
other spectroscopic methods until recently.** Since Raman spectroscopy depends on
the scattering of light, the laser source and detector can housed within the probe and,
given the powerful laser, high resolutions of samples is possible. Furthermore, Raman

spectroscopy offers a complement to existing FT-IR analytical tools.
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2.2 Implementing Raman spectroscopy probe in continuous-flow

systems

2.2.1 Obtaining Raman spectra through tubing

To implement this technology as a useful tool for continuous-flow chemistry, we
first investigated the quality of spectra that can be obtained through various tubing. The
tubing can be shaped into different designs depending on how long the reactor needs to
be (Figure 8), For relatively short reactors, it can be in the free form and simply clamped
(Figure 8A). For longer reactors, the design can exists as a helical coil or as a pancake
coil (Figure 8B & C). Of note, the pancake coil or free form tubing is best for access to
the entire reaction profile of a chemical transformation. The tubing type and select sizes
(1/8" and 1/16”) were then analyzed for possible operating windows at room
temperature. A variety of materials exist that offer various levels of chemical robustness
and compatibility ranging from quartz to PFA and HPFA (high quality perfluoroalkoxy).
From Table 1, the operating windows are shown in green. In general, these regions lack
any pervasive signal from the tubing material and thus allows us observe our analyte
without any interference. The operating windows of PTFE, HPFA, and PFA are of
particular interest given that the entire region past the fingerprint (>1450 cm-") display
no competing signals. Likewise, Teflon-AF showed superior operating windows;
however, its relatively high costs deter its use unless absolutely necessary. Silicon, and
in particular, quartz displayed the smallest operating windows, but may be useful in

niche cases.
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Having established operating windows for tubing material, our next study was to
establish Raman signal deviations on possible bath media that the probe and reactor
will be submerged in. From Table 2, 1,2-dichloroethane (DCE) and its peak at 944 cm-’
was chosen as our standard for these studies. The “counts” on the y-axis are the
relative intensity of signal. Of interest to the organic chemist are the common media:
water, acetone, and silicone oll, all of which showed intensification of signal. Silicone oil,
compared to air, showed a 26% average boost in signal. In addition, the signal
intensities were overall more consistent. IPA also showed similar increases in signal
with good consistency and thus offers an excellent alternative to acetone baths.
Surprisingly, vegetable oil was the best bath media with the over 50% increase in
signal. However, silicone is likely to be used more often due to its ubiquity in the
laboratory. When a flow cell was used, the signal was increased by a factor of 2.5x.
Therefore, a flow cell offers an excellent solution for reactions that are difficult to

observe due to low concentration or weak signals.

234



Figure 8. A) Free tubing (left), free tubing dispersed in oil bath (right). B) Helical coil
side view (left), helical coil top view (right). C) Pancake coil side view (left), pancake coil

(right).
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I = available spectral window for analysis Raman shift / cm™

Table 1. Raman signal operating windows for various tubing types. (I thank Dr. Justin
Lummiss for this graphic.)
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Table 2. Raman spectra signal from bath media. (I thank Dr. Justin Lummiss for this
graphic.)
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Our next investigation was into signal strength regarding tubing outer and inner
diameter.” From Figure 9, the tubing were all commercial sizes from Idex.*4 Using DCE
as the standard, PFA 1/16"x0.04" displayed the overall best signal. Furthermore, three
out of four 1/16" outer diameter tubing displayed better signal overall when compared to
1/8" outer diameter tubing. From Figure 10, we observed an overall trend in loss of
signal as wall thickness increases. This is likely caused by loss in signal from less
scattered photons reaching detector as the thickness increases. While 1/16” tubing
appeared to be the likely choice going forward, it was much more difficult to obtain

reliable signal because of alignment issues with the probe tip and the tubing.

50000

45000

40000 T

35000 *

30000

25000 + 1
20000

15000 W

10000
5000

Count

PFA PFA PFA PFA PFA
1/8x0.062 1/16x0.04 1/16x0.03 1/16x0.02 1/16x0.01

Figure 9. Signal intensity vs PFA wall thickness and outer diameter. (I thank Dr. Justin
Lummiss for this graphic.)

" Typically reported as 1/8"x0.062" where 1/8" is the outer diameter and 0.062" is the inner diameter.
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Figure 10. Trend in signal intensity vs wall thickness. (I thank Dr. Justin Lummiss for

this graphic.)

Since thermally promoted reactions are vital in continuous-processes, we then

investigated the effects of temperature on signal intensity. From Figure 11, it can be

seen that from room temperature to 80 °C, there is little change in signal and spectrum

quality. However, at 120 °C, there is a significant saturation of signal along the

fingerprint region. A possible cause is that PFA polymer went through a glass transition

at these temperatures and thus oversaturated the detector due to its structure no longer

being uniform.4®> As mentioned earlier, PFA showed only signal at lower ranges of

<1700 cm™! and we can see that signals above that are not as affected.
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Figure 11. Effects of temperature on acquired spectra when Raman probe was used to
analyze a solution through tubing.
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Through our optimization studies, PFA or HPFA tubing was the best going
forward. In particular, 1/8"x0.062” would be used as it is easier to align with the probe
tip. Furthermore, the bath media overall increased signal when compared air with the
ubiquitous silicone oil providing an increase in signal. While high temperatures may
pose a challenge, it was seen that the fingerprint region was mostly affected. As a
result, if the signal of interest lies above that region, such as olefins, alkynes, or nitriles,

then data analysis would be minimally affected.4®
2.2.2 Development of probe adapter

Throughout our experiments, we found that alignment issues were a common
occurrence that often slowed data acquisition. While holding the probe in place with
one’s hand was adequate, there was a chance that inconsistencies resulted due to
fatigue or small movements. Clamps to hold the probe in place were also used but

would still require realignment between each change in position along the tubing.

