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The functionalization of arenes and heterocycles via direct C-H activation is a valuable tool
in medicinal chemistry as it allows for the manipulation of a diversity of complex structures
without the need for de novo methodologies. It can be utilized as a late-stage strategy to address
pharmacological problems such as pharmacokinetic profile, metabolism and on-off target activity

of a lead compound. One of the drawbacks to current methodologies is the lack of regioselectivity,

xliii



wherein a scaffold possesses multiple sites of reactivity, leading to multiple constitutional isomers.
Our lab has developed a regioselective catalyst-controlled Lewis base halogenation of phenols and
anilines, which is discussed in two manuscripts in Chapter 1 and 2. We also explore photoredox
catalysis to explore the intramolecular synthesis of benzothiazoles and intermolecular
sulfenylation of indoles, which is presented in Chapter 3. Last, Chapter 4 discusses an
enantioselective functionalization of a diaryl ether naphthoquinone scaffold to access
enantioenriched atropisomeric molecules. We believe these works can be utilized to obtain a
diversity of highly regioselective and enantioselective heterocycle and arene motifs that are

relevant towards drug discovery efforts.
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CHAPTER 1: The Catalyst-Controlled Regiodivergent Chlorination of
Phenols and Anilines via Lewis Base Catalysis

1.0 ACS Copyright

Chapter 1 was reproduced in part with permission from Organic Letters 2016, 18, 5476.
https://pubs.acs.org/doi/full/10.1021/acs.orglett.6b02650. Copyright 2016 American Chemical
Society.

1.1 C-H Functionalization as a Useful Synthetic Strategy

The selective functionalization of C-H bonds has been a long-standing challenge and
sought after goal in organic chemistry. Developing synthetic methodologies that selectively
functionalize one bond over the many would allow for an endless number of useful transformations
for a broader scope of molecules. Over the past fifteen years, there has been a renewed interest in
the direct functionalization of inactivated C-H bonds.1* Despite significant progress, activating a
specific C-H bond in a practical manner is still a challenge. This is due to 1) the ubiquitous
abundance of C-H bonds in all organic molecules and 2) unfavorable harsh conditions that are
often needed to initiate activation.

In order to work around these shortcomings, Yu has categorized C-H functionalization
broadly into two large subfields.® One strategy involves the transformation of completely
unfunctionalized molecules, which he refers to as “first functionalization”. Here, the molecules are
classified as non-polar and may interact very weakly with transition metals or organic catalysts,
meaning control of the chemoselectivity is extremely difficult. The second subfield of C-H

functionalization that he describes has substrates with one or more functional groups, which he



called “further functionalization”. This approach utilizes the functional group as an intermediate
handle to coordinate to a polar metal species or bond with a mediating catalyst via non-covalent
interactions. This interaction can bias the substrate to overcome its innate selectivity of the C-H
bond. Because the functional group plays an essential role in this system, it is desirable that the

group is necessary for the final product so that extra steps can be avoided.
1.2 Late Stage C-H Functionalization in Medicinal Chemistry

Because the past fifteen years have seen a resurgence of new chemical methodologies in
academia for C-H functionalization, medicinal chemists and chemists in industry are now looking
to incorporate these strategies into more complex biologically relevant molecules. A recent
analysis showed that there is a large bias towards “traditional” synthetic reactions in medicinal
chemistry, such as the Suzuki cross coupling, Buchwald-Hartwig aminations and nucleophilic
aromatic substitution (SnAr); this is most likely due to commercial availability of starting
materials, high chemoselectivity and overall reliability of the processes.® However, with the
expansion of new C-H transformations being reported, these methods offer the opportunity to
create a diverse library of complex analogues through late stage functionalization (LSF) without
resorting to complex de novo syntheses.”® Cernak describes the utility of LSF with their example
of Aprepitant, a neurokinin receptor antagonist for the treatment of chemotherapy induced nausea
and vomiting (Figure 1.2.1).! The precursor to Aprepitant is an advanced lead compound that failed
in clinical trials due to lack of metabolic stability in vivo. Adding one or two simple functional
groups such as a methyl and fluorine group changed the metabolic profile of the molecule, leading
to the discovery of Aprepitant. The drug itself is not synthesized according to the hypothetical
strategy shown in the figure since there are no reactions which can selectively convert the C-H

bonds into their respective C-methyl and C-F bonds. Instead, a de novo 10 step synthesis was



optimized for this discovery. If such a process existed, one could imagine the utility of making
drugs efficiently along with the diversification of multiple analogues for high-throughput
evaluation.
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Figure 1.2.1 A Hypothetical Late Stage Functionalization Strategy for Aprepitant

1.3 The Chlorine Scaffold in Bioactive Arenes and Heterocycles

As mentioned in the previous section, synthesis in medicinal chemistry seeks to
functionalize complex bioactive molecules with scaffolds that can enhance the general druglike
properties of a molecule.® Specifically, halogen atoms such as chlorine are well-known as
modulators for the electronic and physical properties of drugs as they can provide significant
intermolecular interactions between the ligand and target protein.'>® Because of these favorable
properties, aromatic scaffolds containing chlorine are common throughout the drug landscape and
hundreds of aryl chlorides have been approved as clinical drugs, including numerous landmark
small molecule pharmaceuticals such as the blockbuster drugs Zoloft, Claritin and Zelboraf (Figure

1.3.1).4
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Figure 1.3.1 The Chlorine Atom is Ubiquitous in Drug Discovery

Additionally, the chlorination of aromatics is one of the most common reactions in modern
organic synthesis, largely because halogenated aromatics are among the most versatile and utilized
precursors in modern cross-coupling chemistry, metal-halogen exchanges, nucleophilic aromatic
substitution (SnAr) and Buchwald-Hartwig aminations.®>® Aryl chlorides are also important
starting materials for the synthesis of bulky phosphine ligands via C-C, C-N and C-O bond
formation, which are frequently used in late stage functionalization for medicinal chemistry.?0-23
Hence, there is an ever-growing need to develop new methodologies for the chlorination of arenes

and heterocycles.

1.4 Electrophilic Aromatic Substitution (SeAr) as a Strategy for Direct Arene
Functionalization

Halogenation of aromatics via electrophilic aromatic substitution (SeAr) is a classic
synthesis that had been studied for well over a century, often represented by the canonical Friedel-
Crafts reaction. The presence of a strong Lewis acid catalyst is needed to activate the electrophilic
species. However, this first iteration contained multiple shortcomings, which included a reliance
on high temperatures and harsh acidic/basic conditions, reagents with low atom economy, reduced
reactivity toward electron-poor arenes, and mixtures of constitutional isomers arising from

multiple sites of reactivity. In order to avoid these problems, attempts at “greener” oxidative

4



chemistry was developed, taking inspiration from nature to obtain an electrophilic halogen species
through milder oxidants such as oxygen and hydrogen peroxide.?4-2

In order to replace classic electrophilic halogen reagents such as bromine (Br2) and chlorine
(Cl2), more mild alternative reagents such as the N-halosuccinimides (NXS: X = ClI, Br, 1) are
commonly found both in academia and industry. However, these reagents are significantly less
reactive and can be used to form the halide product only when the nucleophilic arene is electron
rich or when harsh conditions are applied. These reagents can also be activated via catalysis, with
Lewis or Bransted catalysts traditionally utilized.?’3? The mechanism of action is done via
complexation or protonation of the succinimide carbonyl scaffold, creating a positively charged
intermediate (Figure 1.4.1a). Another common strategy is the formation of reactive organometallic
species through direct metalation of the C-H bond, which affords the halogenated product without
needed prefunctionalization. If the aromatic possesses a directing group, regioselective
halogenation is possible via adjacent coordination to a transition metal (Figure 1.4.1b).

Additionally, Lewis base catalysis has been used for halide functionalization, wherein a
nucleophilic atom such as oxygen, sulfur, selenium, nitrogen or phosphorus will coordinate to the
halogenating species to create a positively charged halenium complex (Figure 1.4.1c). This
catalytic strategy will be the focus of the subsequent work in the next two chapters. When our lab
initially began research on aromatic C-H functionalization in 2013, there was little precedence for
a Lewis basic catalytic halogenation of arenes; most of the preceding literature explored the
addition to alkene substrates via a halenium cation-r cyclization.®*** At of the time of this writing,

there have been a number of reports for Lewis base-catalyzed aromatic functionalization.®>°
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Figure 1.4.1 General Activation Strategies for Electrophilic Halogenation of Arenes

1.5 Theory of Lewis Base Activation of Electrophiles

To better understand the mechanism of Lewis base catalyzed activation of electrophilic
halogenation, the following information is summarized from an elegant review from Scott
Demark.*! A Lewis base catalyzed reaction is one accelerated by the formation of an electron-pair
donor (catalyst) on a electro pair acceptor (substrate or reagent). This binding will create a transfer
of electron density in the newly formed adduct. Normally, one would expect the acceptor to have
more nucleophilic character, but the opposite can also occur in which binding to a Lewis base
provides the acceptor molecule to have more electrophilic character, a concept that initially
appears counterintuitive. Regardless of the structure and electronic properties of the Lewis acid
and base, the final acceptor adduct will always contain more electron density than the parent Lewis
acid. However, it is overall distribution of electron density through the adjacent atoms which
allows Lewis bases to be electrophilic catalysts. Such modes of electron density redistribution arise
from analysis by Gutmann and is clearly described in Figure 1.5.1, which is adapted from a
manuscript by Miura.*>#® The binding of a Lewis base to the halogen center is a n-c” interaction,
leading to polarization of the peripheral bonds to create an electron positive center within the
complex. The lengths of the adjacent bonds will become longer while that of the donor-acceptor

complex will shorten. If the polarization effect is strong enough, the complex will form a charge-



separated ion pair and the electrophilic character of the halogen will be highly activated and can

readily undergo SeAr.

enhanced electrophilicity highly active electrophile
2867 &6~ o)
R_ X—L R— ||||X |||||| L |: R_ _X + LE)
T A

= donor in Lewis base Lewis base/acid interaction
X = halogen
L = leaving counterpart

9 P elongated peripheral bonds

Figure 1.5.1 Charge Separation in Lewis Base Catalysis to Form Electrophilic Intermediate

1.6 Initial Work on Lewis base Catalyzed Electrophilic Chlorination of Arenes

and Heterocycles

In 2015, our lab published its first paper in direct C-H chlorination; to our knowledge, there
were no reports of Lewis base catalyzed chlorinations of arenes and heterocycles at the time.
Stimulated by work from Denmark, our lab postulated that NCS activation with an appropriate
Lewis base would represent a mild and efficient catalytic strategy.***® Indeed, Lewis basic
triphenylphosphine sulfide proved an excellent catalyst; it could be utilized in mild conditions
combined with readily available NXS reagents and was applied to over 20 different arenes and
heterocycles for chlorination, bromination and iodination (some examples are shown in Figure
1.6.1and Scheme 1.6.1). Importantly, the dependence of the chemistry on the presence of a catalyst
opens the possibility of next generation phosphine sulfide catalysts which can control

enantioselective or regioselective chlorinations (i.e. lack of regioselectivity in Scheme 1.6.1 for



substrates with multiple sites of reactivity). The work towards the Lewis base regiodivergent

chlorination of phenols are discussed in the following section.

10% PPh3
> \ cl Applied to the chlorinations, brominations,
CDCI3, rt, 20 Min or iodinations of 24 diverse arene and
heteroarene substrates.

- Mild condltlons and excellent functional group tolerance
- Readily available and tunable catalysts
- Utilizes common and cheap halogen sources

Figure 1.6.1 Lewis Basic Phosphine Sulfide Catalyzed Electrophilic Aromatic Halogenation
of Arenes and Heterocycles
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aReactions were performed at room temperature by the addition of 0.08 mmol substrate, 0.003 mmol
catalyst, and 600 uL CDCIl 5 into an NMR tube, followed by the addition of 0.040 mmol NCS. YPercent
conversions by NMR represent an average of three trials using tetramethylsilane as an internal standard.
CIsolated yield represents an average of three trials (isolated yield on the gram-scale represents an average
of two trials [See Supporting Information for gram-scale procedure]). €A 9:1 mixture of CDCI3:CD3;0D was
used as the solvent. {CBMG was used as the stoichiometric chlorine source instead of NCS, and no catalyst

was added to the reaction. 92.4 equiv of NCS was used.
Scheme 1.6.1 Chlorination of Various Arenes

1.7 The Catalyst-Controlled Regiodivergent Chlorination of Phenols
As previously mentioned, electrophilic aromatic substitution represents a broadly utilized

route to access aryl chlorides. Traditional electrophilic halogenations suffer from several

8



drawbacks such as a reliance on harsh reaction conditions, reduced reactivity towards electron
poor arenes, and a lack of regioselectivity across many substrate classes.*® While recent
advances have largely addressed the first two issues, regioselectivity is still an unsolved problem
as current electrophilic halogenations rely on substrate-controlled regioselectivity (Figure 1.7.1),
often resulting in a mixture of constitutional isomers.3>3¢50-55 On the other hand, it becomes a
synthetic challenge to obtain a non-favored isomer when the substrate possesses a strong innate

reaction preference toward electrophilic aromatic chlorination.

Weak Substrate- E Strong Substrate-
Controlled Preference | Controlled Preference
NCS OH OH 1.12a:1.12b OH NCS 1.19a:1.19b
PPh3S (1.1) ¢ 1.1:1.0 ! OMe PPh3S (1.1) ¢ 1:>20
AAAGF: 114 | 1.
CDCI3 + ; CDC|3 AAAGH: 1.77
F F kealimol | kcal/mol
1.12a Cl »1.19 1.19a
Non-selective chlorination 1.12b ' Obtaining non-favored isomer 1.19b
is inefficient ' becomes a synthetic challenge
(¢} O Cl_®
S .S
P+ - ' Pph
Ph~'| Ph N-ClI N 3
Ph
o) ol 1.2

Electrophilic Halenium-
Catalyst Adduct

Figure 1.7.1 Reagent-Controlled Regioselectivities in SEAr Chlorination with
Triphenylphosphine Sulfide

Over the past decade, there have been relatively few examples of catalyst-controlled
regioselectivities in the arena of SeAr (Figure 1.7.2). Seminal work by Miller on complex natural
products used peptide catalysts to provide a site-selective bromination of Vancomycin,
exemplifying this catalyst-controlled strategy.>® Alternatively, Lewis engineered mutants of the
enzyme RebH that can overcome the innate regioselectivity of heterocycle chlorination.>”8 After
this chapter was published, Yeung developed novel methodologies that can regioselectively

functionalize anilines and phenols using secondary ammonium catalysts, and enantioselectively



Peptide Catalyst

NBP, H,O, MeOH

Vancomycin Major Regioisomer

(mixture of different regioisomers
without peptide catalyst)

Miller: Site-Selective Bromination of Vancomycin

o) o)
OH OH
RebH
NH; NH,
A\ A\
N FADH, FAD N

0,, H*, CI-  2H,0 Cl

Lewis: Biocatalyzed Chlorination of Tryptophan

z
z
Ao
0
ol
<
os
<
oY
w

HN oH —»NOBS’ cat OH
OH .78 °C, 5 days

2 . = O 0

Me Me
Yeung: Enantioselective and Regioselective Halogenation of Bisphenols

Figure 1.7.2 Previous Examples of Catalyst-Controlled Regioselective Electrophilic
Halogenation of Arenes

functionalize aromatic diols to make chiral bisphenols through a desymmetrization strategy.>”-339
Herein, | disclose a novel approach to address these issues, in which we demonstrate the ability of
different catalysts to control the regioselectivity of phenol in a divergent fashion.

As a proof of concept, | was interested in the development of a Lewis base catalyzed
halogenation of arenes that possessed weakly coordinating directing groups such as phenol. As
mentioned in earlier sections of this chapter, previous work from our lab showed that Lewis bases

such as phosphine sulfides (1.1) could activate the halogen species and promote direct
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halogenation of arenes and heterocycles by activation of N-halosuccinimides (NXS). These
catalyst were able to affect the chlorination of diverse arenes according to the innate preference of
a substrate with regioselectivities closely following those reported in literature.6°3% Monitoring
the course of the reaction by 3P NMR (Figure 1.7.3) suggested the formation of an intermediate
with a large degree of phosphonium character,®® which would be expected if the chemistry
proceeded through a catalyst-halenium adduct**®' (Figure 1.7.1, 1.2). This observation was
corroborated by DFT (Figure 1.7.4) studies that predict halogenation to proceed through such an

intermediate.

iy
o
+ _CI
S
'S
n-Bu h—é’uBu
o

' Proposed Catalytic

Intermediate

S
B
4 nBul \Bp-Bu
n-Bu

T T T T T T T T T T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 f“D ) -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
ppm

Figure 1.7.3 Lewis Base Catalyst Chlorination with Triphenylphosphine Catalyst (1.1),
tracked by 3P NMR.
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B3LYP/6-31+G9d)
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Figure 1.7.4 DFT Calculations of Predicted Catalytic Intermediates in Lewis Base
Chlorination with Triphenylphosphine Sulfide (1.1)

As this in silico data suggests that the activated halenium is associated with the catalyst, |
hypothesized that the Lewis base catalyst structure can alter the reaction outcome for the site-
selectivity of electrophilic aromatic halogenation. As a proof of concept, | chose to test this in the
context of the ortho-chlorination of phenols. Phenols represent an important class of arenes that
typically display a moderate to high para-preference (Figure 1.7.1). While bulky amines are
known to affect the ortho-chlorination of phenols,**%? these reactions operate under fairly harsh
conditions (sulfuryl chloride at 70 °C) and have been shown to have limited substrate scope.®®
Other commonly employed routes to ortho-chlorinated phenols involve multistep processes that
include arene oxidation,®#% dehalogenation,®®®” or O-methoxymethyl (MOM) directed
lithiation.%®%° A catalytic room temperature ortho-selective electrophilic chlorination would
represent a more desirable approach that could be performed in one step with few precautions,
lending it several practical advantages over current routes.

1.8 Discussion

| began these studies by evaluating several privileged catalyst structures that also possessed

Lewis basic functional groups that are known to activate NXS.*>7 Schreiner’s thiourea (1.4)
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efficiently catalyzed this reaction and yielded a 1.0:2.0 1.3a:1.3b ratio (Table 1.8.1, Entry 2)."%"2
While catalyst 1.4 still favored 1.3b, we were intrigued by the moderate increase (compared to
catalyst 1.1) in ortho-isomer 1.3a formed and decided to evaluate other thioureas. A slight increase
in the ortho-selectivity for 1.3a was observed with urea 1.5, albeit at the expense of significantly
reduced reactivity. | found that Nagasawa’s bis-thiourea (1.6) overcame the substrate’s innate
preference, yielding a 5.4:1.0 mixture of isomers favoring 1.3a (Table 1.8.1, Entry 4).” This ratio
could be improved to 27:1.0 by diluting the reaction concentration (Table 1.8.1, Entry 7). This
Table 1.8.1 Catalyst Exploration towards the ortho-Chlorination of Phenol

OH
NCS
Catalyst
solvent, rt, 3 h?
1 3b

1.3 Fa

Catalyst: S NH Ph
v e e OO
NH {/
S s 8
A P
Ph” | Ph FaC CF ‘N7 N CF3 L Ph

H N * H H Ph
1.4:X=8 1.6 1.7
1.5:X=0
Entry Cat (%) Solvent (molarity)? Conv. 1.3a (%)° 1.3a:1.3b%  AAAGH (kcal/mol)f
1 1.1(10) CDCl;(0.05) 23 1.0:4.0 0
2 1.4(10) CDCl; (0.025) 33 1.0:2.0 0.41
3 1.5(10) CDCl; (0.025) 14 1.0:1.1 0.76
4 1.6(10) CDCls (0.05) 67 5.4:1.0 1.82
5 1.6(10) CeDg (0.05) 55 6.4:1.0 1.92
6 1.6(5) CgDg (0.025) 75 6.9:1.0 1.96
7 1.6(10) CDCl; (0.025) 83 27:1.0 2.77
8 1.6(5) CDCl; (0.025) 82 12:1.0 2.29
9 1.1(10) CDCl; (0.025) 20 1.0:3.0 0.17
10 1.7(10) CDClj (0.025) 13 1.0:7.1 -0.33
11 1.6(10) CD,Cl; (0.025) 64 4.7:11.0 1.73
12 1.7(10) CD,Cl; (0.05) 16 1.0:5.0 0.13

2All reactions were performed by addition of catalyst, solvent, and 0.03 mmol 1.3 at rt, followed by the addition of
0.036 mmol NCS. "Molarity of the reaction is in reference to 1.3. °Percent conversion to 1.3a was determined by 'H
NMR and represents an average of three trials using tetramethylsilane or tetrakis(trimethylsilyl)methane as an internal standard.
disomeric ratios were determined by '"H NMR and represent an average of three trials. ®We observed only minor decreases in
selectivites with CD,Cl, as the solvent, allowing us to reliably use DCM as our solvent upon scale-up to mitigate loss of volatile
products. 'AAAG = AAG entry#t -~ AAG e,ﬁm, with ortho-selektivity defined as positive AAG and para-selectivity defined as
negative AAG . *
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noticeable effect on the regioselectivity is likely due to a decrease in catalyst aggregation at lower

concentration and is consistent with work by Seidel.” To put the efficiency of catalyst 1.6 into

perspective, the AAAG? between catalyst 1.6 and 1.1 towards ortho-chlorination is 2.77 kcal/mol,

which corresponds to approximately 98% ee in the realm of enantioselective catalysis.

1.8-1.17

FsC CF;

SYNH
NH
sVl
"’N)kN CF,4
H H

Cat 1.6

OH
o NCS, Cat1.6
CDCl,, cocl, e

1.8-1.17a 1.8-1.17¢
1.8-1.17b

8(a-c)-17(a-c)®, time,° isolated yield of major product?
(Constitutional isomer ratio (a:b:c)°)
{Constitutional isomer ratio using 1.1 as catalyst (a:b:c)%
Gibbs free energy difference selectivity (kcal/mol)f

Fs

geancancgihcalice

1.8a: 4h, 75%
(10:1.0)
[gram scale]
{1.0:3.2}
AAAGH: 2.02

Nea

1.13a: 5h, (76%)?
(4.1.0.1.0)
{1.0:2.1:0}

AAAGY: >2.24M

1.9a: 12h, 70% 1.10a: 12h, 72%  1.11a: 12h, 65% 1.12a: 9h, (73%)°

(4.9:1.0) (5.7:1.0) (8.0:1.0) (16:1.0)
[gram scale] {1.0:4.7} {1.0:5.4} {1.1:1.0}

{1.0:4.0} AAAGH:1.57 AAAGH: 223 AAAGH 158
AAAGF: 1.76

Neglis i caliee

1.14a:3h, 48%  1.15a: 5h, 65% 1.16a: 12h, (68%)% 1.17a: 20h, 40%

(13.1:0:5.0) (2.0:0:1.0) (6.3:1 .0.1 5) (1.0:0:5.5)
{1.0:2.8:0} [gram scale] {1.0:2.0:0} {1.0:7.0:6.0}
AAAGE: 2.32h {1.7:6.3:1.0} AAAGE: 1.62" AAAGE: >1. 770

AAAGH: >2 27N

30ptimized reaction conditions were used with respect to the catalyst. bOnIy the
major product is shown. “Reaction times and constitutional isomer ratios were determined

by1

H NMR and represent an average of two trials using tetramethylsilane or

tetratis(trimethylsily)methane (TTMSM) as an internal standard. YIsolated vyields

were determined

on the 50-1000mg scale, using DCM as the solvent (due to

volatility), and represent an average of two trials. ®The selectivities observed with
catalyst 1.1 are included for comparison. fwith ortho-selectivity defined as positive AAG* and
para-selectivity defined as negative AAG*. 9Due to product volatility, as isolated yield could
not be reported; therefore % conversion was reported as determined by "H NMR using
TTMSM as an internal standard. "Both ortho products (a and ¢) combined to simplify
calculation. iAssuming >20:1 ortho/para with 1.6.

Scheme 1.8.1 ortho-Selective Chlorination of Substituted Phenols
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To define the generality of this catalyst-controlled ortho-chlorination, I applied catalyst 1.6
across a series of differentially substituted phenols, observing predominantly ortho-chlorination
across the substrate set (Scheme 1.8.1). This was in contrast to catalyst 1.1, which predominantly
yielded para-chlorination. For example, 1.6 effected the chlorination of phenol 1.8 to give an
ortho:para ratio (1.8a:1.8b) of 10.0:1.0, with 1.8a being isolated in 75% vyield. | observed a
decrease in ortho-selectivity for 2-tert-butyl substituted 1.9 (ortho:para ratio of 3:1), perhaps due
to the bulky substituent interfering with a catalyst-substrate interaction. Nonetheless, | was able to
isolate 1.9a with a 70% yield. Nitrile-containing 1.10 and 2-iodophenol (1.11) also proved good
substrates, affording ortho:para ratios of 5.7:1.0 and 8.0:1.0, respectively.

The chlorination of meta-substituted phenols also proceeded with ortho-selectivity in the
presence of 1.6. For example, the chlorination of 3-fluorophenol (1.12) yielded an excellent
16.0:1.0 1.12a:1.12b ratio. Substrates with less electronically withdrawing meta-substituents were
also chlorinated ortho to the phenol by 1.6, however now varying degrees of chlorination at the
more hindered ortho-position was observed in line with expected electronic trends (see substrates
1.13-1.16 in Scheme 1.8.1). 1.17 possessed particularly interesting selectivity as 1.6 primarily
effected chlorination at the more hindered ortho-position to give predominantly 1.17c (1.0:0:5.5
ratio of 1.17a:1.17b:1.17¢). From an energetic perspective, catalyst 1.6 was less effective on these
substrates than phenol, however the AAAG* between catalyst 1.6 and catalyst 1.1 were still quite
good, corresponding to a range of 85% to 96% ee when an analogy to enantioselective catalysis is
made.

With an ortho-selective catalyst in hand, | then turned our attention to catalysts that

augment the innate para-selectivity of phenols, finding that bis(diphenylphosphino)-1,1°-
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binaphthyl (BINAP)-derived phosphine sulfide 1.7 could improve upon the innate para-selectivity
of phenol, yielding a 1.3a:1.3b ratio of 1.0:7.1 (Table 1.8.1, Entry 10).
| then evaluated catalyst 1.7 across the same set of substrates (Scheme 1.8.2). In general,

1.7 was found to yield markedly improved para-selectivities compared to those of 1.1. For

OH
Q) Nes cat17 i)/ @ \©
" cocl, e Ry
1.81.17 1.8-1.17a 1.8-1.17¢

1.8-1.17b

1

1

:

I 8(a-c)-17(a-c)°, time,® isolated yield of major product?
s S E (Constitutional isomer ratio (a:b:c)°)

| {Constitutional isomer ratio using 1.1 as catalyst (a:b:c)%}

1 Gibbs free energy difference selectivity (kcal/mol)’

1

|

1

1

1

Cat1.7

QY Y Qg

1.8b: 4h,89%  1.9b: 12h, 83% 1.10b: 12h,67%  1.11b: 3h, 86% 1.12b: 6h, (68%)°

(1.0:12) (1.0:17) (1.0:7.4) (1.0:20) (1021)
[gram scale] {1.0:4.0} {1.0:2.5} {1.0:5.4} {1.1:1.0}
{1.0:3.2} AAAGHF: -0.85 AAAGH-0.64 AAAGF: -0.80  AAAGF: -0.50
AAAGHF: -0.80
OH OH OH OH OH
Cl Cl Cl Cl Cl
1.13b: 2h, 71% 1.14b: 2h, 72%  1.15b: 1h, 80%  1.16b: 1h, 53%  1.17b: 2h, 57%
(1.0:3.5:0) (1.0:6:0:0) (1.7:8.3:1.0) (1.0:6.0:0) (1.0:13:6.5)
{1.0:2.1:0} {1.0:2.8:0} {1.7:6.3:1.0} {1.0:2.0:0} {1.0:7.0:6.0}

AAAGY -0.30"  AAAGH: -0.45"  AAAGF: >-0.16"  AAAGH: -0.65" AAAGH: -0.32"

80ptimized reaction conditions were used with respect to the catalyst. bOnIy the
major product is shown. “Reaction times and constitutional isomer ratios were determined
by " H NMR and represent an average of two ftrials using tetramethylsilane or
tetratis(trimethylsilyl)methane (TTMSM) as an internal standard. YIsolated yields
were determined on the 50-1000mg scale, using DCM as the solvent (due to
volatility), and represent an average of two trials. ®The selectivities observed with
catalyst 1.1 are included for comparison. fwith ortho-selectivity defined as positive AAG*and
para-selectivity defined as negative AAGF. 9Due to product volatility, as isolated yield could
not be reported; therefore % conversion was reported as determined by 'H NMR using
TTMSM as an internal standard. "Both ortho products (a and c) combined to simplify
calculation.

Scheme 1.8.2 Augmenting the Innate Chlorination of Phenol

example, 1.7 effected the chlorination of phenols 1.8 and 1.9 with ortho:para ratios of 1.0:12.0

(compared to 1.0:3.2 and 1.0:4.0, respectively, by 1.1). I also observed a similar degree of para-
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augmentation with 1.7 for nitrile-containing 1.10 (1.10a:1.10b of 1.0:7.4 vs. 1.0:2.5 with 1.1), and
2-iodophenol (1.11) (ortho:para ratio of 1.0:20 vs. 1.0:5.4). Catalyst 1.7 also augmented the para-
selectivity of meta-substituted phenols when compared to catalyst 1.1. For example, while
fluorophenol 1.12 gave a ratio of 1.12a:1.12b as 1.1:1.0 with catalyst 1.1, chlorination of 1.12 with
catalytic 1.7 altered the reaction outcome to give para-chlorinated 1.12b as the major product
(ratio of 1.12a:1.12b as 1.0:2.1). 1.7 also resulted in increases in para-selectivity of 2-3 fold for
phenols 1.14, 1.16, and 1.17. It should be noted that for some phenols, such as 1.13 and 1.15,
catalyst 1.7 increased selectivity minimally. Finally, the chlorination of ester-containing 1.17 was
seemingly unselective with catalyst 1.1, resulting in a mixture of 1.17a:1.17b:1.17c as 1.0:7.0:6.0,
yet in the presence of 1.7, the chlorination proceeded to yield a para-favoring mixture of
1.17a:1.17b:1.17cas 1.0:13.0:6.5. While the increase in para-selectivities are moderate, the ability
to augment para-selectivities when using catalyst 1.7 over catalyst 1.1 complements the catalyst-
directed ortho-chlorinations in Scheme 1.8.2, and serves as another proof of concept that catalyst
structure can both augment (as with 1.7) or override (as with 1.6) innate regioselectivities.

I next probed whether these catalysts could also affect regioselective brominations. While
there are robust conditions for ortho-bromination, catalyst-controlled bromination might find
utility in late-stage functionalization. In these studies, | found little difference between catalysts
1.1 and 1.7, with both yielding predominantly para-brominated products, however as with
chlorination, 1.6 overcame this innate para-preference to give mostly ortho-brominated products.
For example, phenol 1.3 yielded excellent regioselectivities (1.3c:1.3d ratio of 1.0:11.0, Scheme
1.8.3), albeit with a significant amount of polybromination, while 1.6 gave an observed 1.3c:1.3d

ratio of 3.3:1.0. Ortho-substituted phenols 1.8 and 1.18 proceeded more smoothly, with 1.1
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A. Regiodivergent Bromination

OH NBS OH OH catalyst 1.3¢c:1.3d°
catalyst Br
e bl + ,1'1 - 1.0:11
CDCly, rt? (30 min, 84%)
1.6 3.3:1.0
1.3 1.3c Br (30 min, 66%)°
1.3d
OH NBS OH OH catalyst 1.8¢:1.8d°
Ph catalyst Br. Ph Ph .
— + 11 o 1:7(469)
CDCly, rt? (12h, 93%)
1.6 dy.
5(45%:1
1.8 1.8¢ Br (12h, 84%)° )
1.8d
OH NBS catalyst 1.18a:1.18b°
catalyst Br. .
— ,1 1 b 1:20(38%)¢
CDClj, rt? (30 min, 83%)
1.6 dy.
4(309):1
1.18 1.18a (30 min, 95%)°
1.18b
B. Effect of Electron-Donating Substitution
catalyst 1.19a:1.19b°
OMe catal st
y 1.10 ) 1:>20
CDClg, rt? (1h, 88%)
16 1.8:1
1.19 1.19a (2h, 70%)°
1.19b AAAG'= >2,12 keal/mol'

a0ptimized reaction conditions were used with respect to the catalyst. "Reaction times and
conversions to mono-brominated products were determined by "H NMR and represent an
averageof two trials using tetramethylsilane or tetrakis(trimethylsilyl)methane as an internal
standard.°Ratios were determined by 'H NMR and represent an average of three trials.
d1solated yields in parentheses were determined on the 50-100 mg scale, using DCM as the
solvent (due to volatility), and represent an average of two trials. ®Ratio could not be
determined by "H NMR, however 1.18b was the predominant isomer. FAAAGF= AAGY, ¢ -
AAG?* 44, with ortho-selectivity defined as positive AAG*and para-selectivity defined
as negative AAGY.

Scheme 1.8.3 Regiodivergent Bromination and the ortho-Chlorination of Guaiacol

yielding predominantly para-brominated 1.8d and 1.18b, and catalyst 1.6 favoring bromination
ortho- to the hydroxy group each time (1.8c:1.8d ratio of 5.0:1.0; 1.18a:1.18b ratio of 4.0:1.0). It
should be noted that when using 1.2 equiv. NBS, | observed some di-bromination which
complicated purification and resulted in isolated yields that were lower than observed NMR

conversions.
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| also evaluated the chlorination of substrates that possessed multiple directing groups such
as guaiacol (1.19), finding catalyst 1.1 to effect chlorination exclusively para- to the hydroxy
group, giving 1.19b in high yields. Interestingly, catalyst 1.6 could overcome this large substrate
preference to yield ortho-chlorinated 1.19a as the major product, however with a more modest
ratio than other substrates in Scheme 1.8.1. It is worth mentioning that this modest selectivity is
due to the large innate para-preference of 1.19, as from an energetic perspective, catalyst 1.6
overcomes roughly 2.1 kcal/mol, comparable, if not better than many of the substrates in Scheme
1.8.1.

In conclusion, | have demonstrated that the catalyst structure of Lewis bases can influence
the regioselectivity of the electrophilic halogenation of phenols. A particularly exciting aspect of
this work is the observed reversal of regioselectivity by Nagasawa’s bis-thiourea 1.6, presumably
through a mechanism in which one thiourea interacts with the phenol hydroxy group, and the other
activates NCS through Lewis basic (analogous to that depicted in Figure 1.7.1) or a Bronsted acidic
manifold (H-bonding with NCS carbonyl). Mechanistic studies to understand how this chemistry
works are ongoing. These results represent a novel and facile route to access arene substitution
patterns that are not currently readily available. More broadly, these results represent a key proof

of concept that a catalyst can indeed alter the reaction outcome of electrophilic halogenation.
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1.9 Experimental Section

1.9.1 Initial Mechanistic Investigations (Figures 1.7.3 and 1.7.4)
Results in Figure 1.7.3 were obtained as follows: 2.4 mg (0.01 mmol, 1.0 equiv.) of

tributylphosphinesulfide was added to an NMR tube followed by the addition of 600 uL CDCls.
A 3P NMR spectrum was obtained, represented as the bottom spectrum in red (Figure 1.7.3). 6.7
mg (0.05 mmol, 5.0 equiv.) NCS was then added to the NMR tube and shaken vigorously for 3
minutes. A second 3'P NMR spectrum was obtained, represented by the middle spectrum in green
(Figure 1.7.3). Immediately after obtaining the second *!P spectrum, 9.7 mg (0.5 mmol, 5.0 equiv.)
of caffeine was added to the NMR tube and left for 30 minutes with 4 equally spaced out short
periods of mixing. After the 30 minutes was up, a third 3P NMR spectrum was obtained,
represented by the blue spectrum (Figure 1.7.3). While the blue spectrum in Figure 1.7.3 is a
different species than the starting catalyst by 3P NMR, sequential additions of NCS followed by
caffeine continued to effect catalytic chlorination. Mass spectral analysis of the reaction after
chlorination revealed an observed mass of 437.5 m/z, suggesting the formation of a resting-state

catalyst such as 1.20 (calculated mass of protonated 1.20 is 437.3 m/z).

n-Bu n-Bu
| |
n-Bu-ﬁp_:\q_ ~F=n-Bu
n-Bi" ST By
1.20

Figure 1.9.1 Proposed Resting-State Catalyst 1.20
As a control, 2.4 mg (0.01 mmol, 1.0 equiv.) of tributylphosphinesulfide was added to an
NMR tube, followed by the addition of succinimide and 8-chlorocaffeine. The 3P NMR spectrum

of the control mixture was analogous to that of the 1.1 alone (red spectrum, Figure 1.7.3).
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Scheme 1.9.1 Energies from Figure 1.7.4

Scheme 1.9.1 is a reformatted version of Figure 1.7.4. The energies given for SI-4 and Sl-

5 represent the separated ions with implicit solvent calculations. Explicit solvation may result in a

lower energy ion pair. All attempts to locate ion-pair type interactions between SI-4 and SI-5 in

the gas phase resulted in convergence to intermediate SI-6 or higher energy species.
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1.9.2 General Information

All *H and 3C NMR spectra were recorded on either a Varian VNMRS 400 MHz, Varian
Inova 500 MHz, Varian VNMRS 600 MHz or Bruker Avance 111 600 MHz spectrometers at 25
°C. All chemical shifts were reported in parts per million () and were internally referenced to
residual protio solvents unless otherwise noted. °F NMR spectra were referenced to an external
TFA standard. Spectral data were reported as follows: chemical shift (multiplicity [singlet (s),
doublet (d), triplet (t), quartet (q), pentet (p), and multiplet (m)], coupling constants [Hz],
integration). Carbon spectra were recorded with complete proton decoupling. Conventional mass
spectra were obtained using Advion Expression® CMS (APCI, ASAP). N-chlorosuccinimide was
recrystallized from acetic acid, and N-bromosuccinimide was recrystallized from water. For the
synthesis of 1.7, toluene was degassed prior to use via the freeze-pump-thaw method. All other
chemicals used were purchased from Sigma Aldrich, TCI, Frontier Scientific, Acros Organics,
Strem, Oakwood, Matrix Scientific, Cambridge Isotope Laboratories, or Fisher and were used as
received without further purification, unless specifically noted. All normal phase flash column
chromatography (FCC) was performed using Grade 60 Silica Gel (230-400 mesh) purchased from
Fisher Scientific. Reverse phase flash chromatography was performed on a Biotage Isolera One
with a Biotage SNAP cartridge (KP-C18-HS 12q). Preparative Thin Layer Chromatography (TLC)
plates contained grade 60 silica gel coated with fluorescent indicator Fzss. Catalysts were either
purchased (1.1), prepared from known literature procedures (1.4,° 1.5, 1.6,) or synthesized

1.7).

22



Figure 1.9.2 Catalyst 1.7
(R)-[1,1'-binaphthalene]-2,2'-diylbis(diphenylphosphine sulfide) (1.7): (R)-BINAP (1 g, 1.61
mmol, 1.0 equiv.) and ground elemental sulfur (210 mg, 6.42 mmol, 4.0 equiv.) was added to a
round bottom (rb) flask equipped with a stir bar. The flask was evacuated and backfilled with
nitrogen (1x), followed by the addition of degassed toluene (3.2 mL, 0.5 M). The flask was
attached to a reflux condenser and a nitrogen line. The reaction was refluxed overnight at 120 °C
under nitrogen. Upon reaction completion (determined by 3P NMR), the solvent was removed by
rotovap; and the remaining sulfur was removed via flash column chromatography. The fractions
containing 1.7 were collected, dried over sodium sulfate, and evaporated by rotovap. The relatively
pure material was then dissolved in a 2-dram vial with hot toluene (~3 mL), capped, and placed in
the freezer for 24 hours. The resulting crystals were filtered, and washed with minimal cold toluene
to afford 1.7 as off-white solid crystals (592 mg, 54%). 'H NMR (500 MHz, CDCls) & 7.78 (dd, J
= 8.7, 2.0 Hz, 2H), 7.75-7.61 (m, 10H), 7.46 (dd, J = 12.3, 8.7 Hz, 2H), 7.41-7.35 (m, 2H), 7.34-
7.27 (m, 4H), 7.25-7.20 (m, 8H), 6.72 (d, J = 8.5 Hz, 2H), 6.63 (t, J = 7.4 Hz, 2H); 13C NMR (126
MHz, CDCl3) 5 140.65 (dd, J = 8.2, 5.2 Hz), 135.83 (d, J = 86 Hz), 134.12 (d, J = 2.5 Hz), 133.57
(d, J = 11.5 Hz), 132.95 (d, J = 10 Hz), 132.30 (d, J = 11 Hz), 131.59, 130.97 (d, J = 3.0 Hz),
130.69 (d, J = 3.0 Hz), 129.49 (d, J = 12 Hz), 128.74 (d, J = 85 Hz), 128.11 (d, J = 13 Hz), 128.10
(d, J = 12 Hz), 127.95 (d, J = 13 Hz), 127.80, 127.56, 127.38 (d, J = 1.0 Hz), 125.81 (d, J = 1.0
Hz); 3P NMR (202 MHz, CDCls) & 43.12 (referenced to external HsPO4 standard); MS (APCI):

Calculated for CasH33P2S, [M+H]* 687.2. Found: 687.2 m/z.
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1.9.3 General Regiodivergent Halogenation Procedure

Substrate (0.030 mmol, 1 equiv.), catalyst (0.0030 mmol, 0.1 equiv.), and CDCl3 (600 uL
or 1200 uL) were added to an NMR tube followed by the addition of either tetramethylsilane
(TMS) or tetrakis(trimethylsilyl)methane (TTMSM) as an internal standard (when necessary). A
'H spectrum of the reaction mixture was then obtained with a relaxation delay of 5.00 sec (number
of scans = 4), representing the reaction mixture at time = 0. N-Halosuccinimide (0.036 mmol, 1.2
equiv.) was then added to the NMR tube, and the reaction was monitored by *H NMR. The reaction
was considered complete once the substrate conversion had ceased. Isomeric ratios were
determined via integration of the aromatic peaks of each product. Conversion to mono-ClI products
represents the sum of the conversions of all identified mono-chlorinated products, and the value
was determined via integration of mono-chlorinated products with respect to either the residual
protio solvent or TMS. Isomeric ratios determined by analysis of non-obscure peaks. When
necessary, clear coupling patterns were partially integrated, and full integration value was
extrapolated from the partial integration. If multiple peaks were clear, the average of those peaks
were used to determine the isomeric ratio. Each experiment was performed in triplicate, and the
reported ratios are the average of the three trials. An example from each set is reported with the
Spectral Data. Each example was zoomed in for clear visualization of each isomer.

