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Abstract

Diazaphospholene (DAP) synthesis and reactivity has been emerging over the last two
decades. Recently, DAPs have been employed as catalysts for asymmetric reduction
transformations. Specifically in the Speed group we use DAP catalysts for asymmetric
reduction of imines. This thesis provides a comprehensive overview of the synthetic
procedures employed to manipulate the substituents surrounding the DAP scaffold. The
subsequent investigation involved testing each isolated DAP compound to assess its
enhanced reactivity and selectivity in imine reduction.

Initially, the objective was to produce DAP variants with different substituents around
the stereogenic centre, specifically larger aryl or alkyl groups that offer increased steric
hindrance. We hypothesized that these bulkier substituents would establish a more
restrictive stereochemical environment around the phosphorus centre, thereby improving
enantioselectivity. However, this led to only one DAP variant that had comparable
reactivity and selectivity to the current best DAP.

The synthesis of DAPs containing larger aryl or alkyl groups around the stereogenic
centre led to more efficient syntheses of 1-dibenzothiophene derivatives and 3-
bromonaphthothiophene as starting materials for additional DAP derivatives. However,
neither DAPs were fruitful for improved reactivity or selectivity for imine reduction.

Considering the limited success achieved when modifying the substituents around the
stereogenic centre, it became apparent that exploring alternative strategies was necessary.
Consequently, attention was shifted towards alternating the backbone of the DAP scaffold.
This led to a more rigid DAP that has shown improved enantioselectivity for imine
reduction to make acyclic and exocyclic amines.
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Chapter 1 Introduction

1,3,2-Diazaphospholenes (DAPs) are unsaturated five-membered heterocycles that
contain a phosphorus centre, connected to two nitrogens that are tied together with an
unsaturated carbon-carbon backbone (Figure 1-1, Generic Structure). DAPs are a subset of
N-heterocyclic phosphines (NHPs) which are a larger class of compounds that contain
varying ring sizes and degrees of saturation. Several synthetic routes varying in terms of
mildness and practicality have been reported to access DAPs.!!) These routes will be further
discussed in the following sections of this Chapter. DAPs have emerged as an important
main group-based catalyst due to the unusual hydridic character of the P-H bond in DAP
hydrides.[!

The reductive ability of a P-H bond may be counterintuitive, as a typical compound
containing this bond would be thought of as containing a partial negative charge on the
phosphorus leading to a protic reactivity of the hydrogen.?®! The hydridic behaviour of the
P-H bond in DAPs, is a result of inversed polarity modulated by the surrounding atoms
(Figure 1-1, Reactivity). This umpolung reactivity of hydride bound to phosphorus can
occur due to the closely matched electronegativities of phosphorus and hydrogen.
Experimental and computational studies revealed a high degree of polarization of the P-X
bond in DAP-halides and hydrides is due to the interactions between the lone pair on each
nitrogen atom, the unsaturated carbon backbone, and the antibonding c*-orbital on
phosphorus.?! This is the basis of DAP reactivity and specific reductive examples will be
explained later in this Chapter. The reactivity of DAPs has garnered a lot of attention

recently with three independent reviews being published in 2020.H4115]
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Figure 1-1. Generic DAP structure and relative reactivity.

The DAP-hydride (DAP-H) is the active species in catalyzing reductive
transformations. The isolation of various DAP-H compounds revealed the physical
properties to be an undesired air and moisture sensitive liquid at room temperature. These
physical properties increase difficulty for direct use of this reagent in exploratory organic
synthesis. Accordingly, most reports of DAP catalysts have involved the synthesis of a
neutral DAP-alkoxide pre-catalyst or a diazaphosphenium catalyst that are converted to the
DAP-H in situ. While the DAP-alkoxide and diazaphosphenium are also air and moisture
sensitive, they are solids which are relatively convenient to handle in the glovebox. More
recently, a way to synthesize an air and moisture stable pre-catalyst has been reported. The
secondary phosphine oxide (SPO) analogues of DAPs are air and moisture stable, and can
be converted to the DAP-H using pinacolborane (HBpin).[®/ The syntheses and use in
catalysis of these pre-catalysts and catalysts have been emerging over the last ten years

mainly reported by the Speed, Cramer, and Kinjo groups (Figure 1-2).[017IEIPIIONIT2]
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Figure 1-2. Various DAPs that have been used to catalyze reductive transformations.

1.1 Synthesis of Diazaphospholene Halides

Diazaphospholenes exhibit resemblance to familiar N-heterocyclic carbenes (NHC)
with the caveat that the central atom is a phosphorus rather than a carbon (Figure 1-3).13114]
This structural relationship means the synthetic routes towards DAPs contain similarities
to the synthesis of NHCs, especially routes that begin with diimines. The key difference
being the introduction of the phosphorus central atom, which has required multiple
strategies depending on the diimine structural features. The most commonly used DAP
contains an unsubstituted backbone, 1-1, with a wide variety of substituents on each
nitrogen, but other variants contain a benzo-fused backbone as shown by generic structure,
1-2, with aryl or alkyl substituents on each nitrogen. Additionally, there have been reports

of backbone substituted variants with alkyl groups combined with only aryl substituents on



each nitrogen, 1-3a, or a single halogenated backbone with aryl or alkyl groups on each
nitrogen, 1-3b.

R = alkyl or aryl

__ Me Me of
R,N/\_,\N~R Q >=< /=<
P

/N\ /N\ /N\ ,N\
| R’N\P’N\R Ar P Ar R P R
X " [ [
X X X
11 1-2 1-3a 1-3b
Non-substituted backbone Benzo-fused backbone Substituted backbone

Figure 1-3. Representative structural classes of DAPs.

The synthesis of benzo-fused DAPs has been derived from N,N'-disubstituted ortho-
phenylenediamines via treatment with hexamethylphosphorus triamide (HMPT) or a
phosphorus halide and a base.['! A diazaphospholene-chloride (DAP-CI) containing a
benzo-fused backbone, 1-4, is typically synthesized through cyclization of N,N'-
disubstituted ortho-phenylenediamines with phosphorus trichloride (PCl3) and

(18] The use of these benzo-fused DAPs in catalysis

triethylamine (Scheme 1-1, eqn 1).1!
has been quite limited. Preparation of the other typical classes of DAPs begins from 1,2-
diimines, 1-5, which requires the reduction of the diimine to introduce the phosphorus (III)
centre. Diaryl and dialkyl diimines 1-5 are readily formed from a condensation reaction
between glyoxal or 2,3-butadione with anilines or aliphatic primary amines under mild
dehydrating conditions or a drying reagent such as sodium sulfate, molecular sieves, or a
Dean-Stark trap (Scheme 1-1, eqn 2).['”! An acid catalyst can be used to accelerate the
formation of the diimine and often diimine formations are cleaner with more sterically
encumbered amines and anilines.

Early reports of DAP synthesis reduced the diimine 1-5 with lithium metal which

formed a diazine dianion 1-6 that is a mixture of Z and £ isomers. Only the Z isomer can



cyclize so the dianion was treated with triethylammonium chloride to converge both
isomers to an aminoaldimine 1-7. This intermediate could undergo a cyclization to the
DAP-CI 1-8 with the addition of PCl3 in the presence of a base (Scheme 1-1, eqn 3).[1811]
It does require harsh conditions of a strong reducing agent, which could limit the functional
group tolerance for more multifaceted DAPs. Specifically, it is not tolerant of aromatic
rings since the ring could undergo a Birch reduction under these conditions. Additionally,
the purification of the DAP requires the use of a long Soxhlet extraction in specialized

apparatus to extract the product air sensitive diazaphospholene from the residual salts.

Benzo-fused Backbone

PCl,
1) Q _NEs Q

- HNEt;CI
Alkyl=NHHN<Aj) s Alkyl= N~ N=alky|
1
Cl
1,2-Diimine Synthesis
1-4
R R : R R
2 + RNH, M» />—<\ R = aryl or alkyl
(2) d o) R-N N—-R R'=H or Me
1-5
Non-Substituted Backbone
3) o M\ _ 2 equiv. Li _ =\ _ 2 equiv. /T _ PCI3. /\
R-N N-R 3 R-NLi LiIN—R HNEt;Cl R-NH N—-R 2 equiv. R’N~p’N‘R
NEt; |
1-5 1-6 1-7 1-8 CI

R = Mes or Bu
Scheme 1-1. Synthesis of DAP-Cls through salt metathesis. (1) Generation of DAP-CI 1-
4 containing a benzo-fused backbone. (2) Generic synthesis of 1,2-diimines 1-5§ as

precursors for DAP-halides. (3) Generation of DAP-CI 1-8 with a non-substituted
backbone.

A more efficient and milder route to access DAPs involves a redox reaction between
phosphorus tribromide (PBr3) and a diimine, which was first reported by Macdonald and
co-workers.[?”! Aryl or alkyl diimines derived from glyoxal react with PBr3 in the presence
of cyclohexene to form the DAP-bromide (DAP-Br) 1-9 and dibromocyclohexane (Scheme

1-2, eqn 1). The DAP-Br can be isolated and purified from the mixture based on the



insolubility of the DAP-halide in pentane or diethyl ether. This method has also been
proven to be successful for aryl diimines derived from 2,3-butadione but the cyclization of
alkyl diimines derived from 2,3-butadione does not work with this method, leading to side-
reactions and decomposition, as will be described later in this thesis. The PBr3 cyclization
method is the most convenient and inexpensive way to introduce the phosphorus centre
and directly accesses the DAP-halide in one step without an intermediate reduction step.
The Speed group has found the order of addition to be important for the cleanliness and
yield of the cyclization with some diimines (Scheme 1-2, eqn 2). Taking a solution of the
diimine and adding it to a solution of PBr; and cyclohexene is the preferred order to
generate DAP-Br 1-10 cleanly but this is not generalizable to all diimines, since many
examples do work well with the addition of PBr; last.[!)

Combined computational and experimental work reported by Gudat and co-workers
indicated the first step in the mechanism of this reaction is the cycloaddition of the
phosphorus tribromide with the diimine to form a P(V) phosphorane intermediate. This is
followed by an elimination of molecular bromine which brominates the cyclohexene and
returns the phosphorus centre to the P(III) oxidation state. In some cases, it has been shown
PBr; can brominate the backbone (effectively a disubstituted alkene formed when a non-
substituted backbone diimine is used) to varying extents during the cyclization. Running
the reaction at higher temperatures or the use of trialkylamine base increases the amount
of backbone bromination. This occurs by a ring opening of the phosphorane, followed by
a halide attack then a hydrogen halide elimination. This backbone halogenation is the
exclusive pathway with the use of PCl; for cyclizations of 1,2-diimines, so non-substituted

backbone DAPs are not accessible with PCls. [2!]
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Scheme 1-2. Cyclization of diimines to DAP-Brs through a redox reaction with PBr3 and

cyclohexene. (1) Addition of PBr3; and cyclohexene to the diimine to generate DAP-Br 1-
9. (2) Addition of diimine to the PBr3; and cyclohexene to generate DAP-Br 1-10.

Cyclization of unsubstituted backbone diimines with PCl3 was first reported by Pudovik
and co-workers, where the dominant product was a DAP-halide that resulted in backbone
monochlorination.??] Diimines in the presence of PCl; and base form the asymmetrical
DAP-CI 1-3b with a chlorinated backbone (Scheme 1-3, eqn 1).

The Cowley and Macdonald groups reported alternate conditions for the cyclization of
diimines, using phosphorus triiodide (PI3) which produced phosphenium triiodide (DAP-
I5) 1-11.12%123] The triiodide counterion can be exchanged for tetraphenyl borate anion to
generate 1-12 (Scheme 1-3, eqn 2) or hexafluorophosphate anions via salt metathesis.
Reduction of the triiodide has also been reported with the use of harsh reducing agents,
such as potassium metal® or lithium hydride!®! to generate the DAP-iodide, a neutral DAP
containing a covalent P-I bond from DAP-I3. One case reported by the Speed group was a
failed PBr3; and cyclohexene cyclization, with a diimine with bulky ters-butyl groups, but
no decomposition of diimine was observed. The use of P13z for this cyclization resulted in
a clean cyclization to DAP-I5 1-13 (Scheme 1-3, eqn 3).[} This shows the potential value

of exploring more than one route to cyclization. The PI; cyclization method tends to



generate very clean DAPs and encompasses a broader scope of diimines. However,
disadvantages include the high expense of PIz, and the limitation of converting triiodides
to other species.

Gudat and co-workers also suggested the mechanism of the cyclization using PIz was
distinct to the PBr; and PCl; cyclization, based off combined experimental and
computational data. The loss of molecular iodine from a charge transfer complex between
PIz and diimine results directly in the formation of the DAP without forming the
phosphorane P(V) intermediate. The molecular iodine that was released abstracts the iodide

from the phosphorus resulting in the DAP phosphenium cation. !/

cl
7N\ PCls, NEt; —
) R-N N—-R EE—— R’N\ ,N\R
CH,Cl, P
R = aryl or alkyl X 1.3b
Pl3 —_ NaBPh, —. BPhy
2 7\ — —
@ g N-r CH,Cl RN N-R - Nal, R-N\pN-R
R = By Dibp. M c 1-11 1 1-12
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v J~ (]
3 —_—
®) N Toluene O
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Scheme 1-3. Cyclizations of non-substituted backbone diimines with (1) PCls and
triethylamine in dichloromethane to generate DAP-CI1 1-3b. (2) PI3 in dichloromethane to
generate DAP-I3 1-11 and subsequently formed diazaphosphenium 1-12. (3) PI; in toluene
to generate DAP-I3 1-13.

1.2 Synthesis and Stoichiometric Reactions of Diazaphospholene Hydrides

Diimine cyclizations to DAP-halides are the foundation of synthesizing DAPs that can
be used directly in catalysis for reductive transformations. Gudat and co-workers directly
accessed the diazaphospholene-hydride (DAP-H) 1-14 from the DAP-Br by reducing the

DAP-Br with LiAIH4,!?) then later optimized the reduction with the use of Red-Al instead



(Scheme 1-4).1"! In addition to the improved reductant, they reported the first DAP-
alkoxides 1-15a and 1-15b through stoichiometric hydrophosphination reactions between
the DAP-H 14 and a ketone or aldehyde, respectively, that resulted in covalent P-O bond
products. It is interesting to note that cinnamaldehyde exclusively gave the product from a
1,4 reduction rather than a 1,2 reduction, with a 3:1 mixture of £:Z enol phosphine isomers.
Gudat’s report of the stoichiometric hydrophosphination of aldehydes or ketones with a
DAP-H was the last report of DAP-alkoxide synthesis for several years until Kinjo and co-
workers reported the use of HBpin as a terminal reductant to regenerate the DAP-H 1-14

from the DAP-alkoxide 1-16 in 2015 (Scheme 1-5, eqn 1).

Gudat 2000 & 2006
0

M L)
P Me _ BuNp-N~gy
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) O__Ph
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| |
Br H —\
114 > IBU/N\P,N\tBu
(0] ]
On, 1-15b
| H | 3:1
EZ
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Scheme 1-4. DAP-Br converted to DAP-H 1-14 then subsequently to DAP-alkoxides 1-
15a and 1-15b through hydrophosphination of a ketone and aldehyde, respectively.