Therefore, we sought to improve uniformity by creating an adapter for the probe.
From Figure 12A, we can see the probe held in place with clamps and pressed firmly
against the tubing. This ensured complete contact; however, slippage could occur. From
Figure 12B and C, our first generation probe adapter was designed using two pieces of
wood held in place with electrical tape. A notch was cut out to hold the tubing at the
apex of the lens. While this design worked well for our studies, the materials were not
chemically robust. From Figure 12D and E, we designed a PFA adapter that fit perfectly
around the adapter with a laser-cut notch to hold in our tubing in place firmly. This PFA

adapter has the potential of being 3D printed and would allow for wider availability.
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With our probe optimized for analyzing data in continuous-flow chemistry

conditions, we set forth with the analysis of chemical reactions.
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Figure 12. A) Probe clamped in place over tubing. B) First generation tubing adapter,
side view. C) First generation tube adapter, bottom-up view. D) Second generation tube
adapter, side view. E) Second generation tube adapter with tube in place.
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2.3 Analysis of continuous-flow organic reactions with Raman

spectroscopy probe

2.3.17 Raman analysis of a ring-closing metathesis reaction

To demonstrate the utility of the Raman probe, we chose a ring-closing
metathesis (RCM) example. Through a standard system designed for characterizing
olefin metathesis,*’ the reaction would involve diethyldiallyl malonate (DDM) 4 with a
Hoveyda-Grubbs Il (HG II, 5) catalyst to form ring-closed DDM (R-DDM) 6 (Figure 13).
This system was chosen due to the presence of olefin (~1600 cm™") and carbonyl

(~1700 cm") peaks that are easy to discern on the Raman spectrum.
oo SN
N_ N
I
Ru
HG II cr :
o o (o]
5 \( (o] (o)

EtO OEt

—>» EtO OEt
4 DCE ji }l
6
7 N\

Figure 13. Ring-closing metathesis of diethylallyl malonate 4.

Prior to studying the transformation in a continuous-process, we investigated the
signal strength relative to concentration and their corresponding reproducibility. Various
concentrations from 50 mM up to 1000 M of DDM (4) in DCE were examined (Figure
14). In each case, the olefin peak of DDM at 1642 cm-' was compared to DCE peak at
944 cm™'. This strategy provided a normalized data set as the DCE peak does not

change in intensity as it is the solvent. From Figure 14, an expected increase of signal
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was observed as concentration was increased. A calibration curve was then possible to

obtain and would allow for determination of unknown concentrations (Figure 15).

Importantly, the data was consistent from trial to trial with the properly aligned probe

with the tubing. With regard to concentration threshold, it appears that 50 mM is the

lower limit at which we can observe adequate spectra. This threshold may be higher or

lower depending on the strength of the observed peak.
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Figure 14. Signal intensity vs, concentration, and corresponding reproducibility. DDM
(4) was dissolved in DCE at different concentrations and peaks at 1642 cm™' of DDM
and 944 cm™" of DCE were compared. (I thank Dr. Justin Lummiss for this graphic.)
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Figure 15. Calibration curve for DDM in DCE. (I thank Dr. Justin Lummiss for this
graphic)

This transformation was implemented into a continuous-flow process and shown
in Figure 16. A 2 M solution of DDM (4) in DCE was met with a 0.02 M solution of HG II
(5) and flowed through a reactor at room temperature with a residence time of 45
minutes. The reactor was measured at multiple points that correlated with the
appropriate residence times. From Figure 17, the conversion of 4 and yield of 6 was
monitored throughout the reactor. The reaction was noticeably fast initially and
plateaued at the 10 minute mark. Similarly, conversion stalled around 80% and no
further starting material was observed to be consumed. In the continuous-flow system,
ethylene is dissolved to a greater extent compared to the batch conditions given the
presence of the BPR. Furthermore, ethylene does not escape the solution in our
continuous flow process. Therefore, the stalled conversion of DDM could be from the
presence of dissolved ethylene hindering the catalyst from releasing more ethylene
through its catalytic cycle.#® A complication that occurred was the overlap of ethylene

peak (1620 cm™") with product olefin peak 6 at 1625 cm™'. Nonetheless, we have
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successful demonstrated the capability of the Raman probe to monitor continuous-flow

reactions throughout a reactor without needing to be fixed to a single point.
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Figure 17. Conversion and yield along the reactor. (I thank Dr. Justin Lummiss for this
graphic.)

2.3.2 Raman analysis of a benzyne intermediate

With our first example of reaction monitoring successful, our next objective was
to observe possible benzyne intermediate 7. Originally known as 1,2-dehydrobenzene
(1), the term “benzyne” was finally coined by J.D. Roberts after half a century of

research.® Since their discovery by Stoermer and Kahlert in 1902,5° the unique
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reactivity of these intermediates have fascinated chemists.>'%2:53 Benzynes undergo a
variety of transformations including nucleophilic additions, multicomponent reactions, o-
bond insertion reactions, [4+2] cycloadditions, [2+2] cycloadditions, and metal-catalyzed
reactions (Scheme ).>* These various transformations have been important tools for
synthetic organic chemistry and have been implemented in a variety of total syntheses

of natural products and active pharmaceutical ingredients (APIs).%°

nucleophilic additions
8 J‘k [4+2] cycloadditions
\{ /
OMe
@{'DMG [2+2] cycloadditions
—’.