Isolated yields were determined on a 50-1,000 mg scale using dichloromethane (DCM) as
the reaction solvent instead of CDCls, due to the low boiling points of many of the products; all
reagents and solvent were scaled equally, omitting TMS (or TTMSM). When catalyst 1.6 was used
on these scales, the concentration with respect to the substrate was adjusted to 0.05 M to avoid
using unnecessary volumes of solvent; the catalyst loading was subsequently adjusted to 0.025

mol% to avoid catalyst aggregation. Upon reaction completion, as determined by Thin-Layer
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Chromatography (TLC), the reaction was filtered through a short normal phase silica plug with
DCM to remove succinimide. The solvent was then removed by rotovap, and, for almost all
substrates, the resulting crude mixture was purified by Flash Column Chromatography (FCC) on
normal phase silica gel, eluting with hexanes and ethyl acetate (hexanes:ethyl acetate::100:0 ->
99:1 - 98:2 - 97:3 > 95:5), unless otherwise noted. Many of the isolated products had low
boiling points, thereby negatively affecting the isolated yield upon being exposed to strong
vacuums for extended periods of time. For the chlorination and bromination of phenol (1.3),
spectra were compared to literature precedents (1.3a,’’ 1.3b,*® 1.3c,’® 1.3d"®) to determine isomeric
ratios. For the chlorination of guaiacol (1.19), spectra were compared to literature precedents

(1.19a’°) and the Spectral Database for Organic Compounds (1.19b).

OH
CI\©/Ph
Figure 1.9.3 Product 1.8a
3-chloro-[1,1'-biphenyl]-2-ol (1.8a): Prepared according to the general procedure ona 1 g
scale, using 1.6 as catalyst. 902 mg (75% yield) of 1.8a was isolated as a white solid. *H NMR
(599 MHz, CDCl3) & 7.54 (dd, J = 7.8, 1.4 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 7.39 (tt, J = 7.4, 1.2
Hz, 1H), 7.33 (dd, J = 8.0, 1.6 Hz, 1H), 7.23 (dd, J = 7.8, 1.4 Hz, 1H), 6.95 (t, J = 7.9 Hz, 1H),
5.70 (s, 1H); 3C NMR (151 MHz, CDCls) 5 148.55, 137.19, 129.84, 129.56, 129.29, 128.66,
128.43, 127.89, 121.22, 120.81; MS (APCI): Calculated for C12H1oCIO [M+H]* 205.0. Found:

205.0 m/z.
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Cl
Figure 1.9.4 Product 1.8b

5-chloro-[1,1'-biphenyl]-2-ol (1.8b): Prepared according to the general procedure ona 1lg
scale, using 1.7 as catalyst. 1.081 g (89% vyield) of 1.8b was isolated as a white solid. *H NMR
(400 MHz, CDCl3) § 7.54 — 7.47 (m, 2H), 7.47 — 7.40 (m, 3H), 7.24 — 7.19 (m, 2H), 6.95 — 6.90
(m, 1H), 5.17 (bs, 1H); 13C NMR (126 MHz, CDCls) § 151.25, 135.97, 129.91, 129.66, 129.62,
129.07, 129.03, 128.57, 125.70, 117.32; MS (APCI): Calculated for C12H10CIO [M+H]* 205.0.

Found: 205.0 m/z.
OH

CI\©/t-Bu
Figure 1.9.5 Product 1.9a
2-(tert-butyl)-6-chlorophenol (1.9a): Prepared according to the general procedureonalg
scale, using 1.6 as catalyst. 861 mg (70%) of 1.9a was recovered as an orange oil. *H NMR (500
MHz, CDCl3) § 7.21 — 7.17 (m, 2H), 6.80 (t, J = 7.9 Hz, 1H), 5.85 (bs, 1H), 1.41 (s, 9H); 13C
NMR (126 MHz, CDCIs) ¢ 149.83, 137.75, 126.61, 125.85, 121.05, 120.43, 35.34, 29.47; MS

(APCI): Calculated for C10H14CIO [M+H]* 185.1. Found: 185.1 m/z.

OH
tBu

Cl
Figure 1.9.6 Product 1.9b
2-(tert-butyl)-4-chlorophenol (1.9b): Prepared according to the general procedure on a 500

mg scale, using 1.7 as catalyst. 514 mg (83% yield) of 1.9b was isolated as an orange oil. *H NMR
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(500 MHz, CDCl3) § 7.22 (d, J = 2.6 Hz, 1H), 7.02 (dd, J = 8.4, 2.6 Hz, 1H), 6.59 (d, J = 8.4 Hz,
1H), 4.79 (s, 1H), 1.39 (s, 9H); 3C NMR (126 MHz, CDCls) & 152.90, 138.18, 127.45, 126.67,

125.57, 117.73, 34.89, 29.48; MS (APCI): Calculated for C10H14CIO [M+H]" 185.1. Found:

185.1 m/z.
OH

CI\©/CN
Figure 1.9.7 Product 1.10a
3-chloro-2-hydroxybenzonitrile (1.10a): Prepared according to the general procedure
(except for purification) on a 100 mg scale, using 1.6 as catalyst. Upon reaction completion, the
solvent was evaporated by rotovap, and the resulting crude material was immediately purified by
FCC with an isocratic elution of 100% dichloromethane to obtain 93 mg (72% yield) of 1.10a as
a white solid. 'H NMR (500 MHz, CDCls) & 7.56 (dd, J = 8.1, 1.5 Hz, 1H), 7.48 (dd, J = 7.8, 1.5
Hz, 1H), 6.97 (t, J = 7.9 Hz, 1H), 6.23 (s, 1H); 3C NMR (126 MHz, CDCls) & 153.91, 133.87,
132.23, 121.69, 121.26, 115.16, 101.40; MS (APCI): Calculated for C7HsCINO [M+H]* 154.0.

Found: 154.0 m/z.

OH
CN

Cl
Figure 1.9.8 Product 1.10b

5-chloro-2-hydroxybenzonitrile (1.10b): Prepared according to the general procedure
(except for purification) on a 100 mg scale, using 1.7 as catalyst. Upon reaction completion, the
solvent was evaporated by rotovap, and the resulting crude material was immediately purified by
FCC with an isocratic elution of 100% dichloromethane to obtain 86 mg (67% yield) of 1.10b as

a white solid, which consistently included about 12% starting material that could not be removed
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by available chromatography methods. *H NMR (500 MHz, acetone-D6) & 10.09 (s, 1H), 7.65 (d,
J =27 Hz, 1H), 7.52 (dd, J = 8.9, 2.7 Hz, 1H), 7.12 (d, J = 8.9 Hz, 1H); 3C NMR (126 MHz,
acetone-D6) 6 159.59, 135.30, 133.18, 124.92, 118.74, 115.86, 102.30; MS (APCI): Calculated

for C7HsCINO [M+H]* 154.0. Found: 154.1 m/z.

OH
CI\©/I
Figure 1.9.9 Product 1.11a

2-chloro-6-iodophenol (1.11a): Prepared according to the general procedure on a 100 mg
scale, using 1.6 as catalyst. 75 mg (65% yield) of 1.11a was isolated as a white solid. 'H NMR
(599 MHz, CDCl3) § 7.62 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 6.63 (t, J = 8.0 Hz, 1H),
5.93 (s, 1H); 13C NMR (151 MHz, CDCl3) § 151.01, 137.92, 129.80, 122.98, 119.39, 83.63; MS
(APCI): Calculated for CsH4CIIO [M]* 253.9. Found: 254.0 m/z.

OH

Cl
Figure 1.9.10 Product 1.11b

4-chloro-2-iodophenol (1.11b): Prepared according to the general procedure on a 100 mg
scale, using 3.7 as catalyst. 99 mg (86% vyield) of 1.11b was isolated as a white solid. *H NMR
(500 MHz, CDCl3) 8 7.63 (d, J = 2.4 Hz, 1H), 7.22 (dd, J = 8.7, 2.4 Hz, 1H), 6.92 (d, J = 8.7 Hz,
1H), 5.28 (s, 1H); 1*C NMR (126 MHz, CDCls) § 153.93, 137.28, 130.29, 126.24, 115.82, 85.58;

MS (APCI): Calculated for CsH4CIlIO [M]* 253.9. Found: 253.9 m/z.
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Figure 1.9.11 Product 1.12a

2-chloro-5-fluorophenol (1.12a): 5 g (44.6 mmol, 1.0 equiv.) of 3-fluorophenol was added
to a 100 mL 2-necked round bottom flask, equipped with a stir bar, followed by the addition of 45
mL of dichloromethane. 131 mg (0.446 mmol, 0.01 equiv.) of 1.6 was subsequently added to the
reaction mixture while stirring at room temperature. After five minutes, 6.6 g (49.1 mmol, 1.1
equiv.) of N-chlorosuccinimide was added to the stirring reaction at room temperature in 3 equal
portions over the span of 10 minutes. After 24 hours stirring, 40 mL of hexanes was added to the
reaction. Solid succinimide crashed out of solution and was filtered via vacuum filtration. The
solid was disposed of, and the collected organic layer was purified via fractional distillation. 1.12a
and 1.12b could not be isolated on this scale via distillation, however the fractions containing the
highest purity of each isomer were collected for spectral analysis (spectra are provided). No
isolated yield is reported. 1.12a distilled at a lower temperature (90-150 °C), and significant
amounts of hexane were present in the purest fraction. Constitutional isomer was assigned by
contrast from spectra obtained from 1.12b. 'H NMR (500 MHz, CDCls) 6 7.26 (dd, J = 8.9, 5.7
Hz, 1H), 6.77 (dd, J = 9.6, 2.9 Hz, 1H), 6.62 (ddd, J = 9.0, 8.0, 2.9 Hz, 1H), 5.65 (d, J = 1.5 Hz,
1H); 13C NMR (126 MHz, CDCls) § 162.41 (d, J = 246 Hz), 152.45 (d, J = 12.8 Hz), 129.57 (d, J
= 9.9 Hz), 115.22 (d, J = 3.5 Hz), 108.70 (d, J = 23.4 Hz), 104.17 (d, J = 26.5 Hz); MS (APCI):

Calculated for C¢H4CIFO [M]* 146.0. Found: 145.9 m/z.
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Cl
Figure 1.9.12 Product 1.12b

4-chloro-3-fluorophenol (1.12b): 5 g (44.6 mmol, 1.0 equiv.) of 3-fluorophenol was added
to a 100 mL 2-necked round bottom flask, equipped with a stir bar, followed by the addition of 45
mL of dichloromethane. 131 mg (0.446 mmol, 0.01 equiv.) of 1.7 was subsequently added to the
reaction mixture while stirring at room temperature. After five minutes, 6.6 g (49.1 mmol, 1.1
equiv.) of N-chlorosuccinimide was added to the stirring reaction at room temperature in 3 equal
portions over the span of 10 minutes. After 24 hours stirring, 40 mL of hexanes was added to the
reaction. Solid succinimide crashed out of solution and was filtered via vacuum filtration. The
solid was disposed of, and the collected organic layer was purified via fractional distillation. 1.12a
and 1.12b could not be isolated on this scale via distillation, however the fractions containing the
highest purity of each isomer were collected for spectral analysis (spectra are provided). No
isolated yield is reported. In later fractions, where 1.12b distilled (120-200 °C), significant amounts
of succinimide began to distill with the product. Spectral data matched the data provided by Sigma
Aldrich. *H NMR (500 MHz, CDCl3) & 7.21 (t, J = 8.6 Hz, 1H), 6.67 (dd, J = 10.3, 2.8 Hz, 1H),
6.58 (ddd, J = 8.8, 2.8, 1.3 Hz, 1H); 13C NMR (126 MHz, CDCls) & 158.54 (d, J = 248 Hz), 155.68
(d, J = 10 Hz), 130.88 (d, J = 1.4 Hz), 112.40 (d, J = 17.7 Hz), 112.22 (d, J = 3.5 Hz), 104.68 (d,

J =23.9 Hz); MS (APCI): Calculated for C¢H4CIFO [M]* 146.0. Found: 145.9 m/z.
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Figure 1.9.13 Product 1.13a
2,5-dichlorophenol (1.13a): Prepared according to the general procedure on a 100 mg scale,
using 1.6 as catalyst. 1.13a was isolated as an off-white solid, however the product quickly
sublimes under vacuum. No isolated yield was reported, albeit 10 mg of pure material was obtained
for spectral analysis. Spectral data matched the data provided by Sigma Aldrich. *H NMR (500
MHz, CDCls) & 7.24 (d, J = 8.6 Hz, 1H), 7.04 (d, J = 2.4 Hz, 1H), 6.87 (dd, J = 8.6, 2.4 Hz, 1H),
5.58 (s, 1H); 13C NMR (126 MHz, CDCls) 5152.05, 133.92, 129.69, 121.74, 118.49, 116.82; MS

(APCI): Calculated for CsH4Cl.0 [M]" 162.0. Found: 161.9 m/z.

OH

Cl
Cl
Figure 1.9.14 Product 1.13b
3,4-dichlorophenol (1.13b): Prepared according to the general procedure (not purified by
FCC) on a 100 mg scale, using 1.7 as catalyst. After filtering reaction mixture through silica plug,
solvent was removed under rotovap. The resulting crude material was dissolved in 300 pL of
hexane. The resulting solution was purified by preparative TLC (hexane:ethyl acetate::90:10) to
afford 90 mg (71% vyield) of 1.13b as a white solid. Spectral data matched the data provided by
Sigma Aldrich. *H NMR (500 MHz, CDCls) § 7.28 (d, J=8.7 Hz, 1H), 6.96 (d, J = 2.9 Hz, 1H),

6.69 (dd, J=8.7, 2.9 Hz, 1H), 4.95 (s, 1H); *C NMR (126 MHz, CDClIs) & 154.66, 133.08, 131.05,

124.39, 117.66, 115.38; MS (APCI): Calculated for CsH4CIl.O [M]* 162.0. Found: 161.9 m/z.
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Figure 1.9.15 Product 1.14a
5-bromo-2-chlorophenol (1.14a): Prepared according to the general procedure on a 100 mg
scale, using 1.6 as catalyst. 57 mg (48% yield) of 1.14a was isolated as an off-white solid. The
structure was assigned by comparison to computationally predicted **C NMR shifts [B3LYP63-
1G+(d,p)]. *H NMR (400 MHz, CDCl3) § 7.19 (d, J = 2.2 Hz, 1H), 7.18 (d, J = 8.6 Hz, 1H), 7.01
(dd, J = 8.5, 2.2 Hz, 1H), 5.56 (s, 1H); 3C NMR (101 MHz, CDCls) & 152.15, 130.02, 124.64,

121.42, 119.68, 119.14; MS (APCI): Calculated for C¢H4sCBrCIO [M]* 205.9. Found: 205.8

m/z.

OH

Br
Cl
Figure 1.9.16 Product 1.14b
3-bromo-4-chlorophenol (1.14b): Prepared according to the general procedure on a 100
mg scale, using 3.7 as catalyst. 86 mg (72% yield) of 1.14b was isolated as an off-white solid. The
structure was assigned by comparison to computationally predicted **C NMR shifts [B3LYP63-
1G+(d,p)]. *H NMR (500 MHz, CDCl3) & 7.29 (d, J =8.7 Hz, 1H), 7.13 (d, J = 2.9 Hz, 1H), 6.74
(dd, J = 8.7, 2.9 Hz, 1H), 4.90 (s, 1H); 3C NMR (126 MHz, CDClIs) 6 154.62, 130.87, 126.37,

122.77,120.80, 116.05; MS (APCI): Calculated for CsH4CBrCIO [M]" 205.9. Found: 205.8 m/z

OH
CC
Br
Figure 1.9.17 Product 1.14c
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3-bromo-2-chlorophenol (1.14c): Prepared according to the general procedure ona 100 mg
scale, using 1.6 as catalyst. 17 mg (14% vyield) of 1.14c was isolated as an off-white solid. *H
NMR (599 MHz, CDCl3) & 7.20 (dd, J = 8.0, 1.1 Hz, 1H), 7.06 (t, J = 8.1 Hz, 1H), 6.98 (dd, J =
8.2, 1.2 Hz, 1H), 5.66 (s, 1H); 3C NMR (151 MHz, CDCls) & 152.69, 128.78, 125.50, 122.33,

121.00, 115.16; MS (APCI): Calculated for CsH4CBrCIO [M]* 205.9. Found: 205.8 m/z.

OH
Cl
QL
Figure 1.9.18 Product 1.15a
2-chloro-5-iodophenol (1.15a): Prepared according to the general procedure on a 1 g scale,
using 1.6 as catalyst. 750 mg (65% yield) of 1.15a was isolated as an off-white solid. Spectra
obtained from 1.15a match spectra reported in patent literature.2° 1H NMR (400 MHz, CDCls3) &
7.54 (d, J = 2.0 Hz, 1H), 7.36 (dd, J = 8.4, 2.0 Hz, 1H), 7.19 (d, J = 8.4 Hz, 1H), 5.68 (s, 1H); 13C
NMR (126 MHz, CDCls) §152.13, 130.65, 130.36, 125.56, 120.25, 92.16; MS (APCI):

Calculated for CsH4CCIIO [M]" 253.9. Found: 254.0 m/z.

OH

|
Cl
Figure 1.9.19 Product 1.15b
4-chloro-3-iodophenol (1.15b): Prepared according to the general procedure on a 50 mg
scale, using 1.7 as catalyst. 46 mg (80% yield) of 1.15b was isolated as a white solid. Constitutional

isomer was assigned by contrast to spectra obtained from 1.15a. *H NMR (400 MHz, CDCls) &

7.35(d, J = 2.9 Hz, 1H), 7.28 (d, J = 8.7 Hz, 1H), 6.78 (dd, J = 8.7, 2.9 Hz, 1H), 4.87 (s, 1H); 13C
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NMR (126 MHz, CDCls) & 154.33, 130.50, 129.66, 126.99, 117.01, 98.04; MS (APCI):

Calculated for C¢H4CCIIO [M]* 253.9. Found: 254.0 m/z.

OH
0
|
Figure 1.9.20 Product 1.15¢

2-chloro-3-iodophenol (1.15c): Prepared according to the general procedure on a1 g scale,
using 1.6 as catalyst. 320 mg (28% yield) of 1.15¢c was isolated as a white solid. *H NMR (400
MHz, CDCls) & 7.42 (dd, J=7.8, 1.5 Hz, 1H), 7.00 (dd, J = 8.2, 1.5 Hz, 1H), 6.92 (t, J = 8.0 Hz,
1H), 5.59 (s, 1H); 13C NMR (126 MHz, CDCls) & 151.80, 132.02, 129.60, 124.81, 116.15, 97.41;

MS (APCI): Calculated for C¢H4CCIIO [M]* 253.9. Found: 254.0 m/z.

OH
et
-Bu
Figure 1.9.21 Product 1.16a
5-(tert-butyl)-2-chlorophenol (1.16a): Prepared according to the general procedure on a
100 mg scale, using 1.6 as catalyst. 44 mg of 1.16a was isolated as an orange oil, however
approximately 10% impurities were present that could not be removed using available purification
techniques (i.e. FCC, preparative TLC, etc.). No isolated yield was reported, but the slightly
impure material was used for spectral analysis in order to elucidate the structure of 1.16a (2D
NMR spectra are provided). 'H NMR (599 MHz, CDCls) 6 7.22 (d, J = 8.4 Hz, 1H), 7.06 (d, J =
2.3 Hz, 1H), 6.90 (dd, J = 8.4, 2.3 Hz, 1H), 5.52 (bs, 1H), 1.29 (s, 9H); 3C NMR (151 MHz,
CDCIs) 6 152.43, 150.94, 128.42, 118.73, 116.83, 113.63, 34.76, 31.34; MS (APCI): Calculated

for C10H14CIO [M+H]" 185.1. Found: 185.1 m/z.
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ci. A _H
° 8
7 _Me
H> 3
H MEME
no. by (mult, Jin Hz) de HMBC (H-=C)
1 150.9 H-5, H-2, H-4
2 7.06 (d, J=2.3) 113.6 H-5, H-4
3 152.4 H-5, H-2, H-4, Me-8
4 6.90(dd, J=84,23) 1187 H-2
5 7.22(d, J=8.4) 128.4 H-4
5] 116.8 H-5, H-2, H-4
7 34.8 H-2, H-4
8 1.29 (s) 31.3

Figure 1.9.22 Multiple Bond Correlations of Product 1.16a

OH

-Bu
Cl
Figure 1.9.23 Product 1.16b
3-(tert-butyl)-4-chlorophenol (1.16b): Prepared according to the general procedure on a
100 mg scale, using 1.7 as catalyst. 65 mg (53% yield) of 1.16b was isolated as an orange oil. The
constitutional isomer was verified using 2-dimensional NMR analysis. 'H NMR (599 MHz,
CDCl3) 6 7.18 (d, J =8.5 Hz, 1H), 6.91 (d, J = 3.0 Hz, 1H), 6.61 (dd, J = 8.5, 3.0 Hz, 1H), 1.45 (s,
9H); 1¥3C NMR (151 MHz, CDCls) & 154.12, 148.13, 132.77, 125.20, 115.25, 113.92, 36.13,

29.55; MS (APCI): Calculated for C10H14CIO [M+H]* 185.1. Found: 185.1 m/z.
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Ho A H
° 8
7 _Me
H> 4 Me
Cl Me
no. by (mult, Jin Hz) be HMBC (H-=C)
1 1541 H-2, H-5, H-6
2 6.91 (d, J=3.0) 115.3 H-5, H-6
3 1481 H-5, Me-8
4 125.2 H-2, H-5, H-6
5 7.18 (d, J=8.5) 132.8
6 6.61(dd, J=8.5,3.0 1139 H-2
7 36.1 H-2, H-5
8 1.45 (s) 29.6

Figure 1.9.24 Multiple Bond Correlations of Product 1.16b

OH

CO,Me
Cl
Figure 1.9.25 Product 1.17b
Methyl 2-chloro-5-hydroxybenzoate (1.17b): Prepared according to the general procedure
on a 100 mg scale, using 1.7 as catalyst. 70 mg (57% yield) of 1.17b was isolated as a clear oil,
which settled to clear thin crystals shortly after. The constitutional isomer was verified using 2-
dimensional NMR analysis. *H NMR (500 MHz, CDCls) 6 7.34 (d, J = 3.1 Hz, 1H), 7.30 (d, J =
8.7 Hz, 1H), 6.93 (dd, J = 8.7, 3.1 Hz, 1H), 5.82 (s, 1H), 3.93 (s, 3H); 13C NMR (126 MHz, CDCls)
5 166.56, 154.37, 132.29, 130.50, 125.06, 120.32, 118.28, 52.85; MS (APCI): Calculated for

CsHsCl0s [M+H]* 187.0. Found: 187.0 m/z.
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no. By (mult, Jin Hz) B HMBC (H->C)

1 154.1 H-2, H-5, H-6
2 7.34 (d, J=3.1) 118.3 H-6

3 130.5 H-5, Me-8

4 125.1 H-2, H-5, H-6
5 7.30 (d, J=8.7) 132.3

6 6.93(dd, J=8.7 3.1) 120.3 H-2

7 166.6 H-2, H-5, Me-8
8 1.45 (s) 52.9

Figure 1.9.26 Multiple Bond Correlations of Product 1.17b

OH
C[m
CO,Me
Figure 1.9.27 Product 1.17c
Methyl 2-chloro-3-hydroxybenzoate (1.17c): Prepared according to the general procedure
(purified using reverse phase FCC) on a 100 mg scale, using 1.6 as catalyst. Upon completion,
reaction was filtered thru a short silica plug with DCM. The filtrate was collected, and the solvent
was removed by rotovap to afford a crude oil. The crude oil was then dissolved with minimal
acetonitrile (50% v/v aqueous). This solution was purified on a Biotage Isolera using a C18
stationary phase SNAP cartridge (water:acetonitrile:: 90:10 - 85:15 - 80:20). Fractions
containing the desired compound were combined and extracted with ethyl acetate (3x). The
combined organic layers were washed with brine (1x). The organic layer was collected, dried over
sodium sulfate, and filtered. The solvent was removed by rotovap to yield 49 mg (40% yield) 1.17c
as a clear oil. IH NMR (599 MHz, CDCl3) & 7.45 (dd, J = 7.6, 1.7 Hz, 1H), 7.24 (t, J = 8.0 Hz,

1H), 7.19 (dd, J = 8.1, 1.7 Hz, 1H), 5.95 (s, 1H), 3.93 (s, 3H); 3C NMR (151 MHz, CDCls)
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5 165.88, 152.42, 146.80, 130.13, 127.74, 123.50, 119.56, 52.65; MS (APCI): Calculated for

CsHgClO3 [M+H]" 187.0. Found: 187.0 m/z.

OH
Br\©/ Ph
Figure 1.9.28 Product 1.8c
3-bromo-[1,1'-biphenyl]-2-ol (1.8c): Prepared according to the general procedure (Purified
by preparative TLC) on a 50 mg scale, using 1.6 as catalyst. Upon completion, the reaction was
filtered thru a silica plug with DCM. The filtrate was collected, and the solvent was removed by
rotovap. The resulting crude material was dissolved in minimal hexane, and the solution was
purified by preparative TLC (hexane:ethyl acetate = 90:10) to afford 33 mg (45% yield) of 1.8c as
a white solid. *H NMR (500 MHz, CDCl3) & 7.55 — 7.51 (m, 2H), 7.49 — 7.44 (m, 3H), 7.39 (tt, J
=7.4,15Hz, 1H), 7.26 (dd, J = 7.6, 1.6 Hz, 1H), 6.89 (t, J = 7.8 Hz, 1H), 5.68 (s, 1H); 23C NMR
(126 MHz, CDCIs) & 149.38, 137.33, 131.59, 130.30, 129.83, 129.30, 128.69, 127.93, 121.82,

111.15; MS (APCI): Calculated for C12H10BrO [M+H]* 249.0. Found: 248.8 m/z.

OH
Ph

Figure 1.9.29Blr3roduct 1.8d
5-bromo-[1,1'-biphenyl]-2-ol (1.8d): Prepared according to the general procedure on a 100
mg scale, using 1.1 as catalyst. 68 mg (46% yield) of 1.8d was isolated as a white solid. 'TH NMR
(500 MHz, CDCl3) § 7.52 — 7.47 (m, 2H), 7.45 — 7.40 (m, 3H), 7.38 — 7.33 (m, 2H), 6.88 (d, J =
8.7 Hz, 1H), 5.19 (s, 1H); *C NMR (126 MHz, CDCl3) & 151.78, 135.84, 132.78, 131.97, 130.20,
129.62, 129.07, 128.59, 117.79, 112.91; MS (APCI): Calculated for C12H10BrO [M+H]" 249.0.

Found: 248.9 m/z.
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OH
Br\©/Me
Figure 1.9.30 Product 1.18a
2-bromo-6-methylphenol (1.18a): Prepared according to the general procedure on a 50 mg
scale, using 1.6 as catalyst. 26 mg (31% yield) of 1.18a was isolated as a white solid. The yield
was severely affected by the presence of dibromination product, which eluted in a similar manner
to 1.18a on normal phase silica gel. 'H NMR (500 MHz, CDCl3) § 7.29 (dd, J= 8.1, 1.1 Hz, 1H),
7.09 — 7.04 (m, 1H), 6.71 (t, J = 7.8 Hz, 1H), 5.54 (s, 1H), 2.30 (s, 3H); 3C NMR (126 MHz,
CDCIs) 6 150.52, 130.52, 129.49, 126.07, 121.35, 110.29, 16.75; MS (APCI): Calculated for

C7H7;BrO [M]* 186.0. Found: 185.9 m/z.

OH
Me

Figure 1.9.31 IIirroduct 1.18b
4-bromo-2-methylphenol (1.18b): Prepared according to the general procedure on a 50 mg
scale, using 1.1 as catalyst. 33 mg (38% vyield) of 1.18b was isolated as a white solid. *H NMR
(500 MHz, CDCl3) 8 7.24 (d, J = 2.0 Hz, 1H), 7.17 (dd, J = 8.6, 2.3 Hz, 1H), 6.65 (d, J = 8.5 Hz,

1H), 4.68 (s, 1H), 2.22 (s, 3H); 3C NMR (126 MHz, CDCls) & 153.03, 133.67, 129.89, 126.30,

116.67, 112.73, 15.76; MS (APCI): Calculated for C7H;BrO [M]* 186.0. Found: 185.9 m/z.

1.9.4 Molecular Geometries and Energies for Scheme 1.9.1

All structures were optimized in chloroform (CPCM model) using density functional

theory, B3LYP/6-31+(d),""" as implemented in the Gaussian 09'" suite of programs.
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SI-2 (anisole)

Number of imaginary frequencies: 0

C 2.2883130  0.3344250
C 1.3366360 1.3550730
C -0.0344860  1.0636280
C -0.4534590 -0.2738530
C 0.4992610 -1.3063260
C 1.8583110 -1.0001340
H 3.3487690  0.5704780
H 1.6529520  2.3953050
H -0.7526910  1.8758100
H 2.5861700 -1.8076840
@) -1.7627840 -0.6732170
C -2.7813690  0.3262940
H -3.7277500 -0.2163140
H -2.7196440  0.9550730
H -2.7197090  0.9551950

Energy (OK) = -346.7893763
Energy (OK) + ZPE = -346.656146
Enthalpy (298K) = -346.648318
Free Energy (298K) = -346.687233

N-chlorosuccinimide (NCS)
Number of imaginary frequencies: 0

C-1.8910590 0.7703380 0.0000190
C-1.8910590-0.7703380 0.0000520
C-0.4306800-1.1878760 0.0000320
C-0.4306800 1.1878760-0.0000160
H-2.3748120 1.2001160-0.8823900
H-2.3747810 1.2001540 0.8824270
H-2.3748140-1.2001530-0.8823380
H-2.3747800-1.2001160 0.8824790
N 0.3203470 0.0000000-0.0000060
Cl 2.0278730 0.0000000-0.0000380
0O 0.0402360 2.3042510-0.0000470
0 0.0402360-2.3042510 0.0000450

Energy (OK) = -820.24114

Energy (OK) + ZPE = -820.159520
Enthalpy (298K) = -820.151369
Free Energy (298K) =-820.192270

SI-3 (trimethylphosphine sulfide)
Number of imaginary frequencies: 0

P 0.0000000 0.0000000-0.1921990
C 0.0000000 1.6836960-0.9182330
H-0.8896040 2.2226230-0.5791860

-0.0000630
0.0000440
0.0000760

-0.0000010

-0.0001080

-0.0001380

-0.0000870
0.0001040
0.0001600

-0.0002210
0.0000200
0.0001240
0.0001220
0.8967300

-0.8964000
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H 0.8896040 2.2226230-0.5791860
H 0.0000000 1.6329080-2.0124860
C 1.4581240-0.8418480-0.9182330
H 2.3696500-0.3408920-0.5791860
H 1.4800460-1.8817310-0.5791860
H 1.4141400-0.8164540-2.0124860
C-1.4581240-0.8418480-0.9182330
H-1.4800460-1.8817310-0.5791860
H-2.3696500-0.3408920-0.5791860
H-1.4141400-0.8164540-2.0124860
S 0.0000000 0.0000000 1.8077340

Energy (OK) = -859.3396157
Energy (OK) + ZPE = -859.223656
Enthalpy (298K) = -859.214659
Free Energy (298K) = -859.254473

Sl-4
Number of imaginary frequencies: 0

C-0.7643710-1.2299740 0.0000160
C 0.7643710-1.2299740 0.0000570
C 1.1116880 0.2726960 0.0000090
C-1.1116880 0.2726960-0.0000250
H-1.2078630-1.7065960-0.8820410
H-1.2079150-1.7065640 0.8820640
H 1.2079150-1.7066160-0.8819630
H 1.2078630-1.7065440 0.8821420
N 0.0000000 1.0590930-0.0000320
0-2.2873380 0.6812510-0.0000510
0 2.2873380 0.6812510 0.0000110

Energy (OK) = -360.2074013
Energy (OK) + ZPE = -360.128665
Enthalpy (298K) = -360.122096
Free Energy (298K) = -360.158564

SI-5
Number of imaginary frequencies: 0

P-0.8463320 0.3697160 0.0000000
C-1.4025170 2.0967260 0.0000000
H-1.0445590 2.6089520 0.8966020
H-1.0445590 2.6089520-0.8966020
H-2.4973460 2.0896980 0.0000000
C-1.4025170-0.4986530-1.4910600
H-1.0765900 0.0503850-2.3778210
H-0.9914620-1.5114930-1.5094600
H-2.4958800-0.5539570-1.4693150
C-1.4025170-0.4986530 1.4910600
H -0.9914620-1.5114930 1.5094600



H-1.0765900 0.0503850 2.3778210
H-2.4958800-0.5539570 1.4693150
S 1.2686850 0.5607500 0.0000000
Cl 1.8444510-1.4348070 0.0000000

Energy (OK) =-1319.33797132
Energy (OK) + ZPE = -1319.219840
Enthalpy (298K) = -1319.209133
Free Energy (298K) = -1319.254998

SI-6
Number of imaginary frequencies: 0

N-1.8047390 0.0271570 0.5565690
C-3.1408990 0.1944700 0.9344830
C-4.0951230-0.3053340-0.1605050
H-4.7158760-1.1137130 0.2395520
C-3.1463750-0.7655280-1.2737360
C-1.7873800-0.5016650-0.6454570
H-3.2457200-0.1959030-2.2040620
H-3.2364630-1.8265490-1.5292920
H-4.7665130 0.5054970-0.4604620
0-3.4940790 0.6836720 2.0000100
0-0.7181550-0.7826550-1.3241720
Cl 3.0280010-1.6390220 0.8589800
P 1.5188010 0.9356960-0.1968220
C 3.1748280 1.2196460-0.8987550
H 3.3930160 2.2909590-0.8358100
H 3.9244260 0.6538170-0.3448940
H 3.1772720 0.9080200-1.9469310
C 1.4617330 1.4833890 1.5340830
H 2.1583390 0.8885980 2.1287380
H 0.4420190 1.3432550 1.9028730
H 1.7392980 2.5412580 1.5845450
C 0.3746560 1.9626140-1.1684200
H 0.7710200 2.9836990-1.1560480
H 0.3250450 1.6046640-2.1989300
H-0.6186940 1.9534310-0.7188830
S 0.9798250-1.1145540 0.3339730

Energy (OK) = -1679.575544
Energy (OK) + ZPE = -1679.376536
Enthalpy (298K) = -1679.358874
Free Energy (298K) = -1679.421581

Calculation Citations:

() (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Becke, A. D. J. Chem. Phys. 1993,
98, 1372. (c) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 98, 785.

(1 (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54, 724. (b) Hehre,
W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 2257. (c) Hariharan, P. C,;
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Pople, J. A. Theor. Chim. Acta 1973, 28, 213. (d) Clark, T., J.; Chandrasekhar, C.;
Spitznagel, G. W.; Schleyer, P. v. R. J. Comp. Chem. 1983, 4, 294.

({11)) Gaussian 09, Revision D.01. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson,
H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. lzmaylov, J. Bloino, G. Zheng, J.
L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J.
Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A.
Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B.
Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2013.
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1.9.5 Spectral Data for Purified Products
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Figure 1.9.36 151 MHz 3C NMR Spectrum of 1.8a
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Figure 1.9.52 126 MHz 3C NMR Spectrum of 1.12a
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1.9.6 Spectral Data Examples for Determination of Ratios for Table 1.8.1

Spectral data examples represent one trial selected from the three trials performed. In the
case of phenol exclusively, adding precise equivalents of NCS was crucial, due to over-
chlorination. For ortho-selective catalyst 1.6, adding too much NCS resulted in degraded ortho-
selectivity, and adding too little NCS resulted in improved ortho-selectivity. The ratios for all three

trials are reported below each of the example NMR spectra.
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Trial 1: 1.3a:1.3b as 1.0:5.4
Trial 2: 1.3a:1.3b as 1.0:3.5
Trial 3: 1.3a:1.3b as 1.0:3.1
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Figure 1.9.100 Example of 500 MHz *H NMR Spectrum for Table 1.8.1, Entry 10; t=0h
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Figure 1.9.101 Example of 500 MHz *H NMR Spectrum for Table 1.8.1, Entry 10; t=3 h
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Trial 1: 1.3a:1.3b as 1.0:6.9
Trial 2: 1.3a:1.3b as 1.0:7.1
Trial 3: 1.3a:1.3b as 1.0:7.4
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Figure 1.9.102 Example of 500 MHz *H NMR Spectrum for Table 1.8.1, Entry 11;t=0h
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Figure 1.9.103 Example of 500 MHz *H NMR Spectrum for Table 1.8.1, Entry 11;t=3h

Trial 1: 3.3a:3.3b as 1.0:4.6
Trial 2: 3.3a:3.3b as 1.0:4.6
Trial 3: 3.3a:3.3b as 1.0:4.8
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Figure 1.9.104 Example of 500 MHz *H NMR Spectrum for Table 1.8.1, Entry 12;t=0h
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Figure 1.9.105 Example of 500 MHz *H NMR Spectrum for Table 1.8.1, Entry 12; t=3h

Trial 1: 3.3a:3.3b as 1.0:5.1
Trial 2: 3.3a:3.3b as 1.0:6.9
Trial 3: 3.3a:3.3b as 1.0:2.9
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1.9.7 Example Spectral Data for Determination of Ratios
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Figure 1.9.106 Example of 400 MHz *H NMR Spectrum for 1.8 + 1.1;t=0h

Trial 1: 1.8a:1.8b as 1.0:4.2

Trial 2: 1.8a:1.8b as 1.0:2.2
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W}M N
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Figure 1.9.107 Example of 400 MHz *H NMR Spectrum for 1.8a+1.8b+1.1;t=4h
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Figure 1.9.108 Example of 400 MHz *H NMR Spectrum for 1.8 + 1.6; t=0h
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Figure 1.9.109 Example of 400 MHz *H NMR Spectrum for 1.8a+ 1.8b + 1.6;t=4h
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Figure 1.9.110 Example of 500 MHz *H NMR Spectrum for 1.8 + 1.7;t=0h

Trial 1: 1.8a:1.8b as 1.0:11
Trial 2: 1.8a:1.8b as 1.0:13
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Figure 1.9.111 Example of 500 MHz *H NMR Spectrum for 1.8a+ 1.8b + 1.7;t=4h
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Figure 1.9.112 Example of 500 MHz *H NMR Spectrum for 1.9+ 1.1;t=0h

Trial 1: 1.9a:1.9b as 1.0:4.8
Trial 2: 1.9a:1.9b as 1.0:3.2
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Figure 1.9.113 Example of 500 MHz *H NMR Spectrum for 1.9a+1.9b + 1.1;t=12 h
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Figure 1.9.114 Example of 500 MHz *H NMR Spectrum for 1.9+ 1.6;t=0h

Trial 1: 1.9a:1.9b as 6.5:1.0
Trial 2: 1.9a:1.9b as 3.3:1.0
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Figure 1.9.115 Example of 500 MHz *H NMR Spectrum for 1.9a+ 1.9b + 1.6; t=12 h
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Figure 1.9.116 Example of 500 MHz *H NMR Spectrum for 1.9+ 1.7;t=0h
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Figure 1.9.117 Example of 500 MHz *H NMR Spectrum for 1.9a+ 1.9b + 1.7; t=12h

87



{3200

{3000

{2800

[-2600

{2400

[-2200

[-2000

1800

1600

{1400

{1000

800

600

400

| )

- T Y [--200
8 =
7.

8

T T T T T T T T T T T T T T T T T
7.7 7.6 7.5 7.4 7.3 7.2 7.1 0 6.9 8 6.7 66 0.4 0.3 02 0.1 0.0
1 (ppm!