The work reported by Kinjo and co-workers made Gudat’s work catalytic, the DAP-H
1-14 initially reacts with an aldehyde to generate the DAP-alkoxide 1-16, then Kinjo
showed the DAP-alkoxide could undergo a o-bond metathesis with boranes (such as
HBpin, pinacolborane) to regenerate the DAP-H 1-14 and produce a borylated alcohol,
such reactivity was exploited for the catalytic hydroboration of aldehydes and ketones with
DAPs (Scheme 1-5, eqn 2). Additionally, they proposed a catalytic cycle for the

hydroboration of aldehydes and ketones starting from the DAP-H 1-14 (Scheme 1-5, eqn



3).[2I Initially DAP-H 1-14 reacts with the carbonyl containing substrate to generate DAP
1-16 followed by the addition of HBpin which goes through a four-membered ring, o-bond
metathesis, transition state to regenerate DAP-H 1-14 and form a borylated alcohol. An
aqueous work-up can be used to remove the Bpin and obtain the alcohol if desired. This
was just the beginning of DAP catalytic reactivity and demonstrated its potential as a main
group-based catalyst for reductive transformations. The Speed, Cramer, and Kinjo groups
went on to further exploit this reactivity to catalyze other reductive

transformations.!718111[12]

Kinjo 2015
/—\N 1.0 equiv. PhCHO /—\N
(1) BuNp N~y ————  BuNp Ny
[ B I —— 1
H 1.0 equiv. HBpin rO
R -BnO—Bpin _
1-14 Ph 1-16
Aldehydes Ketones
0.5 mol % 1-14 10 mol % 1-14
O 1.0 equiv. HBpin OBpin 0} 1.3 equiv. HBpin OBpi
@ J\ CD5CN, RT > CD4CN, 90 °C > )\
R H ¥ R H R R' ¥ R R'
R = Cy, Bu or aryl R =Bu, R'= Me
R/R'=Cy, R/R'= Ad
R and R' = aryl
Proposed Catalytic Cycle
3) O,Bpin O
Ph)\H ’N\ /N‘tBu
tBu/N:P/N\tBu tgy-N ,N~tBu
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(O] H
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M |
_B
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Me Me
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Scheme 1-5. (1) DAP-H 1-14 reversible reactivity with HBpin. (2) Hydroboration of
carbonyl compounds catalyzed by DAP-H 1-14. (3) Proposed catalytic cycle of the
reduction of aldehydes and ketones by DAP-H 1-14.
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1.3 Synthesis and Reactivity of Achiral Neutral Diazaphospholene Pre-Catalysts

Kinjo’s development of DAP-H 1-14 as a catalyst for the reduction of carbonyl
compounds led the Speed and Cramer groups to independently report the synthesis of a
DAP-alkoxide as a pre-catalyst. Based off Kinjo’s proposed catalytic cycle, the Speed
group rationalized the DAP-alkoxide would be a suitable point of entry for catalysis. The
Speed group reported the synthesis of achiral DAP-alkoxide 1-17 (Scheme 1-6, eqn 1) and
its ability to catalytically reduce two distinct substrate scopes, imines and conjugate
reduction of ketones and esters (Scheme 1-6, eqn 2).”) Later the Speed group showed DAP
1-17 can also be used to catalyze the hydroboration of pyridines (Scheme 1-6, eqn 3).[2¢]
The Cramer group reported the use of achiral DAP-alkoxides to catalyze a Claisen
rearrangement, described later.'!! Additionally, the alkoxide pre-catalyst was found to be
a powder leading to easy user handling properties and can be stored in the absence of water
and moisture for an extended period of time (years). Both groups have reported distinct
syntheses to generate DAP-alkoxides. The Speed group, starting from the DAP-Br,
reported the use of neopentyl alcohol as a nucleophile which displaces the bromide to form
the DAP-alkoxide 1-17. Additionally, HBr is generated so the presence of triethylamine is
imperative to quench the acid (Scheme 1-6, eqn 1).

The achiral DAP-alkoxide, 1-17, was used as a pre-catalyst to reduce imines and a,[3-
unsaturated ketones and esters (Scheme 1-6, eqn 2) with HBpin as the terminal reductant.
Shortly after, the Speed group reported the use of achiral DAP-alkoxide 1-17 as a pre-
catalyst to hydroborate 3-substituted pyridines with HBpin (Scheme 1-6, eqn 3). The
substrates specifically required electron-withdrawing substituents. The majority of the

substrates exclusively produced a 1,4-reduced product with a select few producing both the

11



1,2- and 1,4-reduction products. Substrates required a specific substitution pattern to be
reduced, only pyridines containing an electron-withdrawing substituent in the 3-position
could be reduced. Electron-donating substituents in the 3-position or electron-withdrawing
substituents in the 2- or 4-position were not reduced. This work was published in rapid
succession to Kinjo’s work that also reduces pyridines, with less stringent substitution
pattern requirements using a diazaphosphenium-based catalyst which shows distinctly

different reactivity to the neutral phosphine and will be explained in detail later.['"!

Speed 2017
Synthesis
— 8u” “OH /\
(1) tBu’N\p'N\tBu + NEt3‘ ’Bu’N\p’N\tBu
1 - 1
Br O
r 117
Reactivity Bu
neR 2 mol % 1417 o J/EWG 5 mol % 1-17 J/EWG
@) R)I\R, 1 equiv. HBpin R)\R, R 1 equiv. HBpin
RT, CH3CN 40 °C, CHsCN
then acid/base 58-96% then aq work-up 75-87%
work-up
Speed 2018
Reactivity
2 mol % 1-17
B 1.1 equiv. HBpin ) X
(3) | /)—R . | g R 4 I J R
N RT, Et,0 l}l l}l
Bpin Bpin
52-96%

Scheme 1-6. (1) Synthesis of achiral DAP-alkoxide by the Speed group. (2) DAP catalyzed
imine and conjugate reduction. (3) DAP catalyzed pyridine reduction.

The Cramer group reported the synthesis of DAP-alkoxides for another type of
reductive transformation, namely a Claisen rearrangement.!'!! They used the same
synthesis reported by the Speed group to generate 1-18 but instead of neopentyl alcohol
they used benzyl alcohol (Scheme 1-7, eqn 1). They reported an additional synthesis with

a slight variation to generate DAP-alkoxides 1-19, 1-20a, 1-20b, and 1-21. Instead of an
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alcohol and a base, they used a strong oxygen containing base, sodium methoxide, to
displace the bromine and form the DAP-alkoxide, in this case the by-product of this method
is sodium bromide (Scheme 1-7, eqn 2).

The DAP-alkoxide 1-18 with HBpin as the reductant was found to be optimal to
catalyze the reductive Claisen rearrangement of allyl-ester enoates (Scheme 1-7, eqn 3). A
wide variety of substrates were tolerated. The diastereoselectivity was modulated with the
use of different catalysts, such as 1-19, and solvents (Scheme 1-7, eqn 4).1°! This was the
first report of DAPs catalyzing C-C bond formation. Mechanistic studies revealed two
different pathways to achieve this transformation. Certain substrates underwent the Claisen
rearrangement spontaneously from the formation of a P-O enolate. Alternatively, other
substrates initially generated a C-P enolate which reacts with HBpin to form an O-Bpin
enolate then undergoes a spontaneous Claisen rearrangement. A chiral DAP 1-21 was
synthesized and demonstrated proof of principle that enantioinduction can be achieved in
the Claisen. This is limited to substrates that favour the P-O enolate intermediate.!'!! The
synthesis of chiral diimine precursor for 1-21 is relatively complex and requires five steps,

then an additional two steps to generate the DAP-OMe.['?!
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Cramer 2019
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Scheme 1-7. (1) Synthesis of DAP-alkoxide 1-18 with benzyl alcohol and triethylamine.

(2) Synthesis of DAP-alkoxides 1-19 to 1-21 with sodium methoxide. (3) Catalyzed

Claisen rearrangement by DAP 1-18. (4) Catalyzed Claisen rearrangement by DAP 1-19.

1.4 Synthesis and Reactivity of Chiral Diazaphospholenes

1.4.1 Synthesis and Reactivity of Chiral Neutral Diazaphospholenes

The first reported synthesis of chiral DAP-alkoxides was by the Speed group in 2017.

The synthesis is identical to the achiral variants where the DAP-Br is treated with neopentyl

alcohol and triethylamine to generate the DAP-alkoxide. The more important aspect to note

about the synthesis of the chiral variant, is the formation of the diimine. The diimine was

derived from a commercially available enantiopure amine which requires just a one-step
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condensation reaction to generate the diimine. The increased complexity with the addition
of chiral moieties to DAP structure maintains a simple three step synthesis to isolate the
DAP-alkoxide 1-22 (Scheme 1-8, eqn 1).[] The enantiopure chiral amine is a relatively
inexpensive starting material, and when coupled with the ease of synthesis demonstrates
the practicality of this pre-catalyst.

In addition, the Speed group reported 1-22 as the first main group-based catalyst to
catalyze the asymmetric hydroboration of imines with good to high yields and modest to
good enantioselectivities (Scheme 1-8, eqn 2). The reaction proceeds under mild conditions
but depended on sufficient steric differentiation on either side of the imine to obtain high
enantioinduction. The highest enantiomeric ratio reported for this system was 88:12.181 One
way to achieve higher enantioselectivity would be to cool the reaction. Cooling the
reduction reaction revealed no conversion of imine to amine, meaning there was a reactivity
limitation of the neutral DAP pre-catalyst. However, this provided a good starting point for
DAP asymmetric reactivity with room for improvement.

The proposed catalytic cycle (Scheme 1-8, eqn 3) begins with the initiation of DAP-
alkoxide 1-22 through a o-bond metathesis reaction with HBpin to generate the
catalytically active DAP-H 1-23. The hydride is delivered to an imine-borane adduct,
forming a diazaphosphenium intermediate 1-24 and an amido-borane adduct which
transfers the hydride to the diazaphosphenium to regenerate 1-23 and generate the
borylated amine. No conversion upon cooling implies 1-22 is not initiated to the DAP-H
1-23 at colder temperatures, or the hydride transfer from the DAP to the imine is sluggish,

limiting the enantioselectivity (or reactivity) observed.

15



Speed 2017

Synthesis
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(©)
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Scheme 1-8. (1) A three-step synthesis to DAP-alkoxide 1-22 from a commercially
available amine. (2) Asymmetric reduction of imines catalyzed by DAP 1-22. (3) Proposed
catalytic cycle of imine reduction by DAP 1-22 and HBpin.

The Cramer group also reported the synthesis of chiral DAP-alkoxide 1-25 in 2018 for
asymmetric conjugate reductions. As mentioned previously, the synthesis requires multiple
steps to obtain the diimine. Specifically for 1-25, the synthesis of the diimine precursor
involved a rhodium-based catalyst that would also need to be synthesized (albeit using

methodology developed within the Cramer group). Once the diimine is cyclized to the
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DAP-Br, they reported the use of sodium methoxide to generate the DAP-alkoxide 1-25
(Scheme 1-9, eqn 1).11?!

The elaborate chiral DAP 1-25 was used to catalyze the asymmetric conjugate
reductions (Scheme 1-9 eqn 2). A wide variety of substrates were tolerated with good to
high yields and good to high enantioselectivities. Chiral DAPs synthesized from simple
commercially available starting material were tested in addition to the elaborate version
and DAP-alkoxide 1-25 was found to be the optimal catalyst. The authors hypothesized the
free rotation around the exocyclic N-C bond in DAPs synthesized from commercially
available chiral amines had an insufficient defined stereochemical environment around the
phosphorus centre.!”) My project described in Chapter 4, details a way to increase the
rigidity of the stereochemical environment by limiting the rotation of the exocyclic N-C

bond by adding alkyl substituents in the backbone.

Cramer 2018
Synthesis

MeONa
R = H or OMe 1-25: R = OMe
R'= H, Me, Et or Bu Rohe
R"=H, Buor OMe
Synthesis
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1.5 equiv. HBpin
(2) i bl e LN H 49-99%
R)\/”\R" Toluene Rj\/u\R" 69:31 to 95:5 e.r.
2°C,12h

Scheme 1-9. (1) Synthesis of chiral DAP-alkoxide 1-25. (2) Asymmetric conjugate
reduction catalyzed by DAP 1-25.
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1.4.2 Synthesis and Reactivity of Chiral Cationic Diazaphospholenes

The synthesis and use of diazaphosphenium catalysts have been prevalent in recent
literature, independently reported by Kinjo and Speed groups. In Gudat’s initial study in
2000, they reported the synthesis of a diazaphosphenium-triflate from the mono chloro-
substituted backbone DAP upon treating the DAP-H with triflic acid which released
hydrogen gas (Scheme 1-10, eqn 1).?! This resulted in a cationic DAP 1-26 with a triflate
counterion (DAP-OTf) and further proved the point the hydrogen attached to the
phosphorus centre was hydridic rather than protic.

After the initial reports of the neutral DAP-alkoxide variants in 2017, the Kinjo group
reasoned that enhanced Lewis acidity at the phosphorus centre meant the phosphenium
could be used as a hydride transfer reagent for hydroboration reduction of pyridines.!'"]
This work was done simultaneously to the report of DAP-alkoxide 1-17 for this same

[26] Kinjo reported the synthesis of an achiral benzo-

transformation from the Speed group.
fused backbone diazaphosphenium with a triflate counterion 1-27 by treating the DAP-Cl
with silver triflate (Scheme 1-10, eqn 2).

The cationic DAP 1-27 proved to have superior reactivity for pyridine hydroboration
compared to the neutral DAP reported by the Speed group (Scheme 1-10, eqn 3). A broad
scope of substrates, with electron-withdrawing and electron-donating substituents in the 2-
and 3-position, were tolerated. Results heavily favoured the 1,4-reduced products in good
to high yields. Limitations of this system were electron-donating groups in the 3-position

produced mixtures of 1,2- and 1,4-reduced products, and pyridines with substituents in the

4-position were not reduced.
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Scheme 1-10. (1) Synthesis of diazaphosphenium 1-26. (2) Synthesis of achiral
diazaphosphenium with triflate counterion 1-27. (3) 1,4-Pyridine reduction catalyzed by
achiral diazaphosphenium 1-27.

The enhanced Lewis acidic phosphorus centre was adopted by the Speed group to
improve the reactivity and enantioselectivity of imine hydroboration reactions catalyzed
by chiral DAPs. The Speed group reported the synthesis of DAP-OTTf 1-28 by treating the
DAP-Br 1-10 with TMSOTf (Scheme 1-11, eqn 1).”) DAP-OTf 1-28 had improved
reactivity relative to the chiral neutral DAP-alkoxide 1-22, variant and because of the
increased reactivity the reduction reaction of imines could be cooled and maintain
conversion of imines to amines (Scheme 1-11, eqn 2). More importantly to note,
enantioselectivity was overall improved and some substrates achieved enantiomeric ratios
as high as 97:3. A broad scope of cyclic imine substrates were tolerated with good to high
yields and good to high enantioselectivities. One class of substrates not well tolerated for
the system was acyclic imines. The enantioselectivity of acyclic imine substrates remained

below a 90:10 enantiomeric ratio, meaning there was still substantial improvement
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available for this class of substrates, prompting further development of DAP reduction
catalysts.

The improved reactivity can be explained by the proposed catalytic cycle (Scheme 1-
11, eqn 3). The catalytic cycle begins with 1-28, and the formation of the imine-borane
adduct, this means the first step is the delivery of the hydride to the phosphenium,
generating the DAP-H 1-23 and an imine supported borenium adduct. The DAP-H 1-23
delivers the hydride to the adduct, generating the borylated amine and regenerating the
DAP-OT(f 1-28. One hypothesis for improved reactivity is that the diazaphosphenium 1-28
is an on-cycle catalyst, as it is regenerated through the reduction process, and does not
require initiation like the neutral DAP-alkoxide 1-22. Another hypothesis is that the
hydride delivery from the DAP-H 1-23 to the imine supported borenium adduct process
has an overall positive charge associated with it. This can be thought of as the catalyst
reacting with a more activated electrophilic substrate, compared with the neutral reduction,
which is a faster process and requires less energy (can happen at cooler temperatures) to
proceed. This improved reactivity allows for the reaction temperature to be colder, helping
increase enantioselectivity. Additionally, we hypothesize the improved selectivity is also
aided by the cyclic imine structure as it is a more rigid class of substrates. This could give
reason as to why the acyclic substrates did not give as high enantioselectivity for this

system.
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Scheme 1-11. (1) Synthesis of DAP-OTf 1-28. (2) Asymmetric reduction of cyclic imines
catalyzed by 1-28. (3) Proposed catalytic cycle of asymmetric reductions of cyclic imines
by 1-28.

In the last ten years, there has been substantial improvement in the ease of DAP-halide
synthesis which have been useful precursors to access DAPs that can be used in catalysis
for many reductive transformations. The isolation of DAP-alkoxides and
diazaphospheniums has superior user properties relative to the DAP-H and can be easy to
access from inexpensive starting materials. One drawback to these DAP-alkoxide and

diazaphosphenium variants is that they remain air and moisture sensitive. Recently the
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Speed group has published the secondary phosphine oxide (SPO) 1-29 variant.[®! Treating
the DAP-Br 1-10 with water and triethylamine generates the air and moisture stable SPO
1-29 (Scheme 1-12). This maintains three step synthesis starting from the commercially
available amine and the SPO is purifiable by column chromatography under non-inert
conditions. This is useful for users that may not have access to a glovebox. The SPO has
shown promise to be a pre-catalyst directly in reductions or it can be easily transformed to

the DAP-OTT in situ, with silyl triflates.

/ \ _ NEt; H0
CHZCIZ

1-10 (92%)

Speed 2020

,F{\

HO Me
1-29 (92%)

Scheme 1-12. Synthesis of SPO variant 1-29.