Nt-Bu

l BuNC
multicomponent reactions OQ

Pd

o A

o-bond insertion reactions CO,;Me
O Metal-catalyzed reactions

13
Scheme 1. Representative transformations of benzynes.

The highly reactive nature of benzynes is due to the very strained nature of the
triple bond.5* Unlike traditional alkynes, benzynes react as electrophiles. In an extended
application of the Hiickel theory, Hoffman®® and Houk®” explained that because the -
orbitals of the alkyne deviate considerably from 180°, the LUMO is significantly lowered
allowing for better overlap between the HOMO of nucleophiles and dienes.*® The alkyne
present in benzyne has been assigned a band at 1846 cm-' and is generally strong in

Raman given its symmetry.>°
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There are various methods to generate benzyne such as through strong bases or
entropically driven conditions.%* We settled on using benzyne precursor 2-(TMS)phenyl
trifluoromethanesulfonate 14 because the desired intermediate could be formed with a
fluoride source and this would simplify the components within the reaction (Figure 18).
While 14 was commercially available, it was expensive for the amount that was

anticipated to be used given that high concentrations were ideal for good signal.
@EOTf F-source, RT @l
_—
TMS
14 7

Figure 18. Benzyne generation via o-(TMS)phenyl triflate.

Shown in Figure 19, there exist various methods for the synthesis of 14.%% Many
of these were lengthy and required multiple steps. As a result, we sought a quick
synthesis that combined the benefits of the available methods. The final route that was
established is shown in Figure 20. 2-Bromophenol (18) was reacted with HMDS to
afford o-(TMS)phenyl bromide 25 in quantitative yield. Then, treatment of 25 with
butyllithium afforded phenoxide 27 that was then quenched to give 19 in 93% yield. For
this lithium-halide exchange reaction, the chloride was also explored due to its lower
cost relative to the bromide variant. However, desilylation was observed primarily over
lithium-halogen exchange, likey due to the stronger carbon-chlorine bond.®' Last,
triflation with Tf20 provided benzyne precursor 14 in 83% yield. Telescoping was
investigated and phenoxide 27 was possible to be trapped with Tf20 to give 14 in 87%
yield over 3 steps at a 5 g scale. This telescoped, one-pot method allowed us to access

material relatively quickly without going through many purifications.
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— X P —_ - 220 =P
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Figure 19. Various methods to synthesize o-(TMS)phenyil triflate.
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Figure 20. Established large-scale route of the synthesis of benzyne precursor 14.

We then examined control experiments to validate formation of our desired
benzyne intermediate. From Table 3, two common benzyne generation conditions were
investigated with dimethyl furan 28 as the trapping reagent. Cesium fluoride is
commonly used due to its low cost; however, it afforded the Diels-Alder (DA) product 29
in only 27% after 5 hours with 54% starting material (entry 1). In addition to its slow
reactivity, CsF was also poorly soluble in MeCN and would not be amenable to a
continuous-flow process. TBAF was then used and afforded DA product in 97% yield in
under one minute, with every component being completely solubilized. Therefore, we

chose TBAF desilylation conditions moving forward.
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Me
Entry Conditions Results
1 CsF (5 equiv), MeCN, 60 °C, 5 h 27% yield, 54% RSM
2 TBAF (1.1 equiv), THF, 0 °C, <4 min 97% yield

Table 3. Benzyne generation conditions.

Having synthesized benzyne precursor 14, we then designed the continuous-flow
process according to Figure 21. In the system, two streams consisting of precursor 14
and TBAF would meet at a T-mixer fitted with a StaMixCo (See experimental section for
more information) for better mixing due to the slow flow rates. From there, the reaction
mixture will flow through the reactor and is then trapped with furan 28. That resultant
mixture will then go through a second reactor and the final product 29 is collected and
purified via column chromatography. When we ran the system with reactor R1 at 0 °C,
we were unable to observe any benzyne peak among the many Raman spectra
collected. This lack of signal was further confirmed by our low yield of product 29 (<10%
yield). If we were to assume that complete generation of benzyne occurred, then we
would have a maximum concentration of 91 mM in THF. This would be above the signal
observance threshold mentioned earlier; however, we are likely generating significantly

less benzyne than anticipated.
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Figure 21. Continuous-flow process for benzyne observation.

To understand why benzyne was being formed at such low quantities, we
compared the reaction conditions of both batch and continuous-flow. In batch
conditions, the benzyne was being formed in the presence of the furan 28. In
continuous-flow conditions, the benzyne is generated and does not encounter any
trapping reagent until after five minutes. It is possible that the benzyne is undergoing
side reactivity pathways®? and so control studies we performed according to Figure 22.
As a parallel to our continuous-flow conditions, we generated benzyne intermediate 7
with TBAF and then added the trapping agent after 5 minutes at three different
temperatures. At room temperature, we observed zero product formation with full
conversion. Cooling down to 0 °C to mimic our continuous-flow conditions, we observed
a low yield of 28% of 29. At -78 °C in THF over MeCN, we were able to obtain product
29 in 71% yield. This 71% yield compared to the nearly quantitative yield from Table 3,
entry 2 indicated that although some benzyne intermediate is being consumed, there
should be enough present to observe at these temperatures. This yield also provided us
with a rough idea of what concentration of benzyne could possibly be present as it
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travels through the reactor. As it stood, the concentration was too low to be detected

reliably and needed to be increased.

Me
OTf o MeCN
+ + BUNF —————
\ /
™S 28
) r.t. = trace 29
14 Added 5 min after 0°C = 28% Me

TBAF additit
adattion -78 °C (THF) = 71%

Figure 22. Control studies for benzyne trapping.