Figure 1.9.118 Example of 400 MHz *H NMR Spectrum for 1.10+ 1.1; t=0h
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Figure 1.9.119 Example of 400 MHz *H NMR Spectrum for 1.10a+ 1.10b + 1.1; t=12 h
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Figure 1.9.120 Example of 400 MHz *H NMR Spectrum for 1.10 + 1.6; t=0h
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Figure 1.9.121 Example of 400 MHz *H NMR Spectrum for 1.10a + 1.10b + 1.6; t=12 h
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Figure 1.9.122 Example of 400 MHz *H NMR Spectrum for 1.10+ 1.7; t=0h
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Figure 1.9.123 Example of 400 MHz *H NMR Spectrum for 1.10a+ 1.10b + 1.7; t =12 h
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Figure 1.9.124 Example of 400 MHz *H NMR Spectrum for 1.11 + 1.1; t=0h
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Figure 1.9.125 Example of 400 MHz 'H NMR Spectrum for 1.11a+ 1.11b + 1.1;t=12h
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Figure 1.9.126 Example of 400 MHz *H NMR Spectrum for 1.11 + 1.6; t=0h
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Figure 1.9.127 Example of 400 MHz *H NMR Spectrum for 1.11a+ 1.11b + 1.6; t=12h
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Figure 1.9.128 Example of 400 MHz *H NMR Spectrum for 1.11 + 1.7;t=0h
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Figure 1.9.129 Example of 400 MHz *H NMR Spectrum for 1.11a+ 1.11b+ 1.7; t=12h
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Figure 1.9.130 Example of 400 MHz *H NMR Spectrum for .12+ 1.1;t=0h
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Figure 1.9.131 Example of 400 MHz *H NMR Spectrum for 1.12a + 1.12b + 1.12c + 1.1; t =

12 h
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Figure 1.9.132 Example of 400 MHz *H NMR Spectrum for 1.12 + 1.6; t=0h

Trial 1: 1.12a:1.12b as 14:1.0
Trial 2: 1.12a:1.12b as 18:1.0
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Figure 1.9.133 Example of 400 MHz *H NMR Spectrum for 1.12a + 1.12b +1.12c + 1.6; t=9h
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Figure 1.9.134 Example of 400 MHz *H NMR Spectrum for 1.12+ 1.7;t=0h
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Figure 1.9.135 Example of 400 MHz *H NMR Spectrum for 1.12a + 1.12b +1.12c + 1.7;t=6 h
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Figure 1.9.136 Example of 500 MHz *H NMR Spectrum for 1.13+ 1.1; t=0h
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Figure 1.9.137 Example of 500 MHz *H NMR Spectrum for 1.13a + 1.13b +1.13c + 1.1;t=5h
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Figure 1.9.138 Example of 500 MHz *H NMR Spectrum for 1.13+ 1.6; t=0h
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Figure 1.9.139 Example of 500 MHz *H NMR Spectrum for 1.13a+ 1.13b +1.13c + 1.6; t =
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Figure 1.9.140 Example of 500 MHz *H NMR Spectrum for 1.13+ 1.7;t=0h
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Figure 1.9.141 Example of 500 MHz *H NMR Spectrum for 1.13a + 1.13b +1.13c + 1.7;t=5h
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Figure 1.9.142 Example of 500 MHz *H NMR Spectrum for 1.14 + 1.1; t=0h
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Figure 1.9.143 Example of 500 MHz *H NMR Spectrum for 1.14a + 1.14b +1.14c + 1.1; t=3h
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Figure 1.9.144 Example of 500 MHz *H NMR Spectrum for 1.14 + 1.6; t=0h
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Figure 1.9.145 Example of 500 MHz *H NMR Spectrum for 1.14a + 1.14b +1.14c + 1.6; t=3h
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Figure 1.9.146 Example of 500 MHz *H NMR Spectrum for 1.14 + 1.7;t=0h
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Figure 1.9.147 Example of 500 MHz *H NMR Spectrum for 1.14a + 1.14b +1.14c + 1.7;t=2h
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Figure 1.9.148 Example of 400 MHz *H NMR Spectrum for 1.15+ 1.1;t=0h
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Figure 1.9.149 Example of 400 MHz *H NMR Spectrum for 1.15a + 1.15b +1.15¢c + 1.1; t=5h
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Figure 1.9.150 Example of 400 MHz *H NMR Spectrum for 1.15+ 1.6; t=0h
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Figure 1.9.151 Example of 400 MHz *H NMR Spectrum for 1.15a + 1.15b +1.15¢c + 1.6; t=5h
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Figure 1.9.152 Example of 400 MHz *H NMR Spectrum for 1.15+ 1.7;t=0h
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Figure 1.9.153 Example of 400 MHz *H NMR Spectrum for 1.15a + 1.15b +1.15¢c + 1.7;t=1h
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Figure 1.9.154 Example of 400 MHz *H NMR spectrum for 1.16 + 1.1; t=0h

650

Trial 1: 1.16a:1.16b:1.16¢ as 1.0:2.0:0
Trial 2: 1.16a:1.16b:1.16¢ as 1.0:1.9:0

{550

{500

[-300

[-200

116a 1.16b

JM BML

— — — T o —
05

T T T T T T T T T T
7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65 6.60 6.55
1 (ppm)

Figure 1.9.155 Example of 400 MHz *H NMR spectrum for 1.16a + 1.16b +1.16c + 1.1; t=12h
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Figure 1.9.156 Example of 400 MHz *H NMR spectrum for 1.16 + 1.6; t=0h
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Figure 1.9.157 Example of 400 MHz *H NMR spectrum for 1.16a + 1.16b +1.16c + 1.6; t =12 h
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Figure 1.9.159 Example of 400 MHz *H NMR spectrum for 1.16a + 1.16b +1.16c + 1.7; t=12h
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Figure 1.9.160 Example of 400 MHz *H NMR spectrum for 1.17 + 1.1;t=0h
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Figure 1.9.161 Example of 400 MHz *H NMR spectrum for 1.17a+ 1.17b +1.17c+ 1.1; t=20 h
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Figure 1.9.163 Example of 400 MHz *H NMR spectrum for 1.17a+ 1.17b +1.17¢ + 1.6; t=20 h
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Figure 1.9.165 Example of 400 MHz *H NMR spectrum for 1.17a+ 1.17b +1.17c + 1.7; t=2h
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Figure 1.9.167 Example of 500 MHz *H NMR spectrum for 1.3c + 1.3d + 1.1; t = 30 min
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Figure 1.9.169 Example of 500 MHz *H NMR spectrum for 1.3c + 1.3d + 1.6; t = 30 min
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Figure 1.9.170 Example of 500 MHz *H NMR spectrum for 1.3+ 1.7;t=0h
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Figure 1.9.171 Example of 500 MHz *H NMR spectrum for 1.3c + 1.3d + 1.7; t = 30 min
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Figure 1.9.172 Example of 500 MHz *H NMR spectrum for 1.8 + 1.1; t=0h
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Figure 1.9.173 Example of 500 MHz *H NMR spectrum for 1.8c +1.8d + 1.1; t=12 h
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Figure 1.9.174 Example of 500 MHz *H NMR spectrum for 1.8 + 1.6; t=0h
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Figure 1.9.177 Example of 500 MHz *H NMR spectrum for 1.8c + 1.8d + 1.7;t=12h
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Figure 1.9.178 Example of 500 MHz *H NMR spectrum for 1.18 + 1.1; t=0h
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Figure 1.9.179 Example of 500 MHz *H NMR spectrum for 1.18¢ + 1.18d + 1.1; t = 30 min
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Figure 1.9.180 Example of 500 MHz *H NMR spectrum for 1.18 + 1.6; t=0h
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Figure 1.9.181 Example of 500 MHz *H NMR spectrum for 1.18a + 1.18b + 1.6; t = 30 min
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Figure 1.9.182 Example of 500 MHz *H NMR spectrum for 1.18 + 1.7;t=0h
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Figure 1.9.183 Example of 500 MHz *H NMR spectrum for 1.18a + 1.18b + 1.7; t = 30 min

120



[-13000

—as9

12000
11000
‘ {10000
| {9000
{8000
{7000
{6000
{5000
{4000
{3000
{2000

{1000

T
= {1000
o

T
40 39 38 37 36 35 05 04 03 02 0.1 0.0

T T
7.4 7.3 7.2 7.1 7.0 6.9 68 67 66 a4 43 42 4.1
1 (ppm)

Figure 1.9.184 Example of 400 MHz *H NMR spectrum for 1.19+ 1.1; t=0h
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Figure 1.9.185 Example of 400 MHz *H NMR spectrum for 1.19a+ 1.19b + 1.1;t=1h
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Figure 1.9.186 Example of 400 MHz *H NMR spectrum for 1.19+ 1.6;t=0h
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Figure 1.9.187 Example of 400 MHz *H NMR spectrum for 1.19a + 1.19b + 1.6; t =2 h
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Figure 1.9.188 Example of 400 MHz *H NMR spectrum for 1.19+ 1.7; t=0h
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Figure 1.9.189 Example of 400 MHz *H NMR spectrum for 1.19a+ 1.19b + 1.7;t=1h
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CHAPTER 2: Catalyst-Controlled Regioselective Chlorination of Phenols and
Anilines Through a Lewis Basic Selenoether Catalyst

2.0 ACS Copyright

Chapter 2 is a reformatted section for a future manuscript that will be submitted to an ACS journal,

most likely Organic Letters or Journal of Organic Chemistry.
2.1 Revisiting ortho-Chlorination: Degradation of Nagasawa’s Catalyst

As mentioned in the previous chapter, | reported a regiodivergent electrophilic chlorination
of phenol through Lewis base catalysis where utilization of Nagasawa’s bis-thiourea 1.6 provided
high ortho-selectivity. To better understand the mechanism of action for catalyst 1.6, | synthesized
isotopically labeled catalyst analogs and followed the reaction under optimal conditions via **N
and *C NMR (see experimental section). | was somewhat surprised to observe that 1.6 converted
to a new species during the reaction. Isolation of the observed byproduct led us to identify it as
guanidine 1.6a (Scheme 2.1.1, see experimental section for plausible mechanism of formation)®
which | found to be catalytically inactive. Because of the cyclohexyl scaffold and the electrophilic
nature of the thiourea, one possible mechanism is that the adjacent amide can attack the thiourea,
followed by elimination of sulfur. This is supported by Sg as a byproduct of the reaction. |
hypothesized that this catalyst degradation attenuated the observed catalyst activities, perhaps

limiting the scope of chemistry that could be affected. This led us to explore the development of a
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Ar = /@\ Phenol Phenol-Cl
FsC CF X-ray structure of

Catalyst degradation
product (quanadine)

Scheme 2.1.1 Degradation of Nagasawa’s Catalyst

2" generation ortho-selective catalyst. | hypothesized that replacing one of the thioureas with
another Lewis basic moiety such as a thioether would lead to a longer-lived catalyst that would

not undergo the intramolecular cyclization | observed with 1.6.
2.2 Discussion

Zhao and coworkers have developed a series of chiral bifunctional Lewis base
chalcogenides derived from the 1-amino indanol scaffold and have successfully implemented them
in the context of diverse electrophilic olefin functionalizations.2 Inspired by this work, I initially
synthesized and evaluated a series of thioether catalysts based on Zhao’s scaffold that possessed
varying directing groups off of the 1-amino group; however these catalysts offered little
perturbation from the ‘innate’ regioselectivity observed with triphenylphosphine sulfide 1.1 (Table
2.1.1, entry 2-6) . Interestingly, 10 mol % indanol catalyst 2.4, which possesses an electron poor
thiourea, and is perhaps a direct analog of our original ortho-selective catalyst 1.6, displayed
preliminary levels of ortho-selectivity (1.5:1.0 of 1.3a:1.3b), albeit with modest conversion. In
order to increase conversion, | kept the thiourea functional group constant and began varying the
Lewis base moiety. When the aryl substitution off the thioether was made more electron rich as in
catalyst 2.5, | observed increased conversion, albeit with equal amounts of constitutional isomers

(85% conversion, 1.0:1.0 of 1.3a:1.3b (entry 7)). Incorporating a sterically bulky 2,4,6-trimethyl
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substitution off the thioether aryl, as in catalyst 2.6, increased ortho-selectivity to 2.5:1.0
1.3a:1.3Db, albeit with a decrease in conversion to 49%. (entry 8).

Table 2.2.1 Optimization of ortho-chlorination with Indanol Lewis base Catalysts

OH OH OH
Cl Source cl
Lewis Base Catalyst +
CDCls, r.t., 12h®
1.3 1.3a Cl

1.3b
Entry  Cat (%) ClSource  Conv.(%)>  1.3a:1.3b°  AAAG *(kcal/mol)?

1 None NCS 0 N/A N/A
2 PPh3=S 1.1 (10%) NCS 85 1.0:4.0 0
3 2.1 (10%) NCS 40 1.0:3.0 A7
4 2.2 (10%) NCS 46 1.0:3.5 .07
5 2.3 (10%) NCS 56 1.0:2.7 23
6 2.4 (10%) NCS 51 1.5:1.0 1.05
7 2.5 (10%) NCS 85 1.0:1.0 81
8 2.6 (10%) NCS 49 2.5:1.0 1.35
9 2.7 (10%) NCS 72 4.5:11.0 1.71
10 2.7 (1%) NCS 70 >20:1.0 2.59
11 2.7 (1%) DCDMH 90 2.0:1.0 1.22
Lewis Base Catalyst:
@:? @ 5 2.5) R, = OMe
s /O/
Ry @i}”RZ S
2.1) Ry =NH, 5 N H oF. 26 R2®
2.2) R;=NHTs :
2.3) R, = NHTf : S ~ 8
24) R,= CF; !
: CF,4 27)R, =
3 !
"“NJ\N CF, 5 ~rSe
H H '

8All reactions were performed with 0.03mmol of 1.3, stirred with CDCl3 and
catalyst, followed by 0.036 mmol of NCS. PConversion is the sum of both
regioisomers 1.3a and 1.3b and represents an average of three trials using
tetramethylsilane as an internal standard. °Regioisomeric ratios were de-
termined by "H NMR and represent an average of three trials. dAAAG *=
AAG*emry# - AAGientry 1, with ortho-selectivity defined as AAG and para-selectivity
defined as negative AAG ¥
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Guided by Zhao’s recent work on activation of a weakly electrophilic SCF3 reagent with
selenoethers®®, | replaced the thioether with a selenoether in catalyst 2.7, observing a notable
increase in ortho-selectivity and conversion (entry 9). Finally, lowering the catalyst loading of 2.7
from 10 mol% to 1 mol% yielded significantly improved conversion and regioselectivity (90%
conversion; 1.3a: 1.3b>20:1; entry 10). This is in line with observations from the Seidel group,
wherein they observed that at higher concentrations thioureas can aggregate, attenuating their
catalytic efficiency. To put these selectivities in perspective, the difference in energy between a
catalyst such as 3 that yields 1:4 ortho:para and a catalyst that yields 20:1 ortho:para (defined as
AAAG*, see Table 1, footnoted for definition) is 2.58 kcal/mol, which would correspond to greater

than 97% ee in the realm of enantioselectivity.

| next sought to define the substrate scope of this chemistry across simple phenols.
Electron-poor substituted phenols yielded excellent ortho selectivities in line with phenol. For
example, 2.7 effected the chlorination of 2-phenyl and 2-cyano substituted phenols (2.8 and 2.9)
exclusively at the ortho-position to provide 2.8a and 2.9a in isolated yields of 44% and 38%
respectively, significantly overriding the para selectivity observed with triphenylphosphine sulfide
1.1. On the other hand, | observed a decrease in ortho selectivities once | introduced bulkier
substituents at the 2-position; nonetheless there was still a significant overriding of the innate para
selectivity. For example, 2-bromophenol (2.10) and 2-iodophenol (2.11) all provided the ortho-
substituted regioisomers as the major product (2.10a & 2.11a), affording ortho:para ratios between
2.0:1.0 and 4.0:1.0. One possible explanation for this decrease may be due to steric hindrance of

the bulky substituents, interfering with the substrate-catalyst interaction.
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OH

o TN NCS, Cat 2.7 (1:5%)
.  CHCI12h, r.t2 R—

2.8-2.17 2.8a-2.17a 2.8¢c-2.17c

2.8b-2.17b (when applicable)
H

HN_ _N CF,

11(a-c)-19(a-c)b, % yield of major product®, (% conv.)
Constitutional isomer ratio® (b:c:d) of 10
Constitutional isomer ratio® [b:c:d] of PPh3=S

S Gibbs free energy difference selectivity (kcal/mol)®

2.7 CF3

Leancacancahes

2.8a:44% (56%) 2.9a": 38% (53%) 2.10af 43% (54%) 2.11a: 56% (73%) 2.12a:75% (93%)

(>20:1.0) (>20:1.0) (6.9:1.0) (2.0:1.0) (4.0:1.0)
[1.0:3.2] [1.0: 3.1] [1.0:4.7] [1.0:4.1] [1.0:5.4]
AAAGH: 2 45 AAAG* 2 31 AAAGT:2.06 AAAGE: 1.24 AAAG?: 1.84

Fegicalicalac o ey

2.13a": 70% (70%) 2.14a': 60% (80%) 2.15a": 55% (74%) 2.16a: 47% (56%) 2.17a: 50% (55%)

(>20:1.0:1.0) (3.0:1.0:0.0) (5.6:1.0:2.0) (5.2:1.0) (9.5:1.0)
[1.1:1.0:0.0] [1.0:2.8:0.0] [1.0:3.9:0.0] [1.0:8.0] [1.0:5.0]
AAAGE: 1.83 AAAGT: 1.26 AAAGT:1.83 AAAGE: 2.21 AAAGT: 2.28

a0ptimized reaction conditions were used with respect to the catalyst. "Only the
major product is shown. CIsolated yields were determined a .1mmol scale, using
CHCI3 as the solvent, and represent an average of two trials. disomeric ratios
were determined by "H NMR and represent an average of two trials. *AAAG =
AAG*entry# - AAG*entry 2, with ortho-selectivity defined as AAG and para-selectivity
defined as negative AAGY. fThe following substrates required 5% catalyst loading
for higher yield. 9Substrate provided exclusively the ortho regioisomer. 20:1.0 is the
estimated ratio used to calculate the AAAG *value.

Scheme 2.2.1 Substrate Scope of ortho-chlorination of Phenols with Selenoether Catalyst

Catalyst 2.7 also directed chlorination to the least hindered ortho (6)-position of 3-

substituted phenols. For example, the chlorination of 3-fluorophenol (2.13) yielded exclusive
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ortho-selectivity at the 6-position to give 2.13a in 70% yield. 3-bromophenol 2.14 resulted in lower
ortho selectivities with 1 mol% 2.7 (3.0:1.0 2.14a:2.14b); nonetheless 2.14a was furnished as the
major products in good isolated yields. Phenyl substituted 2.15 was also predominantly chlorinated
at the least hindered position (5.6:1.0:2.0 2.15a:2.15b:2.15c), however in this case some
halogenation at the more hindered position was also observed. The terpenoid thymol (2.16) also
provided ortho-selectivity (5.2:1.0 2.16a:2.16b). Finally, a-naphthol 2.17 afforded high ortho-
selectivity to give 2.17a with a moderate yield of 50%. Overall, we show this chemistry can be

applied for a diversity of substituted phenols.

| next evaluated whether 2.7 could affect ortho-selective chlorination on anilines. Anilines
are typically more reactive, but less selective substrates for SeAr than phenols; indeed no catalyst
is needed to affect the chlorination of anilines. Furthermore, anilines typically display innate para
selectivities on par or greater than that of phenols. To overcome these issues, the Yeung group has
studied ortho-selective halogenation on protected anilines®’, however unprotected anilines have

proven recalcitrant to catalyst-controlled regioselectivity.

The increased reactivity of 2.7 compared to 1.1 led us to hypothesize that it could
outcompete the innate reactivity of anilines. Indeed, chlorination of several simple anilines in the
presence of 1 mol% 2.7 resulted in nearly exclusive ortho-chlorination. For example, alkyl
substituted anilines such as 2-methylaniline and 2-isopropyl aniline (2.18 and 2.19) gave
significant ortho-selectivities at greater than 20:1 allowing for isolation of the product in good
yields. For comparison, each of these substrates yielded primarily para chlorinated products in the
absence of catalyst (1.0:5.6 and 1.0:5.9 o:p respectively). As with phenols, ortho tert-butyl
substitution (2.20) is met by a decrease in the ortho selectivity at 2.0:1.0 o:p (compared to 1.0:3.5

0:p in the absence of catalyst). 2-Bromoaniline (2.21) provided moderate ortho-selectivity despite
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NH, NH, NH, NH,

AN NCS,2715% N °! N OIS
) = R + Ry— | + Ry~
) CDCly12h,0°C "~ _ ~
2.18-2.25 2.18a-2.25a ol 2.18c-2.25¢

2.18b-2.25b (when applicable)

20(a-c)-29(a-c)b, time, % yield of major product®, (% conv.)
(Constitutional isomer ratio® (b:c:d)) of 2.7

-
H

HN\ﬂ/N CF3 Constitutional isomer ratio? [b:c:d], no catalyst
S Gibbs free energy difference selectivity (kcal/mol)®
2.7 CF;
NH2 NH2 NH2 NH2
Cl Cl t-Bu Cl Br Cl

2.18a: 12h, 80% (80%) 2.19a: 12h, 66% (66%) 2.20a: 12h, 64% (96%) 2.21a': 6h, 33% (42%)

(>20:1.0) (>20:1.0) (2.0:1.0) (3.6:1.0)
[1.0:5.6] [1.0:5.9] [1.0:3.5] [1.0:4.5]
AAAGE: 2.79 AAAGH: 2.82 AAAGH: 1.15 AAAGH:1.64
NH, NH, NH,

Cl Cl Cl
F Br Ph
2.22b": 12h, 70% (75%) 2.23bf: 12h, 30% (55%) 2.24a': 24h, 43% (58%)
(20:1.0:1.0) (3.0:1.5:1.0) (5.6:1.0:1.0)
[1.0:2.1:0.0] [1.0:3.1:1.0] [1.0:3.9:0.0]
AAAGH: 2.21 AAAGH1.07 AAAGH: 1.82

30ptimized reaction conditions were used with respect to the catalyst. Reactions
were quenched with vinyl ether after completion to prevent aniline degradation.
bOnly themajor product is shown. CIsolated yields were determined a .1mmol
scale, using CHCI3 as the solvent, and represent an average of two ftrials.
disomeric ratios were determined by '"H NMR and represent an average of two
trials. °AAAG = AAG ¢nry# - AAG gniry 1, With ortho-selectivity defined as AAG and
para-selectivitydefined as negative AAG . f59% catalyst loading was used.

Scheme 2.2.2 Substrate Scope of ortho-chlorination of Anilines with Selenoether Catalyst

its relatively large steric hindrance, giving an o:p ratio of 3.6:1.0 albeit at a moderate conversion
of 42%. 3-fluoroaniline (2.22) provided excellent ortho-selectivities for 2.22a with trace amounts

of the other two regioisomers in 70% yield. However, 3-bromoaniline and 3-phenylaniline (2.23
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and 2.24) resulted in lower yields and selectivity for the less hindered ortho-substituted product
(2.23a and 2.24a). Overall, the ortho bias demonstrated by 2.7 for substituted anilines (compared
to the para innate selectivity in the absence of catalyst) is like that observed for phenols, with

AAAGH, ranging from 1.07 to 2.82 kcal/mol.

| have demonstrated a second generation Lewis basic methodology for regioselective ortho
chlorination of phenols and anilines. Mechanistic studies are currently being processed but have
been slightly delayed due to the current global health situation. This discussion portion of Chapter

2 will be updated upon final revisions of this thesis.

2.3 Experimental Section

2.3.1 General Information

'H and *3C NMR spectra were recorded on Varian VNMRS 400 MHz, Varian Inova 500
MHz and Varian VNMRS 600 MHz at room temperature. All chemical shifts were reported in
parts per million (3) and were internally referenced to residual protio solvents, unless otherwise
noted. All spectral data were reported as follows: chemical shift (multiplicity [singlet (s), doublet
(d), triplet (t), quartet (g), and multiplet (m)], coupling constants [Hz], integration). Carbon spectra
were recorded with complete proton decoupling. Most fluorine spectra were recorded with internal
fluorine standards (i.e. trifluoroacetic acid, trifluorotoluene). Conventional mass spectra were

obtained using Advion expression® CMS APCI/ASAP. For the chlorination of substrates,

purchased (N)-chlorosuccinimide was recrystallized from water before use. All other chemicals
used were purchased from Sigma Aldrich, TCI, Frontier Scientific, Acros Organics, Strem,
Oakwood, Cambridge Isotope Laboratories, or Fisher and were used as received without further

purification or recrystallization. All flash column chromatography (FCC) was performed using
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Grade 60 Silica gel (230-400 mesh) purchased from Fisher Scientific. All TLC preparatory plates
were performed using Grade 60 Silica gel with fluorescent indicator F2s4 and were purchased from

Fischer Scientific.

2.3.2 Abbreviations

MeCN: acetonitrile

NH4Cl: Ammonium Chloride
Boc:0: Di-tert-butyl decarbonate
Conc.: Concentration (M)

DCM: dichloromethane

DIPEA: N,N-Diisopropylethylamine
EtOAc: Ethyl Acetate

Equiv.: Equivalents

HCI: hydrochloric acid

MsCI: methanesulfonyl chloride
MeOH: methanol

NXS: N-(halogen)-succinimide
K2COg: Potassium Carbonate

r.t.. Room Temperature

EtsN: triethylamine

H20: water

THF: tetrahydrofuran
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2.3.3 Selenoether Catalyst Synthesis

e Boc,O, NaHCO, ¢ S VsC S
I ] )=oH 2 I y—oH _ M ﬂ —OMs
~T THF/H,0 ~F ELN, DCM  ~F

Scheme 2.3.1 General Synthetic Pathway to Indanol Catalyst Precursor

The following is based on a general procedure from published literature.® To a round
bottom flask and dry stir bar was added 5 g of (1S,2R)-1-amino-2,3-dihydro-1H-inden-2-ol, I (5
g, 33.5 mmol, 1.0 equiv.) into a solution of THF/H20 (~70 mL of both, 0.5M). NaHCO3 (4.2 g
,50.3 mmol, 1.5 equiv.) was added to the solution and stirred for five minutes. Boc.O (8.0 g, 36.8
mmol, 1.1 equiv.) was then added to the solution. The reaction was then stirred at room temperature
for 24 h and then diluted with EtOAc (2 x 30 mL). The organic layer was separated, washed with
brine and dried with Na>SOs, filtered and concentrated under reduced pressure to give tert-butyl
((1S,2R)-2-hydroxy-2,3-dihydro-1H-inden-1-yl) carbamate, Il as a viscous brown oil. No

further purification was needed. The NMR spectra match literature precedence.

The following synthesis is adapted from a general procedure from published literature.®® 11
(5.7 g, 23 mmol, 1.0 equiv.) was dissolved in anhydrous DCM (~50 mL, 0.5M). EtsN was syringed
(4.8 mL, 34.5 mmol, 1.5 equiv.) into the solution and the reaction was cooled down to 0 °C. MsCl
(1.96 mL, 25.3 mmol, 1.1 equiv.) was syringed slowly into the reaction. The reaction was then
warmed to r.t. and let stirred for 12 h. The reaction was quenched with 1M NaHCOs3 solution and
then extracted with DCM (2 x 30 mL), dried with Na2SOs, filtered and concentrated under reduced

pressure to give  (1S,2R)-1-((tert-butoxycarbonyl)amino)-2,3-dihydro-1H-inden-2-yl
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methanesulfonate, 111 as a white solid. No further purification was needed. The NMR spectra
match literature precedence.

I. Synthesis of Diaryl Diselenides

B NBS, Se -f"“'“r’
Se l

fli::] Pyridine, O, MeCN ["*ﬁjf*' ga
T R’

Scheme 2.3.2 General Synthesis of Diaryl Diselenides

-~ -\.HH_:;‘:

The following synthesis is adapted from a general procedure from published literature. N-
bromosuccinimide (1 equiv.) and selenium metal powder (1.2 equiv.) was added to a round bottom
flask, then MeCN (0.2M) was added to the mixture and stirred at 60 °C for ten minutes. Boronic
acid (1 equiv.) was added followed by addition of pyridine (2.5 equiv). The reaction turns into an
orange color immediately after addition. The reaction was left stirring in open air at 60°C for 12
h. The reaction was concentrated under reduced pressure and dissolved in EtOAc, washed with
1M HCI (30 mL x 3) and brine (30 mL x 3) and dried with Na>SOs, filtered and concentrated under
reduced pressure. Purification through flash column chromatography (hexanes:EtOAc::100:0 to

99:1) afforded the desired product.

S ___:_:Z‘M.H -

L%

-
e,
_.-'"-' H'\-\._::-:'-' N,

Figure 2.3.1 1,2-dimesityldiselane

Prepared and purified according to the general procedure: N-bromosuccinimide (2.1 g, 12.2
mmol, 1 equiv.) and selenium metal powder (1.16 g, 14.6 mmol, 1.2 equiv.) was added to a round
bottom flask, then ~60mL of MeCN (0.2M) was added to the mixture and stirred at 60 °C for ten
minutes. Boronic acid (2 g, 12.2 mmol, 1.0 equiv.) was added followed by addition of pyridine

(2.45 mL, 30.5 mmol, 2.5 equiv). *H NMR (500 MHz, CDClz) 6 6.85 (s, 4H), 2.27 (s, 6H), 2.25
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(s, 12H). *C NMR (126 MHz, CDCls) ¢ 143.35, 138.83, 128.08, 128.00, 23.87, 20.83. MS
(APCI): Calculated for CigsH22Se2 [M+H]* = 399.01. Found 399 m/z plus multiplets from

selenium isotopes.

I1. General Synthesis of Lewis Base Substitution

5H Hix,ﬁh
- J{ . o
TSN T K-CO, R =
A [T =oms 4[| R . | N g
S = e
~ { i D
MHBoc MHBoc
Rz .
- ﬂ:rhh;'l I'-:,"\\ i1
= HZ o | II
1‘_ L .-'[;":\-; J_l NEI BHq_ T \ -"'L-"'-:\.""‘-_\_,.s""J
EE ['-\, .-":-': - -’)_-DIII\I ° + [T =T SE = —F" U } IISEI
A Roi— EIOHITHF Ly
MHBoc R \ HBoc

Scheme 2.3.3 General Synthesis of Lewis Base Substitution Scaffold

A. The following synthesis is adapted from a general procedure from published literature.®’
To an oven-dried round bottom flask with a stir bar was added (1S,2R)-1-((tert-
butoxycarbonyl)amino)-2,3-dihydro-1H-inden-2-yl methanesulfonate (1 equiv) and K2CO3 (3
equiv). The flask was sealed with a rubber stopper, evacuated and back-filled with inert nitrogen
gas. Then anhydrous DMF (0.2M) was syringed into the flask and stirred for 10 minutes.
Benzenethiol was added to the flask and the reaction was stirred at 100 °C for 12h. The reaction
was cooled to r.t., quenched with 1M HCI, extracted with EtOAc (20 mL x 3), dried with NazSOa,
filtered and concentrated under reduced pressure. Purification through flash column

chromatography (hexanes:EtOAc::100:0 to 85:15) afforded the desired product.

B. The following synthesis is adapted from a general procedure from published literature.®

To an oven-dried round bottom flask with a stir bar was added to a solution of diselenide (0.5
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equiv) in EtOH (0.15M) under an inert atmosphere. NaBH4 (2.0 equiv) was added and the mixture
was stirred at r.t. for 10 minutes. Then a solution of (1S,2R)-1-((tert-butoxycarbonyl)amino)-2,3-
dihydro-1H-inden-2-yl methanesulfonate (1 equiv) in anhydrous THF (0.6M) was slowly added.
The resulting mixture was stirred at reflux for 12h. The reaction was quenched with aqueous
saturated NH4ClI. The organic phase was extracted with DCM (20 mL x 2). The combined organic
layers were dried over NaxSOg, filtered and concentrated under reduced pressure. Purification

through flash column chromatography (hexanes:EtOAc::100:0 to 85:15) afforded the desired

product.
r.-‘_"_.-f::h.-\l"ll
. |
[l’-' H\:‘I\'\\ -IS _.-"J':Q."'hw_,..--"l
w {

NHBoc
Figure 2.3.2 tert-butyl ((1S,2S)-2-(phenylthio)-2,3-dihydro-1H-inden-1-yl)carbamate

Prepared and purified according to the general procedure A: To an oven-dried round
bottom flask with a stir bar was added 300 mg of (1S,2R)-1-((tert-butoxycarbonyl)amino)-2,3-
dihydro-1H-inden-2-yl methanesulfonate and 379 mg of K.COs. The flask was sealed with a
rubber stopper, evacuated and back-filled with inert nitrogen gas. Then 4.5 mL of anhydrous DMF
was syringed into the flask and stirred for 10 minutes. 93 pL of thiophenol was added to the flask
and the reaction was stirred at 100 °C for 12 h. The synthesis and spectral data are in agreeance

with the literature.

9]

7
|

X |
( ]\/\} w7
"\-\.\_\_-:}-:":' "{

MHBoc

Figure 2.3.3 tert-butyl ((1S,2S)-2-((4-methoxyphenyl)thio)-2,3-dihydro-1H-inden-1-
yl)carbamate
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Prepared and purified according to the general procedure A: To an oven-dried round
bottom flask with a stir bar was added 300 mg of (1S,2R)-1-((tert-butoxycarbonyl)amino)-2,3-
dihydro-1H-inden-2-yl methanesulfonate and 379 mg of K>COz. The flask was sealed with a
rubber stopper, evacuated and back-filled with inert nitrogen gas. Then 4.5 mL of anhydrous DMF
was syringed into the flask and stirred for 10 minutes. 112 uL of 4-methoxybenzenethiol was added
to the flask and the reaction was stirred at 100 °C for 12 h. The synthesis and spectral data are in

agreeance with the literature.

NHBoc
Figure 2.3.4 tert-butyl ((1S,2S)-2-(mesitylthio)-2,3-dihydro-1H-inden-1-yl)carbamate

Prepared and purified according to the general procedure A: To an oven-dried round
bottom flask with a stir bar was added 300 mg of (1S,2R)-1-((tert-butoxycarbonyl)amino)-2,3-
dihydro-1H-inden-2-yl methanesulfonate and 379 mg of K>COz. The flask was sealed with a
rubber stopper, evacuated and back-filled with inert nitrogen gas. Then 4.5 mL of anhydrous DMF
was syringed into the flask and stirred for 10 minutes. 112 mg of 4-methoxybenzenethiol was
added to the flask and the reaction was stirred at 100 °C for 12 h. *H NMR (500 MHz, CDCl3) §
7.21-7.11 (m, 4H), 6.94 (s, 2H), 5.06 (t, J = 7.8 Hz, 1H), 4.60 (d, J = 7.8 Hz, 1H), 3.42 (g, J =7.8
Hz, 1H), 3.15 (dd, J = 7.8, 7.5 Hz, 1H), 2.90-2.84 (m, 1H), 2.51 (s, 6H), 2.27 (s, 3H), 1.47 (s, 9H).
13C NMR (126 MHz, CDCIs) ¢ 155.36, 143.16, 129.02, 128.02, 127.05, 124.39, 123.97, 61.93,
54.36, 37.89, 28.33, 22.11, 20.99. MS (APCI): Calculated for C23H29NO2S: [M+H]* = 384.55.

Found 384.55 m/z
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NHBoC
Figure 2.3.5 tert-butyl ((1S,2S)-2-(mesitylselanyl)-2,3-dihydro-1H-inden-1-yl)carbamate

Prepared and purified according to the general procedure B: To an oven-dried round bottom
flask with a stir bar was added 589 mg (1.37 mmol) of 1,2-dimesityldiselane in 9 mL (0.15M) of
EtOH under an inert atmosphere. 104 mg of NaBH4 (2.74 mmol) was added and the mixture was
stirred at r.t. for 10 minutes. Then a solution of 900 mg (2.74 mmol) of (1S,2R)-1-((tert-
butoxycarbonyl)amino)-2,3-dihydro-1H-inden-2-yl methanesulfonate in 6 mL anhydrous
THF (0.6M) was slowly added. *H NMR (500 MHz, CDCl3) § 7.26-7.12 (m, 4H), 6.94 (s, 2H),
5.11 (t, J = 7.8 Hz, 1H), 4.61 (d, J = 7.8 Hz, 1H), 3.48 (g, J = 7.8 Hz, 1H), 3.18 (dd, J = 7.8, 7.5
Hz, 1H), 2.89-2.84 (m, 1H), 2.54 (s, 6H), 2.27 (s, 3H), 1.47 (s, 9H). 13C NMR (126 MHz, CDCl5)
0 155.35, 143.46, 141.30, 128.47, 127.98, 127.00, 124.28, 123.89, 47.33, 38.29, 28.33, 24.67,
20.92. MS (APCI): Calculated for C2sH20NO2Se: [M+H]" = 431.44. Found 431.44 m/z plus

multiplets from selenium isotopes.

I11. General Synthesis of Boc-deprotection
R R

- "-H-H'
|"}>‘{ -HT' Ir"g(: TI'
- S i~y |
NN A BMHCL TSN A
[ T x> — [ )
- . -
g -f‘ Dioxane =y

MNHBoc NH;

!

w
[¥s]

=]

Scheme 2.3.4 General Synthesis of Boc-deprotection

The following synthesis is adapted from a general procedure from published literature.> A
solution of 6 M HCI (10 equiv) was added to a solution of dioxane (0.1M) and Boc-protected
reagent. The mixture was stirred at 60 °C for 6 h, then quenched with 1M NaOH solution until pH
14. Then the solution was extracted with EtOAc (20 mL x 3). The combined organic layers were
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dried over NaxSOs, filtered and concentrated under reduced pressure. Purification through flash

column chromatography (DCM:MeOH::100:0 to 80:20) afforded the desired product.
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Figure 2.3.6 (1S,2S)-2-(phenylthio)-2,3-dihydro-1H-inden-1-amine (Catalyst 2.1)

A solution of 6 M HCI (480 uL was added to a solution of 2.9 mL dioxane and 100 mg (0.29
mmol) of tert-butyl ((1S,2S)-2-(phenylthio)-2,3-dihydro-1H-inden-1-yl)carbamate. The
mixture was stirred at 60 °C for 6 h. The synthesis and spectral data are in agreeance with the

literature.

Figure 2.3.7 (1S,2S)-2-((4-methoxyphenyl)thio)-2,3-dihydro-1H-inden-1-amine

A solution of 6 M HCI (450 pL was added to a solution of 2.7 mL dioxane and 100 mg (0.27
mmol) of tert-butyl ((1S,2S)-2-((4-methoxyphenyl)thio)-2,3-dihydro-1H-inden-1-
yl)carbamate. The mixture was stirred at 60 °C for 6 h. The synthesis and spectral data are in

agreeance with the literature.
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Figure 2.3.8 (1S,2S)-2-(mesitylthio)-2,3-dihydro-1H-inden-1-amine
A solution of 6 M HCI (650 pL) was added to a solution of 3.9 mL dioxane and 150 mg
(0.39 mmol) of tert-butyl ((1S,2S)-2-(mesitylthio)-2,3-dihydro-1H-inden-1-yl)carbamate. The
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mixture was stirred at 60 °C for 6 h. 'H NMR (400 MHz, CDCl3) 6 7.31 (d, J = 7.0 Hz, 1H), 7.24-
7.17 (m, 2H), 7.13 (d, J = 6.6 Hz, 1H), 6.96 (s, 2H), 4.24 (d, J = 7.8 Hz, 1H), 3.24 (dd, J = 16.7,
7.5Hz, 1H), 3.15 (dd, J = 15.5, 7.5Hz, 1H), 2.85 (dd, J = 15.5, 9.0 Hz, 1H), 2.56 (s, 6H), 2.27 (s,
3H). 13C NMR (126 MHz, CDCls) § 145.16, 143.08, 140.58, 138.37, 129.14, 128.96, 127.58,
126.91, 124.22,123.44, 63.62, 58.48, 37.98, 22.23, 21.00. MS (APCI): Calculated for C1sH21NS:

284.43. Found 284.43 m/z.

Figure 2.3.9 (1S,2S)-2-(mesitylselanyl)-2,3-dihydro-1H-inden-1-amine

A solution of 6 M HCI (940 uL) was added to a solution of 5.6 mL dioxane with 244 mg
(0.56 mmol) of tert-butyl ((1S,2S)-2-(mesitylselanyl)-2,3-dihydro-1H-inden-1-yl)carbamate.
The mixture was stirred at 60 °C for 6 h. tH NMR (500 MHz, CDClz) 6 7.32 (d, J = 7.1 Hz, 1H),
7.23-7.17 (m, 2H), 7.14 (d, J = 7.1 Hz, 1H), 6.96 (s, 2H), 4.26 (d, J = 7.8 Hz, 1H), 3.30 (dd, J =
16.8, 7.6Hz, 1H), 3.21 (dd, J = 15.7, 7.6 Hz, 1H), 2.91-2.85 (m, 1H), 2.59 (s, 6H), 2.28 (s, 3H).
13C NMR (126 MHz, CDCls) 6 145.38, 143.45, 141.25, 138.50, 128.64, 127.53, 126.90, 126.65,
124.14, 123.40, 64.07, 52.24, 38.20, 24.85, 20.97. MS (APCI): Calculated for CisH21NSe:

331.33. Found 331.33 m/z plus multiplets from selenium isotopes.

IV. General Synthesis of final Lewis Base catalysts with Substituted amines
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Figure 2.3.10 Catalyst 2.2
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The following synthesis is adapted from a general procedure from published literature.®> To a
solution of 250 mg (1S,2S)-2-(phenylthio)-2,3-dihydro-1H-inden-1-amine (0.63 mmol, 1 equiv) in
3.1 mL DCM (0.2M) was added 132 uL EtsN (0.95 mmol, 1.5 equiv) and 136 uL TsCI (0.95 mmol,
1 equiv) at r.t. The solution was stirred for 12 h, then quenched with water and extracted with
DCM (10 mL x 3). The combined organic layers were dried over Na>SOyg, filtered and concentrated
under reduced pressure. Purification through flash column chromatography (Hex:EtOAc::100:0 to

90:10) afforded the desired product. The spectral data are in agreeance with the literature.

Figure 2.3.11 Catalyst 2.3

The following synthesis is adapted from a general procedure from published literature.®
DIPEA (250 pL, 1.5 mmol) was added to a solution of (1S,2S)-2-(phenylthio)-2,3-dihydro-1H-
inden-1-amine in 15 mL dry DCM (0.1M) under an inert atmosphere. Then triflic anhydride (185
uL, 1.1 mmol) was added slowly. The reaction was allowed to stir at room temperature for 3 h.
Then, 1M HCI solution was added and the solution was extracted with DCM (15 mL x 3). The
combined organic layers were dried over Na>SOs, filtered and concentrated under reduced
pressure. Purification through flash column chromatography (Hex:EtOAc::100:0 to 90:10)

afforded the desired product. The spectral data are in agreeance with the literature.

142



AN R
i ‘--..I.I.-"'ﬂ-.\;,:_\r__.- :
] v

HT_H
F.C

Figure 2.3.12 Catalyst 2.4

The following synthesis is adapted from a general synthesis in published literature. 120 mg
(0.50 mmol, 1 equiv) of (1S,2S)-2-(phenylthio)-2,3-dihydro-1H-inden-1-amine was dissolved
in 2.5 mL (0.2M) of anhydrous THF under an inert atmosphere. Then 136 mg (0.50 mmol, 1 equiv)
of 3,5-Bis(trifluoromethyl)phenyl isothiocyanate was added to the reaction. The mixture was
stirred at r.t. for 4 h, then immediately concentrated under reduced pressure. Purification through
flash column chromatography (Hex:EtOAc::100:0 to 85:15) afforded the desired product. ‘H
NMR (400 MHz, CDCls) 6 8.15 (s, 1H), 7.73 (s, 2H), 7.68 (s, 1H), 7.56 (d, J = 7.3 Hz, 2H), 7.40-
7.26 (m, 5H), 7.21 (d, J =7.1 Hz, 1H), 6.35 (s, 1H), 3.81 (s, 1H), 3.42 (s, 1H), 3.06-3.01 (m, 1H),
1.60 (s, 1H). 13C NMR (126 MHz, CDCls) ¢ 181.14, 161.62, 140.68, 133.07, 129.40, 128.19,
127.68, 124.89, 124.124, 124.11, 121.40, 119.54, 113.11, 65.79, 54.15, 38.03. MS (APCI):

Calculated for C24H18FsN2S2: 513.53. Found 513.53 m/z.
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Figure 2.3.13 Catalyst 2.5

The following synthesis is adapted from a general synthesis in published literature. 150 mg

(0.28 mmol, 1 equiv) of (1S,2S)-2-((4-methoxyphenyl)thio)-2,3-dihydro-1H-inden-1-amine
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was dissolved in 1.4 mL (0.2M) of anhydrous THF under an inert atmosphere. Then 76 mg (0.28
mmol, 1 equiv) of 3,5-Bis(trifluoromethyl)phenyl isothiocyanate was added to the reaction. The
mixture was stirred at r.t. for 4h, then immediately concentrated under reduced pressure.
Purification through flash column chromatography (Hex:EtOAc::100:0 to 85:15) afforded the
desired product. 'H NMR (400 MHz, CDCIls) 6 8.24 (s, 1H), 7.79 (s, 2H), 7.69 (s, 1H), 7.55 (d, J
= 8.1 Hz, 2H), 7.36-7.15 (m, 4H), 6.84 (d, J = 8.7 Hz, 2H), 3.74 (s, 3H), 3.65 (s, 1H), 3.25 (s, 1H),
3.00-2.95 (s, 1H), 1.66 (s, 1H). 13C NMR (126 MHz, CDCls) 6 181.14, 160.30, 140.74, 136.68,
132.52, 129.09, 127.57, 124.83, 124.28, 122.60, 121.43, 119.35, 114.94, 104.99, 65.37, 55.27,

55.07, 37.45. MS (APCI): Calculated for C2sH20FsN20S2: 543.56. Found 543.56 m/z

Figure 2.3.14 Catalyst 2.6

The following synthesis is adapted from a general synthesis in published literature. 120mg
(0.42 mmol, 1 equiv) of (1S,2S)-2-(mesitylthio)-2,3-dihydro-1H-inden-1-amine was dissolved
in 2.1 mL (0.2M) of anhydrous THF under an inert atmosphere. Then 115 mg (0.42 mmol, 1 equiv)
of 3,5-Bis(trifluoromethyl)phenyl isothiocyanate was added to the reaction. The mixture was
stirred at r.t. for 4 h, then immediately concentrated under reduced pressure. Purification through
flash column chromatography (Hex:EtOAc::100:0 to 85:15) afforded the desired product. ‘H
NMR (500 MHz, CDCls) § 7.72 (s, 1H), 7.68 (s, 2H), 7.43 (d, J = 7.3 Hz, 1H), 7.30-7.26 (m, 4H),
6.87 (s, 2H), 3.74 (s, 1H), 3.43 (s, 1H), 2.94 (d, J = 16.5 Hz, 1H), 2.48 (s, 6H), 2.10 (s, 3H). 13C

NMR (126 MHz, CDClIs) ¢ 180.87, 143.51, 139.58, 129.55, 127.96, 125.17, 123.84, 121.74,

144



119.81, 109.99, 52.09, 37.42, 22.06, 20.74. **F NMR (470MHz, CDCls) § -62.87 MS (APCI):

Calculated for C27H24FsN2S2: 555.61. Found 555.61 m/z.