There have been a few imine hydroboration reactions reported with the use of SPO 1-
29. In one case, a catalytic amount of SPO can catalyze the imine hydroboration at cool
temperatures and maintain high yield and enantioselectivity (Scheme 1-13, eqn 1). For a
heterocyclic containing cyclic imine, there was no selectivity and poor yield when
catalyzed by the SPO 1-29 (Scheme 1-13, eqn 2) even at room temperature. However, when
a catalytic amount of SPO 1-29 was mixed with a catalytic amount of tert-
butyldimethylsilyl trifluoromethanesulfonate (TBSOTY) to generate the diazaphosphenium
in situ, the reduction of the heterocyclic containing cyclic imine substrate at room
temperature had high yield and enantioselectivity, showing the improved reactivity of the

cationic catalyst (Scheme 1-13, eqn 3).[%!
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| 5 mol % 1-29

(1) . T
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\
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Scheme 1-13. (1) Reduction of cyclic imine catalyzed by SPO 1-29 at —35 °C with high
enantioselectivity. (2) Reduction of cyclic imine catalyzed by SPO 1-29 at room
temperature with poor enantioselectivity. (3) Reduction of cyclic imine catalyzed by SPO
1-29 initiated with TBSOTTf at room temperature with high enantioselectivity.

The proposed catalytic cycle (Scheme 1-14) of the SPO is similar to the neutral DAP-
alkoxide. We hypothesize the SPO 1-29 is in equilibrium with the tautomer 1-29a which
can undergo a c-bond metathesis with HBpin to generate the DAP-H 1-23, which enters
the rest of the catalytic cycle. This is analogues to the DAP-alkoxide version. The DAP-H
1-23 delivers a hydride to the imine-borane adduct which forms the diazaphosphenium 1-
24 and amino-boronate adduct. The hydride on the Bpin is transferred to the
diazaphosphenium to regenerate the DAP-H 1-23 and produce the borylated amine

product.
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Scheme 1-14. Proposed catalytic cycle of imine reduction by SPO 1-29.

The work described in my thesis uses these foundational concepts of
diazaphospholenes in catalysis with the hopes of generating a library of diazaphospholenes
with structural modifications to overcome the enantioselectivty limitations within DAP
catalysis, specifically in imine reduction. As will be explained in the next section,
development of highly enantioselective catalysts for imine reduction remains an active

research area, to which DAPs can continue to make a strong contribution.

1.5 Asymmetric Reduction of Imines

Asymmetric catalysis has been an important field for many years. In 2001 Noyori and
Knowles were awarded the Nobel prize for their contribution to asymmetric hydrogenation
of enamines and alkenes.!?”28] In 2021, MacMillan and List were awarded the Nobel prize
for asymmetric organocatalysis, highlighting the impact this field has for pharmaceutical

research and green chemistry.?°! The selective preparation of one enantiomer of the chiral
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product is important for pharmaceutical research because usually only one enantiomer is
biologically active. The other enantiomer may be harmful or at best inactive, some
examples include thalidomide, and methorphan (Figure 1-4). Thalidomide (Figure 1-4A)
was prescribed to pregnant women to treat morning sickness back in the 1950’s, which is
true for (R)-thalidomide but it was later determined that (S)-thalidomide caused birth
defects. In this case, enantioselective synthesis would not have helped as it was later
determined at the natural pH of the body, (R)-thalidomide racemizes generating (S)-
thalidomide which cause severe side effects and has been since removed from the market
(though it remains in use as a cancer drug).*”) Another example is methorphan (Figure 1-
4B), where dextromethorphan is used to relieve common cold symptoms and
levomethorphan is a stronger opioid than morphine.*!] These examples highlight the
importance of synthesizing each enantiomer independently and testing the toxicology

properties.

A.
OMe OMe
0 Q 0 Q O O
NH NH
N o v v 0 9 g
e} e} Me/N Me/N"' ' ‘

(R)-thalidomide (S)-thalidomide Dextromethorphan Levomethorphan
relieves morning sickness causes birth defects relieves the common cold stronger opioid than morphine

Figure 1-4. Biological difference of enantiomers for (A) thalidomide and (B) methorphan.

A common moiety found in drug molecules is the chiral amine. In addition to the
methorphan (Figure 1-4b), some other notable pharmaceutical drugs that contain chiral
amines are rasagiline,*?! used to treat Parkinson’s disease, fendiline,**! a calcium channel
blocker, and sertraline,*! used to treat depression (Figure 1-5). The most direct way to

access chiral amines would be catalyzed asymmetric hydrogenation of imine precursors.
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This method has been well developed with the use of precious transition metal-based

catalysts containing chiral ligands.

Rasagiline Fendiline Sertraline

Figure 1-5. Examples of pharmaceutical drugs that contain a chiral amine.

The most commonly employed metal based-catalysts found in the literature for this
transformation are iridium (Ir) and rhodium (Rh)-based catalysts with chiral bis-
phosphines (P,P) or similarly, mixed phosphorus, nitrogen (P,N) chelating ligands. A
notable example in recent literature was the synthesis of cationic [[rH(THF)(P,N)(imine)]
[BArF] 1-30 for the asymmetric hydrogenation of N-alkyl imines (Scheme 1-15).3%! This
is a remarkable catalytic system with low pressure, and low catalyst loading providing high
selectivity in the reduction of N-alkyl imines substrates which are notoriously hard to
reduce with such high selectivity. There were a handful of substrates reduced and the
system was shown to tolerate electron poor and electron rich substituents in the meta- or
para-position of the aryl rings and multiple alkyl side chains. A class of functional groups
not presented or discussed were heterocyclic containing imines or ortho-substituted aryl
rings.

Analyzing a transition metal-based system, it is always important to consider the
synthesis of the ligand. For 1-30 the chiral P,N ligand comprises of three fragments, an
amino alcohol, an amino acid and a P-stereogenic phosphinous acid.*®! An advantage of
this ligand is the ability to easily modulate the substituents to tune the ligand for a desired

reaction. However, it requires three synthetic steps starting from the boc-protected amino
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acid including the step containing the chiral phosphinous acid, which requires four
synthetic steps to isolate.*”! Once the ligand was synthesized, to isolate 1-30, IrffCOD]Cl,
was the metal source and the additive acetophenone N-phenyl imine was required which
was two more synthetic steps. Each time a new variation is required for optimal
performance it would be nine total synthetic steps to isolate the desired catalyst.
Additionally, second and third row late-transition metal salts, especially Pt-group based are

1381 The limitations of precious metal supply and cost, coupled

scarce, expensive, and toxic.
with relatively complex ligands, mean there is considerable interest in developing

alternative methods, such as base metal, or main group catalysts, to complement or even

replace these complexes.
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Scheme 1-15. Asymmetric hydrogenation of imines with chiral Ir-based catalyst.

While hydrogenation of imines is the most direct and atom economical method of
accessing amines and the most developed reductive transformation for transition metal-
based catalyst. It does require specialized equipment and increase of safety concerns when
high pressures are required to perform adequate catalysis. Hydroboration, while not as atom
economical, does not pose such safety concerns and pinacolborane (HBpin) is an easy
reagent to handle as it is a liquid at room temperature and therefore has its advantages in
exploratory reactivity, conducted at small to medium scales. Asymmetric hydroboration of

imines with the use of transition metal-based catalysts is a much less developed field than
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asymmetric hydrogenation yet is most pertinent as a competitor to the asymmetric
hydroboration of imines catalyzed by DAPs. Recently, in 2020, Gade and co-workers
reported the wuse of an iron (Fe) Dbased-catalyst supported with a
bis(oxazolinylmethylidene)isoindoline (“boxmi”) pincer ligand 1-31 for the asymmetric
hydroboration of imines (Scheme 1-16).%) This is state-of-the-art asymmetric reduction of
imines with a base metal catalyst for N-methyl imine substrates with a broad functional
group tolerance, high yields and high enantioselectivities. The limitations of this system
include heteroatom and ortho-substituted aryl groups, as well as exocyclic imines. The
catalyst was reported to be isolated in a relatively short five step synthesis. Notably, the
enantioselectivities obtained with acyclic imines in this system are superior to the those

obtained by the Speed group’s published DAP catalysts.

Gade 2020

. Alkyl 0.5-3 mol % 1-31 _Alkyl
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Scheme 1-16. Asymmetric hydroboration of imines with chiral Fe-based catalyst.

While developing main group-based catalysts, such as DAPs, there is already the
advantage of it being phosphorus based, where phosphorus is a relatively highly abundant
element relative to noble metals, a similar advantage as base metals hold. Like all catalysts
it is important to be cognizant of the number of synthetic steps, the ease of synthesis, and
ease of use properties. Main group-based catalysts have yet to show comparable reactivity
to transition metal-based catalysts, but there does seem to be considerable potential in

developing systems with complementary reactivity.
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1.6 Thesis Overview

There have been remarkable developments of DAP synthesis and catalysis over the last
decade. Overall, my thesis describes in detail the synthetic processes for modulating the
substituents around the DAP scaffold, then testing each successfully isolated DAP for
improved reactivity and selectivity in imine reduction. Initially, the goal was to generate
DAP-OTfs with alternative substituents around the stereogenic centre with more sterically
encumbered aryl or alkyl groups. The hypothesis was that the bigger substituents would
create a better defined stereochemical environment around the phosphorus centre and
enhance enantioselectivity.

To alter the substituents around the stereogenic centre requires different chiral amines,
which required the synthesis of enantiopure chiral amines. Originally focusing on biaryl
derivatives, this required an eight-step synthesis just to isolate the amine, then encountered
purification issues with the resulting DAP-Brs and so the project was quickly abandoned.
Due to ease of synthesis, my goal switched to generating heterocyclic containing amine
derivatives. This was interesting because I was altering the steric and electronic
environments around the DAP which could potentially teach us about the effects of these
changes on DAP reactivity. The amine synthesis required only three-steps using Ellman
methodology and an additional three steps to generate the DAP-OTfs. I successfully
isolated six non-commercially available enantiopure amines and converted three of them
to the corresponding DAP-OTT. Only one variant was comparable in terms of reactivity
and enantioselectivity of amines to the current best DAP-OTf 1-28. The heterocyclic
variant that worked the best resembled naphthalene the most, but did not have enhanced

reactivity relative to the naphthyl environment. This taught us that altering the electronics
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and sterics around the stereogenic centre to improve reactivity and selectivity may prove
challenging.

While I was synthesizing the heterocyclic containing derivatives, this led to a
hypothesis of accessing an alternative substitution pattern on the heterocycles could lead
to geometrical differences around the phosphorus centre. This difference could lead to a
better substituent-differentiated stereochemical environment around the phosphorus than
the original heterocyclic containing derivatives. This required the development of a one-
pot synthesis to access a non-commercially available aldehyde, namely dibenzothiophene-
1-carboxaldehyde, as precursor to the desired chiral amines. The key was two benzyne
intermediates that were rapidly trapped by a nucleophile within the reaction. Ultimately, it
led to a more efficient synthesis with safer reagents than previously reported literate to
generate this compound. This was extended to a few other variants and published on its
own. Additionally, there was a need for N-phenylphenothiazine in the laboratory for
exploratory purposes. While this reagent can be purchased, it is relatively expensive.
Instead, I started from phenothiazine and used the benzyne intermediate chemistry to
generate 7.0 g of N-phenylphenothiazine. These projects steered away from synthesizing
DAPs directly, and provided a good lesson to reiterate that just because there is already a
published viable way to synthesize a reagent or even purchase it, does not mean it is
necessarily the best choice.

After the side projects, it was evident from the prior results that altering the substituents
around the stereogenic centre required a lot of work, yet yielded minimal success. I went
back to the DAP scaffold and looked at an alternative position to modulate, the backbone.

Replacing the protons in the backbone with an alkyl substituent, such as methyl, was
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hypothesized to increase the rigidity of the DAP. This increased rigidity could lead to
enhanced reactivity and enantioselectivity. To synthesize a DAP with a methyl substituent
in the backbone required the use of an alternative phosphorus reagent to PBr3, in the past
the PBr3 cyclization was attempted and led to complete decomposition. I found an
alternative reagent that cyclized the diimine with methyl substituents in the backbone,
diisopropylaminodichlorophosphine. This generated a DAP with a P(V) centre that was
ultimately turned into the secondary phosphine oxide variant. The SPO with methyl
substituents in the backbone was found to have improved enantioselectivity for acyclic

imines.
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Chapter 2 Heterocyclic Containing Chiral Diazaphospholenes

2.1 Research Overview and Contribution Report

The author wishes to clarify her contributions to the research described in Chapter 2

of this Thesis document. This Chapter describes the successful and unsuccessful syntheses

of a library of chiral DAP derivatives containing different bulky aryl substituents. This
required the synthesis of non-commercially available chiral amines as precursors to DAPs
then converting the enantiopure amines to the corresponding DAP-OTT with precedented
methods. The initial goal was to synthesize biaryl derivatives, but this quickly revealed
some difficulties and these targets were discarded. For ease of synthesis and maintaining
increased steric bulk, heterocyclic containing derivatives were the next targets.
Successfully synthesized were three out of six DAP-OTf variants, 2-24a, 2-24¢, and 2-24e.
The reactivity and enantioselectivity was tested and one variant, 2-24e, had comparable
results to the current best DAP-OT{ 1-28.

My contributions to the study included the initial synthesis of all compounds and
intermediates leading to the DAP-OTf derivatives except for amine 2-9, which was
synthesized by Dr. Alex Speed. I obtained, processed and compiled the characterization
data including 'H, *C, *'P, and '°F NMR spectra and optical rotations as required, for the
majority of the compounds. Some compounds have incomplete characterization as the
preliminary results showed the complexes could not be prepared cleanly or had poor
reactivity. Xiao Feng carried out mass spectroscopy analysis for all compounds described

in this Chapter.
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Reference (for synthesis and characterization of intermediates leading to 2-24e):
T. Lundrigan, E. N. Welsh, T. Hynes, C. H. Tien, M. R. Adams, K. R. Roy, K. N.
Robertson, A. W. H. Speed, J. Am. Chem. Soc. 2019, 141, 14083—14088.
2.2 Introduction

A robust synthetic platform for diazaphospholenes is essential to generate structural
variants to examine their selectivity. The generic structure of a diazaphospholene (Figure
2-1) details four positions, described as R!-R*, that can be altered to generate different
analogues. Obstacles encountered during the synthesis of these modified DAPs are
important for understanding the limitations of the catalyst synthesis and present potential
opportunities for developing new methodology. The variation of the backbone position R
will be discussed in Chapter 4. The simplest point of variation is the counterion to the
cationic phosphorus centre, defined as R*. The effect of changing the counterion to enhance
activity was first reported by the Kinjo group.l'”) In the context of the Speed group’s
enantioselective chemistry, the use of a triflate counterion gave increased reactivity. The
increased reactivity of the cationic DAP with a triflate counterion (DAP-OTf) enabled
cooling of the catalytic reduction of imines to amines, and this cooling resulted in greater
reaction enantioselectivity.””! The last two positions defined as R? and R? are on the chiral
side chains, and will be distinguished as the aryl and alkyl position respectively. This
Chapter focuses on the synthesis of DAPs containing varying substituents in the aryl and
alkyl positions, with the goal of increasing the imine reduction enantioselectivity. As
described in Chapter 1, the DAP that produced the best amine enantioselectivity was when

R! = H, R? = naphthyl, R*® = methyl and R* = triflate. The first series of modifications
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involved exchanging the naphthyl group with biphenyl derivatives and the second series of

modifications involved exchanging the naphthyl with bulky heterocyclic derivatives.

R'] R'I
R2

Ay

Figure 2-1. General structure of a cationic diazaphospholene.

The relatively limited number of commercially available enantiopure primary amines
bearing different R? and R? groups limits the architectures available for catalyst synthesis.
To address this limitation, the synthesis of non-commercially available enantiopure
primary amines is required. Amine synthesis is relatively straightforward starting from an
aldehyde or ketone via reductive amination, the challenging part is obtaining the
enantiopure form.

One method to obtain a primary chiral amine is a chiral resolution of a racemic amine
via diastereomeric salt pairs or covalent amides.[*”) This process involves a reaction
between a racemic compound (e.g. amine) and an enantiopure compound (e.g. acid, or acid
chloride) resulting in diastereomeric products. These can be either ionic salts, or covalent
compounds such as carbamates or amides. Diastereomers have the potential to be separated
as they can have differing physical properties such as solubility or polarity and may be
separated with purification techniques such as column chromatography or preferential
recrystallization of one diastereomer. A classic example of this is the resolution of 1-
phenylethylamine, 2-1, with enantiopure tartaric acid, 2-2, (Scheme 2-1).[!! The racemic
amine reacts with enantiopure (2R, 3R)-tartaric acid forming diastereomeric products 2-3a
and 2-3b. One diastereomer, 2-3a (the salt pair containing (R)-1-phenylethylamine), is

more soluble and remains in solution while the other diastereomer, 2-3b, crystallizes out
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of solution. The advantages of the resolution method are that it can be inexpensive and
relatively easy to scale up. However, a major disadvantage of this method is that the
separation of the diastereomeric products may be challenging if their properties do not
differ substantially. Additionally, there is a 50% yield limitation on the desired enantiomer,
though both enantiomers can potentially be accessed, which may be a favourable feature,

if both enantiomers of the subsequent catalyst are desired.