Our next continuous-flow conditions are shown in Figure 23, where the
concentrations were doubled. The reactor, R1, was submerged in a dry ice-acetone bath
medium to reach -78 °C. From the cryogenics, we observed severe clogging as the
stream of both precursor 28 and TBAF became submerged. This clogging was found to
cause by precipitation of TBAF at these low temperatures. Solubility tests were then
performed for TBAF solubility at low temperatures. TBAF in 3:1 THF:DMF was found to
be completely solubilized at -78 °C. When these conditions were examined to generate
benzyne 7, side product 30 was formed in 32% vyield. This side product is likely formed
through a [2+2] cycloaddition with DMF followed by ring opening. Acetonitrile was then
used as the cosolvent and it was found to completely solubilize TBAF at cryogenic

temperatures without any side reactivity, as shown in Figure 25.
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Figure 23. Low temperature benzyne generation in continuous-flow.
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Figure 24. Side product observed with TBAF in 3:1 THF:DMF.
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Figure 25. Conditions for full solubilized TBAF at cryogenic temperatures.

With the benzyne formation conditions now well-studied, we designed the

updated flow system according to Figure 26. For this system, no clogging was observed

throughout. Upon isolation, we were able to obtain DA product 29 in 36% vyield,



indicating that at least 36% of benzyne traveled through reactor R+ to be trapped with
28. Since there was no presence of 28 in R1, the benzyne could have gone through
unwanted side reactions such as oligomerization.®? Ultimately, we were unable to
observe any benzyne intermediate. Some possibilities are that the benzyne
intermediate was being generated slowly throughout the reactor and never reaching the
threshold limit for detection. A likely complication could be from the fluorescence that
was occurring under the reaction conditions.®® As the reaction progressed, it became

dark brown which likely saturated the detector with unwanted fluorescence.

0.

Ve

0.75 M in THF|

OTf
1/8" Tubing
™S 116" Tubing ] '
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-78°C

()

1:1 Ratio for 1:1 equiv Mixer | ™
StaMixCo e 29
o 36% yleld
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0.5 M in THE / MeCN 1/16" Tubing Tr =0.8 min T~ fmin

Flow Rate = 0.2 mL / min Reactor Length = 15 cm Reactor Length = 25 cm
Volume = 300 uL Volume = 500 uL

Flow Rate = 0.4 mL / min Flow Rate = 0.5 mL / min

Figure 26. Updated flow system with new solvent system to prevent clogging, and
higher concentration to observe benzyne.

The detection of benzyne intermediate in a continuous-flow process proved to be
a challenging study. Several complications existed such as precipitation at low
temperatures, low concentration of generated intermediate, and fluorescence.
Furthermore, the dry-ice acetone bath media produced significant CO2 and would affect
signal acquisition by gas pocket formation within the probe adapter. This became
evident as CO:2 peaks would be observed in certain spectra. At cryogenic temperatures,

the PFA tubing became much stiffer and would interfere with alignment. As experiments
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ran longer (>1 hr), signal quality was observed to diminished. While this reason is still
unknown, we believe that it is caused by condensation of water within the probe that
causes either signal degredation or laser source interference. From these issues

discussed, we turned our attention to the investigation of ketenes.
2.3.3 Raman analysis of ketene 35

Ketenes were first recognized in 1905 by Staudinger, when unexpected diphenyl
ketene 34 was isolated.®* Since then, ketenes have been widely studied and used in a
variety of transformations such as [2+2] cycloadditions, nucleophilic additions, and
rearrangements.®® The fascinating structure of ketenes have spurred numerous
development into its formation.®®

cl o Zn Ph
PhH — >=c=o
Ph Cl Ph
33 34

Figure 27. First isolated ketene by Staudinger.

Of interest to us was the synthesis of ketenes through alkynyl ether precursors.®’
In particular, we chose ketene 37 for its stability upon isolation and storage (Figure 28).
From Scheme 2, its batch synthesis started with volatile ethyl ethynyl ether (36) reacting
with TMSCI after deprotonation with butyllithium to give TMS-alkyne 37 in 50% vyield.
Upon heating to 120 °C, retro-ene reaction occurs to release ethylene and our desired

ketene in 63% yield.

For the batch synthesis, formation of TMS-alkyne 37 resulted in a dark, brown

solution and may interfere greatly due to fluorescence. However, for the formation of
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ketene 35, there was minimal color change and would thus be ideal for the Raman
probe. For the IR and Raman spectra of ketenes, we should expect characteristic bands
around 2100 — 2200 cm'.%8 Furthermore, the alkyne starting material would likely have
an absorbance band around 2200 — 2300 cm-'. Of note, ketenes are often studied via

IR while examples of Raman are far more limited.

( 3\
0]
3
X,
TMS H
Isolable, stable under argon at room temperature
\ A

Figure 28. Target ketene for its stability at room temperature and under proper storage

conditions.
i
n-BuLi, TMSCI 8 TMS———0, -C,H C 35
=——OEt >  TMS—==—OFt — 25-C \ )) — 77 I
Et,0,0°C ™S H
36 (50% yield) 37 H—5
H H 63% yield

Scheme 2. Synthesis of ketene precursor.

With our batch conditions, we designed the following continuous-process, shown
in Figure 29. In these conditions, ketene precursor 37 was in a 0.5 M solution in
benzene to maximize signal while preserving material. Temperatures up to 140 °C was
studied with our heating bath medium being silicone oil. The total residence time was 6
minutes. At the end of the reactor, 75 PSI BPR was used in anticipation of gaseous
ethylene. Despite that, gasses were observed and resulted in inconsistent flow rates.
Regardless, we were able to obtain valuable spectra of our ketene. From Figure 30, the
Raman spectrum of ketene precursor 37 is shown. For this structure, there is minimal

peaks present past 1600 cm! with its anticipated peak at near 2200 cm' being very
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minor. From Figure 31, an overlay of all standards is shown. The most prominent peak

that interested us was the rather large peak of ketene standard 35 around 2900 cm-.