Figure 2.3.15 Catalyst 2.7

The following synthesis is adapted from a general synthesis in published literature. 130 mg
(0.33 mmol, 1 equiv) of (1S,2S)-2-(mesitylselanyl)-2,3-dihydro-1H-inden-1-amine was
dissolved in 6.6 mL (0.2M) of anhydrous THF under an inert atmosphere. Then 100 mg (0.37
mmol, 1 equiv) of 3,5-Bis(trifluoromethyl)phenyl isothiocyanate was added to the reaction. The
mixture was stirred at r.t. for 4 h, then immediately concentrated under reduced pressure.
Purification through flash column chromatography (Hex:EtOAc::100:0 to 85:15) afforded the
desired product. *H NMR (400 MHz, CDCls) 6 7.73 (s, 1H), 7.67 (s, 2H), 7.42 (d, J = 7.3 Hz,
1H), 7.29 (bs, 4H), 6.86 (s, 2H), 3.83 (s, 1H), 3.46 (s, 1H), 2.94 (dd, J = 16.9, 4.6 Hz, 1H), 2.51
(s, 6H), 2.09 (s, 3H). *C NMR (126 MHz, CDCls) ¢ 180.82, 143.70, 142.08, 129.09, 128.98,
127.73, 125.18, 124.16, 121.45, 119.81, 44.97, 37.61, 24.63, 20.66. °F NMR (470 MHz, CDCls)
8 -62.92 MS (APCI): Calculated for C27H24FsN2SSe: 602.51. Found 602.51 plus multiplets from
selenium isotopes.
V. General ortho-halogenation Synthesis for Chlorination of Phenols and Anilines

Substrate (0.030 mmol, 1 equiv.), catalyst (0.00030 mmol, 0.01 equiv. unless specifically
mentioned otherwise), and CDCls (0.05M) were added to an NMR tube followed by the addition

of either tetramethylsilane (TMS) or tetrakis(trimethylsilyl)methane (TTMSM) as an internal
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standard (when necessary). A H spectrum of the reaction mixture was then obtained with a
relaxation delay of 5.00 sec (number of scans = 4), representing the reaction mixture at time = 0.
N-Halosuccinimide (0.036 mmol, 1.2 equiv.) was then added to the NMR tube, and the reaction
was monitored by *H NMR. The reaction was considered complete once the substrate conversion
had ceased. Isomeric ratios were determined via integration of the aromatic peaks of each product.
Conversion to mono-Cl products represents the sum of the conversions of all identified mono-
chlorinated products, and the value was determined via integration of mono-chlorinated products
with respect to either the residual protio solvent or TMS. Isomeric ratios determined by analysis
of non-obscure peaks. When necessary, clear coupling patterns were partially integrated, and full
integration value was extrapolated from the partial integration. If multiple peaks were clear, the
average of those peaks were used to determine the isomeric ratio. Each experiment was performed
in duplicate, and the reported ratios are the average of the two trials.

Isolated yields were determined on a 0.1 mmol scale using CHClIs; all reagents and solvent
were scaled equally, omitting TMS (or TTMSM). Phenols were stirred at room temperature while
anilines were stirred at 0 °C. Upon reaction completion, as determined by Thin-Layer
Chromatography (TLC), the reaction was filtered through a short normal phase silica plug with
DCM to remove succinimide. The solvent was then removed by rotovap, and, for almost all
substrates, the resulting crude mixture was purified by Flash Column Chromatography (FCC) on
normal phase silica gel, eluting with hexanes and ethyl acetate (hexanes:ethyl acetate::100:0 >

99:1 - 98:2 - 97:3 - 95:5), unless otherwise noted.

OH

Ph i Cl

Figure 2.3.16 Product 2.8a
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3-chloro-[1,1'-biphenyl]-2-ol (2.8a) was prepared according to the general procedure on
a 0.1 mmol scale and obtained as a pale white solid, 44% yield. *H NMR (500 MHz, CDCls3) §
7.57-7.52 (m, 2H), 7.47 (t, J=7.5Hz, 2H), 7.41-7.38 (m, 1H), 7.33 (dd, J = 8.0, 1.5 Hz, 1H), 7.23
(d, J = 7.8 Hz, 1H), 6.95 (td, J = 7.8, 2.3 Hz, 1H), 5.71 (s, 1H). 3C NMR (126 MHz, CDCls) &
148.41, 137.06, 129.72, 129.42, 129.15, 128.52, 128.30, 127.75, MS (APCI): Calculated for

C12H10CIO [M+H]" 205.0. Found: 205.0 m/z.

OH

NC@/CI
Figure 2.3.17 Product 2.9a

3-chloro-2-hydroxybenzonitrile (2.9a) was prepared according to the general procedure
on a 0.1 mmol scale and obtained a white solid. 5% catalyst loading was used, 38% yield. 'H NMR
(500 MHz, CDCls) 6 7.56 (dq, J = 8.0, 1.3 Hz, 1H), 7.48 (dq, J = 7.9, 1.4 Hz, 1H), 7.02-6.93 (m,
1H), 6.25 (s, 1H). 3C NMR (126 MHz, CDCls) § 153.75, 133.70, 132.08, 121.54, 121.11, 114.99,

101.26. MS (APCI): Calculated for C7HsCINO [M+H]*: 154.57. Found 154.57 m/z

OH
Br\©/CI

Figure 2.3.18 Product 2.10a

2-bromo-6-chlorophenol (2.10a) was prepared according to the general procedure on a
0.1 mmol scale, and obtained as a clear oil. 5% catalyst loading was used, 43% yield. *H NMR
(500 MHz, CDCls) & 7.41 (dg, J = 8.1, 1.6 Hz, 1H), 7.30 (dg, J = 8.1, 1.6 Hz, 1H), 6.76 (ddd, J =
8.0, 2.0 Hz, 1H), 5.88 (s, 1H). 3C NMR (126MHz, CDCls) & 148.69, 131.38, 128.97, 121.83,

120.82, 110.30. MS (APCI): Calculated for CeH4BrCIO [M+H]": 208.45. Found 208.45 m/z
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Figure 2.3.19 Product 2.11a

2-(tert-butyl)-6-chlorophenol (2.11a) was prepared according to the general procedure
on a .1 mmol scale and obtained as a light orange oil. 56% yield. 'H NMR (400 MHz, CDCls) §
7.19 (t, J = 7.3 Hz, 2H), 6.80 (td, 8.0, 2.2 Hz, 1H), 5.85 (s, 1H), 1.41 (s, 1H). 3C NMR (126 MHz,
CDClIs) 6 149.66, 137.60, 126.42, 125.67, 120.88, 120.25, 35.16, 29.30. MS (APCI): Calculated

for C10H13CIO [M+H]*: 185.66. Found 185.66 m/z

R i cl
Figure 2.3.20 Product 2.12a
2-chloro-6-iodophenol (2.12a) was prepared according to the general procedure on a 0.1
mmol scale, obtained as a white solid. 75% vyield. 'H NMR (400 MHz, CDCls3) § 7.61 (dd, J =
8.0, 2.0 Hz, 1H), 7.31 (dd, J = 8.1, 1.8 Hz, 1H), 6.63 (td, J = 8.9, 8.5, 1.9 Hz, 1H), 5.94 (s, 1H).

13C NMR (126MHz, CDCl3) & 150.85, 137.75, 129.63, 122.79, 119.23, 83.47. MS (APCI):

Calculated for CsHsClIO [M+H]*: 255.45. Found 255.45 m/z

OH

&

Figure 2.3.21 Product 2.13a

2-chloro-5-fluorophenol (2.13a) was prepared according to the general procedure ona 0.1
mmol scale, obtained as a clear oil. 70% yield. *H NMR (400 MHz, CDClz) 6 7.29-7.23 (m, 1H),
6.76 (dd, J = 9.6, 2.9 Hz, 1H), 6.61 (ddd, J = 8.9, 8.0, 2.9 Hz, 1H), 5.66 (s, 1H). 1*C NMR (126

MHz, CDCls) 6 162.25 (d, J = 246 Hz), 152.30 (d, J = 12.7 Hz), 129.40 (d, J = 9.9 Hz), 115.03,
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108.51 (d, J = 23.3 Hz), 103.99 (d, J = 26.6 Hz) °F NMR (470 MHz, CDCls) ¢ -112.43. MS

(APCI): Calculated for: CsHsCIFO [M+H]*: 147.55. Found 147.55 m/z

OH

t ClI
Br

Figure 2.3.22 Product 2.14a

5-bromo-2-chlorophenol (2.14a) was prepared according to the general procedure on a
0.1 mmol scale, obtained as a dark brown oil. 5% catalyst loading was used. 60% yield. ‘H NMR
(500 MHz, CDCls) ¢ 7.20-7.17 (m, 2H), 7.01 (dt, J = 8.6, 1.9 Hz, 1H), 5.58 (s, 1H). 13C NMR
(126 MHz, CDCls) ¢ 152.03, 129.90, 124.48, 121.27, 119.58, 119.02. MS (APCI): Calculated

for: CeH4BrCIlO [M+H]": 208.45. Found 208.45 m/z

OH

i Cl
Ph

Figure 2.3.23 Product 2.15a

4-chloro-[1,1'-biphenyl]-3-ol (2.15a) was prepared according to the general procedure on
a 0.1 mmol scale, obtained as a white solid. 5% catalyst loading was used. 55% yield. *H NMR
(400 MHz, CDCls) 6 7.56-7.53 (m, 2H), 7.45-7.41 (m, 4H), 7.38-7.35 (m, 2H), 7.11 (dd, J = 8.3,
2.1 Hz, 1H), 5.59 (s, 1H). 1*C NMR (126 MHz, CDCls) 6 151.47, 141.90, 139.81, 129.23, 129.12,

128.82, 128.08, 127.73, 126.96, 122.97, 120.13, 114.80. MS (APCI): Calculated for: C12HoCIO

OH
*CQC'

Figure 2.3.24 Product 2.16a

[M+H]": 205.65. Found 205.65 m/z

2-chloro-6-isopropyl-3-methylphenol (2.16a) was prepared according to the general

procedure on a 0.1 mmol scale, obtained as a brownish-white solid. 47% vyield. *H NMR (400
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MHz, CDCl3) § 7.01 (d, J = 7.8 Hz, 1H), 6.77 (d, J = 7.8 Hz, 1H), 5.69 (s, 1H), 3.28 (hept, J = 4.2
Hz, 1H), 2.34 (s, 3H), 1.24 (d, J = 9.6 Hz, 6H). 3C NMR (126 MHz, CDCls) § 148.50, 133.43,
133.24, 124.13, 121.85, 120.31, 27.64, 22.41, 19.87. MS (APCI): Calculated for: C1oH1sCIO

[M+H]": 185.66. Found 185.67 m/z

OH

CI

Figure 2.3.25 Product 2.17a

2-chloronaphthalen-1-ol (2.17a) was prepared according to the general procedure on a
0.1 mmol scale, obtained as a white solid. 50% yield. *H NMR (400 MHz, CDCl3) 6 8.22 (d, J =
8.7 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.55-7.47 (m, 2H), 7.37 (t, J = 1.3 Hz, 2H), 5.99 (s, 1H). 13C
NMR (126 MHz, CDCIs) ¢ 147.03, 133.21, 127.58, 126.64, 126.06, 125.86, 124.39, 122.05,

120.91, 113.52. MS (APCI): Calculated for C1oH7CIO [M+H]*: 179.61. Found 179.61 m/z

NH,

o
Figure 2.3.26 Product 2.18a

2-chloro-6-methylaniline (2.18a) was prepared according to the general procedure on a
0.1 mmol scale, obtained as a dark brown oil. 80% yield. *H NMR (400 MHz, CDCls3) 6 7.14 (d,
J = 8.0 Hz, 1H), 6.96 (d, J = 8.0 Hz, 1H), 6.63 (dd, J = 7.9, 2.5 Hz, 1H), 4.01 (bs, 2H), 2.20 (s,
3H). 3C NMR (126 MHz, CDCls) 6 141.13, 128.67, 127.04, 123.50, 119.14, 118.28, 17.94. MS

(APCI): Calculated for: C7HsCIN [M+H]*: 142.60. Found 142.61 m/z.

NH,
cl

Figure 2.3.27 Product 2.19a
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2-chloro-6-isopropylaniline (2.19a) was prepared according to the general procedure on
a 0.1 mmol scale, obtained as a dark brown oil. 66% yield. 'H NMR (400 MHz, CDCls) ¢ 7.13
(dd, J=7.9, 1.5 Hz, 1H), 7.05 (dd, J = 7.9, 1.4 Hz, 1H), 6.70 (t, J = 7.8 Hz, 1H), 4.11 (s, 2H), 2.90
(hept, J = 7.0 Hz, 1H), 1.27 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, CDCls) 6 139.92, 133.79,
126.67, 123.70, 119.79, 118.56, 28.43, 22.11. MS (APCI): Calculated for: CoH12CIN [M+H]":

170.65. Found 170.65 m/z.

NH,

t-Bu \©/CI

Figure 2.3.28 Product 2.20a

2-(tert-butyl)-6-chloroaniline (2.20a) was prepared according to the general procedure on
a 0.1 mmol scale, obtained as a dark brown oil. 64% yield. 'H NMR (400 MHz, CDCls) ¢ 7.16
(ddd, J=10.7, 7.9, 1.4 Hz, 2H), 6.65 (t, J = 7.9 Hz, 1H), 4.35 (s, 2H), 1.43 (s, 9H). 3C NMR (126
MHz, CDCIs) 6 140.87, 134.92, 127.25, 124.96, 121.17, 117.99, 34.72, 29.50. MS (APCI):

Calculated for: C1oH14CIN [M+H]*: 184.68. Found 184.68 m/z.

NH,
Br\©/CI

Figure 2.3.29 Product 2.21a

2-bromo-6-chloroaniline (2.21a) was prepared according to the general procedure on a
0.1 mmol scale, obtained as a brownish-white solid. 5% of catalyst was used. 33% yield. *H NMR
(400 MHz, CDCl3) 6 7.33 (dd, J = 8.0, 1.4 Hz, 1H), 7.21 (dd, J = 8.0, 1.4 Hz, 1H), 4.50 (s, 2H).
13C NMR (126 MHz, CDCls) § 141.09, 130.99, 128.49, 119.31, 118.74, 109.20. MS (APCI):

Calculated for: C¢HsBrCIN [M+H]*: 206.47. Found 206.47 m/z
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NH,

| /@m

Figure 2.3.30 Product 2.22a

2-chloro-5-fluoroaniline (2.22a) was prepared according to the general procedure ona 0.1
mmol scale, obtained as a brown-orange oil. 5% of catalyst was used. 70% yield. 'H NMR (400
MHz, CDCls) 6 7.17 (dd, J = 8.8, 5.7 Hz, 1H), 6.47 (dd, J = 10.1, 2.9 Hz, 1H), 6.40 (td, J = 8.4,
2.9 Hz, 1H), 4.14 (s, 2H). 13C NMR (126 MHz, CDCl3) ¢ 162.17 (d, J = 244 Hz), 144.08 (d, J =
11.3 Hz), 130.15 (d, J = 10.0 Hz), 114.14 (d, J = 2.9 Hz), 105.71 (d, J = 23.4 Hz), 102.45 (d, J =
26.4 Hz). °F NMR (470 MHz, CDCIs3) ¢ -114.81. MS (APCI): Calculated for: Ce¢HsCIFN

[M+H]*: 145.56 Found 145.56 m/z

NH,

o
Br

Figure 2.3.31 Product 2.23a

5-bromo-2-chloroaniline (2.23a) was prepared according to the general procedure on a 0.1 mmol
scale, obtained as a brown-orange oil. 5% of catalyst was used. 30% yield. *H NMR (400 MHz,
CDCls) 6 7.08 (d, J = 8.4, 1H), 6.90 (d, J = 2.3 Hz, 1H), 6.79 (dd, J = 8.5, 2.2, 1H). 4.09 (s, 1H).
13C NMR (126 MHz, CDCls) 6 144.07,130.51, 121.72, 121.69, 118.26, 118.07. MS (APCI):
Calculated for: C¢HsBrCIN [M+H]": 207.47 Found 207.47 m/z MS (APCI): Calculated for:

CeHsBrCIN [M+H]*: 207.47 Found 207.47 m/z

NH,

jon
Ph

Figure 2.3.32 Product 2.24a
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4-chloro-[1,1'-biphenyl]-3-amine (2.24a) was prepared according to the general procedure on a
.1 mmol scale, obtained as a brown-orange oil. 5% of catalyst was used. 43% yield. 'H NMR (400
MHz, CDCls) 6 7.47-7.38 (m, 5H), 7.30 (d, J = 8.2 Hz, 1H), 6.98 (d, J = 2.1 Hz, 1H), 6.92 (dd, J
=8.2,2.1 Hz, 1H), 4.12 (s, 2H). °C NMR (126 MHz, CDCls) ¢ 142.99, 140.99, 140.44, 129.62,
129.31, 128.71, 127.90, 127.44, 126.95, 120.83, 117.99, 114.42. MS (APCI): Calculated for:

C12H10CIN [M+H]": 204.67. Found 204.67 m/z
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2.3.4: NMR Spectra of Purified Products o
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Figure 2.3.33 500 MHz *H Spectrum of 1,2-dimeityldiselane
L I

Figure 2.3.34 126 MHz 3C Spectrum of 1,2-dimeityldiselane
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Figure 2.3.35 500 MHz *H Spectrum of tert-butyl ((1S,25)-2-(mesitylthio)-2,3-dihydro-1H-
inden-1-yl)carbamate

Figure 2.3.36 126 MHz 13C Spectrum of tert-butyl ((1S,25)-2-(mesitylthio)-2,3-dihydro-1H-
inden-1-yl)carbamate
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Figure 2.3.37 500 MHz H Spectrum of térf—butyl ((1S,2S)-2-(mesitylselanyl)-2,3-dihydro-
1H-inden-1-yl)carbamate
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Figure 2.3.38 126 MHz 3C Spectrum of tert-butyl ((1S,2S)-2-(mesitylselanyl)-2,3-dihydro-
1H-inden-1-yl)carbamate
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Figure 2.3.39 400 MHz H Spectrum of (1S,2S)-2-(mesitylthio)-2,3-dihydro-1H-inden-1-
amine
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Figure 2.3.40 126 MHz 3C Spectrum of (1S,2S)-2-(mesitylthio)-2,3-dihydro-1H-inden-1-
amine
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Figure 2.3.41 500 MHz *H Spectrum of (1S,2S)-2-(mesitylselanyl)-2,3-dihydro-1H-inden-1-
amine
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Figure 2.3.42 126 MHz 3C Spectrum of (iS,28)-2-(mesity|se|anyl)-2,3-dihydro-lH-inden-l-
amine
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Figure 2.3.43 400 MHz *H Spectrum of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((1S,2S)-2-
(phenylthio)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.44 126 MHz 3C Spectrum of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((1S,2S)-2-
(phenylthio)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.45 400 MHz *H Spectrum of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((1S,2S)-2-((4-
methoxyphenyl)thio)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.46 126 MHz *3C Spectrum of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((1S,2S)-2-((4-
methoxyphenyl)thio)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.47 500 MHz *H Spectrum of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((1S,2S)-2-
(mesitylthio)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.48
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Figure 2.3.49 470 MHz *°F Spectrum of .1.-(3,5-bis(trifluoromethyl)phenyl)-3-((lS,28)-2-
(mesitylthio)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.50 400 MHz H Spectrum of i;(3,5-bis(trifluoromethyl)phenyl)-3-((1S,28)-2-
(mesitylselanyl)-2,3-dihydro-1H-inden-1-yl)thiourea

162



Figure 2.3.51 126 MHz 3C Spectrum of.1.-(3,5-bis(trifluoromethyl)phenyl)-3-((1S,28)-2-
(mesitylselanyl)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.52 470 MHz *°F Spectrum of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((1S,2S)-2-
(mesitylselanyl)-2,3-dihydro-1H-inden-1-yl)thiourea
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Figure 2.3.54 126 MHz 3C Spectrum of Product 2.8a
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Figure 2.3.56 126 MHz 3C Spectrum of Product 2.9a
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Figure 2.3.57 500 MHz *H Spectrum of Product 2.10a
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Figure 2.3.59 400 MHz *H Spectrum of Product 2.11a
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Figure 2.3.67 126 MHz 3C Spectrum of Product 2.14a
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2.3.5: Degradation of Nagasawa’s Catalyst
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Figure 2.3.89 °N-labeled Experiments with Nagasawa’s Bis-Thiourea Catalyst
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CHAPTER 3: Photocatalytic Oxidative C-H Thiolation: Synthesis of
Benzothiazoles and Sulfenylated Indoles

3.0 Thieme Copyright

Chapter 3 was reproduced in part with permissions from Synlett 2019 30 1648-1655.
https://www.thieme-connect.de/products/ejournals/abstract/10.1055/s-0039-1690107. Copyright
2019 Thieme

3.1 Carbon-Sulfur Bond Formation as a Useful Synthetic Transformation

The formation of carbon-sulfur bonds is an important reaction in synthetic chemistry, as
this motif is found in numerous natural products, pharmaceuticals, polymers, and
semiconductors.®>°" The most common methods to achieve (C-S) bond formation have utilized
transition-metal thiol cross-couplings®1%; however, these methods typically involve harsh
reaction conditions, high temperatures and require pre-functionalization of the substrate. It would
be more desirable to directly functionalize the C-H bond without any intermediate transformation.
Direct C-H thiolation has been previously achieved through electrophilic aromatic substitution
(SeAr) utilizing activated sulfenyl sources such as sulfenyl halides or N-thiosuccinimides.10+10°
These reactions are limited primarily to electron rich aromatics and heterocycles such as
substituted indoles. Other colleagues in my lab have recently reported methodologies that function
viaa Lewis base/Bronsted acid dual catalytic system that allow for the C-H sulfenylation of diverse
arenes.1%197 One drawback to this approach is that the formation of activated sulfenyl sources is
often cumbersome and require extra synthetic steps to form the necessary reagents; thus, methods

that could activate readily available thiols in situ would represent a welcome advancement.
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3.2 Photocatalysis in Organic Chemistry

Over the past century, light-mediated catalysis has allowed development of a wide variety
of bond formations in organic chemistry. In the field of photocatalysis, the photon energy from
light can be captured by an absorbing source such as a photocatalyst, and upon excitation, is able
to induce a chemical change towards another reagent or substrate, allowing for a plethora of
chemical transformations. %1% While photoredox catalysis has been utilized in a number of
different applications such as carbon dioxide reduction and solar cells materials, it has only
recently been applied as a catalyst for organic synthesis in the past decade.!'! One of the biggest
contributions to this rapid growth in synthetic methodologies is the number of readily available
transition metal polypyridyl complexes and organic dyes that can act as a photocatalyst and

facilitate the conversion of light energy into chemical energy.

— —_ eg p—
[ ~ [ ®
/N,'I N _~ /N,I N 1r
| N\ | N\ reductant
>
/ 7 .
EqpV
L - _ t, 1&
e e =-1.73V 9
Ir(ppy)s*
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n* ] —— | +
MLCT —
ISC %
t
29 ﬁ tag oxidant
| oxidant | . +
Ir(ppy)3 *Ir(ppy); Eq""
ground state excited state =+031V
Ir(ppy)s”

Figure 3.2.1 General Molecular Orbital depiction of Ir(ppy)s Photocatalyst
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Upon excitation, the catalyst can convert this energy into various modes of interactions
such as photo-induced electron transfer or single electron transfer (SET), energy transfer (ET) or
atom transfer (i.e. hydrogen atom transfer or HAT).!*? For the purposes of this thesis and the
following studies, I will be focusing primarily on SET chemical processes. As eloquently described
in a review by Macmillan, irraditation with ultraviolet or visible light, at wavelengths where
organic molecules usually do not absorb, will selectively activate the photoredox catalyst to its
excited state via a metal ligand charge transfer (MLCT). After intersystem crossing (ISC), the
resultant excited state is a longer-lived triplet state and now has dual functionality wherein it can
act both as a strong oxidant and reductant, providing a unique radical chemical environment
(Figure 3.2.1, adapted from review by Macmillan). Traditionally, radical chemistry is taught and
introduced in sophomore organic chemistry in the context of chain mechanisms, which are difficult
to control and provide limited scope. However, photocatalysis allows for selective C-H
functionalization with high energy open-shell intermediates, providing access for making

molecules selectivity that could not be achieved using traditional polar pathways.''3114
3.3 Previous strategies for C-S bond synthesis Utilizing Photocatalysis

In the past five years, there have been multiple accounts of C-H thiolation employing the
use of photoredox catalysis (Scheme 3.3.1). In 2015, Lei showed that benzothiazoles can be
synthesized using a Ru(bpy)s(PFe)2/Co dual catalytic system.'*® Similarly, Xu reported a similar
benzothiazole transformation from thioamides using a TEMPO-catalyzed electrochemical C-H
thiolation.*® Alternatively, Barman and Fan both independently reported the use of Rose Bengal
and thiophenol for the sulfenylation of 3-substituted indoles and imidazopyridines,
respectively.!*"1® Recently, Konig and Rehbein showed that electron-rich arenes (such as

trimethoxybenzenes) could react with diaryl and dialkyl sulfides with an iridium photocatalyst and
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Konig and Rehbein, 2018

Scheme 3.3.1 Previous Photocatalytic and Electrochemical Methodologies for C-H
Thiolation

a persulfate salt to provide arylthiols.*'® Herein, | report an oxidative photocatalytic thiolation to

synthesize benzothiazoles through an intramolecular synthesis from thioamides, as well as the
intermolecular sulfenylation of substituted indoles (Scheme 3.3.2). Notably, our mechanistic
studies via cyclic voltammetry and density functional theory calculations suggest that even though
both reactions use similar conditions, they proceed with markedly different roles for the sulfur,
with an electrophilic sulfur radical in the benzothiazole formation, and a nucleophilic sulfur radical

in the indole sulfenylation.
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Scheme 3.3.2 Synthesis of Benzothiazoles and Sulfenylated Indoles from Oxidative
Conditions

3.4 Discussion

| first discovered the synthesis of benzothiazoles serendipitously. Our lab initially
hypothesized that anilines could be selectively functionalized via a Lewis base directing group
based on previous work on radical intermediate control*?%; hence | synthesized molecules such as
thioamide 3.1 and observed whether ortho-chlorination via SeAr could be observed. When | used
Hu’s photocatalytic chlorination conditions (see Table 3.4.1), | instead observed a significant
amount of benzothiazole 3.1a (Table 3.4.1, entry 1). Interestingly, removal of the sodium chloride
still provided a small increase in conversion of 3.1 to 3.1a, suggesting this chemistry occurred via
a substrate oxidative mechanism rather than sulfur activation through the halogen source (Table
3.4,1, entry 2). Removal of both the Ru(bpy)sCl. (Table 3.4.1, entry 3) and sodium persulfate
(Table 3.4.1, entry 4) resulted in a significant decrease in conversion; however, there is a still a
small benzothiazole background reaction in the presence of persulfate. | then continued our

optimization with an evaluation of other common photocatalysts. Because | utilized a 390nm LED
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Table 3.4.1 Optimization of Intramolecular Benzothiazole Synthesis

H \H/t'BU Cataﬁ/);it?i\r:jtaitive N H \n/t'Bu
©/ S Solvent ” ©:S\>_t-8u+ ©/ (0]
31 Blue Light, r.t., 12h?P 31a 3.1b
Entry Catalyst Oxidant (Equiv) Additive (Equiv)  Solvent Conversion (%)
1 Ru(bpy)sCl,  Na,S,0g (2) NaCl (3) CH3CN/H,0 (1:1) 52%
2 Ru(bpy)sCl  NayS,05 (2) None CH3CN/HL0 (1:1) 57%
3 Ru(bpy)sCl, None None CH3CN/H,0 (1:1) 0%
4 None NayS,05 (2) None CH3CN/H,0 (1:1) 5%
5 Ru(phen);Cl;  NayS,0g (2) None CH3CN/H,0 (1:1) 15%
6  4CzIPN Na,S,04 (2) None CH3CN/H,0 (1:1) 30%
'r[ng;SﬁfEZh(dt Na,S,0s (2)  None CHsCN/H,0 (1:1)  20%
8 Ru(bpy)sCl,  NayS;04 (2) None CH3CN/H,0 (9:1) 34%
9 Ru(bpy)sCl;  NazS;04 (5) None CH3CN/H,0 (1:1) 0% (1b obtained)
10 Ru(bpy)sCl;  NazS;0g(10)  None CH3CN/H,0 (1:1) 0% (1b obtained)
11 Ru(bpy)sCl,  Na,S,0g (2) Pyridine (2)  CH3CN/H,0 (1:1) 79%

blue light source, | hypothesized that Ru(phen)sCl2 (Imax = 422nm) would be in a higher absorbance
range relative to Ru(bpy)sCl2 (Imax = 452nm). However, conversion of the benzothiazole was low
at only 15% (Table 3.4.1, entry 5). Switching from a transition metal to an organic photocatalyst
4CzIPN also provided no improvement in conversion (Table 3.4.1, entry 6), possibly due to the
reaction being performed in a biphasic solvent system. Surprisingly, (Irf[dF(CF3)ppy]2(dtbpy)]PFe,
which has a higher oxidizing potential in its excited state [(Ir(I11)*/Ir(I1) = 1.21V versus SCE]
relative to Ru(bpy)sClz [Ru(1D)*/Ru(l) =.77V versus SCE] and would be expected to oxidize 3.1
more effectively, proved markedly worse than the ruthenium catalyst (Table 3.4.1, entry 7).
Mechanistically, this implies that while the photocatalyst has a significant effect on the overall
conversion of the reaction, its excited state does not directly oxidize the thioamide but rather likely
activates the persulfate as a better oxidizing agent (see proposed mechanism). Testing solvent
conditions, | observed a decrease in conversion when switching to a more organic composition of
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9:1 MeCN/H>0, suggesting aqueous media is necessary to help solubilize the persulfate salt (Table
3.4.1, entry 8). To see if circumventing persulfate activation was a possibility, | added excess
amount of sodium persulfate (Table 3.4.1, entry 9 & 10); however, | only obtained the acetanilide
side product 3.1b, which is a common degradation product for thioamides under oxidative
conditions. Finally, | observed that benzothiazole conversion could be improved markedly (up to
79%) by the addition of two equivalents of pyridine as a base.

| decided to evaluate our conditions from Table 3.4.1, entry 11 across a variety of
substituted thioamide derivatives (Scheme 3.4.1). To confirm our initial hypothesis, | tested the
substrates in the absence and presence of pyridine and obtained isolated yields of the
benzothiazoles. Varying the electronics at the aryl ring R? (3.2-3.5) provided minor decreases in
yield relative to the unsubstituted 3.1a (isolating between 49-63% vyield for 3.2a-3.5b). Notably, |
observed no effect when adding pyridine for naphthyl based substrate 3.6 (54% with no pyridine,
55% with pyridine for 3.6a) and substrate 3.7 (32% without, 34% with pyridine for 3.7a). This
lack of pyridine effect held for other substrates that possessed these aryl groups 3.9 (43% no
pyridine, 38% with pyridine for 3.9a), and 3.15 (31% no pyridine, 30% with pyridine for 3.15a).
Replacing the thioamide tert-butyl group 3.1 with a phenyl group in 3.8, resulted in a marked
decrease in yield (79% to 32% of 3.8a); however other phenyl containing thioamides resulted in
decent yields (i.e. 3.10 resulted in 68% yield 3.10a). Finally, when I replaced the thioamide
substitution with aliphatic groups other than tert-butyl (3.11-3.14), | isolated the corresponding
benzothiazoles in good yield (55% to 73% 3.11a-3.14a). Surprisingly, when the thioamide
substitution was a methyl (3.16) we only isolated the corresponding amide. Alternatively, when I

evaluated trifluoromethyl containing 3.17, | observed no reaction of any kind, perhaps due to the
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thioamide being significantly more electron poor and possessing a higher redox potential, or a
lower innate nucleophilicity.

To explain the subsequent transformation, | propose the following mechanism (Scheme
3.4.2 to 3.4.4), which are supported by several key experiments. Due to the increase in yield upon
addition of pyridine, I believe there is a Lewis base effect wherein the pyridine coordinates to the
N-H thioamide bond, providing extra stability to the radical cation that forms upon initial
oxidation. This hypothesis is substantiated through cyclic voltammetry experiments (Scheme
3.4.2) on substrate 3.1. In pure acetonitrile without the presence of additive base, | observed two
half wave oxidation potentials at 1.5V and 1.9V versus SCE, meaning both values are out of the
range of the Ru(bpy)sCl. reduction potential in its excited state [Ru(ll)*/Ru(l) = 0.77V versus

SCE]. Upon titration of pyridine, I noticed a distinct shift in the two oxidation potentials to 1.2V

Ru(bpy)sCl, * 6H,0

NH _R? idi
X Na,S,04, Pyridine x—N
R i R S—R?
% S MeCN/H,0 Z~s

Blue light, r.t., 12h2

a:
(%, no pyridine)
(% pyridine)

3.1a: 57% 3.2a: 28% 3.3a: 37% 3.4a: 36% 3.5a: 39% 3.6a: 55%
79% 49% 62% 63% 59% 54%
Br O
N N N CFs3 N N N
OO OO -0 -0
MeO S S S S S cl S
CF3
3.7a: 32% 3.8a:17% 3.9a: 43% 3.10a: 57% 3.11a: 38% 3.12a: 55%
34% 32% 38% 68% 55% 73%
Br
N CF3 N N N N
— — — i S—cr:
S S MeO S S S
CF;
3.13a: 55% 3.14a: 47% 3.15a 31% 3.16a: 0% 3.17a: 0%
72% 56% 30% 0% 0%

Scheme 3.4.1 Substrate Scope of Benzothiazole Synthesis from Thioamides
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Scheme 3.4.2 Cyclic Voltammetry Measurements for Substrate 3.1

and 1.5V versus SCE. Interestingly, the first oxidation potential of A with pyridine is now within
the range of the ground state reduction potential of Ru(bpy)sClz [Ru(l11)/Ru(ll) = 1.29V versus
SCE]. This suggests that, in its excited state, the photocatalyst reduces persulfate to the SO42 anion
and the SO4~ anion radical, followed by the resultant Ru®>* complex oxidizing the thioamide
substrate to radical cation B. Additionally, I utilized density functional theory (DFT) calculations
to predict the electron density maps for several thioamide intermediates and consequently predict

the most favorable sites for oxidation. In the first map, | see a large concentration of electron
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Scheme 3.4.4 Electron Density Maps of Predicted Intermediates

density at the sulfur relative to the rest of the molecule A, implying it is the most favorable site for
initial oxidation; this pathway is also supported by recently reported work from Nicewicz on allylic

thioamides. 21122
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At this point, B will likely undergo radical cyclization to C. This is supported by a CV
scan rate experiment; as the voltage is increased from 0.1 to 5 V/s, the second half-wave oxidation
peak begins to diminish and completely disappears at the highest scan rate. One explanation for
this observation is there is a new intermediate reaction between the first and second oxidation (i.e.
thioamide cyclization) and that faster voltage sweeps can kinetically outpace the reaction, thereby
hindering subsequent oxidation. Additionally, the predicted electron map of B (Scheme 3.4.4)
suggests that the sulfur is now more electron deficient compared to the aryl ring; thus it is likely
that the cyclization will occur via the arene acting as a nucleophile and the sulfur acting as an
electrophilic radical. Due to the comparable yields of electron deficient thioamides without the
presence of pyridine (i.e 3.10a), | believe that the additive is beneficial towards initial oxidation
but not necessary as persulfate can also promote formation of the thiyl radical cation; it is the
subsequent radical cyclization which drives the reaction favorably towards the benzothiazole
product. Upon cyclization, the electron density map shows a more electron rich intermediate which
should be easily oxidized by the persulfate radical anion to give Wheland arenium ion D, which
will rapidly undergo aromatization to the final product E.

| also explored whether our methodology for intramolecular C-H thiolation could be
applied to other arenes for intermolecular functionalization, specifically the sulfenylation of
electron rich heterocycles such as indoles. Our initial experiment utilized our optimized conditions
for benzothiazole synthesis without pyridine, using 3.18 melatonin as the substrate and 4-methyl
thiophenol as the sulfenylating reagent, and obtained 29% yield of 3.18a. (Table 3.4.2, entry 1).
Upon addition of pyridine (entry 2 & 3), | observed a similar trend as the yields increased to 40%.
Just like the previous reaction, removal of the photocatalyst diminishes the yield significantly to

8% (entry 4), however there is still a background reaction from just persulfate exclusively.
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Table 3.4.2 Optimization of Intermolecular Sulfenylation with Melatonin

| jz Catalyst, Oxidant
o) NH Base, MeCN/H,0
Blue nght r.t., 12h? T’
NH
3.18 3. 18a

Entry Catalyst Oxidant (equiv) Solvent Base (equi) Yield (%)
1 Ru(bpy)sCl, Na,S,0g (2) CH3CN/H,0 (1:1) Pyridine (0) 29
2 Ru(bpy)sCl, Na,S,0g (2) CH3CN/H,0 (1:1) Pyridine (1) 31
3 Ru(bpy);Cly Na,S,0g (2) CH3CN/H,0 (1:1) Pyridine (2) 40
4 None Na,S,05 (2) CH3CN/H,0 (1:1) Pyridine (2) 8
5 Ru(bpy);Cly Na,S,0g (1) CH3CN/H,0 (1:1) Pyridine (2) 5
6 Ru(bpy);Cl, None CH3CN/H,0 (1:1) Pyridine (2) 0
7 Ru(bpy);Cl, Na,S,0g (2) CH3CN/H,0 (9:1) Pyridine (2) 30
8 Ru(bpy)sCl, Na,S,0g (2) CH;CN Pyridine (2) 15
9 CzIPN Na,S,0g (2) CH3CN/H,0 (1:1) Pyridine (2) 25
10  9-Mesi-Acri Na,S,04 (2) CH3CN/H,0 (1:1) Pyridine (2) 8
11 Ir{df(CF3)... Na,S,0g (2) CH3CN/H,0 (1:1) Pyridine (2) 52
12 Ir{df(CF3)... Na,S,0g (2) CH3CN/H,0 (1:1) K,HPO, (2) 61
13 Ir{df(CF3)... Na,S,0g (2) CH3CN/H,0 (1:1) K3POy4 (2) 28
14 Ir{df(CF3)... Na,S,05 (2) CH3CN/H,0 (1:1) KOH (2) 68

Side Reaction:

| In{df(CF3).., Na,S,04
0 NH Base, MeCN/H,0
Blue L|ght r.t,, 12h 18b

NH
3.18 3.18b (Trace)

Interestingly, reintroduction of the photocatalyst but cutting the persulfate equivalent in half
reduced the overall yield to 5% (entry 5). As expected, complete removal of persulfate provides
no reaction (entry 6). Similar trends also hold for changing the ratio of solvents, as | see almost no

variation going from 1:1 to 9:1 MeCN/H0O, and a lowering of 15% yield switching to completely
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Scheme 3.4.5 Sulfenylation Substrate Scope of Various Indoles

acetonitrile (entry 7 & 8). After evaluating a number of photocatalysts (entry 9-11), | observed that
(Ir[dF(CF3)ppy]2(dtbpy)]PFs gave a much higher yield at 52% compared with Ru(bpy)sCl..
Finally, variation of the base to potassium hydroxide (12-14) provided an increase of yield to 68%.
Interestingly, | noticed a trace amount of a disulfenylated side product 3.18b when the iridium
photocatalyst is used, suggesting that at some point the thiophenol reagent (or product sulfide) is
oxidized and reacts with a 2" equivalent of thiophenol.

With the optimized conditions, | evaluated a number of substituted indoles and report the
isolated yields of both the mono and di-sulfenylated product, with a majority of substrates
providing exclusively the mono-sulfenylated product between 9 to 36% yield (Scheme 3.4.5, 3.19-
3.24). Similar to melatonin, N-methyl 3-methyl indole 3.20 also gave a mixture of mono-

sulfenylated 3.20a and di-sulfenylated 3.20b (28% and 14%, respectively) Additionally, | tested a
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number of benzenethiol reagents (3.25-3.27) and varied the electronics off the aryl ring; this gave
attenuated yields ranging from 16-31% yield (3.25a-3.27a). While these yields are moderate
compared to other conditions (both via traditional SeAr, and photocatalysis), I find it notable that
this sulfenylation worked on biologically relevant scaffolds such as melatonin and tryptophan. |
also found this transformation mechanistically interesting as the conditions were nearly identical
to those of the benzothiazole synthesis and performed a series of mechanistic studies.

| first determined the experimental redox potentials of melatonin and 4-methylbenzenethiol
sulfenylating reagent by cyclic voltammetry (see following experimental section). | observed that
the melatonin 3.18 has a first half wave oxidation potential of 1.10V versus SCE while the latter
has a higher half wave oxidation potential of 1.49V versus SCE (see supplementary information).
Consequently, in its excited triplet state, the (Ir[dF(CF3)ppy]2(dtbpy)]PFs photocatalyst would be
out of the potential range for oxidation of 4-methylbenzenethiol, and initial oxidation likely occurs
at melatonin to form the cation radical F. Stern-Volmer quenching studies between the iridium
photocatalyst, melatonin and 4-methylbenzenethiol supports this hypothesis as melatonin (Ksy =
4.2 ML) is quenched at a much higher rate than the thiophenol (Ksy = 0.1 ML) (see Scheme
3.4.6 and Experimental Section 3.5.10). Additionally, | ran the photocatalytic reaction in the
absence of indole, observing a significant amount of the disulfide byproduct, which is known to
undergo homolytic cleavage under UV light to form the thiyl radical.’>®> To test whether the
disulfide was an intermediate, | evaluated the reaction using phenyl disulfide as the sulfur source,
observing comparable yields to that of thiophenol. Stern-VVolmer quenching of the photocatalyst
with 4-methyl diphenyl disulfide provided a slight increase (Ksv = 0.6 ML) relative to the

thiophenol but still significantly less than melatonin. To confirm our findings, | ran a sulfenylation
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Scheme 3.4.6 Stern-Vollmer Quenching Studies of [Ir[df(CF3)ppy]z(dtbpy)]PFs with
Melatonin, 4-methylbenzenethiol, and 4-methyl Diphenyl Sulfide

cross experiment using both 4-methylbenzenethiol and phenyl sulfide, observing the methylated
indole as the main product via mass spectrometry (see Experimental Section 3.5.11). Based on
these experiments, two plausible simultaneous mechanisms can occur. Once indole cation radical
F is formed, deprotonated thiophenol can nucleophilically attack F to form radical intermediate
G, which will be oxidized by persulfate and aromatize to form the sulfenylated product 3.18a
(Scheme 6, pathway 1). Alternatively, under photocatalytic conditions, thiophenol can
beconverted to disulfide which can homolytically disassociate to form the thiyl radical. The radical
can undergo radical coupling with F to form Wheland intermediate I, followed by aromatization
to form product 3.18a. Both pathways can occur simultaneously; however, | believe that the
nucleophilic pathway is predominant as shown by Stern-Volmer quenching studies and

sulfenylation cross experiment.
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Scheme 3.4.7 Proposed Mechanisms for the Intermolecular Sulfenylation of Indoles.