Me 0 OH
+
©/”!}NH3 'O)WOH More soluble
Me O OH ] OH O
+ 2-
©/§NH2 Ho)l\‘/kH/OH_ 3a
OH O - -
241 22 Me O OH
L A+
©/(S)\NH3 _O)H/'\H/OH Less soluble
OH O

2-3b

Scheme 2-1. Resolution of racemic phenylethylamine with enantiopure tartaric acid.

Another method to obtain enantiopure amines is through a kinetic resolution of the
racemic amine with an acylating agent and a catalyst, typically an enzyme.[**] Kinetic
resolution relies on a chiral catalyst to facilitate a reaction, e.g. acylation, that occurs faster
with one enantiomer than the other. An example of this, is the use of an enzyme, CAL-B,
to catalyze the acylation of one amine enantiomer (Scheme 2-2).131 This results in two
different products, the enantiomerically enriched unreacted primary amine 2-4a and an
amide enantiomerically enriched in the opposite enantiomer 2-4b. These products now
have substantially different polarities and could be separated and purified via column
chromatography, acid-base extraction, or recrystallization. The advantages of using a
kinetic resolution are that many enzymes are inexpensive, racemic amines are readily

available, and the reaction is relatively easy to scale up. The major disadvantage is that
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enzymes are extremely specific to particular substrates or structural features and may not
tolerate variation, resulting in no reaction, or no selectivity. There is a limitation of a 50%
yield for the desired enantiomer, though both enantiomers can be potentially accessed, via

recovery of either the unreacted amine, or the amide.

R1OR2 EtOAc R1TOR2 R17OR2
2-4a 2-4b

Scheme 2-2. Enzymatic resolution of racemic amines.

An alternative method to resolution to obtain an enantiopure amine is enantioselective
catalytic reduction of imines. There have been many examples of different chiral catalysts

(3313914411451 The advantages of reduction methods over resolution

for this transformation.®!
methods are that sub-stoichiometric amounts of catalyst are used, and there is potential for
greater than 50% yield of the desired enantiomer, in contrast to resolutions. Disadvantages
of catalytic methods are that the catalyst may not be completely selective for one
enantiomer, and if the enantiomer ratio is poor, the separation of enantiomers rather than
diastereomers is required. Often the catalyst must also be synthesized. It should be noted
that DAPs have not yet been used to prepare primary amines, partially because of the
instability of primary imines.

A different approach to synthesizing enantiopure amines involves chiral auxiliaries.
There are many types of auxiliary reagents, however Ellman auxiliaries are best suited for
chiral amine synthesis.[**) A general example of this approach begins with an aldehyde or

ketone 2-5, which reacts with enantiopure Ellman reagent 2-6, to form a chiral sulfinimine

intermediate 2-7 (Scheme 2-3). Intermediate 2-7 is treated with a Grignard reagent to
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generate generic diastereomers, 2-8a and 2-8b. The absolute configuration of the sulfur
atom on the Ellman auxiliary remains intact during the addition and a new stereocentre is
formed during the addition which results in diastereomers. This method allows for the
separation of the diastereomers through column chromatography or sometimes
recrystallization or trituration to purify one diastereomer. Once purified, the auxiliary can
then be removed from each diastereomer to give the respective enantiomeric amines.
Advantages of this method are that it is generally robust, reliable and ultimate
enantioselectivity relies on diastereomeric separation. Disadvantages of this method is that
diastereoselectivity is often low, separation of diastereomers is often difficult and the

scalability is limited as chromatography is often required for the separation.

: ; i
iy . I Ti(OE), NS, RMgBr HN" gy HN™ gy
Se —_— —_— +
R'” "R? HN" Bu T A THF 11703 17203
1 p2 17 ~R2 R" SoR R"=,R
R", R* =H or alkyl group R R R
2-5 2-6 2.7 2-8a 2-8b

Scheme 2-3. Synthesis of enantiopure amines via Ellman chemistry.

This Chapter describes the synthesis of non-commercially available enantiopure
primary amines, where each of the methods just described have been attempted or used to
obtain the enantiopure amine. If the enantiopure amine was successfully generated, the end
goal was to convert the enantiopure amine to a chiral diazaphospholene with the goal of
discovering catalysts with higher enantioselectivity or potentially complementarity
selectivity compared to the previously synthesized diazaphospholene catalysts.
Enantiopure amines containing biphenyl derivates were the original goal followed by

heterocyclic containing derivatives (Figure 2-2).
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Figure 2-2. Chiral amines targeted in this Chapter.

2.3 Results and Discussion
2.3.1 Attempted Synthesis of Biaryl-Containing DAP Derivatives

The intention was to design a DAP with increased steric demand relative to the current
best DAP catalyst 1-28 in the Speed group with the hypothesis that bulkier substituents
would lead to increased enantioselectivity for imine reduction. The approach to attain this
was to replace the biggest substituent, naphthyl, with an even larger aryl group. The initial
attempt was to replace the naphthyl group with a biaryl derivative. The biaryl group was
chosen because it would occupy a larger spatial volume than the naphthyl group, which
was hoped to increase steric differentiation between the aryl and alkyl positions. In
addition, biaryl groups could be easily modified by varying the substituents on the aryl
groups by cross-coupling, and consequently it would be straightforward to synthesize a
library of biaryl diazaphospholene derivatives. Although bulky biaryl amines were
commercially unavailable, they were previously reported for NHC scaffolds prepared by

the Gung group (Figure 2-3).14"]

The following section describes a similar synthesis
reported by the Gung group to isolate the desired chiral amines, and the efforts to convert

them to the corresponding DAPs.
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R'= methyl, ethyl or isopropyl
R? = methyl or tert-butyl

Figure 2-3. Carbenes derived from biphenyl amines synthesized by Gung and co-workers.

To isolate enantiopure biaryl amines 2-13a and 2-13b required six synthetic steps
(Scheme 2-4).7V Dr. Alex Speed generated racemic amine 2-9 from commercially
available 2'-bromoacetophenone through a Leuckart-Wallach reaction. The racemic amine
was resolved*8 by the formation of a salt with enantiopure mandelic acid and the resulting
diastereomers were separated on the basis of solubility. It should be noted that a relatively
exotic solvent combination (ethanol and isopropyl acetate) was required for success of this
literature-known resolution, which indicates the challenges associated with the
development of new resolution methods. Automated screening was used in the original
discovery of these conditions, a resource not readily accessible to us. The
diastereomerically pure salt was treated with base to isolate enantiopure amine, 2-10. The
enantiopure amine, 2-10, was boc-protected to generate amide 2-11 (boc = fert-
butyloxycarbonyl). The boc-protection was imperative to ensure the Suzuki coupling with
a boronic acid formed the desired C-C coupled products, 2-12a and 2-12b instead of an
undesired intermolecular C-N cross-coupling. The final step was a boc-deprotection with
trifluoroacetic acid to obtain the enantiopure biaryl amines, 2-13a and 2-13b. Despite the
lengthy synthesis, an advantage of this method was that the biphenyl derivates would be
tunable by using boronic acids that have alternative substitution patterns in the cross-

coupling reactions.
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Scheme 2-4. Synthesis of chiral biaryl amines.

With the enantiopure amines 2-13a and 2-13b in hand, the subsequent steps to generate
the corresponding cationic DAPs were anticipated to be uncomplicated, as the steps were
well-known in the Speed group. This was proved to be untrue (Scheme 2-5). The
enantiopure amines underwent an acid catalyzed condensation reaction with glyoxal to
generate diimines 2-14a and 2-14b. The diimines 2-14a and 2-14b were treated with PBr3
and cyclohexene to form DAP-Br 2-15a and 2-15b respectively, where the unforeseen
issue arose. The desired products, DAP-Br 2-15a and 2-15b, were found to be partially
pentane-soluble, unlike previous DAPs, along with the pentane-soluble impurities. This
caused the purification and isolation step to be difficult as substantial amounts of the
products were being extracted with the impurities of the cyclization, which resulted in low
yields. Given the relative length and low throughput of this synthesis, this added

complication severely limited quantities of material that could be prepared for testing. The
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cationic DAPs or DAP triflates (DAP-OTfs), 2-16a and 2-16b, were not successfully
isolated, as attempts to abstract the bromide to form the phosphenium triflate led to oils

that were not readily purified.

V' PBrs, O
—_—
N32304 CH,Cl,
Formic Acid

CH,Cl,
2-13a: R = Me (92%) 2-14a: R = Me (70%)
2-13b: R = CF3 (96%) 2-14b: R = CFs
[ ~ ) () ~ )
N\P,N N\P,N
: TMSOTY 4
| e o~ em---ed@EAT » +
Me Br Me Q CH,Cl, O Me Me Q
R R R oTf R
R R R R
2-15a: R = Me 2-16a: R = Me
2-15b: R = CF4 2-16b: R = CF3

Scheme 2-5. Synthesis of chiral biaryl DAP-Br.

The DAP-Brs 2-15a and 2-15b, were used as pre-catalysts for the reduction of the
benchmark substrate 2-17a, a 2-naphthyl-bearing cyclic imine (Scheme 2-6) to determine
if it would be worth the effort to optimize the purification of the DAP-Brs. This substrate
is commonly used for initial screening tests within the Speed group. Imine 2-17a is the
benchmark substrate because it was found to be a good substrate for the best DAP catalyst,
but not the best, meaning there is room for improvement. Additionally, and more
importantly, the separation times of the enantiomers of amine 2-17b on the HPLC are
significantly different and the starting imine 2-17a and does not overlap with either
enantiomer. This means if the reduction does not have complete conversion, no further
purification is required to determine enantioselectivity. This substrate will appear multiple

times as the test substrate in each Chapter. For DAP-Brs, 2-15a and 2-15b, the results were
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not promising, with an e.r. for amine 2-17b below 80:20. For comparison, for the DAP-Br
where the aryl group was the naphthyl as the pre-catalyst, the e.r. for 2-17b was 90:10.
These results suggest that the biaryls were not promising leads for a better catalyst. Given
the low initial performance, combined with a lengthy synthesis and difficult purification,
we decided to target other non-commercially available sterically encumbered chiral amines
that bore closer resemblance to the most successful naphthyl groups. We assumed the high
pentane solubility of these compounds was in part due to the presence of the methyl and
trifluoromethyl groups on the biaryl motif. Dr. Speed separately investigated the parent
unsubstituted biaryl and found it was also not promising, delivering poor enantioselectivity.
Accordingly, the focus turned to the synthesis of heterocyclic chiral amines, which would
be expected to have increased polarity, and lower solubility in non-polar solvents, leading

to easier work-up/purification procedures.

y 5 mol % 2-15a or 2-15b HN
1.1 equiv. HBpin
q pin__ L
THF
2-17a 217b

Scheme 2-6. Reduction of test substrate with biaryl DAP-Br analogues.

2.3.2 Synthesis of Heterocyclic Containing DAP Derivatives

A logical extension to increase the steric bulk of naphthalene would be to consider
anthracene. Previously, Dr. Alex Speed and Matt Adams synthesized enantiopure 1-
anthracen-9-yl ethylamine and generated the corresponding cationic DAP 2-18 (Figure 2-
4). The amine was converted to the diimine then cyclized to the corresponding DAP-Br.
The cyclization resulted in a substantially less clean DAP-Br than the naphthyl derivative.
While the anthracene containing DAP-Br was not partially soluble in pentane, in contrast
to DAP-Br 2-15a and 2-15b, the washing resulted in a partially purified DAP-Br due to
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other unknown impurities remaining insoluble. Despite the impurities the bromine
abstraction was successful which generated 2-18. DAP-OTT 2-18 was used as a catalyst for
some imine reductions that resulted in much lower enantioselectivity than the current best
DAP-OTf 1-28 (on the order of 70:30). The inadequate cyclization, and inferior
enantioselectivity relative to the naphthyl derivate proved it was not a good catalyst.

The decreased enantioselectivity could indicate a limitation of the catalyst design but
upon further analysis it was hypothesized the additional ring could be too far from the
chiral pocket to aid in selectivity (Figure 2-4). It is noticeable the additional ring is towards
the back of the DAP in the comparison of 1-28 and 2-18 2D structures. Comparison of the
3D structures, 1-28 and 2-18, indicate the additional ring is away from where the substrate
would be approaching and not aiding the selectivity. Furthermore, this modification could
potentially result in conformations of the catalyst that result in lower selectivity. A more
desirable derivative would be 1-anthracen-1-yl ethylamine, so the increased steric bulk
would be added to one side. Unfortunately, there is no trivial synthesis to obtain this

compound, or the required 1-halo anthracene starting materials.

2D
Structure
Comparison:

1-28 2-18
Q Me Q Me
3D Q N Z~N
Structure N—P H N—P H
Comparison: ‘\‘ Ar ‘\‘ Ar
Me H H Me H H
void void
1-28 2-18

Figure 2-4. Structure comparison of the naphthyl derived diazaphospholene to the
anthracene derived diazaphospholene.

43



In addition to the synthetic challenges that come with substituting anthracene in
alternative positions, anthracene is a relatively symmetrical structure allowing for only a
few variations. Parent naphthalene also only has two derivatives that are different, either
1-substituted or 2-substituted naphthalenes. Heterocyclic analogues with two or more aryl
rings would allow for a relatively short synthesis and selective functionalization with more
positions to functionalize as there is typically less symmetry within the heterocycle
molecule. In addition, this would provide information about electronic tolerance of DAPs
as all other aryl derivatives have been hydrocarbons. As Dr. Speed was synthesizing 1-
anthracen-9-yl ethylamine (as opposed to the illustrated 9-anthracenyl compound), a
colleague, Dr. Travis Lundrigan, discovered that a dibenzothiophene (DBT)-based imine
was one of the best substrates screened (i.e. the naphthyl cationic catalyst obtained a high
e.r. in reduction of this substrate) (Scheme 2-7).!

1.0 mol % 1-28
1.1 equiv. HBpin

v

THF )
=N NH

Speed, 2019

73% yield
97:3 e.r.

Scheme 2-7. Reduction of the dibenzothiophene derived cyclic imine.

The combination of attempting to synthesize a DAP that contain an aryl group bulkier
than naphthyl, the challenging and limiting anthracene chiral amine synthesis, and the high
enantioselectivity of the DBT-derived substrate led to the proposition that a DBT could be
a new suitable motif in catalyst design. In essence, DBT could serve as a surrogate for 1-
substituted anthracene. Presumably, the beneficial effect as a substrate stemmed from high
steric demand, so we hypothesized the aryl component of a good substrate could make a
good catalyst component. Additionally, DBT is easier to functionalize at certain positions
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via lithiation, relative to anthracene, due to the presence and directing effects of the sulfur
heteroatom. The numbering position of DBT is displayed in Figure 2-5 for consistent
interpretation. Functionalizing DBT in the 4-position was the primary target, as it is the

most accessible position to functionalize via lithiation.
7 8 ! 2
: ;
5 4
Figure 2-5. Numbering scheme for dibenzothiophene (DBT).

The synthesis of the chiral amine derived from the lithiation at the 4-position of DBT
was successful (details to follow in the next section). This led to the synthesis of multiple
chiral amines that contained heterocycles such as dibenzothiophene sulfone (DBTO>),
thianthrene (TH), benzothiophene (BT), and ferrocene (Fc). To limit the variations, most
heterocycles were combined with a methyl group in the alkyl position except for one
combination of aryl = DBT and alkyl = ‘Bu. Depending on the heterocycle, two synthetic
approaches were used which I have categorized into lithiation or Grignard addition. The
lithiation method begins with the heterocycle of interest while the Grignard addition begins
with the heteroaryl aldehyde.

2.3.3 Synthesis of Heterocyclic Amines

Similar to the Grignard route as outlined in Section 2.2 (Scheme 2-3) the conversion of
lithiated heterocycles to chiral amines is best accomplished through the Ellman auxiliary
technique. The commercially available heterocycles DBT, DBTO> and TH, underwent a
two-step synthesis to generate amines 2-21a to 2-21d (Scheme 2-8). Initially, the

heterocycle, DBT, DBTO, or TH, was lithiated with n-butyllithium (nBuLi1) at =78 °C or

0 °C for 0.5 h followed by the addition of a solution of a previously derived (from
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condensation of acetaldehyde and (S)-tert-butanesulfinamide) Ellman imine 2-19a, in THF
to generate intermediates 2-20a, 2-20b, and 2-20c¢ respectively. Intermediate 2-20d was
generated by the addition of Ellman imine 2-19b (derived from condensation of
pivaldehyde and (S)-tert-butanesulfinamide) in THF to lithiated DBT. Each reaction
resulted in the formation of two diastereomers that were cleanly separated via column
chromatography. Each diastereomerically pure Ellman—protected amine, 2-20a to 2-20d,
was separately treated with dilute anhydrous HCI to cleave the Ellman auxiliary directly
resulting in the corresponding amine salt. Enantiopure amines, 2-21a, 2-21b, 2-21¢, and 2-
21d, were isolated by treating the acid salt with dilute NaOHq) then extracting into an

organic solvent and removing the solvent via rotary evaporation.