This peak is prevalent in this region while others of benzene, HPFA, and starting

material 37 are not. From Figure 32, the continuous-flow system from Figure 29 was

analyzed and shown to display a prominent band at the anticipated region around 2900

cm™'. Therefore, we can conclude from these studies that ketene 35 had indeed been

formed and was observed through our Raman probe.

37

TMS———0OEt
0.5 M in PhH

0]
up to 140 °C ¢
BPR JL
75 PSI TMS H
35
1/8" Tubing
Tr =6 min

Reactor Length = 30 cm
Volume = 600 uL
Flow Rate = 0.1 mL / min

Figure 29. Ketene synthesis in continuous-flow.
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Figure 31. Spectra of compounds and materials used as standards.

258



|
[
I

5 l‘ ‘- I}"‘ u o g ©
=11 | J
[ ? TMS™ "H

in Benzene through HPFA Benzene

| HPFA 2
Tubing
TMSJLH

Reaction Ran In Benzene

Figure 32. Spectra of ketene formation reaction, and compounds and materials used as
standards.

2.4 Conclusion

Continuous-flow chemistry has been valuable for the growth of many chemical
industries due to the many benefits such as simpler process scale-up, safer handling of
hazardous chemicals, smaller production foot print, among others. These advantages
often complement existing batch processes, and therefore, provides with a competitive
edge if utilized properly. In these continuous processes, there exists a unique
opportunity to have real-time analytics. Many of these existing techniques involve using

inline analytics and are thus limited to a single-point.

Recently, the Raman spectroscopy probe has emerged as a powerful tool to
analyze data in a continuous-flow system. The chemically robust probe employs Raman

spectroscopy, which has seen a surge in the past years due to better laser technology.
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In our studies, we demonstrated the benefits of this probe as a handheld device.
Spectra acquired through various tubing material and heating bath media were shown
to be consistent. PFA and HPFA were the most practical choice given its Raman
operating window and cost. While excellent spectra could be obtained by hand, we

found that having an adapter was much easier to reliably obtain a working spectrum.

After our thorough investigations into the various methods to utilize the Raman
probe, we then investigated three reactions: ring-closing metathesis, benzyne
generation, and ketene generation. For the ring-closing metathesis, we successfully
monitored conversion and yield along the reactor at room temperature. Future studies of
this reaction could be utilizing this technology to compare the reaction rates of various
catalyst through the continuous-flow system. For our benzyne generation conditions, we
found that fluorescence ultimately hindered our ability to observe the intermediate.
Furthermore, the benzyne could have been formed under our detection threshold or that
the benzyne absorbance band was too weak to observe. Future studies for this
intermediate could be expanding to other more stable or long-lived benzyne
intermediates. Lastly, we were successful in observing the ketene 35. While quantitative
data was not possible due to the inconsistent flow rates, we were able to show ketene
formation within the reactor. Future studies for ketene analysis could be to expand to
other stable ketene derivatives or to different methods where formation of ethylene is

limited or not present altogether.
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Chapter Two

Investigations of Raman Spectroscopy for
Through-Tube Monitoring of Continuous-

Flow Reactions — Experimental Section
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General Information

Reactions were performed under an inert argon atmosphere unless otherwise
stated. Commercially available chemicals were purchased from either Sigma-Aldrich
Chemical Company (Milwaukee, W), Alfa Aesar (Ward Hill, MA), Acros Organics
(Pittsburgh, PA), or TCI America (Portland, OR). Anhydrous tetrahydrofuran (THF),
dimethylformamide (DMF), toluene, benzene, and acetonitrile were purified via an SG
Water USA solvent column system (Nashua, NH) before use. All reactions were
monitored with thin-layer chromatography (TLC), which was performed using EMD 60-
F254 silica glass plates and visualized with a UV lamp (254 nm). Products were purified

on SNAP Ultra columns utilizing the Biotage® IsoleraTM flash purification system.

NMR spectra were obtained in CDCIs purchased from Cambridge Isotope
Laboratories and used as received. Norell 5 mm NMR tubes with standard septa caps
were used. 'TH NMR Spectra were obtained on Bruker Avance 400 (400 MHz for 1H,
100 MHz for 13C), JEOL 500 MHz (500 MHz for 'H, 126 MHz '3C), and Bruker
AVANCE 600 MHz (600 MHz for 'H, 151 MHz for '3C) equipped with TXI Cryoprobe.
13C spectra were obtained with "H decoupling. 'H chemical shifts are reported in parts
per million relative to TMS (6 = 0.00 ppm) and were referenced to the residual solvent
peak. The following designations are used to describe multiplicities: s (singlet), brs
(broad singlet), d (doublet), t (triplet), g (quartet), dd (doublet of doublets), dt (doublet of
triplets), m (multiplet). Unless otherwise noted, NMR spectra were collected at room

temperature (23-27 °C).

For the continuous-flow setup, all parts were commercially purchased and

include Harvard Apparatus PHD 2000 syringe pump, Syrris Asia pump, stainless-steel
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syringes from Harvard Apparatus, tubing and connections from Upchurch Scientific®
and IDEX, PEEK T-mixer & union from Upchurch Scientific, and back-pressure
regulator from Zaiput Flow Technologies. All parts list are given under general

procedure for Raman analysis.