In conclusion | have developed an operationally simple and economical method to
synthesize benzothiazoles via photocatalytic C-H thiolation and have extended these conditions to
indole sulfenylation. | performed mechanistic studies that suggest that the sulfur displays divergent

activities (nucleophilic or electrophilic radical) in the two reactions.
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3.5 Experimental Section

3.5.1 General Information

All *H, C and '°F NMR Spectra were recorded on Varian VNMRS 400 MHz, Bruker
Avance AV: 400MHz, Varian Inova 500 MHz, and Bruker Avance Il HD 600MHz at room
temperature. All chemical shifts were reported in parts per million () and internally referenced to
residual solvent proton signals unless otherwise noted. All spectral data were reported as follows:
(multiplicity [singlet (s), doublet (d), doublet of doublets (dd), doublet of doublet of doublets (ddd),
doublet of triplets (dt), triplet (t), triplet of triplets (tt), quartet (q), quintet (gn), and multiplet (m),
heptet (h)], coupling constants [Hz], integration). Carbon spectra were recorded with complete
decoupling. Conventional mass spectra were obtained using Advion Expression® CMS
APCI/ASAP. All chemicals and catalysts were purchased from Acros Organics, Cambridge
Isotope Laboratories, Fisher Scientific, Frontier Scientific, Oakwood Chemicals, Sigma Aldrich,
or TCI America. All normal phase flash column chromatography (FCC) was performed using
Grade 60 Silica Gel (230-400 mesh) purchased from Fisher Scientific. Preparative Thin Layer
Chromatography (TLC) plates contained grade 60 silica gel coated with fluorescent indicator Fasa
and were purchased from Fisher Scientific. Reflux conditions were done using an Anton Paar

Monowave 400, G10, and G30 vials.

3.5.2 Abbreviations

Conc.: Concentration (M)

DCM: Methylene Chloride

Eq.: Equivalent

EtsN: Triethylamine

EtOAc: Ethyl Acetate

FCC: Flash Column Chromatography
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Hex: Hexanes

H20: Water

HCI: Hydrochloric Acid
HSPh: Thiophenol

Ir[dF(CF3)ppy]2(dtbpy)]PFs: [4,4'-Bis(1,1-dimethylethyl)-2,2"-bipyridine-N1,N1']bis[3,5-
difluoro-2-[5-(trifluoromethyl)-2-pyridinyl-N]phenyl-C]Iridium(111) hexafluorophosphate

MeCN: Acetonitrile

Na2SOa: Sodium Sulfate

r.t: Room Temperature

Ru(bpy)sCl2¢6H20: Tris(2,2’-bipyridyl)dichlororuthenium (11) hexahydrate
SM - Starting Material

3.5.3 Experimental Procedures

O H
NH; EtsN, 0°C, 30m N R2
3N, ,
Ry + Cl)]\R > Ry \ﬂ/
2 DCM, rt, 12h o}

Scheme 3.5.1 Preparation of Substituted Benzamides

A solution of substituted aniline (1.0 eqg.) and EtsN (1.5 eg.) in DCM (0.1M) was prepared

and stirred at 0 °C for 30 minutes. Acyl chloride (1.0 eg.) was then added drop wise. The mixture

was warmed to room temperature and stirred for 12 hours. The resulting solution was then

quenched with 2M HCI and extracted with two equal volumes of DCM before being dried over

Na>SO4. Evaporation of solvent gave crude product that was purified by FCC using a 4:1 Hex:

EtOAc gradient.

H
N R, . R
Lawesson's Reagent 2
ng \[O]/ - Rl_©/ hig
Toluene, 180°C, 10 min S

Scheme 3.5.2 Preparation of Substituted Thiobenzamides
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A solution of benzamide (1.0 eq.), Lawesson’s reagent (0.6 eq.), and toluene (0.1 M) were
added to either a G10 or G30 microwave vial and was heated to 180 °C for 10 minutes in the
microwave. The resulting solution was then concentrated down and purified by FCC using a 4:1

Hex:EtOAc gradient.

Ru(bpy)3Cly * 6H,0

H Na,S,0g, Pyridine N
A S PO
R, I MeCN/H,0 <

Blue LED, r.t, 12h

Scheme 3.5.3 Preparation of Substituted Benzothiazoles

In a 2 dram vial, substituted thiobenzamide (1.0 eq.), Ru(bpy)sCl2 (2.0 mg, 0.05 eq.),
sodium persulfate (2.0 eq.), and pyridine (2.0 eg.) were added to a solution of 1:1 MeCN:H,0 (25
mg/1 mL). The reaction was left to stir under blue LEDs for 12 hours at room temperature. The
resulting solution was then quenched with H2O, extracted with EtOAc and dried over Na>SOa.
Evaporation of solvent gave crude product that was purified by prep TLC with a gradient from

hexanes to 8:2 Hex: EtOAc.

Ro Ro
Mel, NaH, 0°C, 30m
H dry THF, r.t, overnight ,\{
Me

Scheme 3.5.4 Preparation of N-methylated Indoles
NaH (2.0 eq.) was added in a round bottom flask with anhydrous THF (1M) under inert

atmosphere at 0°C. A solution of substituted indole (1.0 eq.) and anhydrous THF was then added
to the mixture, and the reaction was warmed to room temperature and stirred overnight. The
resulting solution was then quenched with 2M HCI, washed with EtOAc, and dried over NaxSOa.

Evaporation of solvent gave crude N-methylated indole that was purified by FCC.
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Scheme 3.5.5 Preparation of Sulfenyated Indoles

Ina 10mL vial, substituted indole (1.0 eq.), (Ir[dF(CF3)ppy]2(dtbpy)]PFs (0.01 eq.), sodium
persulfate (2.0 eq.), KOH (2.0 eq.), and 4-methylthiophenol (<1.0 eq.) were added to a solution of
1:1 MeCN: H20 (25 mg/1 mL). The reaction was left to stir under blue LEDs for 12 hours at room
temperature. The resulting solution was then quenched with H20O and extracted with DCM before
being dried over Na2SOs4, Evaporation of solvent gave crude product that was purified by prep TLC
(9:1 Hex: EtOAcC (3.19a, 3.21a-3.23a), 9:1 Hex: DCM (3.20a), or 10:0 Hex (3.24a)). Melatonin

substrates (3.25a-3.27a) were purified via FCC (8:2 EtOAc: Hex).

3.5.4 Characterization of Substituted Benzothiazoles

o

Figure 3.5.1 Product 3.1a

2-(tert-butyl)benzo[d]thiazole: Compound was synthesized using the general procedures
for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted
benzothiazole. Yields (0.129 mmol scale): No Pyridine- 14.2 mg, 57% & Pyridine- 19.8 mg, 79%,
off white solid. 'H NMR (500 MHz, CDCls) 6 = 8.00 (dt, J = 8.2, 0.9 Hz, 1H), 7.85 (dd, J = 8.0,
0.45 Hz, 1H), 7.44 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 7.34 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H), 1.53 (s,
9H). The spectral data is in agreement with the reported literature: Zhang, G.; Liu, C.; Yi, H.;
Meng, Q.; Bian, C.; Chen, H.; Jian, J. X.; Wu, L. Z.; Lei, A. J. Am. Chem. Soc. 2015, 137, 9273-

9280 MS-APCI Calculated: C11H13sNS [M+H]" 192.3, Found: 192.1 m/z
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Figure 3.5.2 Product 3.2a

2-(tert-butyl)-6-chlorobenzo[d]thiazole: Compound was synthesized using the general
procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted
benzothiazole. Yields (0.110 mmol scale): No Pyridine- 7.0 mg, 28% & Pyridine- 12.2 mg, 49%,
off white solid. *H NMR (500 MHz, CDCls) § = 7.88 (dd, J = 8.7, 0.5 Hz, 1H), 7.82 (dd, J = 2.1,
0.5, 1H), 7.44 (dd, J = 8.7, 2.1 Hz, 1H), 1.51 (s, 9H) The spectral data is in agreement with the
reported literature: Zhang, G.; Liu, C.; Yi, H.; Meng, Q.; Bian, C.; Chen, H.; Jian, J. X.; Wu, L.

Z.; Lei, A. J. Am. Chem. Soc. 2015, 137, 9273-9280 MS-APCI Calculated: C11H12CINS [M+H]*

Figure 3.5.3 Product 3.3a

226.7, Found: 226.2, 226.4 m/z

6-bromo-2-(tert-butyl)benzo[d]thiazole: Compound was synthesized using the general
procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted
benzothiazole. Yields (0.092 mmol scale): No pyridine- 9.2mg, 37% & Pyridine- 15.5mg, 62%,
off white solid. *H NMR (500 MHz, CDCl3) 6 = 7.98 (dd, J = 2.0, 0.5 Hz, 1H), 7.83 (dd, J = 8.7,
0.5 Hz, 1H), 7.54 (dd, J = 8.7, 2.0 Hz, 1H), 1.51 (s, 9H) The spectral data is in agreement with the
reported literature: Zhang, G.; Liu, C.; Yi, H.; Meng, Q.; Bian, C.; Chen, H.; Jian, J. X.; Wu, L.
Z.; Lei, A.J. Am. Chem. Soc. 2015, 137, 9273-9280 MS-APCI Calculated: C11H12BrNS [M+H]*

271.2, Found: 271.0, 271.2, 271.3 m/z

Figure 3.5.4 Product 3.4a
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(2-(tert-butyl)-6-methoxybenzo[d]thiazole: Compound was synthesized using the
general procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and
substituted benzothiazole. Yields (0.112 mmol scale): No pyridine- 9.0 mg, 36% & Pyridine- 15.8
mg, 63%, off white solid. 1H NMR (500 MHz, CDCls) 6 = 7.86 (dd, J = 8.9, 0.5 Hz, 1H), 7.31
(d,J=2.6 Hz, 1H), 7.04 (dd, J = 8.9, 2.6 Hz, 1H), 3.87 (s, 3H), 1.50 (s, 9H). The spectral data is
in agreement with the reported literature: Zhang, G.; Liu, C.; Yi, H.; Meng, Q.; Bian, C.; Chen,
H.; Jian, J. X.; Wu, L. Z,; Lei, A. J. Am. Chem. Soc. 2015, 137, 9273-9280 MS-APCI Calculated:

C12H1sNOS [M+H]* 222.3, Found: 222.0 m/z

Me

X3~

Figure 3.5.5 Product 3.5a

2-(tert-butyl)-4-methylbenzo[d]thiazole: Compound was synthesized using the general
procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted
benzothiazole. Yields (0.121 mmol scale): No pyridine- 9.8 mg, 39% & Pyridine- 14.8 mg, 59%,
slight pink solid. *H NMR (500 MHz, CDClz) 6 = 7.69-7.66 (m, 1H), 7.25-7.20 (m, 2H), 2.75 (s,
3H), 1.52 (s, 9H) The spectral data is in agreement with the reported literature: Zhang, G.; Liu, C.;
Yi, H.; Meng, Q.; Bian, C.; Chen, H.; Jian, J. X.; Wu, L. Z.; Lei, A. J. Am. Chem. Soc. 2015, 137,
9273-9280. MS-APCI Calculated: C12H1sNS [M+H]" 206.3, Found: 206.2
“
I
S
Figure 3.5.6 Product 3.6a

2-(tert-butyl)napthol[1,2-d]thiazole: Compound was synthesized using the general

procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted

benzothiazole. Yields (0.103 mmol scale): No pyridine- 13.8 mg, 55% & Pyridine- 13.5 mg, 54%,
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yellow-green solid. *H NMR (500 MHz, CDCls) 6 = 8.82 (dt, J = 8.0, 0.8 Hz, 1H), 7.93 (d, J =
8.1 Hz, 1H), 7.87 (d, J = 8.7 Hz, 1H), 7.75 (d, J = 8.7 Hz, 1H), 7.65 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H),
7.55 (ddd, J =8.2, 6.9, 1.3 Hz, 1H), 1.59 (s, 9H) *C NMR (101 MHz, CDClz) 6 = 180.7, 149.2,
131.8, 131.2, 128.6, 127.9, 126.6, 125.7, 125.0, 124.0, 119.0, 38.4, 31.0 MS-APCI Calculated:

C1sH1sNS [M+H]": 242.4 Found: 242.1 m/z

Figure 3.5.7 Product 3.7a

4-bromo-2-(tert-butyl)-6-methoxybenzo[d]thiazole: Compound was synthesized using
the general procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and
substituted benzothiazole. Yields (0.083 mmol scale): No pyridine- 8.0 mg, 32% & Pyridine- 8.5
mg, 34%, slight pink solid. *H NMR (500 MHz, CDCls) = 7.87 (d, J = 8.8 Hz, 1H), 7.07 (d, J
=8.9 Hz, 1H), 3.97 (s, 3H), 1.51 (s, 9H) 3C NMR (101 MHz, CDCls) § = 170.59, 157.34, 146.03,
136.69, 118.13, 115.79, 103.88, 56.02, 36.22, 29.68, 23.34, 13.74 MS-APCI Calculated:
C12H14BrNOS [M+H]": 301.2, Found: 301.0, 301.2, 300.5 m/z

C-0O
S
Figure 3.5.8 Product 3.8a

2-phenylbenzo[d]thiazole: Compound was synthesized using the general procedures for
synthesizing the substituted benzamide, substituted thiobenzamide, and substituted benzothiazole.
Yields (0.117 mmol scale): No pyridine- 4.3 mg, 17% & Pyridine- 8.0 mg, 32%, yellow-green
solid. 1H NMR (500 MHz, CDCls) 6 = 8.13-8.07 (m, 3H), 7.92 (d, J = 8.0 Hz. 1H), 7.53-7.46 (m,
4H), 7.39 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H). The spectral data is in agreement with the reported

literature: Zhang, G.; Liu, C.; Yi, H.; Meng, Q.; Bian, C.; Chen, H.; Jian, J. X.; Wu, L. Z.; Lei, A.
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J. Am. Chem. Soc. 2015, 137, 9273-9280 MS-APCI Calculated: C13HgNS [M+H]*: 212.3, Found:

N
0
S

Figure 3.5.9 Product 3.9a

212.1 m/z

2-phenylnaptho[1,2-d]thiazole: Compound was synthesized using the general procedures
for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted
benzothiazole. Yields (0.095 mmol scale): No pyridine- 13.8 mg, 55% & Pyridine- 13.5 mg, 54%,
dark green solid. *H NMR (400 MHz, CDCls) ¢ = 8.93 (ddt, J =8.3, 1.4, 0.7 Hz, 1H), 8.24-8.18
(m, 2H), 7.99-7.90 (m, 2H), 7.82 (dt, J = 8.7, 0.6 Hz, 1H), 7.70 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H),
7.60 (ddd, J = 8.2, 6.9, 1.3Hz, 1H), 7.57-7.46 (m, 3H) The spectral data is in agreement with the
reported literature: Zhang, G.; Liu, C.; Yi, H.; Meng, Q.; Bian, C.; Chen, H.; Jian, J. X.; Wu, L.
Z.; Lei, A. J. Am. Chem. Soc. 2015, 137, 9273-9280 MS-APCI Calculated: C17H11NS [M+H]":

262.3, Found: 262.2 m/z

Figure 3.5.10 Product 3.10a

2-phenyl-5,7-bis(trifluoromethyl)benzo[d]thiazole: Compound was synthesized using
the general procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and
substituted benzothiazole. Yields (0.072 mmol scale): No pyridine- 14.3 mg, 57% & Pyridine-
17.0 mg, 68%, yellow solid *H NMR (400 MHz, CDClz) 6 = 8.5 (s, 1H), 8.16-8.12 (m, 2H), 7.91
(s, 1H), 7.59-7.52 (m, 3H). The spectral data is in agreement with the reported literature:
Folgueiras-Amador, A. A.; Qian, X. Y.; Xu, H. C.; Wirth, T. Chem. Eur. J. 2018, 24, 487-491

MS-APCI Calculated: CisH7FsNS [M+H]*: 348.3, Found: 348.1 m/z
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Figure 3.5.11 Product 3.11a

2-cylcohexylbenzo[d]thiazole: Compound was synthesized using the general procedures
for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted
benzothiazole. Yields (0.114 mmol scale): No pyridine- 9.5 mg, 38% & Pyridine- 13.8 mg, 55%,
off white solid *H NMR (500 MHz, CDCls3) ¢ = 7.99-7.96 (m, 1H), 7.85 (ddd, J = 8.0, 1.3, 0.6
Hz, 1H), 7.44 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H), 7.34 (ddd, = 8.3, 7.2, 1.2 Hz, 1H), 3.11 (tt, J = 11.7,
3.6 Hz, 1H), 2.25-2.17 (m, 2H), 1.89 (dt, J = 12.8, 3.5 Hz, 2H), 1.77 (dd, J = 12.7, 3.2, 1.6 Hz,
1H), 1.70-1.58 (m, 2H), 1.45 (qt, J = 12.4, 3.3 Hz, 2H), 1.34 (tt, J = 12.4, 3.2 Hz, 1H) The spectral
data is in agreement with the reported literature: Zhang, G.; Liu, C.; Yi, H.; Meng, Q.; Bian, C.;
Chen, H.; Jian, J. X.; Wu, L. Z; Lei, A. J. Am. Chem. Soc. 2015, 137, 9273-9280 MS-APCI
Calculated: C13H1sNS [M+H]": 218.3, Found: 218.3 m/z
O
Cl S

Figure 3.5.12 Product 3.12a

6-chloro-2-cyclohexylbenzo[d]thiazole: Compound was synthesized using the general
procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and substituted
benzothiazole. Yields (0.099 mmol scale): No pyridine- 13.8 mg, 55% & Pyridine- 18.3 mg, 73%,
off white solid. 'H NMR (500 MHz, CDCls) 6 = 7.87 (d, J = 8.7 Hz, 1H), 7.82 (d, J = 1.9 Hz,
1H), 7.40 (d, J = 13.3, 3.5 Hz, 2H), 3.09 (tt, J = 11.6, 3.6 Hz, 1H), 2.23-2.16 (m, 2H), 1.89 (dt, J
=13.3, 3.5 Hz, 2H), 1.77 (dtt, J = 12.8, 3.2, 1.5 Hz, 1H), 1.68-1.57 (m, 2H), 1.44 (qt, J = 12.7, 3.4

Hz, 2H), 1.33 (tt, J =12.4, 3.4 Hz, 1H) *C NMR (101 MHz, CDCIls3) 6 = 178.11, 151.65, 135.75,
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130.34, 126.53, 123.25, 121.13, 43.36, 33.30, 25.97, 25.70 MS-APCI Calculated: C13H14CINS
[M+H]": 252.8, Found: 252.3, 252.5 m/z
N
CO~
S
Figure 3.5.13 Product 3.13a

(2-propylbenzo[d]thiazole: Compound was synthesized using the general procedures for
synthesizing the substituted benzamide, substituted thiobenzamide, and substituted benzothiazole.
Yields (0.129 mmol scale): No pyridine- 13.8 mg, 55% & Pyridine- 18.0 mg, 72%, orange oil. *H
NMR (500 MHz, CDCl3) 8= 7.99-7.95 (m, 1H), 7.86-7.82 (m, 1H), 7.45 (ddd, J = 8.2, 7.3, 1.3
Hz, 1H), 7.37-7.32 (m, 1H), 3.13-3.06 (m, 2H), 1.92 (m, 2H), 1.06 (t, J= 7.4, 3H) The spectral data
is in agreement with the reported literature: Vechorkin, O.; Proust, V.; Hu, X. Angew. Chem. Int.

Ed. 2010, 49. 3061-3064. MS-APCI Calculated: C11H13NS [M+H]*: 192.3, Found: 192.2 m/z

Figure 3.5.14 Product 3.14a

2-propyl-5,7-bis(trifluoromethyl)benzo[d]thiazole: Compound was synthesized using
the general procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and
substituted benzothiazole. Yields (0.076 mmol scale): No pyridine- 11.8 mg, 47% & Pyridine-
14.0 mg, 56%, orange solid. *H NMR (500 MHz, CDCls) 6 = 8.40 (s, 1H), 7.88 (s, 1H), 3.19-3.13
(m, 2H), 1.96 (m, 2H, 1.09 (t, J = 7.4 Hz, 3H) 1*C NMR (126 MHz, CDCls) § = 176.06, 154.58,
135.41, 128.85 (g, J = 33.9), 125.36 (g, J = 35.1), 124.34 (d, J = 60.7), 123.03 (m), 122.18 (d, J =
61.1), 118.75 (h), 36.08, 22.81, 13.65 19F NMR (470 MHz, CDCls) 6 = -61.11, -62.78 MS-APCI

Calculated: C13H11FsNS [M+H]": 328.3, Found: 328.3 m/z
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Figure 3.5.15 Product 3.15a

4-bromo-6-methoxy-2-propylbenzo[d]thiazole: Compound was synthesized using the
general procedures for synthesizing the substituted benzamide, substituted thiobenzamide, and
substituted benzothiazole. Yields (0.083 mmol scale): No pyridine- 7.8 mg, 31% & Pyridine- 7.5
mg, 30%, off white oil *H NMR (500 MHz, CDCl3) 6 =7.27 (d, J = 2.4 Hz, 1H), 7.24 (d, J = 2.4
Hz, 1H), 3.85 (s, 3H), 3.13-3.00 (m, 3H), 1.88 (m, 3H), 1.06 (t, J = 7.4Hz, 4H) *C NMR (126
MHz, CDCls) ¢ = 179.65, 157.23, 146.03, 136. 68, 118.03, 116.21, 103.85, 56.03 (d, J = 5.0)

38.51, 30.71 MS-APCI Calculated: C12H14BrNOS [M+H]*: 301.2, Found: 301.2, 301.3 m/z

3.5.5 Characterization of Substituted Indoles

Q
| Nadl
MH~
Lo \

Figure 3.5.16 Product 3.18a

N-(2-(5-methoxy-2-(p-tolylthio)-1H-indol-3-yl)ethyl)acetamide: = Compound  was
synthesized using the general procedures for the synthesis of substituted indoles. Yields (.107
mmol scale): 52%, pale tan solid. *H NMR (400 MHz, CDClz) § =8.12 (s, 1H), 7.22 (d, J = 8.8
Hz, 1H), 7.02-7.06 (m, 3H), 6.98 (d, J = 8.3 Hz, 2H), 6.91 (dd, J = 8.8, 2.4 Hz, 1H), 5.50 (s, 1H),
3.86 (s, 3H), 3.52 (g, J = 6.4 Hz, 2H), 3.05 (t, J = 6.5 Hz, 2H), 2.27 (s, 3H), 1.78 (s, 3H). 3C NMR
(126 MHz, CDCls3) ¢ = 170.28, 154.36, 136.17, 133.22, 132.07, 130.04, 128.13, 127.00, 123.50,
119.64, 114.32, 111.93, 100.32, 55.87, 40.01, 24.75, 23.13, 20.89 MS-APCI Calculated:

C20H22N20,S [M+H]*: 355.5, Found: 355.5 m/z
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Figure 3.5.17 Pr(;duct 3.19a

(19b) 1-methyl-3-(p-tolylthio)-1H-indole: Compound was synthesized using the general
procedures V for the synthesis of substituted indoles. Yields (.098 mmol scale): 10.67 mg, 11%,
white solid. *H NMR (400 MHz, CDCls) § = 7.62 (td, J = 7.8, 1.0 Hz, 1H), 7.38 (td, J = 7.9, 1.0
Hz, 1H), 7.33 (s, 1H), 7.29 (ddd, J = 7.1, 6.9, 1.0 Hz, 1H), 7.17 (ddd, J = 7.0, 6.9, 1.0 Hz, 1H),
7.03 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.6 Hz, 2H), 3.84 (s, 3H), 2.25 (s, 3H). 2*C NMR (126 MHz,
CDCls) 0 = 137.48, 135.92, 134.83, 134.49, 129.82, 129.42, 126.08, 122.46, 120.39, 119.75,

109.64, 101.16, 33.10, 20.86. MS-APCI Calculated: C16H1sNS [M+H]": 254.4, Found: 254.4 m/z

/

STl

[‘*Jf""" N
Figure 3.5.18 P.roduct 3.20a
1,3-dimethyl-2-(p-tolylthio)-1H-indole: Compound was synthesized using the general
procedures V for the synthesis of substituted indoles. Yields (.172mmol scale): 26.2 mg, 28%,
white solid. *H NMR (400 MHz, CDCls) 6 = 7.63 (ddd, J = 7.9, 1.0, 0.9 Hz, 1H) 7.28-7.33 (m,
2H), 7.15 (ddd, J = 8.0, 1.0, 0.9 Hz, 1H), 7.01 (d, J = 8.3 Hz, 2H), 6.88 (d, J = 8.2 Hz, 2H), 3.70
(s, 3H), 2.45 (s, 3H), 2.27 (s, 3H). 13C NMR (126 MHz, CDCls) 6 = 137.98, 135.30, 133.70,
132.61, 129.82, 127.41, 126.14, 124.62, 123.05, 119.44, 119.07, 109.58, 29.98, 20.96, 9.97. MS-
APCI Calculated: C23H21NS, [M+H]*: 268.4, Found: 268.4 m/z
Ny,
@ "
Figure 3.5.19 Product 3.20b
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1,3-dimethyl-2-((4-methyl-2-(p-tolylthio)phenyl)thio)-1H-indole:  Compound  was
synthesized using the general procedures V for the synthesis of substituted indoles. There is the
presence of rotamers in both *H and **C NMR. The peaks for the major rotamer is reported. Yields
(.172mmol scale): 13.1 mg, 14%, white solid. 'H NMR (400 MHz, CDCl3) 6 =7.63 (d, J =7.9
Hz, 1H), 7.26-7.32 (m, 2H), 7.24 (broad singlet, 1H), 7.12-7.18 (m, 4H), 7.04 (dd, J = 8.2, 2.2 Hz,
1H), 6.82 (dd, J = 8.2, 2.0 Hz) 6.32 (d, J = 8.2 Hz, 1H), 3.62 (s, 3H), 2.39 (s, 3H), 2.35 (s, 3H),
2.20 (s, 3H). 13C NMR (126 MHz, CDCls) ¢ = 138.17, 137.90, 136.71, 136.75, 134.49, 131.98,
130.74, 130.02, 129.95, 129.90, 129.67, 129.64, 128.50, 125.92, 123.08, 119.44, 119.09, 109.63,

29.85, 21.10, 20.64, 9.88. MS-APCI Calculated: C24H23NS, [M+H]*: 390.6, Found: 390.6 m/z

. [  “NHBoc

- E -'\-\x_\
| - 1]
i
|

\
Figure 3.5.20 Product 3.21a

W

tert-butyl (2-(1-methyl-2-(p-tolylthio)-1H-indol-3-yl)ethyl)carbamate: Compound was
synthesized using the general procedures V for the synthesis of substituted indoles. Yields (.091
mmol scale): 11.7 mg, 17%, white solid. *H NMR (400 MHz, CDCl3) § = 7.71 (d, J = 7.0 Hz,
1H), 7.29-7.36 (m, 2H), 7.17 (ddd, J = 8.3, 6.0, 1.8 Hz, 1H), 7.02 (d, J = 8.3 Hz, 2H), 6.86 (d, J =
8.3 Hz, 2H), 4.57 (s, 1H), 3.70 (s, 3H), 3.39 (broad g, 2H), 3.14 (t, J = 6.8Hz, 2H), 2.28 (s, 3H),
1.43 (s, 9H). 3C NMR (126 MHz, CDCls) 6 = 155.90, 138.11, 135.44, 133.60, 132.72, 132.61,
131.61, 129.96, 128.61, 128.48, 126.97, 125.96, 125.37, 123.24, 119.60, 109.76, 30.06, 28.41,
20.89. MS-APCI Calculated: C2sH23NS2 [M+H]": 397.6, Found: 397.6 m/z
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\

Figure 3.5.21 Product 3.22a
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3-(2-methoxyethyl)-1-methyl-2-(p-tolylthio)-1H-indole: Compound was synthesized
using the general procedures V for the synthesis of substituted indoles. Yields (.132 mmol scale):
13.7 mg, 36%, brown oil. *H NMR (400 MHz, CDClz) 6 = 7.70 (td, J = 7.8, 1.0 Hz, 1H), 7.27-
7.34 (m, 2H), 7.16 (ddd, J = 7.8, 6.4, 1.1 Hz, 1H), 7.01 (d, J = 8.2 Hz, 2H), 6.88 (d, J = 8.2 Hz,
2H), 3.69 (s, 3H), 3.58 (t, J = 7.6 Hz, 2H), 3.33 (s, 3H), 3.22 (t, J = 7.6Hz, 2H), 2.27 (s, 3H). 13C
NMR (126 MHz, CDCls) ¢ = 138.07, 135.39, 133.71, 129.83, 126.99, 126.19, 125.43, 123.08,
120.06, 119.54, 119.35, 109.73, 73.01, 58.52, 30.03, 25.96, 20.88. MS-APCI Calculated:

C19H21NOS [M+H]*: 312.4, Found: 312.4 m/z

0/

NHBoc

N STol
NH

Figure 3.5.22 Product 3.23a

methyl 2-((tert-butoxycarbonyl)amino)-3-(2-(p-tolylthio)-1H-indol-3-yl)propanoate:
Compound was synthesized using the general procedures V for the synthesis of substituted indoles.
Yields (.078 mmol scale): 12.1 mg, 31%, white solid. *H NMR (400 MHz, CDClz) 6 =8.33 (d, J
=15.4 Hz, 1H) 7.60 (d, J = 7.9 Hz, 1H) 7.25 (d, J = 7.9 Hz, 1H), 7.21 (td, J = 6.9, 1.1 Hz, 1H),
7.13 (td, 3= 7.0, 1.1 Hz, 1H), 7.02 (q, J = 5.9 Hz, 4H), 4.65 (g, J = 6.7 Hz, 1H), 3.67 (s, 3H), 3.39
(9, J = 5.7 Hz, 2H), 2.28 (s, 3H), 1.40 (s, 9H). 13C NMR (126 MHz, CDCls) 6 = 172.66, 155.12,
136.92, 136.23, 132.46, 129.98, 127.96, 127.63, 124.55, 123.38, 119.99, 119.21, 116.78, 110.97,
79.71, 54.15, 52.36, 28.30, 27.76, 20.94. MS-APCI Calculated: C2sH2sN204S [M+H]": 441.6,

Found: 441.6 m/z
STol

N
\
Figure 3.5.23 Product 3.24a
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1-methyl-2-phenyl-3-(p-tolythio)-1H-indole: Compound was synthesized using the
general procedures V for the synthesis of substituted indoles. Yields (.241 mmol scale): 6.9 mg,
9.0%, white solid. *H NMR (500 MHz, CDCls) § = 7.65 (dt, J = 7.9, 0.9 Hz, 1H), 7.48-7.40 (m,
6H), 7.33 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.20 (ddd, J = 7.9, 7.1, 0.9 Hz, 1H), 6.96 (s, 4H), 3.74
(s, 3H), 2.25 (s, 3H). The spectral data is in agreement with the reported literature: Chen, Y.; Cho,
C.; Shi, F.; Larock, R. J. Org. Chem. 2009, 74. 6802-6811 MS-APCI Calculated: C22H19NS

[M+H]": 329.5, Found: 330.3 m/z
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Figure 3.5.24 Product 3.25a

(N-(2-(5-methoxy-2-(phenylthio)-1H-indol-3-yl)ethyl)acetamide: = Compound  was
synthesized using the general procedures V for the synthesis of substituted indoles. Yields (.107
mmol scale): 6.2 mg, 16%, clear oil. 'H NMR (400 MHz, CDCl3) 6 = 8.12 (s, 1H), 7.20-7.25 (m,
3H), 7.13 (ddd, J = 7.4, 2.0, 1.9 Hz, 1H) 7.04-7.08 (m, 3H), 6.93 (dd, J = 8.8, 2.4 Hz, 1H), 5.47 (s,
1H), 3.87 (s, 1H), 3.50 (q, J = 6.3 Hz, 2H) 3.05 (t, J = 6.4 Hz, 2H), 1.76 (s, 3H). 13C NMR (126
MHz, CDCls) 6 =170.14, 154.41, 137.18, 132.16, 129.28, 128.10, 126.35, 125.99, 122.59, 120.30,
114.56, 112.00, 100.37, 55.86, 39.97, 24.83, 23.17. MS-APCI Calculated: C19H20N20,S [M+H]":

341.4, Found: 341.5 m/z

T Some
Figure 3.5.25 Product 3.26a

215



N-(2-(5-methoxy-2-((4-methoxyphenyl)thio)-1H-indol-3-yl)ethyl)acetamide:
Compound was synthesized using the general procedures V for the synthesis of substituted indoles.
Yields (.107 mmol scale): 12.2 mg, 31%, brown solid. *H NMR (400 MHz, CDClIs) ¢ = 8.09 (s,
1H), 7.20 (d, J = 8.9 Hz, 1H), 7.11 (dd, J = 6.8, 2.3Hz, 2H), 7.03 (d, J = 2.5 Hz, 1H), 6.89 (dd, J
= 8.8, 2.4 Hz, 1H), 6.78 (dd, J = 6.7, 2.3 Hz, 2H), 5.52 (s, 1H), 3.86 (s, 3H), 3.75 (s, 3H), 3.51 (q,
J=6.5Hz, 2H), 3.06 (t, J = 6.6 Hz, 2H), 1.82 (s, 3H). *C NMR (126 MHz, CDCls) 6 = 170.16,
158.73, 154.33, 131.95, 129.76, 128.20, 126.72, 124.80, 118.75, 114.98, 114.06, 111.84, 100.30,
55.85, 55.38, 40.02, 24.76, 23.26. MS-APCI Calculated: C20H22N203S [M+H]*: 370.5, Found:

370.5m/z

Figure 3.5.26 Product 3.27a

N-(2-(2-((4-chlorophenyl)thio)-5-methoxy-1H-indol-3-yl)ethyl)acetamide: Compound
was synthesized using the general procedures V for the synthesis of substituted indoles. Yields
(.107 mmol scale): 11.4 mg, 30%, brown solid. *"H NMR (400 MHz, CDClz) ¢ = 8.03 (s, 1H),
7.24 (d, J=8.1 Hz, 1H), 7.19 (d, J = 6.4 Hz, 2H), 7.08 (d, J = 2.4 Hz, 1H), 6.93-6.98 (m, 3H), 5.47
(s, 1H), 3.88 (s, 3H), 3.52 (g, J = 6.3 Hz, 2H), 3.04 (t, J = 6.4 Hz, 2H), 1.84 (s, 3H). 3C NMR
(126 MHz, CDCls) ¢ = 155.90, 138.11, 135.44, 133.60, 132.72, 132.61, 129.96, 128.61, 128.48,
126.97, 125.96, 123.24, 119.55, 109.76, 30.06, 28.41, 20.89. MS-APCI Calculated:

C19H19CIN202S [M+H]™: 375.9, Found: 376.0 m/z
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3.5.6 Spectral data for characterized molecules (*H NMR, 13C NMR, 1°F NMR)
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Figure 3.5.29 500 MHz *H NMR Spectrum of 3.3a
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Figure 3.5.31 500 MHz *H NMR Spectrum of 3.5a
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Figure 3.5.46 500 MHz *H NMR Spectrum of 3.15a

226

I
8
vl 3000
o
1)
Hoo® in
o A
HOOoN ©
o o ~
> @ ]
£2500
{2000
F1500
+1000
F500
|
| A Lo
T T T T T T T T T T T T T T T T T T T T T T T T T T
36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 _76 _78 _80 _82 _84 _86
f1cppm,
H 19
Figure 3.5.45 470 MHz *°*F NMR Spectrum of 3.14a
m
s F15
3]
N O O n T y OO NN MNO DD NG O NSt O T L14
NN N NN q9 - O O 0O 0 D o W O OO
LN NN NN L G I R R B I R B i B
‘-—bk,l,}/' “‘\l—/ k—.ﬁ,{_;.g-%.—.‘.ﬁ.—t—-—‘—‘
Li4a F13
Fl2 L12
10 L11
+8
L +10
Le
b Lo
L4
[ 8
F2
Lo =4
T T T T T T T T T = Le
7.29 7.28 7.27 7.26 7.25 7.24 7.23 7.22 7.21 7.20
flppm
cppm, s
=)
3
2
_J tﬁ_ "’
. N 2
A f T I f
m o m - (=] m
o S = o @ n F-1
(=) m m ~ m
T T T T T T T T i T T T T T T T
13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2
f1(ppm,



o

[v]

o

n o0 o0 o on o= n %
© ~ S © o~ 0 n o o wn 1 oo -
P ~ < © % © s URSTRSIIN o o noN
N 1 < I} - = o N NN © © o o o
— — — — — = ~N NN N e onm
I I N/ — ~ (.

T T T T T T T T T T T T T
'30 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1cppm,

Figure 3.5.47 126 MHz 3C NMR Spectrum of 3.15a
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Figure 3.5.49 126 MHz 3C NMR Spectrum of 3.18a

................... )
= L |
0
1
0
| R
A ' '

Figure 3.5.50 400 MHz *H NMR Spectrum of 3.19a
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Figure 3.5.51 126 MHz 3C NMR Spectrum of 3.19a
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Figure 3.5.55 126 MHz 3C NMR Spectrum of 3.20b
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3.5.7 Computational Geometries/Energies for Electron Density Maps

All geometry optimizations and frequency calculations were performed in Gaussian 09 using
density functional theory, B3LYP/6-31(d) in gas phase.

Gaussian 09, Revision D.01. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson,H. Nakatsuji, M.
Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, J. A. Montgomery, Jr., J. E.Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov,T. Keith, R. Kobayashi, J. Normand, K. Raghavachari,
A. Rendell, J. C. Burant, S. S.lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J.
E. Knox, J. B. Cross,V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyeyv,
A. J.Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.Zakrzewski,
G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O.Farkas, J. B. Foresman,
J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc.,Wallingford CT, 2013.

(A) Thioamide Starting material

o~

Atomic
Type

Atomic
Number

Center
Number

Coordinates (Angstroms)
X Y Z

O 0 IO DN KW —
——_—_ OO

coccmc OO0 0000 OO

O\ =~ =

—
(o)
(e

—_— O\ = = = O\ N
SO OO O OO

-3.875848
-3.211295
-1.881057
-1.204721
-1.879113
-3.209342
-4.911900
-3.728637
-1.360106

-1.356743
-3.725174

0.129077
0.167375
1.384189

2.662266

1.583460
3.082302
3.593786
3.592843
3.179311
0.954010
1.358022

0.246685
0.030509
-0.391506
-0.584301
-0.391184
0.030875
0.573471
0.183823
-0.575513
-0.575102

0.184425
-1.126932
-2.142991
-0.591396

-1.676430

0.943920
1.305763
0.910919
0.910939
2.398277
1.568053
1.099897

0.001251
-1.207307
-1.210413
-0.000782

1.209887

1.208800

0.002038
-2.150230
-2.145067

2.143763
2.152511

-0.001910

-0.002203

-0.000395

0.000870

-0.000272
-0.001051

0.880111
-0.882779
-0.001096
-1.270457
-2.175160

238



23 1 0  -0.133753 1.482547 -1.290561
24 1 0 1.203555 2.634618 -1.306249
25 6 0 0.955466 1.567666 1.270842
26 1 0  -0.132300 1.482433 1.292002
27 1 0 1.360300 1.099019 2.174921
28 1 0 1.205329 2.634153 1.306821

Zero-point correction= 0.238571 (Hartree/Particle)

Thermal correction to Energy= 0.251857

Thermal correction to Enthalpy= 0.252801

Thermal correction to Gibbs Free Energy= 0.197414

Sum of electronic and zero-point Energies= -880.903848
Sum of electronic and thermal Energies= -880.890562

Sum of electronic and thermal Enthalpies= -880.889617

Sum of electronic and thermal Free Energies= -880.945005

(B) Radical Cation Intermediate

+e

oW

NHJ]\R

Center Atomic  Atomic Coordinates (Angstroms)

Number Number  Type X Y Z
1 6 0 3.867669 0.264444 0.000237
2 6 0 3.209002 0.040502 1.211204
3 6 0 1.884787 -0.400381 1.219324
4 6 0 1.232884 -0.592211 -0.000027
5 6 0 1.884892 -0.399954 -1.219255
6 6 0 3.209106 0.040927 -1.210866
7 1 0 4.898756 0.603816 0.000340
8 1 0 3.724422 0.200923 2.152838
9 1 0 1.370272 -0.593802 2.155534
10 1 0 1.370458 -0.593047 -2.155576
11 1 0 3.724608 0.201677 -2.152399
12 7 0 -0.113084 -1.158594 -0.000184
13 1 0  -0.113400 -2.178513 -0.000344
14 6 0 -1.299722 -0.580512 -0.000161
15 16 0  -2.683681 -1.609290 -0.000410
16 6 0 -1.575023 0.933619 0.000073
17 6 0  -3.100750 1.197995 0.000029
18 1 0  -3.597209 0.809641 -0.897005
19 1 0  -3.597315 0.809324 0.896866
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20 1 0  -3.263530 2.281063 0.000210

21 6 0  -0.970707 1.567543 1.278887

22 1 0  -1.364232 1.097141 2.186055

23 1 0 0.118380 1.518483 1.294751

24 1 0  -1.262450 2.622632 1.298100

25 6 0  -0.970560 1.567966 -1.278462

26 1 0 0.118528 1.518908 -1.294219

27 1 0  -1.363983 1.097866 -2.185832

28 1 0  -1.262298 2.623062 -1.297358
Zero-point correction= 0.238132 (Hartree/Particle)
Thermal correction to Energy= 0.250715
Thermal correction to Enthalpy= 0.251659
Thermal correction to Gibbs Free Energy= 0.198722
Sum of electronic and zero-point Energies= -880.629402
Sum of electronic and thermal Energies= -880.616819
Sum of electronic and thermal Enthalpies= -880.615874

Sum of electronic and thermal Free Energies= -880.668812

(C) Cyclized Radical Cation

H

. +
ot
NH

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y V4
1 6 0 3.747847 -0.330874 -0.304238
2 6 0 2.765790 -1.222761 0.019072
3 6 0 1.246395 0.731463 0.316887
4 6 0 2.263231 1.604990 0.007413
5 6 0 3.538589 1.079171 -0.257508
6 1 0 4.722276 -0.702291 -0.606462
7 1 0 2.949967 -2.292029 0.013776
8 1 0 2.073003 2.669878 -0.096344
9 1 0 4.352061 1.751885 -0.504995
10 16 0  -0.156508 -1.514152 -0.096802
11 6 0 -0.959090 0.014121 0.055166
12 6 0 -2.456219 0.194044 -0.078330
13 6 0 -2.817359 1.680753 -0.278744
14 6 0 -2.962234 -0.634852 -1.283633
15 6 0 -3.113971 -0.329488 1.230399
16 1 0 -2.561443  2.295280 0.593887
17 1 0 -2.347239  2.103417 -1.174290
18 1 0 -3.899289 1.768185 -0.409512
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19 1 0  -2.754564 -1.703397 -1.163516
20 1 0 -4.047159 -0.519074 -1.362233
21 1 0 -2.513444 -0.296938 -2.223003
22 1 0  -4.198081 -0.199489 1.154167
23 1 0 -2.907841 -1.392147 1.387224
24 1 0  -2.765574 0.226676 2.106933
25 7 0 -0.119780 1.019835 0.294470
26 1 0 -0.461665 1977388 0.301564
27 6 0 1.464923 -0.726368 0.547737
28 1 0 1.394175 -0.960958 1.625019

Zero-point correction= 0.237715 (Hartree/Particle)

Thermal correction to Energy= 0.250583

Thermal correction to Enthalpy= 0.251527

Thermal correction to Gibbs Free Energy= 0.197930

Sum of electronic and zero-point Energies= -880.637693
Sum of electronic and thermal Energies= -880.624825
Sum of electronic and thermal Enthalpies= -880.623881

Sum of electronic and thermal Free Energies= -880.677477

(D) Cyclized Cation

Center Atomic  Atomic Coordinates (Angstroms)

Number Number  Type X Y Z
1 6 0 3.737835 0.320718 0.283393
2 6 0 2.746903 1.225990 0.090377
3 6 0 1.155423 -0.731717 -0.218261
4 6 0 2.244795 -1.620706 -0.106218
5 6 0 3.491545 -1.093273 0.153301
6 1 0 4.737035 0.653774 0.544581
7 1 0 2.926346 2.295013 0.146565
8 1 0 2.062413 -2.689754 -0.107952
9 1 0 4.324527 -1.772585 0.312574
10 16 0 -0.178836 1.540375 -0.009532
11 6 0  -0.941201 -0.037975 -0.033076
12 6 0  -2.434295 -0.198602 0.068296
13 6 0  -2.720755 -1.145985 1.266404
14 6 0  -3.151497 1.146566 0.271603
15 6 0 -2.913556 -0.869615 -1.250336
16 1 0  -2.221386 -2.109391 1.140575
17 1 0  -2.397205 -0.700528 2.212875
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18 1 0 -3.800547 -1.315684 1.321843
19 1 0  -2.999474 1.827426 -0.573523
20 1 0  -4.227920 0.972172 0.357063
21 1 0  -2.831211 1.646871 1.193414
22 1 0  -3.992859 -1.037577 -1.180896
23 1 0  -2.725518 -0.227755 -2.117492
24 1 0  -2.420600 -1.832261 -1.408088
25 7 0  -0.129387 -1.086128 -0.149117
26 6 0 1.424581 0.734091 -0.385029
27 1 0 1.494810 0.870221 -1.487933

Zero-point correction= 0.226086 (Hartree/Particle)

Thermal correction to Energy= 0.238592

Thermal correction to Enthalpy= 0.239536

Thermal correction to Gibbs Free Energy= 0.187408

Sum of electronic and zero-point Energies= -880.049093
Sum of electronic and thermal Energies= -880.036587
Sum of electronic and thermal Enthalpies= -880.035643

Sum of electronic and thermal Free Energies= -880.087771

3.5.8 Cyclic Voltammetry

General Procedure: A CH Instruments Model 630c Electrochemical Workstation potentiostat
was utilized. Experiments were run in a jacketed single compartment cell with a glassy carbon disk
working electrode, a platinum wire counter electrode, and a Ag wire pseudo reference electrode.
Immediately before use, the working electrode was polished with 0.25 pum diamond polishing
paste, rinsed thoroughly with DI water, then polished with 0.25 pm alumina suspension, followed
by a thorough rinse with DI water and acetone. The Ag wire pseudo reference electrode was housed
in a separate compartment containing 3 M KCl(aq) and was allowed to soak for at least 30 minutes
before experiments. The potential of the pseudo-reference was later measured relative to a standard
Ag/AgCI(4 M KCl)reference electrode to allow conversion of the data to V vs. SCE. Temperature
was controlled during experiments by running 25 °C through the cell jacket using a circulating
water bath. The electrolyte solution was 0.10 M NBusPFs in MeCN, unless noted otherwise. The

solution was purged for several minutes with Ar gas prior to running CVs. An analyte
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concentration of 0.1 mM in 5 mL of electrolyte was used for voltage experiments and 0.2 mM in
mL of electrolyte was used for pyridine titration. Background scans without analyte were taken at
each scan rate and subtracted from the analyte scan. All scan experiments were normalized by
dividing the measured current by the square root of scan rate. The potentials were converted from

AgCI/Ag reference values to SCE by subtraction of 0.045 V.
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Figure 3.5.69 CV Scan of 3.1
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Figure 3.5.70 CV Scan of Pyridine Titration of 3.1
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Figure 3.5.72 CV Scan of 4-methylbenzenethiol
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Figure 3.5.73 CV Scan of N-(3,5-bis(trifluoromethyl)phenyl)benzothioamide 3.10
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Figure 3.5.74 CV Scan of N-(3,5-bis(trifluoromethyl)phenyl)butanethioamide 3.14

3.10 and 3.14 cyclic voltammograms were taken because the pyridine additive effect was minimal.
For both substrates, we observe one oxidation peak at approximately 1.8V and 1.7V respectively.
Upon addition of pyridine, we observe a similar downward shift of the oxidation potential to 1.1V
and 1.3V. Because the yields are still moderately good in the absence of pyridine, we hypothesize

that persulfate can oxidize the thioamide in addition to the ruthenium photocatalyst.
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3.5.9 Photochamber Setup

A PR160 LED photoredox Kessil lamp (390nm or 440nm) was inserted into a cutout cardboard

box with angled mirrors inside for even distribution of light. A computer fan was used to

minimize heat output from the lamp.