1. nBuLi, -78 °C Het Het
THF >—NH 2M HCI*Et,0
> \ ¢ >—NH2
Heterocycle H R w'Bu Et,O. 0 °C
L A J hon basicworkup
\ 5 then basic work up
[N] u
O// When R = Me When R = Me
2-20a: Het = DBT (349 -21a: = 9
2-192: R = Me e (3 A))o 2-21a: Het = DBT (69%)
219b: R = By 2-20b: Het = DBTO, (32%) 2-21b: Het = DBTO,, (75%)
' 2-20c: Het = TH (16%) 2-21c: Het = TH (62%)
When R = 'Bu When R ='Bu
2-20d: Het = DBT (36%) 2-21d: Het = DBT (73%)
w O« Q59 Y
oo
(DBT) (DBTO,) (TH)

Scheme 2-8. General synthesis of heterocyclic containing chiral amines via lithiation.

The DBTO; chiral amine, 2-21b, was an attractive variant to synthesize because the
presence of the two oxygens would present an even greater steric demand than DBT. This
modification could also potentially provide more information on the effects of electronic

modification as a role in selectivity of chiral diazaphospholenes. The 1,4-thianthrene (TH)
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containing chiral amine 2-21¢ was synthesized as a comparison to geometrically distinct
“hetero-anthracene”. Thianthrene would also serve to compare the reactivity and
potentially determine some limits of heterocyclic catalyst design. The chiral amine 2-21d,
where the aryl position contains a DBT group and the alkyl position contains a tert-butyl
(‘Bu) group, was synthesized to compare if altering the position of the steric demand of the
alkyl group would be tolerated and if it would influence selectivity. It should be noted that
previous attempts to use a tert-butyl substituent with a naphthyl aryl group led to a decrease
in enantioselectivity for the neutral chiral catalyst.[!! This modification was still imperative
for learning and understanding potential trends within the heterocyclic variants.

The BT and Fc heterocyclic containing amines 2-21e and 2-21f (Scheme 2-9) were
synthesized from the respective commercially available aldehydes which is analogues to
the generic route described in Section 2.2 (Scheme 2-3). The first step generated Ellman
imines 2-19¢ and 2-19d through a titanium mediated condensation reaction with the
heterocyclic containing aldehyde and (S)-tert-butanesulfinamide (Ellman auxiliary). Each
intermediate was separately treated with methyl Grignard to generate diastereomers of 2-
20e and 2-20f. The diastereomers were separated via column chromatography to ensure
one enantiomer is formed in the following step. The final step, identical to the lithiation
synthesis, was to cleave the Ellman auxiliary from the purified diastereomer of 2-20e and
2-20f by treating with dilute HCI in ether, generating the enantiopure amine salts. The
enantiopure amines 2-21e and 2-21f were isolated by treating the respective acid salt with
dilute NaOH.q) then extracting into an organic solvent and removing the solvent via rotary
evaporation. This route was used because selective lithiation of the desired position is

challenging for these two heterocycles specifically. BT would selectively lithiate in the 2-
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position rather than the 3-position, and the monolithiation of ferrocene is notoriously

challenging, while in contrast, the ferrocene carbaldehyde is relatively inexpensive.[*”]
HaN
Het ,\S""Bu Het Het H
N O =N MeMgl )N 2M HCI"Et,0 et>--NH
—— > H gy —— : > 2
H Ti(OEt), P THF Me  SwBu Ewo,0°C Mé
THF o) 0o then basic work up
2-19c: Het = BT (98%) 2-20e: Het = BT (47%) 2-21e: Het = BT (95%)
2-19d: Het = Fc 2-20f: Het = Fc 2-21f: Het = Fc (85%)

Het = @

(BT) (Fc)

Scheme 2-9. Synthesis of enantiopure amines containing a benzothiophene or a ferrocene
motif via Grignard addition.

The BT analogue was chosen because it had the closest resemblance to the 1-naphthyl
analogue, and the Fc derivative was desirable as ferrocene is a component in privileged
ligands; the planar chiral ferrocene ligands are known for high selectivity in hydrogenation
reactions.l*") While the mono-substituted ferrocene does not exhibit planar chirality, is has
a distinct geometric profile to the other heterocycles, being more three dimensional (barrel-
shaped) than the planar aromatic rings which could lead to interesting results. Incorporation
of such an electron-rich fragment could also potentially provide information on catalyst
design limits. With a library of enantiopure heterocyclic containing amines, the following
steps were to convert them to the corresponding cationic DAPs.

2.3.4 Synthesis of Heterocyclic Containing DAPs

The synthesis of the cationic DAPs from the enantiopure heterocyclic chiral amines

were consistent with the synthesis of the cationic DAPs described in Chapter 1 and Section

2.3.1. The chiral amines, 2-21a to 2-21f, underwent an acid catalyzed condensation
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reaction with glyoxal in the presence of sodium sulfate which successfully generated the
desired diimines, 2-22a to 2-22f (Scheme 2-10). The diimines were used without further
purification as diimines are hydrolytically sensitive which make column chromatography
an infeasible choice, and crystallization of diimines has generally not been successful. In
some cases, impurities can be decreased by washing the diimine with small quantities of
cold ether. It should be noted in most cases the relative configuration of the Ellman adducts
was not determined, so the absolute configuration of the amines was not certain. We

anticipated a more in-depth investigation of stereochemistry could be done with the most

selective DAPs.
H O
Het 0’2 :H Het 7\ Het
><NH2 o )—N N—(
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! o” "o yd ! I/“
2-22a (57% 2-22b (85%)
2-22c (76%) 2-22d (70%)
e“
2-22e (93%) 2-22f (90%) )
.

Scheme 2-10. Diimine synthesis of heterocyclic containing amines.

The subsequent steps were to cyclize the diimines into the corresponding DAP-Br

compounds, followed by a bromide abstraction with TMSOTT to generate the desired DAP-
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OTfs (Scheme 2-11). The diimines, 2-22a to 2-22f, were subjected to the usual PBr3 and
cyclohexene reaction to generate DAP-Brs 2-23a to 2-23f. This was only successful for
three derivatives, 2-23a, 2-23¢, 2-23e, which were treated with TMSOTT to generate DAP-
OTfs, 2-24a, 2-24c¢, and 2-24e (Scheme 2-11A) Unfortunately the cyclization to DAP-Brs,
2-23b, 2-23d, and 2-23f were unsuccessful (Scheme 2-11B). Based on speculation from
the proton ('"H) NMR spectra, it was believed diimines 2-23b and 2-23f have undesired
reactions that compete with the cyclization. Diimine 2-23b contains a Lewis-basic sulfone
that could interfere with the PBr3 reaction, as there appeared to be extensive decomposition.
The 'H NMR spectrum of the crude reaction mixture with the hopes of generating 2-23f
also revealed decomposition, as well as trace amounts of vinyl ferrocene. This is indicative
of an elimination reaction occurring. The 'H NMR spectrum for DAP-Br 2-23d showed
unconsumed diimine 2-22d leading to conclude the increased steric bulk in the alkyl

position, the ‘Bu group, prevented the cyclization.
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Scheme 2-11. General synthesis of heterocyclic DAP-OTfs. (A) The successfully isolated
DAP-OTfs (B) The unsuccessfully cyclized DAP-Brs.

There is an alternative cyclization method using PI3 to generate DAPs with a positive
charge on the phosphorus and an I3 counterion (DAP-I3), as mentioned in Chapter 1. In
previous work reported by the Speed group, the use of PI; in place of PBr3 has proven to
be successful in cyclizing diimines that contain a tert-butyl group in the alkyl position.®!
Disadvantages associated with the use of PIs is the conversion of the cyclized DAP-I; to
the DAP-OTf with TMSOTT is not feasible, and in the past the DAP-I; have shown to
occasionally exhibit limited stability by releasing iodine. In addition, PI3 is far more
expensive and less stable than PBr3. Despite the disadvantages, the unsuccessfully cyclized
diimines 2-22b, 2-22d and 2-22f were separately exposed to PI3 as an attempt to generate
the respective DAP-I3 2-25b, 2-25d, and 2-25f (Scheme 2-12). This method was also

unsuccessful in cyclizing these diimines and similar hypothesis were made about each
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individual diimine as to why they did not cyclize. These results hint at current DAP

synthesis limitations with extremely bulky or reactive heterocycles.

Het /2 Het Pls Het Het
N N~ K—> T
R R Toluene R * R
1
When R = Me When R =Bu When R = Me When R = Bu
2-22b: Het =DBTO;  2.22d: Het = DBT 2-25b: Het =DBTO,  2.25d: Het = DBT
2-22f: Het = Fc 2-25f: Het = Fc .

Scheme 2-12. Attempted cyclization of heterocyclic diimines with PIs.

2.3.5 Reduction Results

To assess the selectivity of the successfully synthesized chiral heterocyclic
diazaphospheniums, 2-24a, 2-24c¢ and 2-24e, the standard test reaction was conducted
(Scheme 2-13). The standard reaction conditions for screening DAP-OTfs consists of
combining the cyclic imine benchmark substrate 2-17a and a catalyst in THF, and cooling
the solution to —35 °C, followed by the addition of 1.1 equivalents of HBpin and keeping
it cool for 16—18 h. The reaction is quenched with dilute acid resulting in the amine salt
that is in the aqueous layer. The aqueous layer is then treated with dilute base until the
solution is basic to generate the desired amine. This is followed by the addition of an
organic solvent to extract the amine and the solvent is removed to isolate the desired amine.
The results of the reduction reactions are summarized in Table 2-1.

The enantioselectivity of each new catalyst for amine 2-17b was compared to the
enantioselectivity of the current best DAP-OTT, with an e.r. 96:4 for amine 2-17b (Entry
1). The DBT-containing DAP-OTT, 2-24a, had a mediocre e.r. of 80:20 for amine 2-17b
(Entry 2). The TH-containing DAP-OTT, 2-24¢, had an inferior e.r. of 73:27 for amine 2-
17b (Entry 3). The BT-containing DAP-OTT, 2-24e, presented the most promising result

with an e.r. of 90:10 for amine 2-17b (Entry 4). This result led to the publication of the
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synthesis of DAP-OTTf 2-24e along side of the synthesis and reactivity of DAP-OTTf 1-28
by Dr. Travis Lundrigan in the Journal of American Chemical Society in 2019."]

Table 2-1. Summary of test reaction results with heterocyclic DAP analogues.

N 5 mol % 2-24a or 2-24c or 2-24e HN
! 1.1 equiv. HBpin . |
o0 2 — OO
2-17a 2-17b
Entry Catalyst Number Catalyst Structure Selectivity (e.r.)

1 1-28 N’?N 96:4

vE - Me

2-24a Ly e~ 0 80:20

3 2-24¢ SQ}N{?\N%Q ] 73:27

S0
4 2-24e : Nop N 90:10
-oTf

The results of DAP-OTfs, 2-24a, 2-24¢, and 2-24e, were used as a guide for the next
steps in the project for new catalyst design. Synthesis of further TH derivatives would not
be pursued as the results were not indicative of higher amine enantioselectivity, coupled
by lack of cleanliness of the cyclization reaction. A possible explanation for the particularly
poor selectivity of the TH-containing DAP-OTT, 2-24c, is that TH is a bent structure, rather
than planar, and may have a smaller steric profile than the two-dimensional drawings
suggest. The DBT-containing analogue, 2-24a, gave a mediocre enantioselectivity result
while the BT-containing analogue, 2-24e, gave the most promising result. The BT-
containing derivative resembles the naphthyl group the most in terms of steric bulk,

indicating the change in electronic profile (presence of the sulfur) has minimal impact on
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enantioselectivity. Comparing only the BT- and DBT- containing derivative, the obvious
difference is the additional ring, while potentially less obvious difference that may have a
huge impact on the selectivity is the point of attachment relative to the sulfur. These
considerations were the beginning of the design of a second generation of heterocyclic
cationic DAPs, described in the next Chapter.

2.4 Summary

The synthesis and isolation of non-commercially available chiral amines was successful
for both biaryl and heterocyclic derivatives. For the biaryl derivatives, the cyclization of
the corresponding diimines to DAP-Br were successful, but the purification was difficult
as the desired products were soluble in pentane and washed away with the impurities. This
significantly impacted the yield and could not be carried forward to the DAP-OTT{. To
determine if it would be worth scaling up and optimizing the purification, the minimal
amount of DAP-Br collected was used as a pre-catalyst in a test reduction to assess the
enantioselectivity of the benchmark substrate. The enantioselectivity of the DAP-Brs were
less than desirable and further efforts were concentrated on synthesizing the heterocyclic
containing DAP-OTT derivatives.

The generation of heterocyclic containing DAP-OTfs were semi successful.
Specifically, the DBT, TH and BT combined with a methyl in the alkyl position were
successfully synthesized. Unfortunately, diimines derived from the DBTO>, the DBT with
a tert-butyl in the alkyl position, the Fc containing analogues did not successfully cyclize.
The DBT with a tert-butyl group in the alkyl position was too bulky whereas the DBTO>
and Fc analogues had competing decomposition. The reactivity and enantioselectivity of

the successfully synthesized DAP-OTTf were assessed with a cooled reduction reaction with
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the benchmark substrate. The results varied, the DAP-OTT containing TH had the poorest
enantioselectivity. This is thought to be because the steric profile is smaller in three-
dimensional space. The DBT containing derivative was mediocre and the BT derivative
was the best and was published in 2019 with the naphthyl containing DAP-OTT derivative.
2.5 Experimental

2.5.1 General Considerations

Unless stated otherwise all reactions were carried out in a fumehood using oven dried
Schlenk glassware under a nitrogen, inert atmosphere. Filtration and purification of
diazaphospholene derivatives were carried out in a nitrogen filled, inert atmosphere of a
2001 issue IT Glovebox. Hydroboration reductions were carried out in 4 dram oven dried
scintillation vials in the IT Glovebox. 'H, 1*C, !'B, 3'P, and 'F NMR spectra were acquired
at 300K on Bruker AV-500 MHz and AV-300 MHz NMR spectrometers. Standard NMR
tubes and caps were used. Caps on sensitive samples were overwrapped with PTFE tape.
Chemical shifts are reported in parts per million (ppm). 'H NMR spectra are referenced to
residual non-deuterated NMR solvent (CHCI3 = 7.26 ppm or CD;HCN = 1.94 ppm) or to
the TMS standard in the deuterated chloroform (MesSi = 0.00 ppm). 3*C NMR spectra are
referenced to the central CDCls peak (77.16 ppm) or CD3;CN peak (1.32 ppm). Mass
spectrometric data were acquired by Mr. Xiao Feng (Mass Spectrometry Laboratory,
Dalhousie University). X-Ray data collection, solution and refinement were carried out by
Dr. Katherine Robertson at St. Mary’s University. High Performance Liquid
Chromatography (HPLC) data was acquired on a Varian Prostar instrument, equipped with
detection at A = 254 nm, using either Astec Cellulose DMP, or Chiralpak ADH columns.
A 99:1 hexanes/isopropanol solvent mixture was used as the eluent, with a flow rate of 0.5
mL/min.

Solvents

Pentane for reactions was deoxygenated and dried by sparging with nitrogen gas, followed
by passage through a double-column solvent purification system from mBraun Inc. The
solvents were stored over activated 3 A molecular sieves in the glovebox.

Diethyl ether for work-ups (ACS grade) was purchased from Fisher and used as received.
Diethyl ether for reactions was distilled from a purple solution of benzophenone/sodium
ketyl and stored over activated 3 A molecular sieves in the glovebox.

Tetrahydrofuran (Anhydrous >99%, inhibitor free) was purchased in a Sure/Seal™
container from Aldrich and used as received for lithiation reactions. For reaction screenings
in the glovebox, the bottle was brought into the glovebox through the antechamber with
nitrogen purge, the septum was removed from the bottle, and activated 3 A molecular
sieves were added for long term storage.
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Dichloromethane (ACS grade) was purchased from Fisher and distilled from calcium
hydride immediately before use if required.

Deuterochloroform (Cambridge Isotopes) was stored over activated 3 A molecular sieves
but otherwise was used as received.

Reagents

Ellman Sulfinamide Auxiliaries were purchased from Oakwood Chemical and
configuration was verified by measurement of optical rotation.

Glyoxal solution was purchased from Aldrich as 40 wt. % in water solution.

Thiophenes for direct lithiation were purchased from Oakwood Chemical and used as
received.

Titanium ethoxide was purchased from Oakwood Chemical and used as received.
Triethylamine was purchased from Aldrich in a Sure/Seal® bottle and used as received.