Preparation of starting materials

Br HMDS Br  puLi ™S T6,0 ™S
OH OTMS OH  (87%yield) ot

18 25 19 14

2-(Trimethylsilyl)phenyl trifluoromethanesulfonate (14): To a flame-dried flask
containing 18 (5 g, 3.36 mL, 28.9 mmol) in 29 mL DCM, HMDS (14 g, 18.17, 86.7
mmol) was added and the reaction was refluxed at 60 °C over night. The reaction

mixture was concentrated and carried to the next step.

To a flame-dried flask containing crude 25 in 72 mL THF at —78 °C, butyllithium (2.5 M
in hexanes, 2.78 g, 17.35 mL, 43.37 mmol) was added dropwise and the reaction was
allowed to stir until disappearance of starting as monitored by TLC. Tf20 (16.32 g, 9.71
mL, 57.83 mmol) was added slowly and reaction was warmed to rt and stirred overnight.
The reaction was cooled to 0 °C and quenched with 100 mL of sat. NaHCOs. The
reaction was extracted twice with ether, dried over Na2SOs, and purified via column
chromatography to give 14 (7.51 g, 25.17 mmol, 87% yield) as a clear oil. Spectral data

are in agreement with the literature.’

T Atkinson, D. J.; Sperry, J.; Brimble, M. A. Improved synthesis of the benzyne precursor 2-
(trimethylsilyl)phenyl trifluoromethansulfonate. Synthesis 2010, 6, 911.
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Solubility Table for TBAF in continuous-flow at -78 °C

TBAF Solubility with THF:DMF at - 78 °C

Entry Soluble? TBAF Conc. (M) THF:DMF Ratio

1 X
2 X
3 Y
4 Y
) Y
6 Y
7 ~
8 X
9 X
10 X
11 Y

1
0.1
0.083
0.154
0.214
0.266
0.375
0.962
0.909
0.833
0.769

THF only
THF only

10:2
11:2
12:2
13:2
15:2
25:1
10:1
10:2
10:3

Table Sl- 1. Conditions for TBAF to be fully solubilize at -78 °C within a flow reactor.
Entries 1-7 describes maximum concentration with minimal DMF co-solvent, entries 8-
11 are maximum concentrations possible with DMF co-solvent. Y = fully soluble, ~ =
thick slurry that precipitates slowly if left undisturbed, thus possible to maintain stream

at constant flow, X = precipitates readily.
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TBAF Solubility with THF:MeCN at - 78 °C
Entry Soluble? TBAF Conc. (M) THF:MeCN Ratio

1 X 1 THF only
2 X 0.1 THF only
3 Y 0.095 20:1
4 ~ 0.174 22:1
5 Y 0.167 22:2
6 Y 0.231 23:2
7 ~ 0.286 26:2
8 ~ 0.333 15:1
9 X .92 12:1
10 Y 0.91 10:1
11 Y 0.89 10:3
12 Y 0.67 2:1

Table SlI- 2. Conditions for TBAF to be fully solubilize at -78 °C within a flow reactor.
Entries 1-7 describes maximum concentration with minimal MeCN co-solvent, entries 8-
12 are maximum concentrations possible with MeCN co-solvent. Y = fully soluble, ~ =
thick slurry that precipitates slowly if left undisturbed, thus possible to maintain stream
at constant flow, X = precipitates readily.

9
_ n-BuLi, TMSCI _ 120 °C ¢ 35
——OEt » TMS———OEt > JL
Et0, 0 °C TMS” “H

36 (50% yield) 37
(63% yield after two distillation)

2-(Trimethylsilyl)ethen-1-one (35): 35 was prepared according to literature

procedure.? To a solution of 36 (10.0 g, 143 mmol) in Et20 (143 mL) at 0 °C was added

2A)Kita, Y. ; Fu, N; Tidwell, T. T. Ethoxy(trimethylsilyl)acetylene. In Encyclopedia of Reagents for
Organic Synthesis, 2009. doi:10.1002/047084289X.re036.pub2 B) Ruden, R. A. Trimethylsilylketene.
Acylation and olefination reactions. J. Org. Chem. 1974, 39, 3607. C) Loebach, J. L.; Danheiser, R. L;
Adams, J. A. Trimethylsilylketene. Encyclopedia of Reagents for Organic Synthesis; Wiley, New York,
2009. doi:10.1002/047084289X.rt311.pub2
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n-butyllithium (10.05 g, 157 mmol, 63 mL, 2.5 M solution in hexanes) dropwise. After
addition was complete, the reaction was stirred for 5 min at 0 °C followed by dropwise
addition of TMSCI (17.1 g, 19.9 mL, 157 mmol). The reaction was allowed to warm to rt
and stirred overnight. The reaction was then cooled down to 0 °C and slowly quenched
100 mL sat. NH4ClI solution. The layers were separated and the aqueous layer was
extracted 3 times with 100 mL Et20. The combined organic layers were then washed
with 250 mL brine and dried over NaxSOa4. Solvent was removed slowly at 200 Torr at rt
followed by distillation at 35 °C at 1 Torr to give 37 (10.2 g, 71.5 mmol, 50% yield) as a
clear oil. Spectral data were in agreement with reported literature.? Neat 37 was then
heated to 120 °C and distillate 35 (5.17 g, 45.3 mmol, 63% vyield) was collected as a
clear oil. A second distillation was performed if starting material was present. Spectral

data were in agreement with reported literature.?