246



3.5.10 Stern-Vollmer Analysis

Stern-Volmer experiments were done at 410nm detection on a Horiba Fluoromax-4
spectrofluorometer. A solution of (Ir[dF(CFs)ppy]2(dtbpy)]PFs photocatalyst in acetonitrile (2.0 x
10°°M) and a quencher in acetonitrile (.1M) stock solution was prepared. Stern-Volmer analysis

was conducted according to the following relationship:

o/t =1+ Ksv[Q] = 1 + Kqzo[ Q]

where 7, and z are the fluorescence lifetime in the absence and presence of Q, Ksy is the Stern-

Volmer constant, kq is the bimolecular quenching constant, and [Q] is the concentration of

quencher.
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Figure 3.5.75 Stern Vollmer Quenching with Melatonin
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Figure 3.5.76 Stern Vollmer Quenching with 4-methylbenezenethiol
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Figure 3.5.77 Stern Vollmer Quenching with 4-methyl diphenyldisulfide
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3.5.11 Mechanistic Experiments

Equation 1:
SH =
[If] Photocatalyst, NasS.0s 5 |
- KOH, MeChNH0 T g Ry
%;,-- Blue Light, r.t., 12h | L
Equation 2:
-—-\ [Ir] Phiotocatalyst, NasS:0y "
( j( KOH, MeCNHyO : “Hﬁ
\@[\}s Blue Light rt_12h \Lr}—s
Z==NH
18a 18h
Equation 3:
O
_ (Ir] Photocatalyst, Na;S20g ~,
é) S KOH, MeCN/H,0 0. [ NH‘I?\
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Sy 18b T
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Figure 3.5.79 Control Experlments to Probe Mechanism of Sulfenylation
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Figure 3.5.80 Mass Spectrum of Cross Experiment Showing Disulfide Byproduct
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CHAPTER 4: Toward a Catalytic Atroposelective Synthesis of Diaryl Ethers
Through C(sp?)-H Alkylation with Nitroalkanes

4.0 Thieme Copyright

Chapter 4 was reproduced in part with permissions from Synlett 2018 30 1648-1655.
https://www.thieme-connect.de/products/ejournals/abstract/10.1055/s-0039-1690107 Copyright

2019 Thieme.

4.1 Atropisomerism

Chirality is a foundational chemistry concept that is introduced when one is initially taught
organic chemistry, usually through point chirality. In point chirality, a molecule must have four
unique substitutions about an atom which allows it to exist in two unique non-superimposable
mirror images (Figure 4.1.1). However, there are multiple types of chirality which include axial
chirality, also known as atropisomerism. Atropisomerism is a type of chirality that arises from
differential substitutions about a bond as opposed to one singular atom, typically between two sp?
hybridized atoms. While point chirality involves racemization by bonding formation and breakage,
racemization of atropisomers can occur simply via rotation of the sp?-sp? which is a dynamic
process. If the substitutions about the axis are small, free bond rotation can occur without little

energy as an interconverting mixture. If the steric bulk of the adjacent groups increase, the barrier
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Figure 4.1.1 Point Chirality versus Axial Chirality/Atropisomerism

to rotation will increase to prevent interconversion, resulting in two distinct atropisomeric
enantiomers on certain time scales.

The stereochemical stability of atropisomers has been generally classified by LaPlante into
three categories based on the amount of energy needed for the chiral axis to racemize and overcome
the barrier to rotation.'?*!?> Class 1 atropisomers possess barriers to rotation of less than 20
kcal/mol and racemize on the second to minute time scale at room temperature; the chirality of
these molecules are often disregarded and considered “achiral”. Class 2 atropisomers have a barrier
to rotation between 20-28 kcal/mol and racemize on the hour to month time scale at room
temperature. Class 3 atropisomers possess a barrier to rotation of >28 kcal/mol and racemize on

the year or longer time scale at room temperature.?
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4.2 Atropisomerism in Medicinal Chemistry
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Figure 4.2.1 Drugs that Possess Atropisomeric Scaffolds

There are many examples of Class 1 atropisomers as pharmaceuticals and chemical probes.
A recent review contained an analysis of atropisomeric prevalence; out of approximately 1900
small molecule drugs in the US FDA Drug Bank, approximately 15% of FDA-approved small
molecules contain at least one atropisomeric axis, with the vast majority as rapidly interconverting
Class 1 atropisomers.'?” Additionally, a review published from our lab found that since 2011, 30%
of all drugs have one or more interconverting axes of chirality, and 85% of drugs that act as kinase
inhibitors, a class of proteins that is heavily target in drug discovery, are almost entirely comprised
of Class 1 atropisomers (Figure 4.2.1). One reason for this finding is that the most common
reactions in medicinal chemistry (i.e. Suzuki cross couplings, nucleophilic aromatic substitution,

amide couplings) can give rise to sp-sp? scaffolds.® While these drugs are treated like achiral
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molecules, these ligands will bind to their target protein in a specific conformation, meaning the

target will have a selective preference for one atropisomer over the other.?

4.3 Atropisomerism and Dihedral Angle Control as a Selectivity Filter for

Kinase Inhibitor Design

Aberrant kinase activity is implicated in many diseases such as cancer and autoimmune
disorders. Because of this, kinases have become utilized as a common therapeutic target in
medicinal chemistry. Most small molecule kinase inhibitors are defined as Type-I inhibitors, which
means they are competitors for the active site of kinases that bind ATP. One significant drawback
to this strategy is that the kinase active site is highly conserved among the over 500 different
kinases in the human body. Therefore, selectivity for one target is a difficult uunmet challenge in
the design of Type-1 small molecule inhibitors. Drugs that are non-selective will give rise to
negative side effects that can be just as harmful to the patient as the actual disease. For non-
selective kinase inhibitors that are used to treat cancer, the drug will be applied to extend the
patient’s life while the negative side effects can only be tolerated.

Stable atropisomerism is typically avoided in the current drug discovery “industry
standard” when possible.'?*1?° However, our lab realized that atropisomerism is ubiquitous in
kinase inhibitors and that selectivity is still an unmet need in kinase inhibition; hence our lab
hypotheiszed that we could use a kinase’s conformational preference as a general selectivity filter
in kinase inhibition. Control of these atropisomeric scaffolds would have the potential to represent
a general and useful tool for medicinal chemistry.

To test this hypothesis as a proof-of-concept, my lab colleagues synthesized

atropisomerically stable compounds of a Class 1 non-selective tyrosine kinase inhibitor
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Table 4.3.1 Atropisomerism as a Selectivity Filter for Kinase Inhibitors

MeOQO MeO MeO
NH, NH, NH,
Cl N Cl
N™ ™ NTX N
L b U e N—cl
NN NN NN
t-Bu t-Bu t-Bu
Kinase Parent ICy, (S) IC5q (R) IC5q
Src 151+/-9 1193+/-170 5570+/-970
EGFR 641+/-54 >10,000 >10,000
Yes 92+/-11 727+/177 895+/-90
Ret 128+/-3 7659+/-754 1857+/-482
Abl 245+/-19 1432+/-210 >10,000

pyrrolopyrimidine parent compound (Table 4.3.1).° The axis was locked into place via
chlorination methodology introduced in Chapter 1 to form stable atropisomers (S) and (R). The
parent compound and both of the corresponding atropisomers were tested across a small panel of
kinases to measure their activity via ICsg values. Interestingly, both the (S) and (R) were more
selective than the parent compound and rigidifcation of the atropisomeric axis decoupled the
acitivty of each rotational isomer. Despite the order of magnitude loss in potency, this was the first
example of exploiting atropisomerism as a selectivity filter. In a subsequent paper, our lab was
able to optimize these small molecule inhibitors for Ret and EGFR kinase to increase potency
while maintaining this high ratio of selectivity against other kinase inhibitors.3! Based on work
by Davis Smith, Sean Toenjes and many other colleagues in the Gustafson lab, they were able to
show the utility of atropisomeric scaffolds in medicinal chemistry, a concept that is only beginning

to build momentum over the last decade.
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4.4 Development of Atroposelective Methodologies

As mentioned in the previous section, research from our group and others have
demonstrated that atropisomeric conformations can be leveraged to modulate the potency and
target selectivity of lead compounds via the synthesis of stereochemically stable atropisomeric
analogues.’®13 Hence, there is a need to obtain atropisomeric enantiopure pharmaceutical
scaffolds. There has a been a long-standing challenge in industry, as chemists are more likely to
rely on brute force, utilizing non-chiral methodologies and separating the enantiomers by HPLC
separation on a chiral stationary phase.’*3'3* Over the past decade, there have been notable
examples of atroposelective methodologies, with many of them focusing on enantioselective
functionalziation of biaryls; the Gustafson has also developed synthetic methodologies for
biologically relevant heterocycles such as quinolines, quinones and lesser known atropisomeric
manifolds such as N-aryl quinoids and diaryl ethers. 313 Other seminal work has included Smith,
who has shown that nucleophilic substitution of of BINOL-type ligands can be synthesized

atroposelectively via simple alkylation and sulfenylation.’*®! Miller has shown that
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Figure 4.4.1 lllustrative Examples of Diaryl Ethers
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A. Previous Work:
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Atroposelective Organocatalytic Synthesis of Dlaryl Ethers
Scheme 4.4.1 Previous route towards diaryl ethers and proposed atroposelective alkylation

enantioselective methodologies with peptide catalysts can be applied to complex natural products
such as Vancomycin®142143

While numerous methodologies of atroposelective biaryls have been developeed, diaryl
ethers are another type of atropisomer that have been largely overlooked by the enantioselective
catalysis community despite their prevalence in natural products, exemplified by the macrocyclic
diaryl ethers in Vancomycin. Furthermore, atropisomerically unstable diaryl ethers are common
motifs in drug discovery (Figure 4.4.1). Thus far, the literature involving diaryl ethers is
highlighted by some nice diastereoselective examples en route to Vancomycin'* and several
excellent studies by Clayden and coworkers'*>14° wherein they characterized the stereochemical
stabilities of differently substituted diaryl ethers, and developed diastereoselective routes to

atropisomeric diaryl ethers. Notably, in collaboration with Turner, they disclosed the only catalytic
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atroposelective route towards diaryl ethers currently in the literature, employing oxidase or

reductase enzymes to desymmetrize prochiral diaryl ethers (Scheme 4.4.1A).
4.5 Discussion

Other than these groundbreaking examples, work on the catalytic atroposelective synthesis
of diaryl ethers has been scarce. Perhaps the major reason for this is that diaryl ethers possess two
axes (Figure 4.4.1) that can complicate reaction development, analysis and in some cases, result
in racemization at a lower-than-expected energy via a concerted gearing mechanism.*#6%0 When
defining the chirality of diaryl ethers, Clayden and others have made an analogy to atropisomeric
biaryl systems, defining chirality based on the orientation of the substituents across both aryl
planes when looking down one aryl-ether axis (see Figure 4.4.1, priority assigned in example
according to R group’s number).

Recent work from our group has focused on the atroposelective synthesis of
naphthoquinone-based biaryls via the rigidification of a rapidly interconverting axis via a 1,4-
nucleophilic addition into the quinone.3*° As there is a lack of enantioselective routes towards
atropisomeric diaryl ethers, | decided to test whether this approach could be extended to this
scaffold (Scheme 4.4.1B). | chose to evaluate naphthoquinones such as 4.1 (see Table 4.5.1) where
the aryl groups possessed a large tert-butyl group and a 2" smaller substituent ortho-to the ether
axis, as Clayden has shown that having one large quaternary substituent is often a prerequisite to
obtain stereochemically stable diaryl ethers.

While evaluating nucleophiles for the addition into 4.1, we observed that the use of
nitromethane in the presence of excess Cs,CO3z and tetrabutylammonium bromide (TBAB)
resulted in the isolation of a C(sp?)-H methylated product 4.1a (Table 4.5.1, entry 1), in line with

seminal work reported by Mukherjee.?®1%2 Quinine derived quaternary amines with hydroxyl

259



Table 4.5.1 Optimization of C(sp)?-H Methylation of 4.1

Cl Cl
NO,Me j j(
(@) 0]

Cl Base - Cl
o Cat(10mol%) e o
‘ sieves, rt, 24 h ‘
U g
4.1 4.1a
= O
C41,R=
~ S ’ j\
0 o O)LN 2,
H N CFg H
N| N R C4.2,R = >L )OL
= CF, NP

N
H

Entry  Solvent Catalyst Base Sieves Yield (%) er®

1 PhMe TBAB Cs,CO; - 18

2 PhMe c41  Cs,CO; - 18 62:38
3 PhMe c42 Cs,CO; - 17 85:15
4 PhMeH,0 C42 Cs,CO; - 40 50:50
5 PhMe c42 Na,CO; - 20 60:40
6 PhMe c42 K,CO3 - 15 65:35
7 PhMe c42 KPO, - 60 80:20
8 PhMe c42 KiPO, 4A 51 75:25
9 PhMe c41  KzPO, 4A 36 64:36
10  PhMe c42 KiPO, 3A 68 81:19
11 CH,Cl, c42 KiPO, 3A 38 68:32
12 MTBE c42  KzPO, 3A 71 73:27

substitution at the cinchona alkaloid C-9 position gave nearly no observable selectivities (see
experimental section 4.6.3 for details). On the other hand, catalyst C4.1, which has a C-9

stereochemically inverted Boc-protected amine (entry 2), yielded preliminary levels of
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enantioselectivity, albeit with low conversions to 4.1a. The selectivity could be further improved
to an enantiomeric ratio (er) of 85:15 when tert-butyl urea-containing catalyst C4.2 was used.
The addition of water, or the use of other carbonate bases, resulted in a loss in selectivity
with minimal increase in yield (entries 4-6), however the use of tribasic potassium phosphate (entry
7) resulted in an increase in yield to 60% with only a slight drop in selectivity (er of 80:20) when
compared to Cs,COs. Finally, in line with Mukherjee’s work, we found that the addition of 3A
molecular sieves resulted in yields of 4.1a approaching 70% with a small increase in selectivity to
81:19 er (entry 10). While these selectivities may be considered moderate, 4.1 can be further
enantioenriched via trituration out of isopropanol to allow access of 4.1a in greater than 97:3 er.
4.1a proved to be moderately stable, with an experimentally determined barrier to rotation at 65
°C of 26.6 kcal/mol, likely resulting in what LaPlante calls a ‘Class 2 atropisomer” that would be
expected to display significant racemization at room temperature over the course of a few weeks.
Extensive experimentation failed to yield further increases in er. Nonetheless, we decided
to evaluate the conditions in Table 4.5.1, entry 10 across several differentially substituted substrate
analogs (Scheme 4.5.1). Substrate 4.2, where the aryl group possesses a 6-methyl substitution,
resulted in a decrease in yield and enantioselectivity in the isolated product 4.2a to 54% yield with
an er of 71:29. Substrate 4.3, which possesses a 4-phenyl and 6-methyl substitution yielded 4.3a
with similar selectivities. These results could be explained by an increase in electron density on
the ether, reducing the electrophilicity of the quinone. Diaryl ether 4.4, which possesses an electron
deficient para-aryl ring, reinforces this hypothesis as the reaction proceeded with a large increase
in yield of 4.4a while retaining the moderate enantioselectivity (er of 71:29). Substrate 4.5, which

possesses 4-phenyl and 2-chloro substitution on the aryl ring also yielded moderate selectivities
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Scheme 4.5.1 Substrate Scope of Diaryl Ether Methylation and Nitroethylation

and yields of 4.5a (47% vyield, 72:28 er); however, we also observed small amounts of

‘nitroethylated” 4.5b (vide infra). Substrate 4.6, which possesses 6-Br substitution, yielded a 1:3

mixture of methylated 4.6a (10%) and ‘nitroethylated’ 4.6b (30%) yield. Interestingly, while 4.6a

was obtained in 78:22 er, 4.6b was obtained in only 60:40 er. One round of trituration with hexanes

allowed for isolation of 4.6b in 99:1 er, albeit in low overall yield. Substrate 4.7, which possesses

4,6-diphenyl substitution yielded exclusively ‘nitroethylated” 4.7b with a 75:25 er. We observed

similar results with 4.8 and 4.9 which gave ‘nitroethylated’ 4.8b and 4.9b with similar yields and

selectivities.
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Scheme 4.5.2 Mechanistic Proposal to Explain Nitroethylated Byproduct

Referring back to Mukherjee’s hypothesized mechanism of C(sp?)-H alkylation using
nitroalkanes, | postulate that our diaryl ether substrates proceed via a quinone methide
intermediate.®! If this intermediate is long lived enough, then another equivalent of nitronate anion
can add 1,4 into the quinone-methide to yield the ‘nitroethylated” product (Scheme 4.5.2). While
the exact mechanism of quinone-methide stabilization is unknown, | suspect it is due to a subtle
electronic effect as ‘nitroethylation’ is only observed with substrates that possess electron neutral
or donating substitution para- to the ether.

I next sought to define the stereochemical induction of this reaction. Though | was unable
to obtain suitable crystals, | compared experimental and computational circular dichroism (CD)
spectra, a method that is gaining acceptance in the stereochemical community.*>31% | obtained
CD spectra of highly enantioenriched (er >97:3) 4.1a and compared it to computational CD spectra
of 4.1a of all possible stable conformations about both ether axes (Scheme 4.5.3). This analysis
suggests that the major product is in the Sz configuration with the proximal quinone carbonyl endo-

to the aryl ring (Sa-endo).
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Scheme 4.5.3 Conformational Energy Simulations of 4.1a

As | generated these conformations for the computational CD studies | observed striking
differences in their predicted energies (Scheme 4.5.3). For example, the Sa-endo conformation of
4.1a is predicted to be significantly more stable than the Sa-exo conformation. Interestingly, |
observed the opposite trend for the starting material 4.1, with the exo- conformation being more
stable (see experimental section 4.6.8 for more details).

To further investigate this, | generated contour energy maps of the rotational landscape
about both axes (Scheme 4.5.4) of the diaryl ether. Consistent with results from Clayden,4® these
maps demonstrate that there is a low energy pathway for interconversion between the exo- and
endo- conformations of a given enantiomer that proceeds via a concerted gearing mechanism.
Thus, it is likely that the exo- conformation of the starting material is more stable and will likely
be the conformation that interacts with the catalyst, however, the addition of the methyl group will

lead to an immediate conformational gear shift to the endo- enantiomers.
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My working model for stereoinduction is shown in the proposed transition state in Scheme
4.5.2, in which | propose that the urea moiety of the catalyst will hydrogen bond with both the
ether oxygen and one of the quinone carbonyls of the lower energy exo- diaryl ether conformation.
From here, the diaryl ether is preorganized into the Sas-atropisomer to avoid steric interactions
between the tert-butyl group and the quinuclidinium that would be present in the Ra
atropisomer/catalyst complex. | postulate that the hydrogen bonding will activate the diaryl ether
for nucleophilic attack by the nitronate anion, which will go through the elimination of HNO:
followed by tautomerization, or subsequent attack of another equivalent of nitronate and oxidation
towards the ‘nitroethylated” byproduct. At this point, it is likely that both products will rapidly
relax to the endo- conformation, perhaps providing a release mechanism from the catalyst.

In conclusion | have disclosed to the best of our knowledge the first example of a small
molecule catalytic synthesis of diaryl ethers. While our selectivities were moderate-to-good, highly

enantioenriched ethers can be accessed via trituration. I also discussed several mechanistic aspects
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of this work. | hope that these studies will serve as a starting place for future efforts towards the

enantioselective syntheses of diaryl ethers and related atropisomers with biological relevance.
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4.6 Experimental Section

4.6.1 General Information

All tH and *C NMR spectra were recorded on a Varian VNMRS 400 MHz or Varian Inova
500 MHz at room temperature. All chemical shifts were reported in parts per million (6) and were
internally referenced to residual protio solvents, unless otherwise noted. All spectral data were
reported as follows: chemical shift (multiplicity [singlet (s), doublet (d), triplet (t), quartet (q), and
multiplet (m)], coupling constants [Hz], integration). Carbon spectra were recorded with complete
proton decoupling. Most fluorine spectra were recorded with internal fluorine standards (i.e.
trifluoroacetic acid, trifluorotoluene). Conventional mass spectra were obtained using Advion
expression® CMS APCI/ASAP. For cross-coupling reactions, 1,4-dioxane and deionized H>O were
degassed under nitrogen flushing for 30 minutes. For the chlorination of substrates, purchased (N)-
halosuccinimide was recrystallized from water before use. For nucleophilic aromatic substitution
reactions, an Anton Paar Monowave 400 microwave reactor was utilized. All other chemicals
used were purchased from Sigma Aldrich, TCI, Frontier Scientific, Acros Organics, Strem,
Oakwood, Cambridge Isotope Laboratories, or Fisher and were used as received without further
purification or recrystallization. All flash column chromatography (FCC) was performed using
Grade 60 Silica gel (230-400 mesh) purchased from Fisher Scientific. All TLC preparatory plates
were performed using Grade 60 Silica gel with fluorescent indicator F2s4 and were purchased from
Fischer Scientific. Enantiomeric ratios (er) were determined by 1) HPLC analysis employing chiral
stationary phase column specified for each individual experiment and 2) comparison of each
sample with respective racemic mixtures. All data acquired were recorded on HP Agilent 1100

HPLC using Chiral Technologies Inc. Daicel Group Chiralpak IA Normal Phase chiral columns.
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4.6.2 Abbreviations

NXS N-(halogen)-succinimide
DCM Dichloromethane

PhMe | Toluene

EtOAc | Ethyl Acetate

DMF Dimethylformamide

r.t. Room temperature
HCI Hydrochloric Acid
NO2Me | Nitromethane

M.S. Molecular Sieves

Conc. | Concentration (M)
Equiv | Equivalents
LiCl Lithium Chloride

4.6.3 Reaction Optimization
Table 4.6.1 Full Optimization Table for Enantioselective Methylation of 4.1

N = N =
o o
@ X o X
H N CF5 H N
|\ R (; |\ R\©
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H COR=OH, X =
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M}\ R/CI \ — Cl
. A
NO, e
.D/\g Base - U Cl
O 10% Cat. Me O

Pl sieves, rt, 24 h J\

o = ) =

J\\x;’ | e

Entry Solvent Catalyst Base SievesYield (%) er
1 Phile TBAB (Cs,C0, 18
2 Phivle C1 Cs,COq 18 62:38
3 Phivle C2 (Cs,C0O, 17 8515
4 Fhivle C3 (Cs,C0, 25 52:48
5 Fhivle C4 Cs,CO4 21 54:45
5 Fhivle Cs (Cs,CO, 30 55:45
f Phile Cé6 (Cs,0C0, 25 5743
8 Phie C7  (Cs,C0, 23 51:49
9 Fhivle C8 (Cs,C0, 20 54:45
10  PhMe C9 Cs,C04 10 51:49
11 Phie/H,O €2 Cs;C0, 40 50:50
12 NO;Me C2 Cs,CO, 71 50:50
13 PhMe C2 Na,CO, 20 60:40
14 PhMe Cc2 KoCO4 15 65:35
15 Phivle C2 KaPOy B0 8020
16 PhMe c2 K;PO,  4A 51 75:25
17 PhMe C1 KsPO,  4A 36 6436
18  PhhMe c2 K;PO, 3A 68 81:19
19 CH,Cl, Cc2 KsPO,  3A 38 68:32
20 MITB! Cc2 KiPO,  3A 1 F327
21 CHCl, Cc2 KsPO,  3A 45 60:40

269



To a scintillation vial was added 10 mg 3A powdered M.S. with an oven dried stir bar. The
sieves were activated with a Bunsen burner and toluene was syringed into the vial (0.1M). 2-(2-
(tert-butyl)-4,6-dichlorophenoxy)naphthalene-1,4-dione (1 equiv), base (10 equiv), catalyst (0.1
equiv) and nitromethane (10 equiv) were added sequentially. The reaction was stirred at room
temperature for 36 hours. The mixture was then diluted with toluene and filtered over Celite to
remove excess base and molecular sieves. Purification with flash column chromatography
(Hexanes:DCM 100:0 to 80:20) afforded the desired methylated product. All optimization trials

were done in triplicate, with overall yield and enantioselectivity shown as an average.

4.6.4 General Procedures to Synthesize Diaryl Ether Substrates
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Figure 4.6.1 General Halogenation Procedure of Phenols

To phenol (1.0 equiv) was added NXS (1.0 or 2.0 equiv, X = Cl, Br), Lewis Base catalyst
(2% to 5%) in 0.1M DCM. The reaction was stirred at room temperature for 12 hours. The mixture
was then washed three times with NaHCOs, The organic layer was collected and the aqueous layer
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was extracted three times with DCM. The organic layers were combined, dried with Na;SO4 and
concentrated in vacuo to yield crude products. Purification through normal phase flash column
chromatography (hexanes:EtOACc::100:0 to 95:5) afforded the desired product. Selectivity of
ortho-monohalogenated phenols was given by 1,1’-((1R,2R)-cyclohexane-1,2-diyl)bis(3-(3,5-
bis(trifluoromethyl)phenyl) thiourca) (Nagasawa’s Thiourea) while selectivity of para-
monohalogenated phenols was given by 2,2’-Bis(diphenyl-phosphino)-1,1’-binaphthyl (BINAP)-
disulfide catalyst. Triphenylphosphine sulfide catalyst was used for disubstituted halogenations.
The catalyst selection is in agreeance with the literature.*®
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Figure 4.6.2 Precursor 2-(tert-butyl)-4-chlorophenol

Prepared and purified according to the general procedure: To 2-(tert-butyl)phenol (2 g,
13.3 mmol) was added N-chlorosuccinimide (1.8 g, 13.3 mmol) and 2,2’-Bis(diphenyl-
phosphino)-1,1’-binaphtyl (BINAP)-disulfide (182 mg, 0.3 mmol) in DCM. The synthesis and

spectral data of 2-(tert-butyl)-4-chlorophenol was in agreeance with the literature.>

OH
CI\©/l<

Figure 4.6.3 Precursor 2-(tert-butyl)-6-chlorophenol

Prepared and purified according to the general procedure: To 2-(tert-butyl)phenol (2 g,
13.3 mmol) was added N-chlorosuccinimide (1.8 g, 13.3mmol) and 1,1’-((1R,2R)-cyclohexane-
1,2-diyl)bis(3-(3,5-bis(trifluoromethyl)phenyl) thiourea) (196 mg, 0.3 mmol) in DCM. The

synthesis and spectral data of 2-(tert-butyl)-6-chlorophenol was in agreeance with the literature.1*
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Figure 4.6.4 Precursor 2-(tert-butyl)-4-chloro-6-methylphenol

Prepared and purified according to the general procedure: To 2-(tert-butyl)-6-
methylphenol (4 g, 23.4 mmol) was added N-chlorosuccinimide (3.1 g, 23.4 mmol) and
triphenylphosphine sulfide (344 mg, 1.2 mmol) in DCM. 4.6 g (quantitative yield) of 2-(tert-
butyl)-4-chloro-6-methylphenol was isolated as a clear oil. *H NMR (500 MHz, CDCls) § 7.12
(d, J = 2.0 Hz, 1H), 7.00 (d, J = 2.3 Hz, 1H), 4.73 (s, 1H), 2.24 (s, 3H), 1.41 (s, 9H). 13C NMR
(126 MHz, CDCIs) ¢ 151.21, 137.46, 127.90, 125.10, 124.65, 34.71, 29.53, 15.91. MS (APCI):
Calculated for C11H16CIO [M+H]" = 199.1. Found 199.1 m/z.

OH
Cl

Figure 4.6.5 Precursor 2-(tert-butyl)-6-chloro-4-methylphenol

Prepared and purified according to the general procedure: To 2-(tert-butyl)-4-
methylphenol (4 g, 23.4 mmol) was added N-chlorosuccinimide (3.1 g, 23.4 mmol) and
triphenylphosphine sulfide (344 mg, 1.2 mmol) in DCM. 4.6 g (quantitative yield) of 2-(tert-
butyl)-6-chloro-4-methylphenol was isolated as a pale yellow oil. *H NMR (500 MHz, CDCls) 6
7.04 (d, J = 1.3 Hz, 1H), 6.99 (d, J = 1.4 Hz, 1H), 5.69 (s, 1H), 2.27 (s, 3H), 1.41 (s, 9H). 13C
NMR (126 MHz, CDCls) ¢ 147.36, 137.12, 129.56, 126.51, 120.47, 35.10, 29.36, 20.68. MS

(APCI): Calculated for C11H16CIO [M+H]" = 199.1. Found 199.1 m/z.
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Figure 4.6.6 Precursor 4-bromo-2-(tert-butyl)-6-methylphenol

Prepared and purified according to the general procedure: To 2-(tert-butyl)-6-
methylphenol (4 g, 24.4 mmol) was added N-bromosuccinimide (4.34 g, 24.4 mmol) and
triphenylphosphine sulfide (359 mg, 1.2 mmol) in DCM. The synthesis and spectra data of 4-

bromo-2-(tert-butyl)-6-methylphenol was in agreeance with the literature.*®’
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Figure 4.6.7 Precursor 2-bromo-6-(tert-butyl)-4-methylphenol
Prepared and purified according to the general procedure: To 2-(tert-butyl)-4-
methylphenol (2 g, 12.2 mmol) was added N-bromosuccinimide (2.17 g, 12.2 mmol) and
triphenylphosphine sulfide (180 mg, 0.6 mmol) in DCM. 2.8 g (96% yield) of 2-bromo-6-(tert-
butyl)-4-methylphenol was isolated as a clear oil. *H NMR (500 MHz, CDCls3) 6 7.18 (d, J = 0.7
Hz, 1H), 7.03 (d, J = 0.7 Hz, 1H), 5.64 (s, 1H), 2.28 (s, 3H), 1.41 (s, 9H). 3C NMR (126 MHz,
CDCls) ¢ 148.11, 137.17, 130.20, 129.58, 127.35, 111.87, 35.26, 29.37, 20.56. MS (APCI):

Calculated for C11H16BrO [M+H]* = 244.1. Found 244.1 m/z.

Figure 4.6.8 Precursor 4-bromo-2-(tert-butyl)-6-chlorophenol
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Prepared according to the general procedure: To 2-(tert-butyl)-6-chlorophenol (1.60 g, 8.7
mmol) was added N-bromosuccinimide (1.54 g, 8.7 mmol) and triphenylphosphine sulfide (51.0
mg, 0.2 mmol) in DCM. 2.12 g (93% yield) of 4-bromo-2-(tert-butyl)-6-chlorophenol was isolated
as a pale yellow oil. tH NMR (500 MHz, CDCls) 6 7.37 (d, J = 2.3 Hz, 1H), 7.29 (d, J = 2.4 Hz,
1H), 5.85 (s, 1H), 1.40 (s, 9H). *C NMR (126 MHz, CDCls) ¢ 148.99, 139.38, 129.05, 128.64,

121.51, 111.72, 35.47, 29.11. MS (APCI): Calculated for C1oH13BrCIO [M+H]" = 263.0. Found

263.0 m/z
OH
oA _,,J{
I T
T

Cl
Figure 4.6.9 Precursor 2-(tert-butyl)-4,6-dichlorophenol

Prepared according to the general procedure: To 2-(tert-butyl)phenol (4 g, 26.8 mmol) was
added N-chlorosuccinimide (7.88 g, 59.0 mmol) and triphenylphosphine sulfide (392 mg, 1.33
mmol) in DCM. 5.76 g (98% yield) of 2-(tert-butyl)-4,6-dichlorophenol was isolated as a clear oil.
IH NMR (500 MHz, CDCls) 6 7.24 (d, J = 2.6 Hz, 1H), 7.17 (d, J = 2.5 Hz, 1H), 5.82 (s, 1H),
1.41 (s, 9H). *C NMR (126MHz, CDCIl3) ¢ 148.51, 138.93, 126.22, 125.83, 124.69, 121.12,
35.46, 29.10. MS (APCI): Calculated for C10H13Cl,0 [M+H]* = 219.0. Found 219.0 m/z
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Figure 4.6.10 Precursor 2,4-dibromo-6-(tert-butyl)phenol

Prepared according to the general procedure: To 2-(tert-butyl)phenol (4 g, 26.6 mmol) was
added N-bromosuccinimide (10.4 g, 58.6 mmol), triphenylphosphine sulfide (392 mg, 1.33 mmol)
in DCM. 6.2 g (76% vyield) of 2,4-dibromo-6-(tert-butyl)phenol was obtained as a clear oil. *H
NMR (500 MHz, CDCls) J 7.50 (d, J = 2.4 Hz, 1H), 7.33 (d, J = 1.8 Hz, 1H), 5.80 (s, 1H), 1.40
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(s, 9H). 13C NMR (126MHz, CDCls) ¢ 149.75, 139.39, 131.46, 129.78, 112.45, 112.22, 35.62,

29.12. MS (APCI): Calculated for C1oH13Br.O [M+H]* = 309.0. Found 309.0 m/z.
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Figure 4.6.11 General Procedure for Suzuki Cross Coupling of Phenols

To phenol (1.0 equiv) was added substituted phenylboronic acid (1.2 or 2.5 equiv),
Pd(PPh3)s, (0.05 equiv) and K>COs (4.0 equiv). The mixture was placed under vacuum then
backfilled with argon for three cycles. To this mixture was added degassed 1,4-dioxane
(100mg/mL) and water (300 mg/mL). The reaction was refluxed for 24 hours at 80 ‘C. The crude
mixture was quenched with 5% LiCl, diluted with EtOAc and washed with H20 and brine (3x
each). The organic layer was collected, and the aqueous was extracted three times with EtOAC.
The organic layers were combined, dried with Na.SO4 and concentrated in vacuo to yield crude
products. Purification through flash column chromatography (hexanes:EtOAc::100:0 to 95:5)
afforded the desired product (~45% to 80%). Completion of the reaction can be accelerated using

a microwave reactor for 4 hours at 110 °C.

Figure 4.6.12 Precursor 5'-(tert-butyl)-[1,1'3",1""-terphenyl]-4'-ol
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Prepared according to the general procedure: To 2,4-dibromo-6-(tert-butyl)phenol (2 g, 6.5
mmol) was added phenylboronic acid (1.99 g, 16.4 mmol), Pd(PPhs)s (377 mg, 0.3 mmol) and
K2COs (3.6 g, 26.2 mmol). The reaction was purged under vacuum, backfilled with argon and
degassed 1,4-dioxane and water was added. The reaction was refluxed for 24 hours at 80 'C. 1.3 g
(65% vyield) was isolated as a thick brownish oil. *H NMR (500 MHz, CDCl3) 6 7.62-7.60 (m,
2H), 7.57 (d, = 2.3 Hz, 1H), 7.55-7.54 (m, 4H), 7.46-7.43 (m, 3H), 7.36 (d, J = 2.3 Hz, 1H), 7.34-
7.33 (m, 1H), 5.52 (s, 1H), 1.53 (s, 9H). 3C NMR (126MHz, CDCls) ¢ 150.67, 141.39, 137.18,
136.56, 132.91, 129.59, 129.54, 129.16, 128.69, 128.16, 126.88, 126.62, 126.58, 125.64, 35.15,

29.69. MS (APCI): Calculated for C22H230 [M+H]" = 303.4. Found 303.4 m/z
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Figure 4.6.13 Precursor 3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-ol

Prepared according to the general procedure: To 4-bromo-2-(tert-butyl)-6-chlorophenol
(806 mg, 3.06 mmol) was added phenylboronic acid (447 mg, 3.67 mmol), Pd(PPhs)s (173 mg,
0.15 mmol) and K>COs (1.69 g, 12.24 mmol). The reaction was purged under vacuum, backfilled
with argon and degassed 1,4-dioxane and water was added. The reaction was refluxed for 24 hours
at 80 °C. 535 mg (67% vyield) of 3-(tert-butyl)-5-chloro-[1,1’-biphenyl]-4-ol was isolated as a clear
oil. 1H NMR (400 MHz, CDCls) 6 7.54-7.51 (m, 2H), 7.45-7.41 (m, 4H), 7.34 (dt, 1H), 5.89 (s,
1H), 1.47 (s, 9H). 13C NMR (126MHz, CDCls) 6 149.12, 140.34, 137.70, 133.67, 128.80, 127.04,
126.81, 124.93, 124.82, 121.32, 35.40, 29.38. MS (APCI): Calculated for C15H1sCIO [M+H]* =

261.1. Found 261.1 m/z
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Figure 4.6.14 Precursor 3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-ol

Prepared according to the general procedure: To 4-bromo-2-(tert-butyl)-6-methylphenol (1
g, 4.1 mmol) was added phenylboronic acid (600 mg, 4.91 mmol) Pd(PPhs)s (71 mg, 0.06 mmol)
and K2COs (2.2 g, 16.4 mmol). The reaction was purged under vacuum, backfilled with argon and
degassed 1,4-dioxane and water. The reaction was refluxed for 24 hours at 80 “C. 490 mg (50%
yield) of 3-(tert-butyl)-5-methyl-[1,1"-biphenyl]-4-ol was isolated as a white solid. *H NMR (500
MHz, CDCl3) 6 7.58-7.56 (m, 2H), 7.45-7.42 (m, 2H), 7.41 (d, J = 2.3 Hz, 1H), 7.32 (ddt, J = 8.6,
7.1, 1.3 Hz, 1H), 7.27 (d, J = 2.3 Hz, 1H), 4.83 (s, 1H), 2.35 (s, 3H), 1.50 (s, 9H). 13C NMR
(126MHz, CDCl3) ¢ 152.33, 141.63, 135.89, 133.04, 128.62, 127.31, 126.88, 126.44, 124.13,
123.34, 34.69, 29.81, 16.17. MS (APCI): Calculated for C17H21:0 [M+H]* = 241.3. Found 241.3

m/z.

Figure 4.6.15 Precursor 3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-ol

Prepared according to the general procedure: To 2-bromo-6-(tert-butyl)-4-methylphenol
(678 mg, 2.79 mmol) was added phenylboronic acid (374 mg, 3.07 mmol), Pd(PPhs)s (161 mg,
0.14 mmol), and K>CO3z (964 mg, 6.97 mmol). The reaction was purged under vacuum, backfilled
with argon and degassed 1,4-dioxane and water. The reaction was refluxed for 24 hours at 80 °C.
3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-ol (605 mg, 90% yield) was isolated as a dark orange oil.