Trimethylsilyl triflate was purchased from Oakwood Chemical and distilled at 10 torr
before use.

Pinacolborane was purchased from Oakwood Chemical stored at ambient temperature in
the glovebox, and otherwise used as received. Distillation of pinacolborane gave no
improvement on enantioselectivity.

Phosphorus (III) Bromide was purchased as the 99% purity grade from Aldrich in a
Sure/Seal® bottle and used as received. The 97% purity grade can also be used with no
detriment to yield or purity, however products may be darker in colour.

2.5.2 Procedure for the Removal of an Ellman Auxiliary

Anhydrous 2M HCI in diethyl ether (4.0 equiv.) was added dropwise to a non-
anhydrous solution of diethyl ether containing the appropriate sulfinimide (E//man
protected amine, 1.0 equiv.). After 1-5 min (depending on the amine) some white
precipitate formed, and the suspension was stirred overnight (16—18 h). The precipitate was
isolated by filtration, then transferred to a separatory funnel. An aqueous solution of 2M
NaOHq) was added to the separatory funnel to basify the amine. The amine was extracted
into dichloromethane (3 x 50 mL) and the combined organic layers were dried over Na>xSO4
then filtered and concentrated to give the desired amine, which was used without further
purification.
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2.5.3 Procedure for the Synthesis of Diimines

In a round bottom flask equipped with a magnetic stir bar, the appropriate enantiopure
amine (2.0 equiv.) was dissolved in dichloromethane in open air. The rest of the reagents
were added in the following order: Na;SO4 (4.0 equiv.), glyoxal solution (40 wt. % in H2O,
1.0 equiv.) and a drop of formic acid. The solution was enclosed with a rubber septum and
stirred for 2—4 h as required. The reaction was monitored by 'H NMR spectra of aliquots
(no work-up of the aliquots were conducted, the withdrawn sample was diluted with CDCI3
and assessed). When the reaction was complete, the NaSO4 was removed by filtration and
rinsed with dichloromethane. The filtrate was concentrated to give the desired diimine and
used without further purification.

2.5.4 Procedure for the Synthesis of Diazaphospholene Bromides (DAP-Br)

As stated in the literature procedure,”! cyclohexene (5.0 equiv.) and PBr3 (1.0 equiv.)
were sequentially added to dichloromethane in a Schlenk flask with a stir bar. A solution
of the appropriate diimine (1.0 equiv.) in dichloromethane was added. The solution was
stirred for 2 h. At lower ambient temperatures, a solid may form during this reaction, which
has no detrimental impact on subsequent steps. After 2 h, the dichloromethane was
removed in vacuo, the tube was backfilled with nitrogen, sealed and brought into the
glovebox. The resulting foam was triturated with pentane and a metal spatula to form a
powder. The suspension was transferred to a filter frit, filtered, and washed with further
pentane. NMR spectra of the powder were obtained during the wash to ensure the removal
of the dibromocyclohexane byproduct. If this material was still present, the washing was
continued until pure.

2.5.5 Procedure for the Synthesis of Diazaphospholene Triflates (DAP-OTf)

As stated in the literature procedure,” the appropriate DAP-Br (1.0 equiv.) was
weighed into a Schlenk flask equipped with a stir bar inside the glovebox. The flask was
removed from the glovebox then placed on the Schlenk line in the fumehood. The DAP-Br
was dissolved in dichloromethane followed by the addition of trimethylsilyl triflate (1.1
equiv.) over 2 min. The solution was stirred for 1 h, then the dichloromethane was removed
in vacuo. The flask was backfilled with nitrogen, sealed and brought back into the
glovebox. The resulting foam was triturated with diethyl ether and a metal spatula to form
a powder. The suspension was transferred to a Schlenk filter, filtered, and washed with
further diethyl ether. The compound was then held under vacuum until a constant weight
was achieved.
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2.5.6 Synthesis and Characterization of 2-10 to 2-24e

Compound 2-10:*" This compound was resolved from 1-(2-bromophenyl)ethylamine
following a literature procedure in a 35% yield.

Br NH,
TH NMR (500 MHz, CDCls): § 7.49-7.47 (m, 2H), 7.29-7.26 (m, 1H),

Me | 7.06-7.03 (m, 1H), 4.47 (q, J = 6.6 Hz, 1H), 1.34 (d, J = 6.6 Hz, 3H).

The enantiomeric excess was determined by HPLC on an Astec
Cellulose DMP column, tmajor= 23.287 min, tmin= 26.699 min. Enantiomeric ratio > 99:1.

Compound 2-11:*7! Compound 2-10 (2.17 g, 10.86 mmol, 1.0 equiv.) was dissolved in
acetonitrile (30 mL). Di-tert-butyl dicarbonate (2.5 mL, 10.86
mmol, 1.0 equiv.) was added which generated a colourless solution
Br HN” Yofgu | that was stirred for 24 h. The majority of acetonitrile was removed
in vacuo. The residue was purified through column chromatography
(10% EtOAc/hexanes). The solvent was removed in vacuo that
resulted in a colourless powder. The initial NMR spectrum showed
excess EtOAc remained, compound was left under high vacuum for
multiple days before proceeding to the following step. For a fully detailed characterization,
VT NMR would be helpful due to the presence of rotamers but was not obtained because
the subsequent results leading to the abandonment of this project.

0

Me

TH NMR (300 MHz, CDCl3): § 7.53 (m, 1H), 7.32-7.29 (m, 2H), 7.12-7.07 (m, 1H), 5.07
(br.s, 1H), 4.94 (br. s, 1H), 1.41 (br. s, 12H).

Compound 2-12a:"*” Compound 2-12a was isolated as a colourless foam in a quantitative
yield following a literature procedure.

M
° O Meq H NMR (500 MHz, CDCL): 5 7.40 (ap. d J= 7.6 Hz, 1H), 7.36
HNJj\otBu (t,J = 7.4 Hz, 1H), 7.27 (ap. t, J = 7.5 Hz, 1H), 7.28-7.25 (m,
1H), 7.18 (ap. d, J= 7.2 Hz, 1H) , 6.99-6.96 (m, 3H), 4.89 (br.
O Me s, 1H), 4.72 (br. s, 1H), 2.35 (s, 6H), 1.39 (br. s, 9H), 1.27 (ap.
d,J= 6.4 Hz, 3H).

HRMS(ESI): calculated (M+Na)" [C21H27NNaO,]: 348.1934; found: 348.1922.
[0]*'p=—46° (c= 0.36, CH2CL).

Compound 2-12b: Compound 2-12b was isolated as a colourless oil in a 52% yield

following a literature procedure.*’)
FsC CF3q
O U, | '"HNMR (500 MHz, CDCL): § 7.89 (br. s, 3H), 7.49-7.43 (m,
HN™ “OBu| 2H), 7.34 (ap. t, J = 7.3 Hz, 1H), 7.18 (ap. d, J = 7.6 Hz, 1H),
O Me 4.66 (br. s, 2H), 1.37 (br. s, 9H), 1.29 (ap. d, J = 6.0 Hz, 3H).
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HRMS(ESI): calculated (M+Na)" [C21H21FsNNaO>]: 456.1369; found: 456.1368.

[0]*'p=—32° (c= 1.36, CH,Cly).

Amine 2-13a: In a round bottom flask that contained a stir bar, compound 2-12a (1.40 g,

MeiMe

NH»

Me

4.30 mmol, 1.0 equiv.) was dissolved in dichloromethane (2 mL)
and cooled to 0 °C. Trifluoroacetic acid (2.3 mL, 30.1 mmol, 7.0
equiv.) was added dropwise and created a clear pink solution. After
19 h of stirring the solution colour changed to orange and the
reaction was quenched with 2 M NaOHgq). The product was
extracted with 2 x 50 mL of dichloromethane. The organic layers
were combined, dried over Na,SOy, filtered, and concentrated

which gave compound 2-13a as an orange oil (0.89 g, 3.88 mmol, 92% yield). Spectrum

values match literature values.!

47]

'"H NMR (500 MHz, CDCl3): 6 7.58 (ap. d,J = 7.8 Hz, 1H), 7.36 (ap. t, J = 7.6 Hz, 1H),
7.25-7.23 (m, 1H), 7.16 (ap. d, J = 7.6 Hz, 1H), 6.99 (br. s, 1H), 6.90 (br. s, 2H), 4.23 (q,
J=6.6 Hz, 1H), 2.35 (s, 6H), 1.42 (br. s, 2H), 1.29 (d, J = 6.6 Hz, 3H).

HRMS(ESI): calculated (M+H)" [C16H20N]: 226.1590; found: 226.1596.

[0]?'p=+33° (c= 3.40, CH,CL).

Amine 2-13b: In a round bottom flask that contained a stir bar, compound 2-12b (2.61 g,

FsC O CF3

NH,

Me

5.76 mmol, 96% yield).

6.01 mmol, 1.0 equiv.) was dissolved in dichloromethane (3 mL)
and cooled to 0 °C. Trifluoroacetic acid (3.2 mL, 42 mmol, 7.0
equiv.) was added dropwise which created a clear orange
solution. After 19 h of stirring the solution colour changed to
yellow and the reaction was quenched with 2M NaOHgq). The
product was extracted with 2 x 50 mL of dichloromethane. The
organic layers were combined, dried over Na>SOs, filtered, and
concentrated to give compound 2-13b as a yellow oil (1.92 g,

'H NMR (500 MHz, CDCl3): 7.89 (br. s, 1H), 7.81 (br. s, 2H), 7.68 (ap. d, J = 7.9 Hz,

1H), 7.47 (ap. t,J =7.0

Hz, 1H), 7.32 (ap. t, J = 7.5 Hz, 1H), 7.17 (ap. d, J = 7.6 Hz, 1H),

4.06 (q,J = 6.5 Hz, 1H), 1.41 (br. s, 2H), 1.32 (d, J = 6.5 Hz, 3H).

19F NMR (470 MHz, CDCl3): 5 —62.8.

[0]'p=+18° (c= 2.83, CH,CL).

HRMS(ESI): calculated (M+H)" [C16H14FsN]: 334.1025; found: 334.1017.
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Diimine 2-14a: Amine 2-13a (0.45 g, 2.00 mmol) was treated as described in Section 2.5.3
in 5 mL of dichloromethane (0.40 M) for 2

O Q h to generate diimine 2-14a as a bright
ellow powder in a 70% yield.
aY yellow pow: 0y
Me O Me e Q ve| 'HNMR (500 MHz, CDCI3): 7.67 (s, 2H),
7.59 (m, 2H), 7.34 (m, 2H), 7.23 (m, 2H),
Me Me

7.16 (m, 2H), 6.97 (s, 2H), 6.82 (s, 4H),
4.66(q,J = 6.6 Hz, 2H), 2.31 (s, 12H), 1.44

(d, J= 6.7 Hz, 6H).

13C NMR (125 MHz, CDCl3): § 161.1, 141.5, 141.3, 141.0, 137.7, 130.1, 128.8, 127.8,
127.3,127.0, 126.7, 65.1, 24.4, 21.5.

HRMS(ESI): calculated (M+H)" [C34H37N>]: 473.2951; found: 473.2955.

Diimine 2-14b: Amine 2-13b (1.00 g, 2.31 mmol) was treated as described in Section 2.5.3
to generate diimine 2-14b.

O Q 'H NMR (500 MHz, CDCl3): 7.88 (s,
NZAN 2H), 7.72 (s, 4H), 7.66 (m, 4H), 7.47 (m,
F\C O Ve e Q cr,| 2. 7.34 (m, 2H), 7.19 (m, 2H), 449 (q,
J=6.6 Hz ,2H), 1.46 (d, J = 6.6 Hz, 6H).
CF3 F3C

13C NMR (125 MHz, CDCl3): & 160.8,
143.3, 141.0, 138.1, 131.7 (3Jcr = 34 Hz), 130.1, 129.7, 129.4, 127.7, 127.5, 124.5, 122.3,
121.3, 65.1, 24.0.

19F NMR (470 MHz, CDCl3): 5 —62.8
HRMS(ESI): calculated (M+Na)" [C3sH24F12N2Na]: 711.1640; found: 711.1667.

Compound 2-20a: In a round bottom flask equipped with a stir bar, dibenzothiophene
(193 g, 10.5 mmol, 1.0 equiv.) was dissolved in

O O tetrahydrofuran (10 mL). The solution was cooled to 0 °C
S
N

followed by the addition of nBuLi (4.2 mL, 2.5 M in hexanes,
10.5 mmol, 1.0 equiv.). As the reaction stirred for 2 h it was
\ gradually warmed to room temperature then cooled to —78 °C.
O//S“"’Bu Once cooled, the Ellman imine (derived from acetaldehyde

and (S)-tertbutanesulfinamide) solution (2.00 g, 13.6 mmol,
1.3 equiv.) in tetrahydrofuran (10 mL) was added. An additional 5 mL of tetrahydrofuran
was used to rinse the flask and complete the transfer. The solution stirred for 1 h then
quenched with NH4Cl@q) and extracted with dichloromethane (2 x 75 mL). The organic
layers were combined, dried over Na;SOg, filtered, and concentrated. The resulting yellow
oil was purified via column chromatography (60% EtOAc/Hexanes). Product 2-20a was
obtained as a yellow oil (1.18 g, 7.15 mmol, 34% yield).

Me H
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'H NMR (400 MHz, CDCls): 5 8.17-8.15 (m, 1H), 8.11-8.09 (m, 1H), 7.88-7.86 (m, 1H),
7.48-7.45 (m, 4H), 4.91 (qd, J = 6.8 Hz, 3.0 Hz, 1H), 3.70 (ap. d, J = 3.6 Hz, 1H), 1.74 (d,
J=6.7Hz, 3H) 1.22 (s, 9H).

BC{'H} NMR (100 MHz, CDCl3): & 139.5, 137.7, 137.6, 136.6, 135.6, 127.0, 124.9,
124.5, 122.8, 121.7, 121.0, 56.0, 54.6, 22.9, 22.8.

HRMS(ESI): calculated (M+Na)" [C1sH21NNaOS;]: 354.0957; found: 354.0966.

Compound 2-20b: In a round bottom flask equipped with a stir bar, dibenzothiophene
sulfone (2.60 g, 12.0 mmol, 1.0 equiv.) was suspended in

tetrahydrofuran (20 mL). The solution was cooled to =78 °C
O O followed by the addition of nBuLi (4.8 mL, 2.5 M in hexanes,
o"s\b NH

12.0 mmol, 1.0 equiv.). The reaction stirred for 2 h at =78 °C.
The Ellman imine (derived from acetaldehyde and (S)-fert-
\S”, . butanesulfinamide) solution (2.12 g, 14.4 mmol, 1.2 equiv.) in
¢ 'BY| tetrahydrofuran (15 mL) was added. The solution stirred for
0.5 h at =78 °C then warmed to room temperature and stirred
for 0.5 h. The reaction was quenched with NH4Cl.q) and extracted with diethyl ether (2 x
75 mL). The organic layers were combined, dried over Na>SOg, filtered, and concentrated.
The crude product was purified via column chromatography (75% EtOAc/Hex). Product
2-20b was obtained as a beige powder (1.40 g, 3.85 mmol, 32% yield).

Me

'H NMR (400 MHz, CDCls): § 7.79 (m, 2H), 7.70-7.68 (m, 1H), 7.65-7.60 (m, 3H),
7.53-7.49 (m, 1H), 5.35-5.29 (m, 1H), 1.75 (d, J = 6.8 Hz, 3H) 1.21 (s, 9H).

3C{IH} NMR (100 MHz, CDCl3): & 142.5, 137.6, 134.8, 134.3, 134.0, 132.0, 131.5,
130.5, 128.6, 122.0, 121.7, 120.7, 56.1, 51.1, 23.3, 22.6.

HRMS(ESI): calculated (M+Na)" [C18H21NNaO3S,]: 386.0855; found: 386.0864.
[0]*'p=—58° (c= 0.7, CH,CL).

Compound 2-20c: In a round bottom flask equipped with a stir bar, thianthrene (5.34 g,
24. 7 mmol, 1.0 equiv.) was dissolved in tetrahydrofuran (50

S mL). The solution was cooled to —84 °C followed by the
@[ addition of nBuLi (9.9 mL, 2.5 M in hexanes, 1.0 equiv.). The
S reaction stirred for 10 min then allowed to warm to room

temperature and stirred for 1 h. The reaction was cooled back to

I —84 °C and the Ellman imine (derived from acetaldehyde and
o//s"’tBu (S)-tert-butanesulfinamide) solution (4.36 g, 29.6 mmol, 1.2
equiv.) in tetrahydrofuran was added. The solution stirred for 10
mins then allowed to gradually warm to room temperature and stirred for an additional 40
min. The reaction was then quenched with NH4Clq) and extracted with dichloromethane
(2 x 75 mL). The organic layers were combined, dried over Na>SOs, filtered, and

Me NH
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concentrated. The crude product was purified via column chromatography (75%
EtOAc/Hex). Product 2-20¢ was obtained as a white foam (1.46 g, 4.02 mmol, 16% yield).