General Procedure for Raman Analysis of Continuous-Flow Systems and Data
Acquisition with MargMetrix TouchRaman probe
The continuous-flow process described in this section is shown in Figure 23,

where the generation of benzyne was performed with precursor 14 and TBAF at -78 °C.
Continuous-flow set up

From Figure SI- 1, we used both a Harvard Apparatus PHD 2000 syringe pump
and a Syrris Asia syringe pump. The Harvard pump is considered a “single” syringe
pump while the Syrris pump is a pair of “dual” syringe pumps. We chose the Harvard

single pump for delivery of TBAF because it is generally more accurate at lower flow
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rates.® However, the pump is limited by the volume of the syringe used. Analogously,
the Syrris dual pump offers a truly continuous-process from having alternating
chambers pump in solution. However, this pumping nature results in a parabolic velocity
profile and we can expect that the flow rate to be the average of a range of fluctuating
flow rates.® From Figure SI- 2, the PFA tubing are connected to both syringe pumps
present on the Syrris pump. The left pump was used pump a solution of the benzyne

trapping reagent 15 and the right pump was used to deliver benzyne precursor 14.

The tubing and connectors, purchased from IDEX unless otherwise noted, were

used for both Harvard and Syrris pumps, and are as follows:

e PFA (perfluoroalkoxy alkane) tubing 1/16 inch O.D. x 0.03 inch I.D. (part# 1514L)

e PFA tubing 1/8"x0.062" tubing from Upchurch Scientific (cat. 05-701-216)

e PEEK (polyether ether ketone) connectors

e Tee Assembly High Pressure PEEK .050 (P-716)

e Standard Union Tefzel™ %4-28 (part# P-623)

e Super Flangeless™ Nut PEEK, Short, ¥2-28 Flat-Bottom, for 1/16 inch O.D.
Natural (part # LT-115X)

e Super Flangeless™ Nut PEEK, 1/4-28 Flat-Bottom, for 1/8" (part# P-331Y)

e Super Flangeless™ Ferrule Tefzel™ (ETFE), 1/4-28 Flat-Bottom, for 1/8" OD
(part # P-359X)

e Super Flangeless™ Ferrule w/SST Ring, Tefzel™ (ETFE), 4-28 Flat-Bottom, for

1/16 inch O.D. Yellow (part# P-259X)

3 Plutschack, M. B.; Piebar, B.; Gilmore, K.; Seeberger, P. H. The hitchhiker's guide to Flow Chemistry.
JACS 2017, 117, 11796.
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e BPR from Zaiput Flow Technologies [not shown in this example]

e StaMixCo helical static mixer for 1/8"x0.062" PFA tubing

Figure SI- 1. (top) Harvard Apparatus PHD 2000 Infusion syringe pump. (bottom) Syrris
Asia Syringe Pump. Both were used in the continuous-process for benzyne generation.
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Figure Sl- 2. Closer examination of Syrris Asia syringe pump with tubing connected.
Shown are a pair of “dual” pumps, i.e., one pump refills from a source while the other
pumps solution out.

From Figure SI- 3, we can see the two steams from the Harvard pump and Syrris
pump meet at a T-mixer junction that leads into a StaMixCo chamber prior to entering
reactor, Ri1. This set-up was chosen increase mixing and maximize benzyne formation.

Of note, if the reactor is ran at room temperature, then it can be held taught at two
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points with the Raman probe held firmly with clamps (Figure Sl- 4). The second T-mixer
junction can be seen where the exiting stream from R+ is met with the trapping reagent
15 stream from the Syrris pump to through the last reactor, Rz, and into a collection
flask. The full system, if ran at room temperature, can be seen in Figure SlI- 5. For our
system, our reactor needs to be submerged in a dry ice-acetone bath to reacth -78 °C
temperature and the completed system with stock solutions and syringes are shown in
Figure SI- 6 and Figure SI- 7 (top-down view.). The reactor is fully submerged with the
StaMixCo to maximize stirring and potential benzyne formation. The Raman probe can
be moved throughout the system as needed. For better alignment, the first generation
adapter was used and shown in Figure SI- 8, which held well in this situation and
represents a simple solution if a more robust adapter is not available. The 2"
generation adapter that was designed is shown in Figure SlI- 9 with a side view and in

Figure Sl- 10 from the probe tip.
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Figure SI- 3. Two streams of benzyne precursor 14 (from bottom) and TBAF (from top)
meet at a T-mixer and the combined exiting stream passes through a StaMixCo
chamber connected to the reactor, R1, through a union (white, rectangular portion).
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Figure SI- 4. MargMetrix TouchRaman probe shown in contact with reactor, R1, for
spectra acquisition.
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Figure Sl- 5. Full system set up for a continuous-flow system with Raman probe at
room temperature. Not shown are the connections of the pumps to their stock solutions.
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Figure Sl- 6. Final system at -78 °C. All stock solutions and syringes are filled. The
Raman probe can been seen held in place with clamps for stability. The reactor is
submerged into the acetone bath. Large tongs are used to manipulate the reactor.
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| ..

Figure Sl- 7. Top-down view of reactor, R1, with Raman probe. The reactor is fully
submerged in the acetone bath and the probe is capable of being moved throughout the
system.
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Figure Sl- 8. First generation adapter for more consistent alignment of probe with
reactor tubing.
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Figure Sl- 9. 2" generation adapter shown as a side view.

Figure SI- 10. 2" generation adapter shown from probe tip.
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Data Acquisition with MargMetrix TouchRaman probe

Throughout the example shown in this section, the Raman probe can be seen.
The probe is connected to an all-in-one (AlO) unit that also houses the laser source
(Figure Sl- 11). The connection is composed of fiber optics so care should be taken
when operating the instrument. Given that the laser is a class 3B, the user should have
proper laser training before handling the probe. As the laser can potentially damage the
eye, special precaution must be taken and laser safety goggles should be worn while
the laser is in operation. Furthermore, the area should be cleared from others not
wearing proper laser goggles and caution signs should be placed around the perimeter

(Figure SI- 12).