277



IH NMR (400 MHz, CDCls) § 7.53 — 7.45 (m, 4H), 7.43 — 7.40 (m, 1H), 7.13 (d, J = 2.1 Hz,
1H), 6.92 (d, J = 2.2 Hz, 1H), 5.31 (5, 1H), 2.33 (s, 3H), 1.46 (s, 9H). 13C NMR (126 MHz, CDCls)
0 148.71, 137.43, 135.96, 129.50, 129.36, 128.69, 128.58, 128.28, 127.86, 127.28, 34.83, 29.64,

20.79. MS (APCI): Calculated for C17H210 [M+H]" = 241.3. Found 241.3 m/z.

]
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Figure 4.6.16 Precursor 3-(tert-butyl)-5-methyl-3',5"-bis(trifluoromethyl)-[1,1'-biphenyl]-4-
ol

Prepared according to the general procedure: To 4-bromo-2-(tert-butyl)-6-methylphenol (1
g, 4.1 mmol) was added 3,5-Bis(trifluoromethyl)phenylboronic acid (1.3 g, 4.9 mmol), Pd(PPh3)4
(237 mg, 0.21 mmol), and K>COs (2.2 g, 16.4 mmol). The reaction was purged under vacuum,
backfilled with argon and degassed 1,4-dioxane and water. The reaction was refluxed for 24 hours
at 80 "C. 3-(tert-butyl)-5-methyl-3',5'-bis(trifluoromethyl)-[1,1"-biphenyl]-4-ol (450 mg, 30%
yield) was isolated as a light yellow solid. *H NMR (400 MHz, CDCls) 6 7.93 (s, 2H), 7.78 (s,
1H), 7.35 (d, J = 1.9 Hz, 1H), 7.25 (d, J = 1.7 Hz, 1H), 2.35 (s, 3H), 1.48 (s, 9H). 13C NMR (126
MHz, CDCls) ¢ 153.57, 143.73, 136.60, 132.00, 131.74, 130.04, 127.44, 126.75, 124.57, 124.14,
123.96, 122.40, 119.99, 119.93, 34.73, 29.69, 16.08. °F NMR (470 MHz, CDCI3) ¢ -62.81. MS

(APCI): Calculated for CigH19FsO [M+H]" = 377.3. Found 377.3 m/z
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Figure 4.6.17 General Procedure for Nucleophilic Aromatic Substitution of Diaryl Ether
Naphthoquinones

To a microwave reaction vessel was added 2-bromonaphthalene-1,4-dione (1.0 equiv),
trisubstituted tert-butyl phenol (1.0 equiv), KoCO3 (3.0 equiv) and anhydrous DMF (1 M). The
reaction was stirred in a microwave reactor at 110 °C for 1.5 hours. The mixture was then diluted
with EtOAc, transferred into a separatory funnel and neutralized and washed with 4 M HCI (3x).
The aqueous layer was then extracted with EtOAc (3x) and the combined organic layers were dried
over Na;SO4 and concentrated in vacuo. Purification with flash column chromatography
(hexanes:EtOAC::100:0 to 95:5). Recrystallization with hexanes combined with sonication

afforded the desired products (~10% to 50% yield).
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Figure 4.6.18 2-(2-(tert-butyl)-4,6-dichlorophenoxy)naphthalene-1,4-dione (4.1)

Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (1 g, 4.2 mmol), 2-(tert-butyl)-4,6-dichlorophenol (924 mg, 4.2
mmol), K2CO3z (1.7 g, 12.7 mmol) and anhydrous DMF. The reaction was stirred in a microwave
reactor at 110 °C for 1.5 hours. 2-(2-(tert-butyl)-4,6-dichlorophenoxy)naphthalene-1,4-dione (456

mg, 29% yield) was isolated as a bright yellow solid. *H NMR (400 MHz, CDCls) 6 8.22 — 8.20
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(m, 1H), 8.10 — 8.07 (m, 1H), 7.79 — 7.77 (m, 2H), 7.38 (g, 2H), 5.80 (s, 1H), 1.36 (s, 9H). 13C
NMR (101 MHz, CDCls) & 184.62, 178.93, 157.84, 146.05, 145.85, 134.49, 133.64, 132.01,
131.96, 131.03, 128.65, 128.20, 127.17, 126.83, 126.30, 114.01, 35.78, 30.37. MS (APCI):

Calculated for C2H16Cl,03 [M+H]" = 375.3. Found 375.3 m/z.
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Figure 4.6.19 2-(2-(tert-butyl)-4-chloro-6-methylphenoxy)naphthalene-1,4-dione (4.2)

Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (322 mg, 1.36 mmol), 2-(tert-butyl)-4-chloro-6-methylphenol
(270 mg, 1.36 mmol), K.COs3 (563 mg, 4.1 mmol) and anhydrous DMF. The reaction was stirred
in a microwave reactor at 110 °C for 1.5 hours. 2-(2-(tert-butyl)-4-chloro-6-
methylphenoxy)naphthalene-1,4-dione (149 mg, 31% yield) as a bright yellow solid. *H NMR
(500 MHz, CDCl3) 6 8.21 — 8.20 (m, 1H), 8.09 — 8.07 (m, 1H), 7.80 — 7.76 (m, 2H), 7.29 — 7.28
(m, 1H), 7.14—7.13 (m, 1H), 5.75 (s, 1H), 2.11 (s, 3H), 1.33 (5, 9H). 13C NMR (126 MHz, CDCls)
0184.75,179.34, 158.68, 147.98, 144.09, 134.51, 133.56, 132.25, 132.03, 131.53, 131.07, 129.56,
126.79, 126.33, 126.27, 113.27, 35.24, 30.59, 16.65. MS (APCI): Calculated for C21H20ClO3

[M+H]* = 354.8. Found 354.8 m/z.
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Figure 4.6.20 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-yl)oxy)naphthalene-1,4-dione
(4.3)

Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (345 mg, 1.5 mmol), 3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-ol
(350 mg, 1.5 mmol), KoCOs (605 mg, 4.5 mmol) and anhydrous DMF. The reaction was stirred in
a microwave reactor at 110 ‘C for 1.5 hours. 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-
yl)oxy)naphthalene-1,4-dione (144 mg, 25% yield) was isolated as a bright yellow solid. 'H NMR
(500 MHz, CDCl3) & 8.24-8.22 (m, 1H), 8.10-8.08 (m, 1H), 7.79-7.77 (m, 2H), 7.58-7.56 (m, 2H),
7.51 (d, J = 2.3 Hz, 1H), 7.48-7.44 (m, 2H), 7.39-7.35 (m, 1H), 7.34 (d, J = 1.5 Hz, 1H), 5.85 (s,
1H), 2.19 (s, 3H), 1.40 (s, 9H). *C NMR (126 MHz, CDCls) ¢ 185.03, 179.57, 159.06, 148.96,
142.34, 140.72, 139.25, 134.45, 133.50, 132.13, 131.19, 130.66, 128.80, 128.67, 127.40, 127.20,
126.81, 126.25, 125.11, 113.34, 35.18, 30.88, 16.91. MS (APCI): Calculated for Cz7H2503

[M+H]" = 397.2 Found 397.2 m/z.

Figure 4.6.21 2-((3-(tert-butyl)-5-methyl-3',5'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-
yl)oxy)naphthalene-1,4-dione (4.4)
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Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (315 mg, 1.3 mmol), 3-(tert-butyl)-5-methyl-3',5'-
bis(trifluoromethyl)-[1,1"-biphenyl]-4-ol (500 mg, 1.33 mmol), K2CO3z (553 mg, 4.0 mmol) and
anhydrous DMF. The reaction was stirred in a microwave reactor at 110 °C for 1.5 hours. 2-((3-
(tert-butyl)-5-methyl-3',5"-bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)naphthalene-1,4-dione
(95 mg, 13% yield) was isolated as a bright yellow solid. *H NMR (500 MHz, CDCls) ¢ 8.24-
8.22 (m, 1H), 8.10-8.08 (m, 1H), 7.99 (d, J = 1.5 Hz, 2H), 7.88 (s, 1H), 7.80-7.77 (m, 2H), 7.50
(d, J = 1.5 Hz, 1H), 7.37 (d, J = 1.5 Hz, 1H), 5.81 (s, 1H), 2.23 (s, 3H), 1.42 (s, 9H). 13C NMR
(126 MHz, CDCI3) ¢ 184.81, 179.38, 158.74, 150.18, 143.37, 142.89, 136.40, 134.54, 133.60,
132.30, 132.07, 132.03, 131.64, 131.13, 128.92, 127.32, 127.30, 126.85, 126.30, 125.20, 124.42,
122.25,121.07, 113.38, 35.29, 30.79, 16.92. °F NMR (470 MHz, CDCI3) § -62.79. MS (APCI):

Calculated for Co9H22Fs03 [M+H]" = 533.5. Found 533.5 m/z.

Figure 4.6.22 2-((3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-yl)oxy)naphthalene-1,4-dione
(4.5)

Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (334 mg, 1.3 mmol), 3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-ol
(303 mg, 1.3 mmol), KoCO3 (530 mg, 3.8 mmol) and anhydrous DMF. The reaction was stirred in
a microwave reactor at 110 °C for 1.5 hours. 2-((3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-

yl)oxy)naphthalene-1,4-dione (121 mg, 22% yield) was isolated as a yellow solid. 'H NMR (500
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MHz, CDCls) 6 8.27-8.21 (m, 1H), 8.10-8.08 (m, 1H), 7.80-7.77 (m, 2H), 7.58-7.55 (m, 4H),
7.50-7.46 (m, 2H), 7.42-7.40 (m, 1H), 5.89 (s,1H), 1.42 (s, 9H). 3C NMR (101 MHz, CDCls) 6
184.89, 179.15, 158.24, 146.26, 144.68, 140.25, 139.37, 134.42, 133.58, 132.04, 131.13, 128.98,
128.02, 127.65, 127.53, 127.16, 126.82, 126.27, 125.62, 114.06, 35.66, 30.63. MS (APCI):

Calculated for C26H21ClO3 [M+H]* = 417.9 Found 417.9 m/z.

Figure 4.6.23 2-(2-bromo-6-(tert-butyl)-4-methylphenoxy)naphthalene-1,4-dione (4.6)

Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (600 mg, 2.5 mmol), 2-bromo-6-(tert-butyl)-4-methylphenol (615
mg, 4.2 mmol) K.COs (875 mg, 6.3 mmol) and DMF. The reaction was stirred in a microwave
reactor at 110 °C for 1.5 hours. 2-(2-bromo-6-(tert-butyl)-4-methylphenoxy)naphthalene-1,4-
dione (87 mg, 9% vyield) was obtained as a bright yellow solid. *H NMR (500 MHz, CDCls) ¢
8.23-8.21 (m, 1H), 8.09-8.07 (m, 1H), 7.78-7.76 (m, 2H), 7.33 (dd, J = 2.1, 0.8 Hz, 1H), 7.20 (dd,
J =20, 0.8 Hz, 1H), 5.79 (s, 1H), 2.35 (s, 3H), 1.34 (s, 9H). 13C NMR (126 MHz, CDCls) &
184.89, 179.28, 158.50, 145.76, 144.15, 137.34, 134.36, 133.50, 132.53, 132.08, 131.16, 128.27,
126.80, 126.23, 116.69, 114.30, 35.43, 30.71, 20.95. MS (APCI): Calculated for C21H19BrOs

[M+H]* = 400.3. Found 400.3 m/z.
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Figure 4.6.24 2-((5'-(tert-butyl)-[1,1":3",1"'-terphenyl]-4'-yl)oxy)naphthalene-1,4-dione (4.7)

Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4,-dione (157 mg, 0.6 mmol, 5'-(tert-butyl)-[1,1":3',1"-terphenyl]-4'-ol
(200 mg, 0.6mmol), K>COs (273 mg, 1.98 mmol) and anhydrous DMF. The reaction was stirred
in a microwave reactor at 110 ‘C for 1.5 hours. 2-((5'-(tert-butyl)-[1,1':3",1"'-terphenyl]-4'-
yl)oxy)naphthalene-1,4-dione (98 mg, 32% yield) was isolated as a yellowish-orange solid. *H
NMR (400 MHz, CDCls) 6 8.06-8.03 (m, 1H), 7.90-7.89 (m, 1H), 7.67-7.61 (m, 5H), 7.51-7.46
(m, 5H), 7.41-7.39 (m, 1H), 7.24-7.22 (m, 2H), 7.13-7.09 (m, 1H), 5.73 (s, 1H), 1.46 (s, 1H). 13C
NMR (101 MHz, CDClIs) ¢ 184.59, 179.06, 158.43, 147.83, 143.14, 140.53, 139.55, 137.57,
135.33, 134.05, 133.19, 131.66, 130.74, 128.87, 128.57, 128.37, 127.64, 127.55, 127.23, 126.41,

126.27, 125.91, 114.15, 35.37, 30.75. MS (APCI): Calculated for Cs:H2603 [M+H]* = 458.6.

Found 458.6 m/z.
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Figure 4.6.25 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-yl)oxy)naphthalene-1,4-dione
(4.8)
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Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (197 mg, 0.8 mmol), 3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-ol
(200 mg, 0.8 mmol), K.COs (345 mg, 2.5 mmol) and anhydrous DMF. The reaction was stirred in
a microwave reactor at 110 ‘C for 1.5 hours. 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-
yl)oxy)naphthalene-1,4-dione (36 mg, 11% vyield) was isolated as an orange-yellow solid. *H
NMR (500 MHz, CDCls) & 8.04 — 8.01 (m, 1H), 7.90 — 7.87 (m, 1H), 7.65 — 7.63 (m, 2H), 7.42 —
7.38 (m, 2H), 7.26 (d, J = 1.6 Hz, 1H), 7.23 - 7.19 (m, 2H), 7.11 — 7.08 (m, 2H), 5.65 (s, 1H), 2.41
(s, 3H), 1.39 (s, 9H). *C NMR (101 MHz, CDCls) ¢ 184.64, 179.16, 158.63, 146.09, 142.37,
137.70, 135.98, 134.71, 133.97, 133.11, 131.67, 130.75, 130.08, 128.81, 128.43, 127.98, 127.39,
126.37, 125.85, 113.96, 35.04, 30.73, 21.21. MS (APCI): Calculated for Co7H2503 [M+H]* =

397.2 Found 397.2 m/z.
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Figure 4.6.26 2-(2-(tert-butyl)-6-chloro-4-methylphenoxy)naphthalene-1,4-dione

Prepared according to the general procedure: To a microwave reaction vessel was added
2-bromonaphthalene-1,4-dione (1 g, 4.2 mmol), 2-(tert-butyl)-6-chloro-4-methylphenol (834 mg,
4.2 mmol) K>COs (1.7 g, 12.7 mmol) and anhydrous DMF. The reaction was stirred in a
microwave reactor at 110 °‘C for 1.5 hours. 2-(2-(tert-butyl)-6-chloro-4-
methylphenoxy)naphthalene-1,4-dione (355 mg, 24% yield) was isolated as a bright yellow
solid. *H NMR (400 MHz, CDCls) § 8.22-8.20 (m, 1H), 8.09-8.06 (m, 1H), 7.78-7.75 (m, 2H),

7.16 (d, 2H), 5.80 (s, 1H), 2.35 (s, 3H), 1.34 (s, 9H). 3C NMR (101 MHz, CDCls) 6 184.91,
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179.24, 158.39, 144.66, 143.94, 136.89, 134.34, 133.49, 132.05, 131.14, 129.26, 127.42, 126.84,
126.76, 126.20, 113.91, 35.32, 30.61, 21.07. MS (APCI): Calculated for C21H2ClO3 [M+H]" =

354.8. Found 354.8 m/z
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Figure 4.6.27 General Procedure for Methylation of Diaryl Ether Naphthoquinones

To a scintillation vial, 10 mg 3A powdered M.S. was added with an oven dried stir bar.
The sieves were activated with a Bunsen burner and toluene was syringed into the vial (0.1M).
Diaryl ether naphthoquinone (1 equiv), potassium phosphate tribasic (10 equiv), quaternary
ammonium salt (1S,4S,5R)-1-(3,5-bis(trifluoromethyl)benzyl)-2-((S)-(3-(tert-butyl)ureido)(6-
methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin-1-ium  bromide (C2, 0.1 equiv) and
nitromethane (10 equiv) were added sequentially. The reaction was stirred at room temperature for
36 hours. The mixture was then diluted with toluene and filtered over Celite to remove excess base
and molecular sieves. Purification with flash column chromatography (hexanes:DCM::100:0 to
80:20) afforded the desired methylated and “nitroethylated” products. (~3% to 68% yield). Note:
All substrates afforded a mixture of both products: shown below is the characterization of the

major product.
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Figure 4.6.28 2-(2-(tert-butyl)-4,6-dichlorophenoxy)-3-methylnaphthalene-1,4-dione (4.1a)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-(2-(tert-butyl)-4,6-
dichlorophenoxy)naphthalene-1,4-dione (10 mg, 0.026 mmol) Catalyst 2, (2 mg, 0.0026 mmol),
K3POs4, (55 mg, 0.26 mmol), nitromethane (16 mg, 0.26 mmol) and toluene (0.1M, 260 uL). The
reaction was stirred at room temperature for 36 hours. 2-(2-(tert-butyl)-4,6-dichlorophenoxy)-3-
methylnaphthalene-1,4-dione (68 % yield) was isolated as a bright yellow solid. Conversion of
both products afforded a 10:1 ratio of 4.1a:4.1b. 'H NMR (400 MHz, CDCls) § 8.13 (dd, J = 7.7,
1.3 Hz, 1H), 7.91 (dd, J = 7.5, 1.5 Hz, 1H), 7.72 (td, J = 7.5, 1.5 Hz, 1H), 7.66 (td, J = 7.5, 1.5 Hz,
1H), 7.32 (d, J = 2.5 Hz, 1H), 7.18 (d, J = 2.5 Hz, 1H), 2.26 (s, 3H), 1.38 (s, 9H). 1*C NMR (101
MHz, CDCls) ¢ 185.01, 178.23, 154.23, 150.33, 142.76, 134.01, 133.37, 131.95, 130.49, 129.17,
128.39, 127.62, 126.47, 126.40, 126.29, 125.23, 35.85, 29.99, 9.73. MS (APCI): Calculated for

C21H1sCl203 [M+H]* = 390.3. Found 390.3 m/z.
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Figure 4.6.29 2-(2-(tert-butyl)-4-chloro-6-methylphenoxy)-3-methylnaphthalene-1,4-dione
(4.2a)
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Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-(2-(tert-butyl)-4-chloro-6-
methylphenoxy)naphthalene-1,4-dione (10 mg, 0.026 mmol) Catalyst 2, (2 mg, 0.0026mmol),
K3POg4, (55 mg, 0.26 mmol), nitromethane (17 mg, 0.26 mmol) and toluene (0.1M, 260 uL). The
reaction was stirred at room temperature for 36 hours. 2-(2-(tert-butyl)-4-chloro-6-
methylphenoxy)-3-methylnaphthalene-1,4-dione (54% yield) was isolated as an orange solid.
Conversion of both products afforded a 13:1 ratio of 4.2a:4.2b. 'H NMR (500 MHz, CDCls) §
8.12 (dd, J = 7.7, 1.3 Hz, 1H), 7.93 (dd, J = 7.6, 1.3 Hz, 1H), 7.73 (td, J = 7.6, 1.4 Hz, 1H), 7.66
(td, J = 7.5, 1.4 Hz, 1H), 7.25 (d, J = 2.9 Hz, 1H), 6.97 (d, J = 3.4 Hz, 1H), 2.21 (s, 3H), 2.00 (s,
3H), 1.36 (s, 9H). 1*C NMR (126 MHz, CDCls) 6 185.06, 178.51, 154.50, 152.87, 141.40, 134.02,
133.36, 131.92, 130.60, 129.36, 129.10, 128.85, 127.91, 126.43, 126.25, 125.55, 35.36, 30.27,

16.97, 9.70. MS (APCI): Calculated for C22H2:CIO3 [M+H]" = 369.9. Found 369.9 m/z.
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Figure 4.6.30 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-yl)oxy)-3-methylnaphthalene-1,4-
dione (4.3a)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-
4-yl)oxy)naphthalene-1,4-dione (10 mg, 0.026 mmol) Catalyst 2, (2 mg, 0.0026 mmol), K3POg,
(55 mg, 0.26mmol), nitromethane (16 mg, 0.26 mmol) and toluene (0.1M, 260 uL). The reaction
was stirred at room temperature for 36 hours. 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-
yl)oxy)-3-methylnaphthalene-1,4-dione (46% yield) was isolated as an orange oil. Conversion of
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both products afforded a 12:1 ratio of 4.3a:4.3b. *H NMR (500 MHz, CDCIs) ¢ 8.14-8.13 (m,
1H), 7.99-7.97 (m, 1H), 7.74( td, J = 7.5, 1.4 Hz, 1H), 7.68 (td, J = 7.5, 1.4 Hz, 1H), 7.63 — 7.61
(m, 2H), 7.54 (d, J = 2.3 Hz, 1H), 7.45 (dd, J = 8.4, 7.0 Hz, 2H), 7.36 — 7.33 (m, 1H), 7.23 (dd, J
=2.3,0.8 Hz, 1H), 2.24 (s, 3H), 2.12 (s, 3H), 1.45 (s, 9H). 13C NMR (126 MHz, CDCl3) 5 178.61,
176.55, 154.84, 153.87, 141.10, 139.77, 136.95, 133.94, 133.28, 132.01, 128.62, 128.09, 127.92,
127.61, 127.11, 126.91, 126.44, 126.22, 124.35, 109.99, 98.23, 35.32, 30.53, 29.71, 17.31, 9.73.

MS (APCI): Calculated for C2gH2703 [M+H]" = 411.5. Found 411.5 m/z.

Figure 4.6.31 2-((3-(tert-butyl)-5-methyl-3",5'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)-
3-methylnaphthalene-1,4-dione (4.4a)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-((3-(tert-butyl)-5-methyl-3',5'-
bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)naphthalene-1,4-dione (14 mg, 0.027 mmol)
Catalyst 2, (2 mg, 0.0027 mmol), K3POa, (57 mg, 0.27 mmol), nitromethane (17 mg, 0.26 mmol)
and toluene (0.1M, 270 uL.). The reaction was stirred at room temperature for 36 hours. 2-((3-(tert-
butyl)-5-methyl-3',5'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)-3-methylnaphthalene-1,4-
dione (68% yield) was isolated as a yellow oil. Conversion of both products afforded a 13:1 ratio
of 4.4a:4.4b. *H NMR (500 MHz, CDCls) ¢ 8.15 (dd, J = 7.8, 1.3 Hz, 1H), 8.02 (d, J = 1.5 Hz,

2H), 7.96 (dd, J = 7.7, 1.3 Hz, 1H), 7.85 (d, J = 2.4 Hz, 1H), 7.75 (td, J = 7.5, 1.4 Hz, 1H), 7.69
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(td, J=7.5, 1.4 Hz, 1H), 7.51 (d, J = 2.4 Hz, 1H), 7.24 (d, J = 2.4, 1H), 2.29 (s, 3H), 2.14 (s, 3H),
1.46 (s, 9H). 3C NMR (126 MHz, CDCls) § 185.07, 178.53, 155.15, 154.64, 143.28, 140.61,
134.10, 133.93, 133.39, 132.06, 131.96, 130.56, 128.72, 128.51, 128.30, 128.14, 127.17, 126.46,
126.30, 124.37, 35.40, 31.59, 30.44, 29.71, 22.66, 17.29, 14.13, 9.79. °F NMR (470 MHz,

CDCI3) 6 -62.78 MS (APCI): Calculated for CsoHz4Fs03 [M+H]* = 547.5. Found 547.5 m/z.
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Figure 4.6.32 2-((3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-yl)oxy)-3-methylnaphthalene-1,4-
dione (4.5a)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-((3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-
4-yl)oxy)naphthalene-1,4-dione (11 mg, 0.027 mmol) Catalyst 2, (2 mg, 0.0027 mmol), K3sPOs,
(57 mg, 0.27 mmol), nitromethane (17 mg, 0.26 mmol) and toluene (0.1M, 270 uL). The reaction
was stirred at room temperature for 36 hours. 2-((3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-
yl)oxy)-3-methylnaphthalene-1,4-dione (47% yield) was isolated as an orange solid. Conversion
of both products afforded a 6:1 ratio of 2e:3e. *H NMR (400 MHz, CDCl3) ¢ 8.13 (dd, J = 7.8,
1.1 Hz, 1H), 7.94 (dd, J = 7.6, 1.9 Hz, 1H), 7.72 (td, J = 7.5, 1.4 Hz, 1H), 7.66 (td, J = 7.5, 1.4 Hz,
1H), 7.58 — 7.56 (m, 3H), 7.46 — 7.43 (m, 2H), 7.40 (d, J = 2.3 Hz, 1H), 7.37 — 7.34 (m, 1H), 2.29
(s, 3H), 1.45 (s, 9H). 13C NMR (126 MHz, CDCls) & 185.18, 178.32, 154.64, 150.86, 141.52,
139.88, 137.61, 133.91, 133.29, 132.06, 130.66, 128.80, 128.12, 127.49, 127.07, 126.64, 126.42,
126.26, 124.97, 35.79, 30.27, 29.71, 22.70, 14.13, 9.74. MS (APCI): Calculated for C27H23CIO3
[M+H]* = 431.9. Found 431.9 m/z.
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Figure 4.6.33 2-(2-bromo-6-(tert-butyl)-4-methylphenoxy)-3-methylnaphthalene-1,4-dione
(4.6a)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-(2-bromo-6-(tert-butyl)-4-
methylphenoxy)naphthalene-1,4-dione (14 mg, 0.027 mmol) Catalyst 2, (2 mg, 0.0027 mmol),
K3POs, (57 mg, 0.27 mmol), nitromethane (17 mg, 0.26 mmol) and toluene (0.1M, 270 uL). The
reaction was stirred at room temperature for 36 hours. 2-(2-bromo-6-(tert-butyl)-4-
methylphenoxy)-3-methylnaphthalene-1,4-dione (10% yield) was isolated as a dark orange oil. *H
NMR (500 MHz, CDCls) 6 8.12 — 8.10 (m, 1H), 7.94 — 7.92 (m, 1H), 7.70 (td, J = 7.6, 1.4 Hz,
1H), 7.64 (td, J = 7.5, 1.4 Hz, 1H), 7.17 (ddd, J = 9.0, 2.1, 0.8 Hz, 2H), 2.34 (s, 3H), 2.24 (s, 3H),
1.37 (s, 9H). *C NMR (126 MHz, CDCIls) 6 185.18, 181.89, 134.81, 133.78, 133.21, 131.53,
127.56, 126.40, 126.16, 113.86, 109.99, 35.54, 31.93, 30.30, 29.70, 29.37, 22.70, 20.93, 14.12,

9.79. MS (APCI): Calculated for C22H2:BrO3 [M+H]" = 414.0. Found 414.0 m/z.
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Figure 4.6.34 2-(2-bromo-6-(tert-butyl)-4-methylphenoxy)-3-(2-nitroethyl)naphthalene-1,4-
dione (4.6b)
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Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-(2-bromo-6-(tert-butyl)-4-
methylphenoxy) naphthalene-1,4-dione (14 mg, 0.027mmol) Catalyst 2, (2 mg, 0.0027 mmol),
K3POg4, (57 mg, 0.27 mmol), nitromethane (17 mg, 0.26 mmol) and toluene (0.1M, 270 uL). The
reaction was stirred at room temperature for 36 hours. 2-(2-bromo-6-(tert-butyl)-4-
methylphenoxy)-3-(2-nitroethyl)naphthalene-1,4-dione (30% vyield) was isolated as an orange
solid. TH NMR (500 MHz, CDCls) 6 8.13 (dd, J = 7.6, 1.3 Hz, 1H), 7.93 (dd, J = 7.7, 1.3 Hz, 1H),
7.75 (td, J = 7.6, 1.4 Hz, 1H), 7.68 (td, J = 7.5, 1.4 Hz, 1H), 7.21 (d, J = 2.0 Hz, 1H), 7.17 (d, J =
2.2 Hz, 1H), 4.80 — 4.68 (m, 2H), 3.59 (ddd, J = 13.2, 9.0, 6.9 Hz, 1H), 3.43 (ddd, J = 13.2, 8.8,
6.0 Hz, 1H), 2.35 (s, 3H), 1.37 (s, 9H). 3C NMR (126 MHz, CDCls) 6 184.16, 177.98, 155.80,
149.75, 135.52, 134.29, 133.68, 131.66, 130.66, 128.41, 127.85, 127.48, 126.70, 126.41, 124.44,
71.98, 35.54, 30.32, 29.70, 22.44, 20.94. Calculated for C23H22BrNOs [M+H]* = 473.3. Found
473.3 m/z.
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Figure 4.6.35 2-((5'-(tert-butyl)-[1,1":3",1""-terphenyl]-4'-yl)oxy)-3-(2-
nitroethyl)naphthalene-1,4-dione (4.7b)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-((5'-(tert-butyl)-[1,1":3",1"-terphenyl]-4'-
yl)oxy)naphthalene-1,4-dione (14 mg, 0.027 mmol) Catalyst 2, (2 mg, 0.0027 mmol), KsPQOg, (57

mg, 0.27 mmol), nitromethane (17 mg, 0.26 mmol) and toluene (0.1M, 270 uL). The reaction was
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stirred at room temperature for 36 hours. 2-((5'-(tert-butyl)-[1,1":3",1"-terphenyl]-4'-yl)oxy)-3-(2-
nitroethyl)naphthalene-1,4-dione (65% yield) was isolated as a dark orange solid. Conversion of
both products afforded a 1:7 ratio of 29:3g *H NMR (500 MHz, CDCls) 6 7.91 — 7.89 (m, 1H),
7.86 — 7.82 (m, 1H), 7.73 (d, J = 2.3 Hz, 1H), 7.67 — 7.63 (m, 4H), 7.47 — 7.44 (m, 2H), 7.39 —
7.34 (m, 1H), 7.29 (d, J = 2.4 Hz, 1H), 7.14 — 7.10 (m, 2H), 7.03 — 6.97 (m, 3H), 4.63 — 4.60 (m,
2H), 3.33 (dt, J = 13.3, 7.9 Hz, 1H), 3.17 (dt, J = 13.3, 7.5 Hz 1H), 1.53 (s, 9H). 13C NMR (126
MHz, CDCls) ¢ 183.89, 177.83, 156.54, 152.79, 140.65, 139.96, 137.71, 137.05, 133.81, 133.35,
132.39, 131.11, 130.44, 128.72, 128.12, 127.86, 127.69, 127.18, 127.16, 126.23, 125.94, 125.90,
124.61, 72.87, 35.50, 30.34, 22.88. MS (APCI): Calculated for CzsH2sNOs [M+H]" = 532.7.

Found 532.7 m/z.

Figure 4.6.36 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-yl)oxy)-3-(2-
nitroethyl)naphthalene-1,4-dione (4.8b)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-((3-(tert-butyl)-5-methyl-[1,1"-biphenyl]-
2-yl)oxy)naphthalene-1,4-dione (50 mg, 0.13 mmol), Catalyst 2 (7 mg, 0.013mmol), KsPO4 (267
mg, 1.3 mmol), nitromethane (77 mg, 1.3 mmol) and toluene (0.1M, 1.3 mL). The reaction was
stirred at room temperature for 36 hours. 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-yl)oxy)-3-
(2-nitroethyl)naphthalene-1,4-dione (49% yield) was isolated as a dark orange solid. Conversion
of both products afforded a 1:5 ratio of 2h:3h. *H NMR (500 MHz, CDClz) § 7.90 — 7.88 (m,

1H), 7.83 — 7.81 (m, 1H), 7.66 — 7.61 (m, 2H), 7.31 (dd, J = 2.3, 0.7 Hz, 1H), 7.06 — 7.05 (m, 2H),
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6.98 —6.96 (M, 3H), 6.87 (dd, J = 2.2, 0.8 Hz, 1H), 4.62 — 4.56 (m, 2H), 3.30 (dt, J = 13.2, 7.8 Hz,
1H), 3.15 (ddd, J = 13.2, 7.6, 6.6 Hz, 1H), 2.41 (s, 3H), 1.46 (s, 9H). 3C NMR (126 MHz, CDCls)
0183.92, 177.93, 156.66, 151.08, 139.31, 137.85, 133.72, 133.60, 133.28, 131.85, 131.19, 131.09,
130.35, 129.50, 128.04, 127.81, 127.65, 126.21, 125.83, 124.36, 72.87, 35.20, 30.33, 29.71, 22.78,

21.19, 14.13. MS (APCI): Calculated for C29H27NOs [M+H]" = 470.5. Found 470.5 m/z.
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Figure 4.6.37 2-(2-(tert-butyl)-6-chloro-4-methylphenoxy)-3-(2-nitroethyl)naphthalene-1,4-
dione (4.9b)

Prepared according to the general procedure: To a scintillation vial was added 10 mg 3A
powdered molecular sieves with an oven dried stir bar, 2-(2-(tert-butyl)-6-chloro-4-
methylphenoxy)naphthalene-1,4-dione (10 mg, 0.026 mmol), Catalyst 2, (2 mg, 0.0026 mmol),
K3POg4, (55 mg, 0.26 mmol), nitromethane (17 mg, 0.26 mmol) and toluene (0.1M, 260 uL). The
reaction was stirred at room temperature for 36 hours. 2-(2-(tert-butyl)-6-chloro-4-
methylphenoxy)-3-(2-nitroethyl)naphthalene-1,4-dione (68% vyield) was isolated as an orange-
yellow solid. Conversion of both products afforded a 1:5 ratio of 2i:3i. '"H NMR (500 MHz,
CDCls) 6 8.15 (ddd, J = 7.7, 1.4, 0.6 Hz, 1H), 7.95 (ddd, J = 7.6, 1.4, 0.5 Hz, 1H), 7.77 (td, J =
7.5, 1.4 Hz, 1H), 7.70 (td, J = 7.5, 1.4 Hz, 1H), 7.18 (dd, J = 2.1, 0.7 Hz, 1H), 7.02 (dd, J = 2.2,
0.7 Hz, 1H), 4.74 (qdd, J = 13.0, 8.7, 6.5 Hz, 2H), 3.61 (ddd, J = 13.3, 8.8, 6.9 Hz, 1H), 3.45 (ddd,
J=13.3,8.7, 6.2 Hz, 1H), 2.36 (d, J = 0.7 Hz, 3H), 1.39 (s, 9H). 13C NMR (126 MHz, CDCl3) &

184.20, 178.06, 155.95, 148.79, 140.97, 134.91, 134.33, 133.70, 131.64, 130.63, 128.49, 127.12,
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126.69, 126.43, 124.40, 123.96, 72.19, 35.47, 30.26, 22.36, 21.06. MS (APCI): Calculated for

C23H22CINOs [M+H]" = 428.8. Found 428.8 m/z.
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Figure 4.6.38 Synthesis of Cinchona Alkaloid Quaternary Ammonium Salt Catalysts

Step a: 9-amino (9-deoxy) epi-quinine was converted to the respective primary amine with

inverted stereochemistry, as shown in previous literature.'®

—

OMe

OEENH
S

Figure 4.6.39 1-(tert-butyl)-3-((S)-(6-methoxyquinolin-4-yl)((1R,2S,4R)-quinuclidin-2-
yl)methyl)urea, C4.2 catalyst precursor

Step b: To an oven-dried round bottom flask was added (S)-(6-methoxyquinolin-4-
yl)((1R,2S,4R)-quinuclidin-2-yl)methanamine (1.0 equiv, 3.08 mmol). Anhydrous THF (1M) was
added to the flask and tert-butyl isocyanate (1.5 equiv, 4.62 mmol). The reaction was stirred at
room temperature for 4 hours. The mixture was then purified by flash column chromatography
(DCM:MeOH::100:0 to 94:6) to afford the desired product, 1-(tert-butyl)-3-((S)-(6-
methoxyquinolin-4-yl)((1R,2S,4R)-quinuclidin-2-yl)methyl)urea (90% vyield). 'H NMR (500
MHz, CDCl3)  8.74 (d, J = 4.5 Hz, 1H), 8.02 (d, J = 9.2 Hz, 1H), 7.84 (s, 1H), 7.41 — 7.39 (m,
2H), 6.59 (s, 1H), 5.81 (ddd, J = 17.2, 10.4, 6.7 Hz, 1H), 5.52 (s, 1H), 5.26 — 5.22 (m, 2H), 4.26
(td, J = 10.8, 4.9 Hz, 1H), 4.03 (s, 3H), 3.68 (dd, J = 13.8, 10.5 Hz, 1H), 3.47 (s, 3H), 3.45 — 3.38
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(m, 1H), 3.23 -3.09 (M, 1H), 2.73 (g, J = 8.1 Hz, 1H), 2.12 — 1.94 (m, 4H), 1.30 (s, 9H). °C NMR
(126 MHz, CDCls) 6 158.60, 156.52, 147.47, 141.93, 136.70, 131.78, 128.15, 122.54, 117.73,
101.81, 59.29, 56.11, 54.18, 50.65, 41.34, 36.73, 29.25, 26.93, 25.03, 24.47. Calculated for

C2s5H34N4O, [M+H]" = 423.5. Found 423.5 m/z.

Figure 4.6.40 (1R,2S,4R)-1-(3,5-bis(trifluoromethyl)benzyl)-2-((S)-(3-(tert-butyl)ureido)(6-
methoxyquinolin-4-yl)methyl)quinuclidin-1-ium bromide, C4.2

Step c: To an oven-dried round bottom flask was added 1-(tert-butyl)-3-((S)-(6-methoxyquinolin-
4-y)((1R,2S,4R)-quinuclidin-2-yl)methyl)urea (1.0 equiv, 1.63 mmol). Anhydrous MeOH (0.5M)
was added to the flask and 1-(bromomethyl)-3,5-bis(trifluoromethyl)benzene (1.5 equiv, 2.44
mmol). The reaction mixture was then refluxed at 70 “C for 24 hours. The crude mixture was
purified by two rounds of flash column chromatography (EtOAc:MeOH 9:1 and DCM:MeOH
20:1) to afford the desired product, (1R,2S,4R)-1-(3,5-bis(trifluoromethyl)benzyl)-2-((S)-(3-(tert-
butyl)ureido)(6-methoxyquinolin-4-yl)methyl)quinuclidin-1-ium bromide (54% vyield). *H NMR
(500 MHz, CDCls) 6 8.84 (d, J = 4.7 Hz, 1H), 8.17 (dd, J = 10.5, 7.0 Hz, 2H), 8.09 (s, 2H), 8.04
(s, 1H), 7.57 (d, J = 11.4 Hz, 1H), 7.46 (dd, J = 9.2, 2.5 Hz, 1H), 7.19 — 7.12 (m, 1H), 6.93 (d, J =
10.7 Hz, 1H), 6.49 (s, 1H), 6.15 (t, J = 10.2 Hz, 1H), 5.88 (ddd, J = 17.3, 10.4, 7.0 Hz, 1H), 5.39
—5.24 (m, 3H), 4.67 — 4.41 (m, 3H), 4.03 (s, 3H), 3.46 (dd, J = 12.8, 10.2 Hz, 1H), 3.23 - 3.10 (m,
1H), 2.67 — 2.55 (m, 1H), 2.35 (s, 1H), 2.16 (ddd, J = 44.2, 25.4, 12.2 Hz, 2H), 1.94 (s, 1H), 1.35

(s, 9H). 3C NMR (126 MHz, CDCls) 6 159.40, 155.69, 134.40, 133.67, 133.32, 132.98, 130.34,
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129.01, 128.20, 127.23, 126.62, 125.27, 124.79, 124.71, 123.89, 121.18, 120.24, 119.57, 104.99,
100.57, 81.93, 67.32, 63.76, 59.47, 56.00, 51.25, 49.24, 37.60, 28.12, 27.63, 26.84, 24.85. °F
NMR (470 MHz, CDCI3) ¢ -62.73. Calculated for CssH3z9BrFsNsO2[M+H]* = 730.5. Found

730.5 m/z and 423.5 m/z fragmentation.
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4.6.5 NMR Spectra
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Figure 4.6.41 500 MHz *H Spectrum of 2-(tert-butyl)-4-chloro-6-methylphenol
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Figure 4.6.42 126 MHz 3C Spectrum of 2-(tert-butyl)-4-chloro-6-methylphenol
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Figure 4.6.43 500 MHz *H Spectrum of 2-bromo-6-(tert-butyl)-4-methylphenol
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Figure 4.6.44 126 MHz 13C Spectrum of 2-bromo-6-(tert-butyl)-4-methylphenol
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Figure 4.6.45 500 MHz *H Spectrum of 4-bromo-2-(tert-butyl)-6-chlorophenol
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Figure 4.6.46 126 MHz 3C Spectrum of 4-bromo-2-(tert-butyl)-6-chlorophenol
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Figure 4.6.47 500 MHz *H Spectrum of 2-(tert-butyl)-4,6-dichlorophenol
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Figure 4.6.48 126 MHz 3C Spectrum of 2-(tert-butyl)-4,6-dichlorophenol
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Figure 4.6.49 500 MHz 'H Spectrhnﬁ of 2,4-dibromo-6-(tert-butyl)phenol
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Figure 4.6.50 126 MHz 3C Spectrum of 2,4-dibromo-6-(tert-butyl)phenol
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Figure 4.6.51 500 MHz *H Spectrum of 5'-(tert-butyl)-[1,1
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Figure 4.6.55 500 MHz *H Spectrum of 3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-ol
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Figure 4.6.56 126 MHz 13C Spectrum of 3-(tert-butyl)-5-methyl-[1,1*-biphenyl]-4-ol

305



P A N T R T G

OH
Ph

Figure 4.6.57 400 MHz 'H Spectrum of 3-(tert-butyl)-5-methyl-[1,1"-b

11 fppm)

|phenyl] -2-ol

U E
b SN
i iy B - - b= L
) L a0c
SRR b 5010
- 200
b 0
SR L
-
7 b 1500
5 £3OX2 N1 0 ED &
£1 [ppms
b JEHIE
=00
L o Ji .
Moy 1 L]
T T T T T T T T T T T
i i} E B & g A 3 2 ]

~1700

+1600

-1500

~1400

1300

1200

1100

-1000

-900

800

+700

600

~500

400

+300

200

~100

-0

LR P 23 ®
g  SARISEEARS Ree - -
N Na———— ~ |
20 200 180 160 140 120 80 60 40 20 0

100
fl (ppm)

Figure 4.6.58 126 MHz 3C Spectrum of 3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-ol
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Figure 4.6.59 400 MHz 'H Spectrum of 3-(tert-butyl)-5-methyl-3',5' bls(trlfluoromethyl)
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Flgure 4.6.60 126 MHz 3C Spectrum of 3- (tert butyl)-5-methyl-3',5'-bis(trifluoromethyl)-
[1,1'-biphenyl]-4-ol

307



30000

|- 24000

|- 1annn

Figure 4.6.61 470 MHz °F Spectrum of é-(tért-butyl)-5-methyl-3',5'-bis(trif|uoromethyl)-
[1,1'-biphenyl]-4-ol
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Figure 4.6.62 400 MHz H Spectrum of 2-(2-(tert-butyl)-4,6-dichIorophenoxy)naphthalene-