'H NMR (400 MHz, CDCls): § 7.53-7.51 (m, 1H), 7.49-7.47 (m, 1H), 7.45-7.43 (m, 1H),
7.40-7.38 (m, 1H), 7.25-7.22 (m, 3H), 5.20 (qd, J = 6.5 Hz, 3.0 Hz, 1H), 3.65 (ap. d, J =
3.4 Hz, 1H), 1.57 (d, J= 6.7 Hz, 3H) 1.22 (s, 9H).

BC{'H} NMR (100 MHz, CDCl3): § 143.6, 136.7, 136.6, 135.1, 134.6, 129.3, 128.7,
128.3,128.1, 127.9, 127.7, 125.4, 55.8, 51.4, 22.7, 22.3.

[0]*'p=+88° (c= 1.13, CH,Cly).
HRMS(ESI): calculated (M+H)" [C14sH14NS2]: 260.0562; found: 228.0572.

Compound 2-20d: In a round bottom flask equipped with a stir bar, dibenzothiophene
(1.50 g, 8.13 mmol, 1.0 equiv.) was dissolved in

tetrahydrofuran (6 mL). The solution was cooled to 0 °C
O O followed by the addition of nBuLi (3.3 mL, 2.5 M, 8.1 mmol,
S
NH

1.0 equiv.). As the reaction stirred for 2 h it was gradually
warmed to room temperature then cooled to —78 °C. Once
cooled, the Ellman imine (derived from pivaldehyde and (S)-
tert-butanesulfinamide) solution (2.00 g, 10.6 mmol, 1.3
equiv.) in tetrahydrofuran (5 mL) was added. An additional 5
mL of tetrahydrofuran was used to rinse the flask and complete the transfer. The solution
stirred for 1 h then quenched with NH4Cl.q) and extracted with dichloromethane (2 x 75
mL). The organic layers were combined, dried over Na>SOys, filtered, and concentrated.
The resulting yellow oil was purified via column chromatography (60% EtOAc/Hex).
Product 2-20d was obtained as a white powder (1.1 g, 2.9 mmol, 36% yield).

B \S
72t
o’ Bu

'H NMR (500 MHz, CDCL): & 8.15-8.13 (m, 1H), 8.09-8.08 (m, 1H), 7.84-7.83 (m, 1H),
7.45-7.43 (m, 4H), 4.57 (s, 1H), 3.68 (s, 1H), 1.16 (s, 9H), 1.08 (s, 9H).

BC{'H} NMR (125 MHz, CDCl): & 141.4, 139.2, 136.0, 135.8, 135.0, 126.9, 126.8,
124.5,124.2,122.8, 121.7, 120.8, 66.0, 55.8, 37.0, 27.0, 22.6.

HRMS(ESI): calculated (M+Na)* [C21H27NNaOS:]: 396.1426; found: 396.1431.
[0]*'p=195° (c= 1.14, CH:CL).

Amine 2-21a: Compound 2-20a (2.37 g, 7.16 mmol, 1.0 equiv.) was treated as described
in Section 2.5.2 which resulted in a 69% yield of compound 2-21a

O O as an off-white powder.
S
NH

TH NMR (500 MHz, CDCL3): 5 8.16-8.14 (m, 1H), 8.06-8.04 (m,
Ve 2| 1H), 7.88-7.86 (m, 1H), 7.54-7.53 (m, 1H) 7.49-7.45 (m, 3H),
4.50 (q,J = 6.6 Hz, 1H), 1.68 (s, 2H), 1.56 (d, J = 6.6 Hz, 3H).
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13C NMR (125 MHz, CDCl3): § 142.0, 139.5, 137.2, 136.2, 135.9, 126.8, 125.1, 124.4,
122.9,122.8, 121.7, 120.2, 51.0, 23.8.

HRMS(ESI): calculated (M+H)" [C14H14NS]: 228.0841; found: 228.0849.

[0]*'p=—51° (c= 1.18, CH2CL).

Amine 2-21b: Compound 2-20b (1.4 g, 3.9 mmol, 1.0 equiv.) was treated as described in
Section 2.5.2 with a solvent modification of toluene instead of

O ether. This resulted compound 2-21b as a white powder in a 75%
yield.

77\

S
6"0, /NHz| 'H NMR (400 MHz, CDCLs): 5 7.82-7.76 (m, 2H), 7.72-7.70
(m, 1H), 7.67-7.59 (m, 3H), 7.53-7.50 (m, 1H), 4.95 (q, J = 6.6
Hz, 1H), 1.83 (br. s, 2H), 1.53 (d, J = 6.6 Hz, 3H).

13C NMR (100 MHz, CDCl3):  146.1, 137.9, 134.6, 134.3, 133.9, 131.7, 131.6, 130.4,
127.8,122.1, 121.6, 120.1, 46.5, 24.6.

HRMS(ESI): calculated (M+H)" [C14H14NO2S]: 260.0740; found: 260.0734.
[0]*'p=—109° (c= 0.34, CH2CL,).
Amine 2-21¢: Compound 2-20¢ (1.3 g, 4.0 mmol, 1.0 equiv.) was treated as described in

Section 2.5.2 with a solvent modification of dichloromethane
C[S instead of ether. This resulted in compound 2-21¢ as a yellow oil

S in a 66% yield.

Me” NH, TH NMR (500 MHz, CDCl3): § 7.55-7.47 (m, 3H), 7.41 (ap. d, J
= 7.6 Hz, 1H), 7.27-7.24 (m, 3H), 4.76 (ap. sextet, J = 6.2 Hz,
1H), 1.52 (br. s, 2H), 1.43 (d, /= 6.6 Hz, 3H).

13C NMR (125 MHz, CDCl3): § 147.3, 136.9, 136.1, 135.6, 134.2, 129.2, 128.8, 128.0,
127.8, 127.6, 124.3, 48.6, 24.6.

HRMS(ESI): calculated (M+H)" [C14H14aNS2]: 260.0562; found: 260.0572.
[0]*!p=+88° (c= 1.13, CH2ClL).

Amine 2-21d: Compound 2-20d (1.1 g, 2.9 mmol, 1.0 equiv.) was treated as described in
Section 2.5.2 which resulted in compound 2-21d as a light-yellow

O O powder in a 73% yield.
S
NH

2

Bu
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'H NMR (500 MHz, CDCl3): 5 8.15-8.14 (m, 1H), 8.06 (ap. d, J = 7.7 Hz, 1H), 7.85—
7.84 (m, 1H), 7.55-7.54 (m, 1H), 7.48-7.44 (m, 3H), 4.15 (s, 1H), 1.58 (s, 2H), 1.04 (s,
9H).

13C NMR (125 MHz, CDCl3): § 140.0, 139.4, 139.2, 136.0, 135.7, 126.8, 126.0, 124.4,
122.6,121.7, 120.3, 64.5, 37.0, 27.0.

HRMS(ESI): calculated (M+H)" [C17H20NS]: 270.1311; found: 270.1322.
[0]*!p=+45° (c= 0.89, CH,Cl).

Compound 2-19c: In a 250 mL round bottom flask, 3-formyl benzothiophene (4.86 g, 30.0
mmol, 1.0 equiv.) and (S)-tert-butylsulfinamide (3.68 g, 30.0
S mmol, 1.0 equiv.) were dissolved in 50 mL of tetrahydrofuran.
/ Titanium ethoxide (12.6 mL, 60.0 mmol, 2.0 equiv.) was added,
and the reaction was stirred for 21 h. The reaction was quenched

N with 100 mL of brine, diluted with 100 mL of dichloromethane,

,Sutg, | and pressed through a fine frit, washing with another 100 mL of
o dichloromethane. The organic layer was isolated, dried over
NaxSOq, filtered, and concentrated to give compound 2-19¢ (7.80
g, 29.3 mmol, 98% yield). The compound was a white waxy solid and used directly in the
next step without further purification.

H

'H NMR (500 MHz CDCl3): 5 8.80 (s, 1H), 8.71 (ap. d, J = 8.4 Hz, 1H), 8.07 (s, 1H),
7.89 (ap. d, J=8.4 Hz, 1H), 7.50 (ap. t, J= 7.7 Hz, 1H), 7.45 (ap. t, /= 7.7 Hz, 1H), 1.31
(s, 9H).

13C NMR (125 MHz, CDCl3): 4 156.9, 140.8, 138.2, 136.0, 132.5, 125.9, 125.8, 125.0,
122.8, 57.6, 22.7.

HRMS(ESI): calculated (M+Na)" [C13H;sNNaOS;]: 288.0487; found: 288.0494.

Compound 2-19d: In a round bottom flask, ferrocenecarboxaldehyde (2.53 g, 11.8 mmol,
1.0 equiv.) and (S)-tert-butylsulfinamide (1.43 g, 11.8 mmol, 1.0
equiv.) were dissolved in 30 mL of tetrahydrofuran. Titanium
@\(/N\ WBu | ethoxide (4.9 mL, 23.6 mmol, 2.0 equiv.) was added, and the

! reaction was stirred for 24 h. The reaction was quenched with

Oo=w

Fe
H brine, diluted with dichloromethane, and pressed through a fine frit

Q and washed with excess dichloromethane. The organic layer was
isolated, dried over Na>SQOs, filtered, and concentrated to give

compound 2-19d.

'H NMR (400 MHz CDCls): § 8.51 (s, 1H), 4.75-4.73 (m, 2H), 4.52-4.51 (m, 2H), 4.22
(s, 4H), 1.25 (s, 9H).

13C NMR (100 MHz, CDCls): 8 164.2, 78.7, 72.0, 69.9, 69.6, 69.2, 56.8, 22.7, 22.2.
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HRMS(ESI): calculated (M+Na)* [C1sH9FeNNaOS]: 340.0429; found: 340.0436.

Compound 2-20e: In a round bottom flask, compound 2-19¢, (7.50 g, 28.2 mmol, 1.0
equiv.) was dissolved in 50 mL toluene, and cooled to —78 °C. A

S solution of MeMgBr in diethyl ether (18.8 mL, 3.0 M in THF, 3.0

/ equiv.) was added, and the cooling bath was allowed to decay
naturally. The brownish solution was stirred for 16 h, then

ve” \H quenched with NH4Cl(aq) and extracted with 2 x 150 mL diethyl
O/,S"”‘Bu ether. The organic layers were combined dried over NaxSOs,
filtered, and concentrated. This resulted in the isolation of a crude

product as a yellow oil that was purified by column chromatography (80%
EtOAc/hexanes). Compound 2-20e was obtained as a pale yellow oil (3.73 g, 13.2 mmol,
47% yield).

'TH NMR (500 MHz, CDCl3): § 7.86-7.85 (m, 2H), 7.39-7.33 (m, 3H), 4.96 (ap. p, J= 6.5
Hz, 1H), 3.33 (ap. d, /= 5.4 Hz, 1H), 1.75 (d, /= 6.7 Hz, 3H), 1.21 (s, 9H).

13C NMR (125 MHz, CDCl3): & 141.1, 138.3, 137.5, 124.6, 124.0, 123.1, 123.1, 122.7,
56.0, 50.6, 23.4, 22.8.

HRMS(ESI): calculated (M+Na)* [C14H;9NNaOS:]: 304.0800; found: 304.0800.
[0]*'p=423° (c= 0.97, CHCl5).

Compound 2-20f: In a round bottom flask, compound 2-19d, (3.7 g, 11.7 mmol, 1.0
equiv.) was dissolved in 50 mL toluene, and cooled to —84 °C. A

H Bu solution of MeMgl in diethyl ether (7.8 mL, 3.0 M in THF, 3.0
;| Y s equiv.) was added dropwise, and the cooling bath was allowed to

Oo=wm

Fe  Me decay naturally and the reaction stirred for 18 h. The reaction was
@ quenched with NH4Cl(.q) and extracted with diethyl ether (2 x 150
mL). The organic layers were combined dried over NaSOu,
filtered, and concentrated. This resulted in the isolation of a red/brown oil that was purified
by column chromatography (60% EtOAc/hexanes). Compound 2-20f was obtained as a
deep red liquid.

'H NMR (500 MHz, CDCls): 5 4.25 (ap. p, J = 6.8 Hz, 1H), 4.18-4.15 (m, 9H), 3.31 (ap.
d,J=8.3 Hz, 1H), 1.63 (d, J= 6.8 Hz, 3H), 1.24 (s, 9H).

13C NMR (125 MHz, CDCls):  92.6, 68.6, 68.0, 67.8, 65.9, 56.0, 51.6, 23.7, 22.9.
HRMS(ESI): calculated (M+Na)* [C1sH23FeNNaOS]: 356.0742; found: 356.0730.

[0]?'p=423° (c= 0.97, CHCl5).
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Amine 2-21e: Compound 2-20e (2.5 g, 8.9 mmol, 1.0 equiv.) was treated as described in

S
/

Me

"INH,

Section 2.5.2 which generated amine 2-21e as a clear yellow oil in a
95% yield.

H NMR (500 MHz, CDCL3): 5 7.86 (ap. t, J = 8.1 Hz, 2H), 7.41—
7.35 (m, 2H), 7.33 (s, 1H), 4.54 (q, J = 6.6 Hz, 1H), 1.55 (d, J = 6.6
Hz, 3H).

13C NMR (125 MHz, CDCl3): § 143.0, 141.2, 137.9, 124.4, 124.1, 123.2, 122.0, 120.3,

46.1, 24.3.

HRMS(ESI): calculated (M+H)" [C1oH12NS]: 178.0685; found: 178.0682.

[0]'p=+39.7° (c= 1.09, CH,Cl,).

Amine 2-21f: Compound 2-20f (1.0 g, 3.0 mmol, 1.0 equiv.) was treated as described in

F

<

b,

NH,

Me

Section 2.5.2 and resulted in amine 2-21f as an orange oil in an
85% yield.

TH NMR (500 MHz, CDCL): § 4.15-4.11 (m, 9H), 3.80 (q, J =
6.6 Hz, 1H), 1.34 (d, J = 6.6 Hz, 3H).

[0]*'p=—21° (c= 0.87, CH,Cly).

Diimine 2-22a: Amine 2-21a (1.14 g, 5.01 mmol, 2.0 equiv.) was treated as described in

Section 2.5.3 which resulted in diimine 2-

Q 22a as a beige powder in a 57% yield.
7\ ,S ’ '"H NMR (500 MHz CDCls): & 8.23 (s,

2 2H), 8.13-8.11 (m, 2H), 8.05 (ap. d, J =
Me 7.7 Hz, 2H), 7.84-7.82 (m, 2H), 7.56 (ap.

d, J = 7.4 Hz, 2H), 7.47-7.42 (m, 6H),

4.88 (q, J= 6.6 Hz, 2H), 1.74 (d, J = 6.6 Hz, 6H).

13C NMR (125 MHz, CDCl3): § 161.4, 139.5, 138.2, 137.7, 136.4, 135.9, 126.9, 125.1,
124.5,124.4,122.8, 121.7, 120.6, 68.9, 22.9.

HRMS(ESI): calculated (M+H)" [C30H25N2S2]: 477.1454; found: 477.1447.

[0]*' b= +67° (c= 0.36, CH.CL).
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Diimine 2-22b: Amine 2-21b (0.75 g, 2.90 mmol, 2.0 equiv.) was treated as described in
Section 2.5.3 which resulted in diimine 2-

O Q 22b as an orange powder in an 85% yield.
O O Significant amounts of baseline material
st 7\ S were observed, however attempts to
1IN

0 Omé K/l 00 remove this by washing with diethyl ether
were unsuccessful due to the high

solubility of the diimine.

'H NMR (500 MHz CDCl): & 8.22 (s, 2H), 7.81-7.76 (m, 5H), 7.72 (m, 2H), 7.61-7.54
(m, 7H), 7.47 (m, 2H), 5.31 (q, J = 6.6 Hz, 2H), 1.70 (d, J = 6.6 Hz, 6H).

13C NMR (125 MHz, CDCl3): 5 162.4, 142.9, 137.8, 134.3, 133.9, 131.7, 130.3, 129.3,
122.0, 121.6, 120.2, 64.3, 25.3.

HRMS(ESI): calculated (M+Na)" [C30H24N2NaO4S:]: 563.1070; found: 563.1094.

Diimine 2-22¢: Amine 2-21¢ (0.65 g, 2.5 mmol, 2.0 equiv.) was treated as described in
Section 2.5.3 which resulted in diimine 2-

22¢ as a white powder in a 76% yield.
S S
>/:\<‘ 7\ Q 'H NMR (500 MHz CDCL): 5 8.14 (s,
S " NN < S 2H), 7.52-7.47 (m, 6H), 7.42 (ap. d, J=7.7
© © Hz, 2H), 7.25-7.17 (m, 6H), 5.24 (q, J =
6.6 Hz, 2H), 1.59 (d, J = 6.6 Hz, 6H).