285



Figure Sl- 11. Raman all-in-one unit that houses the operating system and laser
source. Laser-safety goggles are used to protect the eyes from potential stray lasers
from the probe.
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Figure SI- 12. Laser caution signs that warns non-Raman workers without proper laser
safety goggles to stay clear from the area.
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For the software used to operate the probe and to examine the spectral data, there
are three interfaces that can be accessed via tabs near the top of the window. The first
interface, Acquisition, is shown Figure Sl- 13. In the top left corner, there are various

parameters can be set by the user.
e Int. Time — Integration time in milliseconds for each scan by the detector.
e Averages — Allows the user to decide how many scans to perform per spectrum.

e Delay — The delayed time after initiating an experiment for the laser to fire. This

may be useful continuous mode. (See continuous mode for more details)

e #Acgs — A unique file can be saved after each Int. Time and Averages settings
are completed. Changing this value allows the user to run experiments in tandem

with the option to save each automatically (if Auto Save is checked).

e Continuous — Checking this allows the user to run experiments (i.e. laser

constantly on) continuously until stopped by the user.
e Dark Subtract — Subtract a blank spectrum obtained when the laser is off.

e Auto New Dark — Automatically acquires a new black spectrum before each

experiment.
e Acquire — Run experiment
e New Dark — Acquire new blank spectrum.

e Path/File Name — Allows the user to select where to save their files and what to

name the files.
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e Cancel — Stops currently running experiment.
e Auto-save — saves automatically after each completed experiment.

For the second interface, Load, the user has the option to access previous data via the
dropdown menu or the “add” functionality (. The other options allows the user to remove
single or all files that have been added. For the last interface, Setup, the initialization
menu allows the user to change the detector settings. The scale menu allows the user
to select between reporting the data as wavenumber (cm™') or as wavelengths (nm),
and the option to view full scale. The laser menu allows the user to change the power of
the laser with 450 m\W being 100%. The system menu allows the user to open file

explorer to access files on the AlO and to turn off the instrument.

MARQMETRIX

Figure Sl- 13. First interface of the included Raman operating software in AlO. Various
parameters are provided, see above for more details.
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Figure Sl- 14. Second interface of Raman operating software that allows the user to
view and compare previous experiments.
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[ i 1
MARQMETRIX

Figure SI- 15. Last interface of the Raman operating software. This interface allows the
user to choose different modes of initialization, Raman spectrum display range, acquire
a picture file, control the laser power, view files on AlO, and shut down instrument.

With the interface and set-up examined, general reaction monitoring
methodology will be discussed. The example will be the reaction monitored that was
shown in Figure 17 involving the RCM of DDM 4 and product 6. The reactor used an 8 ft
long, PFA 1/8"x0.062” tubing with a flow rate 53 uL/min and residence time of 45
minutes. Six data points were collected at equidistance from beginning to end and
correlated to residence time. To mark these points, nail polish remover was used and
applied the day prior to ensure that it was completely dried. Nail polish remover was
found best to survive oil bath mediums and remain on the PFA tubing. Shown in Figure
Sl- 16, markings along a reactor were performed with the 2™ generation adapter in
mind. The center of the adapter is the point of interest along the reactor. From Figure

SI- 17, the reactor can be seen submerged in an oil bath.
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Finding the ideal parameters for a given trial can be achieved after adjusting the
parameters: int. time, averages, and laser power. From Figure Sl- 18 and Figure SI- 19,
spectra of DDM 4 and ring-closed product 6 are shown, with both being overlay in
Figure SlI- 20. From the spectra, we can see that the peaks of interest are that of the
alkene region with DDM 4 at 1641 cm™ and R-DDM 6 at 1625 cm™' (Figure SI- 21). The
carbonyl peaks (1751 cm™) of both are nearly identical. The difference in alkenyl peak
intensity can be attributed to the likely presence of two olefins on DDM 4, which
effectively doubles the concentration, and the possibility that the olefin of R-DDM 6
absorbs less strongly compared to DDM 4. These two peaks were monitored along the
reactor and the data is plotted with excel. In each case, the actual concentration was

calibrated to a known reference peak, such as DCE (see discussion).
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Figure Sl- 16. Markings along a reactor to accurately measure distance. Nail polish was
used to make these marks and allowed to dry overnight. Also shown is the 2"
generation adapter with the center at the distance of interest.
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Figure Sl- 17. Reactor submerged in an oil bath with markings made with nail polish
remover. The probe is moved throughout the reactor with these markings to keep track
of distance.
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Figure SI- 19. Raman spectrum of R-DDM 6 at 1 M, 1000 Int. Time, 2 averages.

1 W TR |
Al \QU"%JAJJ L

295



Figure SlI- 20. Overlay of spectra of 4 and 6.
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Figure SI- 21. Zoomed in region of alkenyl peaks of 4 (1641 cm™) and 6 (1625 cm™).
The carbonyl stretches (1751 cm-') are also shown.
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Raman Spectrum 2. PFA tubing; 10000 ms Int. Time, 2 averages.
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Raman Spectrum 4. TBAF in 1M THF through PFA tubing; 10000 ms Int. Time, 2
averages.
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Raman Spectrum 6. Neat ketene 35; 10000 ms Int. Time, 2 averages.



Raman Spectrum 7. Ketene 33 in benzene through PFA tubing; 10000 ms Int. Time, 2

averages.
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Raman Spectrum 9. Ketene formation in continuous-flow with DCE solvent at 120 °C;
10000 ms Int. Time, 2 averages.

Raman Spectrum 10. DCE solvent; 1000 ms Int. Time, 2 averages.
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