1,4-dione (4.1)
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Figure 4.6.64 500 MHz *H Spectrum of 2-(2-tert-butyl)-4-chloro-6-
_methylphenoxy)naphthalene-1,4-dione (4.2)
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Figure 4.6.65 126 MHz *C Speétrum of 2-(2-tert-butyl)-4-chloro-6-
methylphenoxy)naphthalene-1,4-dione (4.2)
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Figure 4.6.66 500 MHz 'H Spectrum of 2-.((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-
_Yhoxy)naphthalene-1,4-dione) (4.3)
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Figure 4.6.67 126 MHz 3C Spectrum of 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-
yl)oxy)naphthalene-1,4-dione) (4.3)
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Figure 4.6.68 500 MHz ‘H Spectrﬂm of 2-((3-(tert-butyl)-5-methyl-3',5'-
bls(trlfluoromethyl) [1 1 blphenyI] -4- yl)oxy)naphthalene 1, 4 dione (4.4)
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Figure 4.6.69 126 MHz 3C Spectrum of 2-((3-(tert-butyl)-5-methyl-3',5'-
bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)naphthalene-1,4-dione (4.4)
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Figure 4.6.70 470 MHz *°F Specﬁum of 2-((3-(tert-butyl)-5-methyl-3',5'-
bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)naphthalene-1,4-dione (4.4)
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yl)oxy)naphthalene-1,4-dione (4.5)
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Figure 4.6.72 101 MHz 3C Spectrum of 2-((3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-
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Figure 4.6.73 500 MHz *H Spectrum of 2-(2-bromo-6-(tert-butyl)-4-
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Figure 4.6.74 126 MHz 13C Speétrum of 2-(2-bromo-6-(tert-butyl)-4-
methylphenoxy)naphthalene-1,4-dione (4.6)
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Figure 4.6.75 400 MHz *H Spectrum 6f 2-((5'-(tert-butyl)-[1,1":3",1""-terphenyl]-4'-
______X!)_qx"x)_ngghthalene-1,4-dione) 4.7)
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Figure 4.6.76 101 MHz 3C Spectrum of 2-((5'-(tert-butyl)-[1,1':3",1""-terphenyl]-4'-
yl)oxy)naphthalene-1,4-dione) (4.7)
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Figure 4.6.77 500 MHz *H Spectrum of 2- ((3 -tert- butyl) -5- methyl [1,1°-biphenyl]-2-yl]-2-
yl)oxy)naphthalene 1,4-dione (4.8)
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Flgure 4.6.78 101 MHz 3C Spectrum of 2 ((3 -tert- butyl) -5-methyl-[1,1’-biphenyl]-2-yl]-2-
yl)oxy)naphthalene-1,4-dione (4.8)
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Figure 4.6.79 400 MHz *H Spectrum of 2-(2-(tert-butyl)-6-chloro-4-
_methylphenoxy)naphthalene-1,4-dione (4.9)
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Figure 4.6.80 101 MHz 3C Spectrum of 2-(2-(tert-butyl)-6-chloro-4-
methylphenoxy)naphthalene-1,4-dione (4.9)
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Figure 4.6.81 400 MHz H Spectrum 6f 2-(2-(tert-butyl)-4,6-dichlorophenoxy)-3-
___methylnaphthalene-1,4-dione (4.1a)
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Figure 4.6.82 101 MHz 3C Spectrum of 2-(2-(tert-butyl)-4,6-dichlorophenoxy)-3-
methylnaphthalene-1,4-dione (4.1a)
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Figure 4.6.83 500 MHz 'H Spectrum of.2-(2-(tert-butyl)-4-chIoro-6-methylphenoxy)-3-
_methylnaphthalene-1,4-dione (4.2a)
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Figure 4.6.84 126 MHz 3C Spectrum of 2-(2-(tert-butyl)-4-chloro-6-methylphenoxy)-3-
methylnaphthalene-1,4-dione (4.2a)

320



e i vy |

1l . , .Jl_. .

b L Py ——
N A0

¥ T - T - T " T ¥ T - T - T " T ¥ T " T - T " T ¥ T " T - T
1 12 11 M) 1 1 : E E i F 1 i 1

Figure 4.6.85 500 MHz H Spectrum of 2-((3;(tert-butyl)-5-methyl-[1,1'-bipheny|]-4-y|)oxy)-
___3-methylnaphthalene-1,4-dione (4.3a)
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Figure 4.6.86 126 MHz 3C Spectrum of 2-((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-4-
yl)oxy)-3-methylnaphthalene-1,4-dione (4.3a)
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Figure 4.6.87 500 MHz H Spectrum of 2-((3-(tert-butyl)-5-methyl-3',5'-

bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)-3-methylnaphthalene-1,4-dione (4.4a)
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Figure 4.6.88 126 MHz 3C Spectrum of 2-((3-(tert-butyl)-5-methyl-3',5'-
bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)-3-methylnaphthalene-1,4-dione (4.4a)

322




-62.78|

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

T T T T T T T T T T T T T T T T T T T T T ]
10 20 10 0 10 20 -30 40 -50 -60 -70 -80 -90 -100 -110 -120 ~-130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)

Figure 4.6.89 470 MHz *°F Spectrum of 2-((3-(tert-butyl)-5-methyl-3',5'-
bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)oxy)-3-methylnaphthalene-1,4-dione (4.4a)
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Figure 4.6.90 400 MHz *H Spectrum of 2-((é-(tert-butyl)-5-chIoro-[l,l'-biphenyl]-4-y|)oxy)-
3-methylnaphthalene-1,4-dione (4.5a)
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Figure 4.6.91 126 MHz 3C Spectrum of 2-((3-(tert-butyl)-5-chloro-[1,1'-biphenyl]-4-yl)oxy)-
3-methylnaphthalene-1,4-dione (4.5a)
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Figure 4.6.92 500 MHz *H Spectrum of 2-(2-bromo-6-(tert-butyl)-4-methylphenoxy)-3-
methylnaphthalene-1,4-dione (4.6a)

1 s e | Y

MMM_

Figure 4.6.93 126 MHz 13C Spectrum of 2-(2-bromo-6-(tert-butyl)-4-methylphenoxy)-3-
methylnaphthalene-1,4-dione (4.6a)
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Figure 4.6.94 500 MHz H Spectrum of 2. (2 bromo 6-(tert-butyl)-4-methylphenoxy)-3-(2-
mtroethyl)naphthalene 1,4-dione (4.6b)
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Figure 4.6.95 126 MHz 3C Spectrum of 2-(2-bromo-6-(tert-butyl)-4-methylphenoxy)-3-(2-
nitroethyl)naphthalene-1,4-dione (4.6b)
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Figure 4.6.96 500 MHz 'H Spectrum of 2-((5'-(tert-butyl)-[1,1':3",1""-terphenyl]-4'-yl)oxy)-
3-(2-nitroethyl)naphthalene-1,4-dione (4.7b)
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Figure 4.6.97 126 MHz 3C Spectrum of 2-((5'-(tert-butyl)-[1,1':3",1""-terphenyl]-4'-yl)oxy)-
3-(2-nitroethyl)naphthalene-1,4-dione (4.7b)
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Figure 4.6.98 500 MHz H Spectrum of 2-((3-(tert-butyl)-5-methyl-[1,1'-bipheny|]-2-y|)oxy)-
3-(2-nitroethyl)naphthalene-1,4-dione (4.8b)
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Figure 4.6.99 126 MHz 3C Spectrum of 2-.((3-(tert-butyl)-5-methyl-[1,1'-biphenyl]-2-
yloxy)-3-(2-nitroethyl)naphthalene-1,4-dione (4.8b)
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Figure 4.6.100 500 MHz *H Spectrum of 2-(2-(tert-butyl)-6-chloro-4-methylphenoxy)-3-(2-
nitroethyl)naphthalene-1,4-dione (4.9b)
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Figure 4.6.101 126 MHz 3C Spectrum of 2-(2-(tert-butyl)-6-chloro-4-methylphenoxy)-3-(2-
nitroethyl)naphthalene-1,4-dione (4.9b)
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Figure 4.6.102 500 MHz *H Spectrum of -(tert-butyl)-3-((S)-(6-methoxyquinolin-4-
yD((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)urea
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Figure 4.6.103 126 MHz *3C Spectrum of -(tert-butyl)-3-((S)-(6-methoxyquinolin-4-
yD((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)urea

330



P SR U T T R ol I 5 o

F - T - T - T ¥ T ¥ T - T - T - T ¥ T - ¥ - T - T - T ¥ T - +
i 13 1z 11 10 E ¥ L] 5 i 3 1 L 1
fLEppm

Figure 4.6.104 500 MHz *H Spectrum of (1S,2S,4S)-1-(3,5-bis(trifluoromethyl)benzyl)-2-
((S)-(3-(tert-butyl)ureido)(6-methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin-1-ium
bromide, C4.2
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Figure 4.6.105 126 MHz **C Spectrum of (iS,28,48)-1-(3,5-bis(trif|uoromethyl)benzyl)-2-((S)-
(3-(tert-butyl)ureido)(6-methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin-1-ium bromide, C4.2
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Figure 4.6.106 470 MHz °F Spectrum of (1S,2S,4S)-1-(3,5-bis(trifluoromethyl)benzyl)-2-
((S)-(3-(tert-butyl)ureido)(6-methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin-1-ium
bromide, C4.2
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4.6.6 Chiral HPLC Traces of Diaryl Ether Substrates

Cl 4.1a was measured with HPLC analysis using Chiralpak IA, Hexanes/EtOH

Cl (98:2), flow rate =1.0 mL/min, tR = 5.0 min (major), tR = 5.9 min (minor)
(0]
Crr
(0]
DD &, Sig=254 4 R ef=360,100 [0 CHEM32%, BV _DINAEND_03_1425 RETEST _1H 2015-04-28 01-04-15034-0701 0
ma 3 @
700 3 1
500
500 3
400
300 3 .
200 3 &
100 3 ~
03 — : : — e — — '—I/L .
DI 1I 2| 3I 4{ SI EI‘ min|
Peak RetTime Type Width Area Height Ares
# [min] [min] [mAU*=] [maT] %
el LSS [-==— = | —=mmm - R [ == [
1 4.988 BV 0.0777 4105.18018 801.57135 82.0746
Z  5.884 VE 0.1179 896.58795 116.39131 17.9254
Figure 4.6.107 Asymmetric HPLC Trace of 4.1a
mal . &
350 3 ]
300 3
250 3
200 3
150 3
100 3
50 3 i
L=
T T T T T T T T
1] 1 2 3 4 5 mir

Peak RetTime Eype Width Area Height Area
# [min] [min] [maT*=] [mAT] %
il ittt |====]=====-= | === |======——— | === |
1 4,567 BE 0.1292 3275.67261 393.37134 51.2073
z 5.464 BV 0.1296 3121.21143 365.76187 48.7927

Figure 4.6.108 Racemic Standard of 4.1a
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DAL A, Sig=254,4 R ef=360,100 (CACHEMIZWD AT AMMND REWY _DINHWAMD _03_142 2015-04 26 Z2-13-07034-0101 0

mal b
1400
1200
1000
800 4
BDD—;
4DD—; -
2003 =
| gl
03 1 e
T T T T T T T
1] 25 5 75 10 125 15 175 min
Peak RetTime Type Width Area Height Area
# [min] [min] [maT*=] [maT] %
=== |====] === | === === |=======-
1 4.421 BE 0.1304 1.338c66e4 1587.70508 97,3132
2 5.313 BV 0.1411 341.38641 35.83386 Z2.4868

Figure 4.6.109 Trituration 4.1a
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cl 4.2a was measured with HPLC analysis using Chiralpak 1A, Hexanes/EtOH

(98:2), flow rate =1.0 mL/min, tR = 5.0 min (major), tR = 5.8 min (minor)

O
Co
)
DAL A Sig=254 4 R ef=360100 (CACHEMIADAT A0AND REW _DINHWND_05_119 2015-03-25 19-58-50072-0201 .00
mal b
1204 ]
100
a0
E o
4 el
60 o [
4 w
40
20
0 :
T T T T T T T T T T
i} 1 2 3 4 ) 5] 7 5} q min|
Feak RetTime Type Width Aresa Height Area
# [min] [min] [malU*=] [mal] %
il Bt [====l===== [ === === | === I
1 4.953 VB 0.0896 803.96399 134.81461 71.3692
z 5.773 VB 0.1041 322.52Z240 46.94880 Z8.6308
Figure 4.6.110 Asymmetric HPLC Trace of 4.2a
DAL & Sig=254 4 Ref=360,100 [CACHEMIMD AT AAND REWVY _DIMNHWMND _02_105 2017-05-12 18-40-47064-0101 .0
mal 3 o &
4 uwl
20 3 w
15
10
5
0
T T T T T T T
u] 2 4 5] 5] 10 12 14 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAaT*=] [mAT] %
il et |==== === [==mmmmm— [====m== [======= I
1 4,713 BB 0.0887 1353.63530 23.04148 52.3367
2 5.5653 BB 0.0873 123.52370 19.13389 47.6633

Figure 4.6.111 Racemic Standard of 4.2a
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Ph 4.3a was measured with HPLC analysis using Chiralpak IA, Hexanes/EtOH

(96:4), flow rate =1.0 mL/min, tR = 4.4 min (major), tR = 5.2 min (minor)

0]
O ’
(0]
DADT A, Sig=254 4 R ef=360,100 [C WCHEM 321 D AT A@ND REW _DIMNHWND_03_008 2017-10-12 16-25-18035-0301 D)
mal I
1000
500 3
600 =
] o
400 w
200 4 K
0 —
T T T T T T T T T T T T T
a 1 2 3 4 5 ] 7 8 g mir|
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*=] [mal] %
R R | === = |==mm | === |
1 4,372 VE 0.0787 6258.12500 120Z.74805 69.6881
2 5,229 VE 0.101e 2722.07007 409.,23978 30.3119
Figure 4.6.112 Asymmetric HPLC Trace of 4.3a
DADT A, Sig=254,4 R ef=360,100 (C \CHEM32W D AT AAND REVY_DINHWAND _03_008 2017-10-12 16-28-181056-0401 D)
may J T 3
3 5
500 3
400 3
300 3
200 4
100 3
03 ;
T T T T T T
a 2 4 B g min|
Peak RetTime Type Width Area Height Area
# [min] [min] [maT*=] [mAT] %
R [====l======= | === m s | === = | === |
1 4,342 ¥V 0.0779 3325.92383 647.61902 47,9720
Z 5.184 VE 0.0985% 3607.00000 547.42578 S52.0271

Figure 4.6.113 Racemic Standard of 4.3a
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4.4a was measured with HPLC analysis using Chiralpak IA, Hexanes/EtOH

(98:2), flow rate =1.0 mL/min, tR = 5.5 min (major), tR = 5.0 min (minor).

Impurity in the racemic standard is residual toluene.

o
DADT &, Sig=254 & R ef=360,100 (G WCHE M32V'DAT £\ AND REVW _DINHWND_03_135_B 2018-04-20 17-02-35W003-0101 0
mal 2
140 3 :
120 -
100 3
:
60 a
40
20
i : i
T T T T T T T T
o 1 2 3 4 ) ] T min
Peak RetTime Type Width Area Height Area
# [min] [tnin] [waU*=] [tAT] %
Il Rt [==== === | [====m= [ ===
1 4,463 VB 0.0894 917.71234 154.20961 71.4409
z 5.031 BE 0.0996 366.86374 55.15306 28.5591
Figure 4.6.114 Asymmetric HPLC Trace of 4.4a
DAL & Sig=254 4 R ef=360,100 (C ACHEM32 TAMNDREEW _DINHWMND _03_135_RAC 201 8-04-21 1537250030101 .00
mal ] T b
3 @
100
a0 4
&0 4
40 3
* A
o
T T T T T T T T T T
0] 1 2 3 4 a 5] 7 g min
Peak RetTime Type Width Area Height Area
# [in] [tin] [maT*=] [mAT] £

1 4,377 VB
2 4,927 BE

0.0942 792.,94e29 128.213:20 30.1479
0.1050 788.26831 113.493:21 49.85:21

Figure 4.6.115 Racemic Standard of 4.4a
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Ph 4.5a was measured with HPLC analysis using Chiralpak IA, Hexanes/EtOH

(98:2), flow rate =1.0 mL/min, tR = 5.9 min (major), tR = 7.0 min (minor).

(0]
DAL &, Sig=254,4 K ef=360,100 (G CHE W32, TARNDREYY_DINHWHND _3_157 _TRUE 201 5-04-10 23-34-1 00520201 D)
mal 3 3
700 3 ]
&00 3
500
400 &
E =1
300 3 ©
200
100 3
04 1 . . .
T T T T T T T T T T T T T T
i} 1 2 3 4 5 6 7 g min|
Peak RetTime Type Width Area Height Area
# [min] [win] [maT*=] [walr] %
e e el e |—————— |- |————— |
1 5.5904 VB 0.1100 5375k.983926 799,68353 71.4089
2 6.987 VE 0.1312 2305.02124 271.13060 28.5911
Figure 4.6.116 Asymmetric HPLC Trace of 4.5a
DAL &, Sig=254 4 K ef=360,100 (C WCHEM32% T ARNDREW_DINHWEND _3_137 _TRUE 201 6-04-19 23-34-10051 0101 D)
mal 3 T =
3 =]
E ~
250 3
200 3
150 3
100 3
50 4
CE
T T T T T T T T T T T
0 1 2 3 4 s B 7 3 min|
Peak RetTime Type Width Area Height Area
H [min] [min] [mAT*s] [maT] ]
=== | === === | === |=== === | === |
1 5.901 VE 0.1130 2410.62524 323.34933 50.4165
2 T7.002 WV 0.1318 2370.79150 271.82770 49,5833

Figure 4.6.117 Racemic Standard of 4.5a
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4.6a was measured with HPLC analysis using Chiralpak 1A, Hexanes/EtOH

Br . _ - _ - - _ - -
o (98:2), flow rate =1.0 mL/min, tR = 4.6 min (major), tR = 5.8 min (minor).
O
DADT &, Sig=254,# R e1=360,100 (C \CHE M 32V DATAENDREW DINHEND 05144 Z016-04-25 23-07-05\07 3-0301 D)
mall 3
250 3
200 4
150
] 7
100 F
| w
A
o .
T T T T T T T T
0 2 3 4 5 B 7 min)
Peak RetTime Type Width Area Height Area
# [min] [min] [mATU*s] [mal] %
=== [====]=====-- | === |====m——=—= [ === |
1 4.563 BY 0.0800 1719.89160 323.83951 77.3804
2 5.769 VE 0.1129 502.75204 67.49428  Zi,6196
Figure 4.6.118 Asymmetric HPLC Trace of 4.6a
DADT &, Sig=254 4 R e1=360,100 (G WCHEM3211 D ATAMND REVY_DINHVAND _03_144 2015-04-25 23-07-05\071 0101 0
mal —i w
175 8
150 3 w
125 3
100
75 3
50
25 3
04 :
T T T T T T T
0 2 3 4 5 5 7 min
Feak RetTime Type Width Ares Height Ares
# [min] [min] [mAaT*=] [malr] %

1 4,576 VV
Z 3.763 VB

0.0802 1074.40698 201.48393 50.0848
0.1121 1070.76819 145.07361 49,9152

Figure 4.6.119 Racemic Standard of 4.6a
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4.6b was measured with HPLC analysis using Chiralpak 1A, Hexanes/EtOH

Br . _ . _ . . _ . .
o (98:2), flow rate =1.0 mL/min, tR = 8.1 min (major), tR = 16.2 min (minor).
CrC
NO,
(0]
DEDT &, Sig=254,3 R e=360,100 [C CHEMA2 WD AT SBHD REVY_DTNHEND_03_158 Z015-0508 17-55- 520560307 0
mal 3 T
300
250
200 3 5
] o
150 3 @
100
50
0 : ;
T T T T T T T T T
0 2 4 B g 10 12 14 15 13 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*=] [mAU] %
e RS e R |—=—mmmm |-mm - |-=——-—- |
1 8.061 BE 0.2295 5367.76660 356.86658 60,7634
2 16.237 BE 0.4208 3466.11353 127.65877 309.2366
Figure 4.6.120 Asymmetric HPLC Trace of 4.6b
DED1 & Eig=254,4 K et=a60,100 (0 WCHEME21 T & DRE W _DINAVEND _03_154_RAC 201 6-05-10 D04 5550500 01 0)
mal ] @
200 3
] P
] A
180 3 @
100
50
0] N N
T T T T T T T T T T T T T T T
] 2 4 g 8 10 12 14 15 18 mi
Fesk RetTime Type Width Area Height Ares
# [toin] [rin] [rmau*s] [roal] &
SRS CEEEE e | = mmmmmm o l=—mmmm o= |-m=mmo-- |
1 8.029 BE 0.2355 3981.21558 258.77649 49,5080
2 16.357 EB 0.4944 4060.19482 125.84195 50.4911

Figure 4.6.121 Racemic Standard of 4.6b
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DAD1 A, Sig=254 4 R ef=360,100 (CACHEMIZL AT AGUSTAFSOMWBMNDJLGZBRTRIT 201 5-05-10 15-35464091-0101 D)

mall fx]
40 ]
35
30
23
20
15 o
2
10 2 P
5 '
0 =
T T T T T T T T
25 B 75 10 125 15 17.5
Peak RetTime Type Width Area Height Area
# [mwin] [win] [maT+s] [mAT] %
-l === [=mmm— [=m=m | === I
1 8.813 BB 0.1683 487.28937 44,32335 98.9182
2 17.079 MF 0.4003 5.3293Z Z2.21900e-1 1.081%8

Figure 4.6.122 Trituration of 4.6b
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Ph 4.7b was measured with HPLC analysis using Chiralpak 1A, Hexanes/EtOH

on (98:2), flow rate =1.0 mL/min, tR = 11.5 min (major), tR = 14.5 min (minor).
Crr
NO,
(0]
DAD1 &, Sig=254 4 R ef=360,100 (C WCHEM 324 D AT ABND REW _DINHWND _001_165 2016-09-02 15-43-20026-0601 D)
malLl 5 §
15
125
10
75
5
25
0 L
T T T T T T T T T
i 2 4 & 8 10 12 14 16 min
. . .
Peak RetTime Type Width Ares Height Ares
# [min] [min] [mAT*=] [mAT] %
e R | == |=mmm s | == |
1 10.910 EBE 0.3126 391.22586  18.81389 49,8337
Z 13.986 BE 0.3669 393.83698  16.35851 50.1663
Figure 4.6.123 Asymmetric HPLC Trace of 4.7b
DADT &, Sig=254 4 R ef=380,100 (C WCHE M320 1D AT AEND REW _DINHWAND _D01_162 20160831 15-32-25022-0201 D)
mall 3 3
80 3
70 3
60 3
50 4 -
40 3 =
30 3 =
o /\
10 4
09 N . L
T T T T T T T T T T T T T T
] 2 4 B g 10 12 14 16 18 min|
Feak FetTime Type Width Area Height Area
# [min] [min] [mAT*=] [mAT] %
e [ ===l =mm - [=mmmmmm |==mm e | === |
1 11.512 BE D.3700 2155.02759  88.52171 75.3606
2 14.488 EE 0.4075 704.59515 26.39163 24.6394

Figure 4.6.124 Racemic Standard of 4.7b
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4.8b was measured with HPLC analysis using Chiralpak 1A, Hexanes/EtOH

Ph . _ . _ . . _ . .
o (98:2), flow rate =1.0 mL/min, tR = 8.1 min (major), tR = 13.1 min (minor).
o}
O‘ Impurity in the racemic mixture is residual toluene.
NO,
o}
DADT & Sig=254 4 Ref=360 100 (CACHEMIZAWDAT AWUGUSTAFSOMWAICO92057 2015-05-07 16-51-54091-0101.07)
mal -
80
60 +
40
] 8
204 =
1]
T T T T T T T
i} 2 4 g g 10 12 14 min
. . o
Feak RetTime Type Width Area Height Area
# [min] [min] [mAT*=] [mwalr] %
el B R [=====—mmme |=====mmmms [======== |
1 2.081 EBE 0.21e7 1431.36230 100.16615 73.8344
Z 13.108 BE 0.7365 507.24976 8.21321 Z6.1656
Figure 4.6.125 Asymmetric HPLC Trace of 4.8b
DAL & Sig=254 4 Ref=360 100 (ZACHEMI2Y AT M&NDREW _DIMNHWI_01_092_RAC 2018-05-08 15-1505045-01 01 .0
mal 3 ® &
zuu—f
3 W
1350 o 7
] 8
100 r\%@r}-
50_3 /\r\
0
T T T T T T T T
i} 2 4 g [ 10 12 14 mir
Peak RetTime Type Width Area Height Area
# [min] [min] [maT*=] [mAT] %
e |====|======- [ === mmmm - [====mmmmme |====m=== [
1 T.UTE MM 0.3057 48317.62549 Z6Z2.66818 49.9240
2 12.755 MM 1.0916 483Z2.12500 T3.77547  50.0751

Figure 4.6.126 Racemic Standard of 4.8b

343




4.9b was measured with HPLC analysis using Chiralpak 1A, Hexanes/EtOH

o (90:10), flow rate =1.0 mL/min, tR = 4.6 min (major), tR = 5.8 min (minor).
Crr
NO,
(0]
DAD E, Sig=280,16 Ref=360,100 (CCHEMI 2 D AT 2 ¥ _1 5L KS QN WEI_T1_08 4 201 64041 6 21-23-00032-0201 D)
mal f dy
100 &
4 a@.
g0 =]
oF
80 z &
a0 3 S
20 || '|
] .
T T T T T
0 2 4 5] g min|
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*s] [mAT] ]
e | === | === | mmmm - | === | == |
1 4.584 VB 0.0840 711.49005 129.65094 69,1417
Z 5.864 VE 0.1165 317.54114 41.84821 30.8383

Figure 4.6.127 Asymmetric HPLC Trace of 4.9b

DADT E, S5ig=280,16 Ret=360 100 (CACHEMINDAT A0 Y _JACHSONWI_01_054 201504416 21-23-000031-0101 D)

mal 3 T =
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FPeak RetTime Type TWidth Area Height Area
# [min] [min] [mAT*=] [mAT] %
Il Rt [====]======= [ === === [ ===
1 4.560 VV 0.0833 917.87030 169.09950 43.3285
z 5.847 VE 0.1137 1200.53003 159.73799 56.6715

Figure 4.6.128 Racemic Standard of 4.9b
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4.6.7 Racemization Kinetics to Measure the Barrier to Rotation

Enantiomerically enriched atropisomeric analogues post-alkylation were tested for barrier

to rotation measurements using the similar procedures from the literature.*

Enantiomerically enriched atropisomeric analogue of interest (<50 mg) was dissolved in
~1.5 mL of toluene. The solution was then heated at a constant temperature for a two hour period
with 30 minute intervals. At each time point, a 100-200 pL aliquot was isolated and quenched in
an HPLC vial with room temperature 100% HPLC hexanes or 2-propanol. Each sample was then
injected into the chiral HPLC system. Barrier to rotation measurement is determined from an
average of two trials.

The ee% vs. time (s) was plotted to determine the rate constant kobs (i.e. the slope of the pseudo

first-order kinetics) at the selected temperature using the following equation:

kobs = n (#)

From this, the racemization rate constant krac Was determined using the following equation:

kop
krac = 025

The average krc Was determined by taking the average of the kic Of each trial. From this,

substitution into the Eyring equation was performed to determine the barrier to rotation:

AG = RT1 (ka)
I VI

in which AG is the barrier to rotation measurement, R is the gas constant, T is the constant

temperature, ky is the Boltzmann distribution constant, and h is Planck’s constant.
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To determine t12 at 37 °C (physiological temperatures):

-AG
kae RT
In2
t1/2 - In2

in which ty is the half-life to racemization in seconds. This unit can be converted into hours, days,
or years.

Barrier to Rotation of 4.1a

Racemization Kinetics of 4.1a (65°C)

-3.7
0 1000 2000 3000 4000 5000 6000 7000 8000

> /

39

/ y = 9.42E-05x - 4.50E+00

-4.1 / Rz = 9.96E-01

42 .
// y = 9.47E-05x - 4.52E+00

43 Rz = 9.95E-01

-44 /

45 %

In(1/ee)

-
-4.6 .
Time (sec)
Figure 4.6.129 Barrier to Rotation Measurements of 4.1a
Time (s) Trial Run 1 Trial 1 Trial Run 2 Trial 2
(ee%0) [In(1/ee%0)] (ee%o) [In(1/ee%0)]
0 88 -4.477336814 90 -4.49980967
1800 77 -4.343805422 79 -4.369447852
3600 65 -4.17438727 67 -4.204692619
5400 54 -3.988984047 55 -4.007333185
7200 45 -3.80666249 46 -3.828641396

Average Kobs = 9.45e%, Average Krac= 4.72e70
Average AG = 26.6 kcal/mol
Calculated ti2 (25°C) = ~39 days
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Barrier to Rotation of 4.7b

Racemization Kinetics of 4.7b (65°C)
3.7
0 1000 2000 3000 4000 5000 6000 7000 8000
-3.8 .
39 ~
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_ y = 9.83E-05x - 4.54E+00
8 41 / R2 = 1.00E+00
E-42 y = 9.46E-05x - 4.51E+00
43 // R? = 9.91E-01
-44 ////
45 =
-46 ]
Time (sec)
Figure 4.6.130 Barrier to Rotation Measurements of 4.7b
Time (s) Trial Run 1 Trial 1 Trial Run 2 Trial 2
(ee%) [In(1/ee%)] (ee%) [In(1/ee%)]
0 93 -4.532599493 8 -4.477336814
1800 79 -4.369447852 79 -4.369447852
3600 66 -4.189654742 65 -4.17438727
5400 55 -4.007333185 55 -4.007333185
7200 46 -3.828641396 45 -3.80666249

Average Kobs = 9.656%, Average Krac= 4.82e70
Average AG = 26.6 kcal/mol
Calculated ti2 (25°C) = ~38 days
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4.6.8 Computational Geometries/energies and CD Spectra

All geometry optimizations and frequency calculations were performed in Gaussian 09
using density functional theory, B3LYP/6-31(d) in gas phase. Calculated CD spectras were
calculated from the four minimized conformations using TD-DFT B3LYP/6-31(d) CPCM (EtOH)
n=25. Circular dichroism spectra were collected at 25°C on an Aviv model 420 CD
spectrophotometer using a 1 mm cuvette. Study compounds were dissolved in 100% ethanol (500
uM) and spectra collected from 340 to 200 nm at 1 nm intervals using a 1 nm bandwidth and 2 s
averaging time. The contour plot was designed using Maestro 11.4 software from Schrodinger.
The coordinate Scan function was utilized under the Structure Analysis task. The specific
simulation conditions are as follows: MMFF (force field), no solvent, charges from force field and
extended cutoff. The dihedral options were selected in the scan option, with angle intervals of 10

degrees and Incorporate = Do not incorporate.

i Il _{/

®) t-Bu

O‘ ma \(\(\ _w
o 200

Figure 4.6.131 Computational Energies of 4.1 (Sa)-exo

Energy relative to other 4.1 conformations: 0 kcal/mol

Zero-point correction = 0.311977 (Hartree/Particle)
Thermal correction to Energy = 0.334354

Thermal correction to Enthalpy = 0.335299

Thermal correction to Gibbs Free Energy = 0.259564

Sum of electronic and zero-point Energies = -1917.505557
Sum of electronic and thermal Energies =-1917.483179
Sum of electronic and thermal Enthalpies = -1917.482235

348



Sum of electronic and thermal Free Energies =-1917.557970

Center Atomic  Atomic Coordinates (Angstroms)
Number  Number Type X Y z
1 6 0 5.938052 0.405032 -0.454326
2 6 0 4.692184 0.754023 -0.971382
3 6 0 3.526360 0.266027 -0.371152
4 6 0 3.613432 -0.571516 0.756205
5 6 0 4.865687 -0.914210 1.270637
6 6 0 6.024524 -0.428607 0.665866
7 1 0 6.842931 0.781924 -0.922612
8 1 0 4599384 1.400845 -1.837742
9 6 0 2.205670 0.651978 -0.934042
10 6 0 2.375324 -1.093295 1.413640
11 1 0 4906510 -1.559622 2.142024
12 1 0 6.997416 -0.698459 1.067244
13 6 0 1.079216 -0.724750 0.824166
14 6 0 0.992117 0.059007 -0.271597
15 8 0 2.083740 1.418238 -1.877287
16 8 0 2.431595 -1.805654 2.411283
17 8 0 -0.144046 0.455688 -0.896690
18 6 0 -1.390902 0.001211 -0.493430
19 6 0 -2.306370 0.903141 0.093490
20 6 0 -1.768377 -1.314533 -0.801565
21 6 0 -3.571469 0.392353 0.417409
22 6 0 -3.030308 -1.800548 -0.469828
23 6 0 -3.915268 -0.931109 0.152928
24 1 0 -4.313168 1.028679 0.878911
25 1 0 -3.307271 -2.820539 -0.705824
26 6 0 -1.967445 2.392241 0.345433
27 6 0 -3.187852 3.164027 0.890996
28 1 0 -3.519506 2.787085 1.865158
29 1 0 -2.910037 4.214348 1.026858
30 1 0 -4.036871 3.136598 0.198985
31 6 0 -1.545609 3.076868 -0.979666
32 1 0 -0.636851 2.646367 -1.403227
33 1 0 -2.344423 3.000234 -1.726483
34 1 0 -1.363491 4.142054 -0.794149
35 6 0 -0.838991 2.522266 1.396123
36 1 0 -1.125740 2.048929 2.342269
37 1 0 0.098716 2.074558 1.063379
38 1 0 -0.645402 3.582740 1.595545
39 17 0 -5.513832 -1.508551 0.593651
40 17 0 -0.671700 -2.375950 -1.657287
41 1 0 0.201685 -1.133045 1.313597
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Figure 4.6.132 Computational Energies of 4.1 (Sa)-endo

Energy relative to other 4.1 conformations: +1.25 kcal/mol
Zero-point correction = 0.311684 (Hartree/Patrticle)

Thermal correction to Energy = 0.334105

Thermal correction to Enthalpy = 0.335049

Thermal correction to Gibbs Free Energy = 0.259544

Sum of electronic and zero-point Energies = -1917.503858
Sum of electronic and thermal Energies =-1917.481437
Sum of electronic and thermal Enthalpies =-1917.480493
Sum of electronic and thermal Free Energies =-1917.555998

Center Atomic  Atomic Coordinates (Angstroms)

Number  Number Type X Y Z
1 6 0 -4.600183 -1.208736 -2.261116
2 6 0 -3.264326 -0.952386 -2.014050
3 6 0 -2.888823 -0.327502 -0.839437
4 6 0 -3.850931 0.047131 0.086896
5 6 0 -5.185162 -0.205810 -0.162497
6 6 0 -5.560334 -0.835511 -1.335419
7 1 0 -4.890503 -1.695629 -3.170023
8 1 0 -2.507282 -1.230119 -2.717801
9 6 0 -1.453049 -0.058241 -0.609129
10 6 0 -3.465741 0.725883 1.350517
11 1 0 -5.910329 0.093861 0.565355
12 1 0 -6.595631 -1.033331 -1.527057
13 6 0 -2.025405 0.934069 1.571447
14 6 0 -1.109779 0.567529 0.697921
15 8 0 -0.598898 -0.309319 -1.433439
16 8 0 -4.292869 1.080250 2.166841
17 8 0 0.211863 0.853214 0.966360
18 6 0 1.329506 0.132839 0.563205
19 6 0 2.364379 0.809361 -0.088754
20 6 0 1.465702 -1.199275 0.877095
21 6 0 3.492389 0.072957 -0.419710
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Figure 4.6.133 Computational Energies of 4.1a (Ra)-endo
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Energy relative to other 4.1a conformations: 0 kcal/mol

Number of imaginary frequencies: 0

Zero-point correction = 0.339493 (Hartree/Patrticle)
Thermal correction to Energy = 0.363694
Thermal correction to Enthalpy = 0.364638
Thermal correction to Gibbs Free Energy = 0.285118

Sum of electronic and zero-point Energies = -1956.797125
Sum of electronic and thermal Energies = -1956.772925
Sum of electronic and thermal Enthalpies = -1956.771980
Sum of electronic and thermal Free Energies = -1956.851501
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Figure 4.6.134 Computational Energies of 4.1a (Ra)-exo

Energy relative to 4.1a conformations: +3.39 kcal/mol
Number of imaginary frequencies: 0

Zero-point correction = 0.339947 (Hartree/Patrticle)

Thermal correction to Energy = 0.363938

Thermal correction to Enthalpy = 0.364882

Thermal correction to Gibbs Free Energy = 0.286063

Sum of electronic and zero-point Energies = -1956.791273
Sum of electronic and thermal Energies = -1956.767282
Sum of electronic and thermal Enthalpies = -1956.766337
Sum of electronic and thermal Free Energies = -1956.845156

Center Atomic  Atomic Coordinates (Angstroms)
Number  Number Type X Y 4
1 6 0 -5.893374 0.427835 -0.997553
2 6 0 -4.592959 0.802019 -1.329524
3 6 0 -3.523980 0.379919 -0.532562
4 6 0 -3.759388 -0.412265 0.601360
5 6 0 -5.066452 -0.781228 0.931457
6 6 0 -6.129397 -0.363873 0.131908
7 1 0 -6.724638 0.751342 -1.617700
8 1 0 -4.383043 1.416056 -2.199142
9 6 0 -2.139619 0.773050 -0.893065
10 6 0 -2.627562 -0.850908 1.468636
11 1 0 -5.225448 -1.391143 1.814443
12 1 0 -7.144516 -0.654021 0.388340
13 6 0 -1.230744 -0.470301 1.103922
14 6 0 -1.024201 0.240323 -0.035055
15 8 0 -1.893149 1.500341 -1.843592
16 8 0 -2.841508 -1.514606 2.478891
17 8 0 0.166605 0.675788 -0.540276
18 6 0 1.393293 0.069710 -0.376454
19 6 0 2.477520 0.865726 0.062680
20 6 0 1.598560 -1.257599 -0.781520
21 6 0 3.724516 0.237095 0.168112
22 6 0 2.847407 -1.864273 -0.663939
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23 6 0 3.897204 -1.103512 -0.170572
24 1 0 4585981 0.790421 0.514752
25 1 0 2.987340 -2.894501 -0.967302
26 6 0 2.317182 2.372941 0.374448
27 6 0 3.658304 3.008406 0.797590
28 1 0 4419311 2.930125 0.013289
29 1 0 3.499483 4.074246 0.991958
30 1 0 4.058588 2.564609 1.716543
31 6 0 1.320339 2.597677 1.536832
32 1 0 0.312834 2.253792 1.297317
33 1 0 1.655092 2.086572 2.447318
34 1 0 1.258304 3.668891 1.761830
35 6 0 1.831590 3.118866 -0.895005
36 1 0 2.552415 2.998755 -1.712092
37 1 0 0.859009 2.764163 -1.240951
38 1 0 1.747792 4.190586 -0.678092
39 17 0 5.483595 -1.838740 0.000090
40 17 0 0.300216 -2.190915 -1.498917
41 6 0 -0.166276 -0.961116 2.048167
42 1 0 0.218515 -1.940343 1.736053
43 1 0 0.679007 -0.275657 2.116411
44 1 0 -0.608167 -1.092904 3.037716
0]
0] t-Bu
LT
Me Cl
0]

Figure 4.6.135 Computational Energies of 4.1a (Sa)-exo

Energy relative to 4.1a conformations: +3.39 kcal/mol

Number of imaginary frequencies: 0

Zero-point correction = 0.339947 (Hartree/Particle)

Thermal correction to Energy = 0.363938

Thermal correction to Enthalpy = 0.364882

Thermal correction to Gibbs Free Energy = 0.286063

Sum of electronic and zero-point Energies = -1956.791273
Sum of electronic and thermal Energies = -1956.767282
Sum of electronic and thermal Enthalpies = -1956.766337
Sum of electronic and thermal Free Energies = -1956.845156
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Center Atomic  Atomic Coordinates (Angstroms)

Number  Number Type X Y Z
1 6 0 5.893374 0.427835 -0.997553
2 6 0 4592959 0.802019 -1.329524
3 6 0 3.523980 0.379919 -0.532562
4 6 0 3.759388 -0.412265 0.601360
5 6 0 5.066452 -0.781228 0.931457
6 6 0 6.129397 -0.363873 0.131908
7 1 0 6.724638 0.751342 -1.617700
8 1 0 4.383043 1.416056 -2.199142
9 6 0 2.139619 0.773050 -0.893065
10 6 0 2.627562 -0.850908 1.468636
11 1 0 5.225448 -1.391144 1.814443
12 1 0 7.144516 -0.654021 0.388340
13 6 0 1.230744 -0.470301 1.103922
14 6 0 1.024201 0.240323 -0.035055
15 8 0 1.893149 1.500341 -1.843592
16 8 0 2.841507 -1.514606 2.478891
17 8 0 -0.166605 0.675788 -0.540276
18 6 0 -1.393293 0.069710 -0.376454
19 6 0 -2.477520 0.865726 0.062680
20 6 0 -1.598560 -1.257599 -0.781520
21 6 0 -3.724516 0.237095 0.168112
22 6 0 -2.847407 -1.864273 -0.663940
23 6 0 -3.897204 -1.103512 -0.170572
24 1 0 -4.585981 0.790420 0.514752
25 1 0 -2.987340 -2.894501 -0.967302
26 6 0 -2.317182 2.372941 0.374448
27 6 0 -3.658304 3.008406 0.797590
28 1 0 -4.058588 2.564609 1.716543
29 1 0 -3.499483 4.074245 0.991959
30 1 0 -4.419311 2.930125 0.013289
31 6 0 -1.831590 3.118866 -0.895005
32 1 0 -0.859010 2.764163 -1.240951
33 1 0 -2.552415 2.998756 -1.712092
34 1 0 -1.747792 4.190586 -0.678092
35 6 0 -1.320340 2.597677 1.536832
36 1 0 -1.655092 2.086572 2.447318
37 1 0 -0.312834 2.253792 1.297317
38 1 0 -1.258304 3.668891 1.761830
39 17 0 -5.483595 -1.838740 0.000090
40 17 0 -0.300216 -2.190915 -1.498917
41 6 0 0.166276 -0.961115 2.048167
42 1 0 -0.679008 -0.275657 2.116411
43 1 0 -0.218515 -1.940343 1.736054
44 1 0 0.608167 -1.092903 3.037716

2a (Sa)-endo:
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Figure 4.6.136 Computational Energieg of 4.1a (Sa)-endo

Energy relative to 4.1a conformations: 0 kcal/mol

Number of imaginary frequencies: 0

Zero-point correction = 0.339493 (Hartree/Patrticle)

Thermal correction to Energy = 0.363694

Thermal correction to Enthalpy = 0.364638

Thermal correction to Gibbs Free Energy = 0.285118

Sum of electronic and zero-point Energies = -1956.797126
Sum of electronic and thermal Energies = -1956.772925
Sum of electronic and thermal Enthalpies = -1956.771981
Sum of electronic and thermal Free Energies = -1956.851501

Center Atomic Atomic Coordinates (Angstroms)

Number  Number Type X Y Z
1 6 0 4.410309 -1.982201 -2.106715
2 6 0 3.078270 -1.641536 -1.878512
3 6 0 2.759224 -0.707555 -0.887798
4 6 0 3.778343 -0.109183 -0.128703
5 6 0 5.111683 -0.451608 -0.365760
6 6 0 5.425920 -1.387074 -1.351101
7 1 0 4.658693 -2.710080 -2.873938
8 1 0 2.273071 -2.085346 -2.454690
9 6 0 1.336752 -0.338439 -0.666018
10 6 0 3.449266 0.890767 0.930473
11 1 0 5.882205 0.025144 0.230972
12 1 0 6.463658 -1.652864 -1.532285
13 6 0 2.021374 1.209991 1.188203
14 6 0 1.050636 0.601856 0.460025
15 8 0 0.435973 -0.761291 -1.379968
16 8 0 4.339799 1.425842 1.584447
17 8 0 -0.239958 0.989120 0.696322
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-2.196700 4.198325 -0.380523
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