13C NMR (125 MHz, CDCl3): § 161.8, 143.4, 136.8, 136.3, 135.3, 134.5, 129.3, 128.7,
128.1, 128.0, 127.8, 126.1, 66.0, 23.6.

HRMS(ESI): calculated (M+H)" [C30H25N2S4]: 541.0895; found: 541.0897.

Diimine 2-22d: Amine 2-21d (0.57 g, 2.1 mmol. 2.0 equiv.) was treated as described in
Section 2.5.3 which resulted in diimine 2-

22d as a solid yellow powder in a 70%
o2 R
S N/ \N / S
‘Bu “tBy

H NMR (500 MHz CDCls): § 8.13 (s,
2H), 8.09-8.07 (m, 2H), 7.98 (ap. d, J= 7.6
Hz, 2H), 7.83-7.81 (m, 2H), 7.52 (ap. d, J
= 7.4 Hz, 2H), 7.41-7.34 (m, 6H), 4.35 (s, 2H), 1.05 (s, 18H).

13C NMR (125 MHz, CDCl3):  161.5, 139.5, 139.4, 136.3, 136.0, 135.9, 127.3, 126.7,
124.4,124.2,122.5, 121.6, 120.3, 84.1, 37.6, 27 .4.

HRMS(APCI): calculated (M+H)" [C36H37N2S2]" 561.2392, found 561.2418.
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Diimine 2-22e: Amine 2-21e (1.5 g, 8.5 mmol, 2.0 equiv.) was treated as described in
Section 2.5.3 which resulted in diimine 2-22e as a

S S flaky orange foam in a 93% yield.
‘ E /Z \
N// \\N—§—© 'TH NMR (500 MHz, CDCl3): 5 8.09 (s, 2H), 7.85—
me Me 7.77 (m, 4H), 7.37-7.33 (m, 6H), 5.00 (ap. q, J =
6.6 Hz, 2H), 1.69 (d, /= 6.7 Hz, 6H).

13C NMR (125 MHz, CDCl3): 5 161.3, 141.0, 138.2, 137.7, 124.5, 124.2, 123.1, 122.6,
122.2,63.6,22.7.

HRMS(ESI): calculated (M+Na)" [C22H20N2NaS:]: 399.0960; found: 399.0946
[a]*'p=+18° (c= 0.96, CH2Cl,).

Diimine 2-22f: Amine 2-21f (0.58 g, 2.5 mmol, 2.0 equiv.) was treated as described in
Section 2.5.3 which resulted in diimine 2-22f as a

deep red tacky oil in a 90% yield.
p@/ 7 N\ \6
N N— < TH NMR (500 MHz CDCl3): & 7.96 (s, 2H), 4.33

%\ Me Me @ (q, J= 6.6 Hz, 2H), 4.13 (s, 18H), 1.54 (d, J = 6.6
Hz, 6H).

13C NMR (125 MHz, CDCls): 6 160.3, 91.5, 68.7, 68.1, 67.8, 67.5, 66.1, 64.9, 22.7.
HRMS(ESI): calculated (M+Na)" [C26H23Fe2N2Na]: 503.0844; found: 503.0844.

DAP-Br 2-23a: Diimine 2-22a (0.68 g, 1.4 mmol, 1.0 equiv.) was treated as described in
Section 2.5.4 which resulted in DAP-Br 2-
23a in a 91% yield, as a brown powder.
Despite  extensive  washing  some
dibromocyclohexane remained.

IH NMR (500 MHz, CDCl3): & 8.15-8.12
(m, 4H), 7.66-7.61 (m, 4H), 7.52-7.43 (m, 6H), 6.60 (s, 2H), 5.55-5.49 (m, 2H), 2.23 (d,
J= 6.6 Hz, 6H).

13C NMR (125 MHz, CDCls): § 139.1, 137.9, 137.0, 135.5, 135.0 (d, J = 5.8 Hz), 127.3,
125.5 (d, J = 8.8 Hz), 124.9, 123.7 (d, J = 7.7 Hz), 122.8, 122.1, 121.9, 58.4 (d, J = 12.6
Hz), 20.0 (d, J=11.9 Hz).

3P NMR (202 MHz, CDCl3): & 184.6.
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DAP-Br 2-23c¢: Diimine 2-22¢ (0.30 g, 0.55 mmol, 1.0 equiv.) was treated as described in
Section 2.5.4 which generated DAP-Br 2-23¢

as a green powder in a 49% yield.
s Y s
:[ g N - 5 5: 'H NMR (500 MHz, CDCls): & 7.52-7.47
Me B Me (m, 7H), 6.59 (s, 2H), 5.93-5.90 (m, 2H), 2.13
(d, J=6.6 Hz, 6H).

3P NMR (202 MHz, CDCl3): & 185.5.

DAP-Br 2-23e: Diimine 2-22e (0.69 g, 1.84 mmol, 1.0 equiv.) was treated as described in
Section 2.5.4 which generated DAP-Br 2-23e as an
orange powder in a 96% yield.

S S
| = |
NN 'H NMR (500 MHz, CDCl3): 5 7.89 (ap. d, J = 8.0
b Ve

M Hz, 2H), 7.72 (s, 2H), 7.60 (ap. d, J = 8.0 Hz, 2H),
7.40-7.36 (m, 2H), 7.34-7.31 (m, 2H), 6.80 (s, 2H),
5.64-5.58 (m, 2H), 2.15 (d, J= 6.8 Hz, 6H).

@1y

13C NMR (125 MHz, CDCls): 3 141.0, 136.8, 134.6 (d, J= 6.4 Hz), 126.7, 125.1, 124.7,
1242 (d,J=7.7Hz), 123.4, 121.4, 53.4 (d, /= 13.8 Hz), 20.9 (d, J = 8.7 Hz).

3P NMR (202 MHz, CDCl3): & 184.6.

DAP-Br 2-24a: DAP-Br 2-23a (0.51 g, 0.87 mmol, 1.0 equiv.) was treated as described in
Section 2.5.5 to generate DAP-OTf 2-24a
as a pale-yellow powder. This was poorly

soluble in CDCls, so was characterized in
CDs;CN.

'H NMR (500 MHz, CDsCN): § 8.28, (d,
J=7.8 Hz, 2H), 8.23 (d, J = 7.6 Hz, 2H),
7.96 (s, 2H), 7.69 (d, J = 7.4 Hz, 2H), 7.65 (d, J = 7.7 Hz, 2H), 7.58 (t, J = 7.7 Hz, 2H),
7.52-7.45 (m, 4H), 5.95 (p, J = 6.8 Hz, 2H), 2.10 (d, J = 6.7 Hz, 6H).

13C NMR (125 MHz, CDsCN): 5 139.3, 139.2, 138.0, 136.1 134.8 (d, J = 3.2 Hz), 133.7
(d,J=4.7 Hz), 128.8, 126.7, 126.3, 124.4, 123.8, 123.2, 118.3, 61.5 (d, J = 12.2 Hz), 21.8
(d, J=17.0 Hz).

31p NMR (202 MHz, CDsCN): § 210.3.

F (282 MHz, CD3CN): § —79.2.
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DAP-OTT 2-24c: DAP-Br 2-23¢ (0.18 g, 0.27, mmol, 1.0 equiv.) was treated as described

3P NMR (162 MHz, CDCl3): 6 207.1.

F (377 MHz, CDCl3): § —78.3.

in Section 2.5.5 to generate DAP-OTY 2-
24c¢ as a green powder. The spectra were
unclean however based off of the complete
consumption of DAP-Br 2-23c¢c and a
chemical shift change in the phosphorus
NMR, we assumed DAP-OTTf 2-24c¢ was
present.

DAP-OTT 2-24e: DAP-Br 2-23e (0.86 g, 1.76 mmol, 1.0 equiv.) was treated as described

(N

M

S S
A0
N, _N

= R
_ Me
OTf

(d, J= 6.9 Hz, 6H).

in Section 2.5.5 to generate DAP-OTTf 2-36 as a
brown powder in a 65% yield.

TH NMR (500 MHz, CDCl3): § 8.27 (s, 2H), 7.87
(ap. d, J=8.1 Hz, 2H), 7.72 (s, 2H), 7.57 (ap. d, J
= 7.9 Hz, 2H), 7.41-7.38 (m, 2H), 7.34 (ddd, J =
8.1,7.1, 1.1 Hz, 2H), 6.08 (p, /= 6.9 Hz, 2H), 2.08

13C NMR (125 MHz, CDCL3): § 141.0, 136.2, 134.6, 132.9 (d, J= 6.6Hz), 128.3, 125.7,
125.5, 123.5, 121.3, 55.7 (d, J= 13.0Hz), 23.1 (d, J= 5.1Hz).

31p NMR (202 MHz, CDCl3): § 207.5.

9F (282 MHz, CDCls): 5 -78.2.
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Chapter 3 More Efficient Syntheses of Heterocyclic Compounds

3.1 Research Overview and Contribution Report

The author wishes to clarify her contributions to the research described in Chapter 3

of this Thesis document. This Chapter describes shorter and more efficient syntheses of

substituted heterocyclic derivatives 3-6, 3-8, 3-9, and 3-31 that have been previously
disclosed in the literature and are not commercially available. Derivatives 3-6 and 3-31
were precursors for synthesizing the enantiopure amines that was converted to
corresponding DAP-OTfs. Additionally disclosed is a one-step synthesis and isolation of
7.0 g of N-phenylphenothiazine 3-20a which is less expensive than if it was purchased.

I performed all the synthetic steps, along with the collection and processing of the

appropriate characterization data for all compounds disclosed in Chapter 3 except for the
work by my colleague, Emily Burke. She synthesized and characterized 3-
bromonaphthothiophene and the intermediates leading to this product (3-26 to 3-31). Xiao
Feng carried out mass spectroscopy analysis of all compounds. The sections that contained
published work were adapted directly from the respective papers: 1) © 2021 The Royal
Society of Chemistry, 2) © 2023 Canadian Science Publishing and 3) © 2022 Thieme.
References: 1. E. N. Welsh, K. N. Robertson, A. W. H. Speed, Org. Biomol. Chem. 2021,
19,2000-2007.
2. E. N. Welsh, K. N. Robertson, A. W. H. Speed, Can. J. Chem. 2022, 100, 809-8133.
3. E. K. Burke, E. N. Welsh, K. N. Robertson, A. W. H. Speed, Synthesis 2023, 55, A-I.
3.2 Introduction

The simple heterocyclic derivatives described in Chapter 2 proved to have relatively

general syntheses using Ellman chemistry, and gave promising leads, the benzothiophene
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(BT) containing DAP-OTT, was the most selective of the heterocycle-containing DAPs and
was successfully published.””) The next best heterocyclic analogue was the 4-
dibenzothiophene (DBT) containing DAP-OTf. This result inspired us to target a 1-
dibenzothiophene containing DAP-OTTf. As mentioned previously, one of the advantages
of using heterocyclic derivatives is the possibility of accessing multiple substitution
patterns. Considering the size and shape of 4-DBT and 1-DBT relative to 1-naphthyl
(Figure 3-1), indicates the position of catalyst attachment on the DBT motif may have an
impact on the DBT’s steric profile. The blue coloured molecule represents the 1-substituted
naphthalene and R represents the DAP in all structures. On the left side, the 4-substituted
DBT is represented as the black coloured molecule. It is evident that the DBT curves away
from the DAP in this substitution pattern. On the right side, the black coloured molecule
represents 1-substitued DBT. This illustrates the DBT portion curves towards the DAP.
Accordingly, the hypothesis was that catalysts containing a 1-substituted DBT would

present a larger steric profile than the 4-substituted DBT and potentially be more selective.

R
4-Dibenzothiophene (black) 1-Dibenzothiophene (black)
1-Naphthlene (blue) 1-Naphthlene (blue)
R = DAP R = DAP

Figure 3-1. Geometry comparison of 4-dibenzothiophene vs. 1-naphthalene (left) and 1-
dibenzothiophene vs. 1-naphthalene (right).

1-substituted DBT analogues are not available for purchase and the current literature
reported a four-step synthesis for the desired 1-dibenzothiophenecarboxaldehyde. This
means using this route would result in a ten-step synthesis to generate the desired DAP,

four steps to generate the 1-DBT aldehyde, three steps to obtain the amine with Ellman
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methodology, then three steps to generate the DAP catalyst. This high synthetic step count
for a catalyst would decrease its desirability substantially. To simplify the synthesis of the
I-substituted dibenzothiophene, a one-pot cascade reaction to access 1I-
lithiodibenzothiophene involving benzyne intermediates was developed, inspired by the
existing literature route (Scheme 3-1A). This is currently the most efficient way of
accessing 1-substitued DBT derivatives reported, and successfully generated the desired 1-
dibenzothiophenecarboxaldehyde required for the synthesis of the chiral amine. Given the
efficiency of this reaction, the project was expanded and other potentially useful 1-
substituted DBT motifs were isolated by quenching the one-pot reaction with different
electrophiles. The one-pot cascade synthesis and the products isolated from the reaction
were successfully published in Organic & Biomolecular Chemistry.1’!]

As this project was underway, the Speed group was also conducting research in the

(53] and wanted to use N-phenylphenothiazine as a photocatalyst,

photocatalysis field®?!
however N-phenylphenothiazine is expensive to purchase, $102 per 100 mg from Aldrich.
We recognized the benzyne chemistry used in the one-pot cascade reaction could be
employed to react with lithiated phenothiazine to synthesize N-phenylphenothiazine

(Scheme 3-1B). I developed a viable route to N-phenylphenothiazine using this route, and

this synthesis was separately published in Canadian Journal of Chemistry.>*

73



R

Li
F
(A) This work 1) 1 equiv. nBulLi > O O
2) 1,2-06H4Br2 O O
3) 3 equiv. nBuLi

R = COH, B(pin) or |

(B) Extension

H Li warm, add @
of this work @ND 1 equiv. nBulLi @[ND 1,2-CgHy4Br;
- > N
nBuLi @[ D

Scheme 3-1. (A) One pot cascade synthesis of 1-dibenzothiophene substituted derivates
described in this Chapter. (B) The synthesis of N-phenylphenothiazine described in this
Chapter.

An isomer of dibenzothiophene that is not commercially available is the
naphthothiophene (NTT) derivative. This involved a separate synthesis that did not involve
benzyne intermediates but is included here since NTT is an isomer of DBT and has a
distinct steric profile (Scheme 3-2). The NTT project was a joint effort between me and
Emily Burke, a summer student at the time and now an MSc candidate in the Speed group.
Emily devised an efficient four-step synthesis to generate 3-bromonaphthothiophene from
4-bromo-2-thiophenecarboxaldehyde. From 3-bromonaphthothiophene, I employed the
Ellman chemistry via the lithiation route to generate the desired chiral amine, and the amine
was converted to the corresponding DAP. The reactivity and selectivity of the DAP for
imine reduction was tested. The initial synthesis of 3-bromonaphthothiophene and the

chiral amine synthesis was recently published in Synthesis.[>!
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(A) Emily's Contribution:

NaBH, | ) ﬂ» : :MgBr ‘5—@
> OH
EtOH Et,0 10 mol % Li,CuCly
in THF

BF3-OEt;
(B) My Contribution: CHzclzl

DAP Ellman

Et
Q synthe3|s NH, Chem|stry
O — X ¢

Scheme 3-2. (A) Synthesis of 3-bromonaphthothiophene developed by Emily Burke. (B)
Generic synthesis of DAP-OTT containing naphthothiophene motif by Erin Welsh.

While this Chapter describes progress made towards efficient sulfur heterocyclic
synthesis itself, it was determined that none of the heterocyclic containing DAPs were
superior to the current best DAP 1-28. The best DAP, containing naphthyl combined with
methyl side chains, requires a short three-step synthesis starting from relatively
inexpensive commercially available materials, can be synthesized on a 100 g scale and has
been highly enantioselective for cyclic amines. Everything described within this Chapter,
and the previous Chapter requires a minimum of three steps for the synthesis of non-
commercially available chiral amines then an additional three steps to the DAP catalyst
and provides at best comparable reactivity and selectivity for imine reduction. Despite this,
valuable lessons were learned about heterocycle synthesis. This Chapter concludes the
heterocyclic series for this thesis and the following Chapter will explore alternative
backbone substitution patterns.

3.3 Results and Discussion
3.3.1 Synthesis of 1-Dibenzothiophene Derivatives in a One-Pot Cascade Reaction
Sanz and co-workers reported a four-step synthesis to access 1-substituted DBT

[56]

derivatives (Scheme 3-3).°°' The first step was a cross coupling reaction between 2-
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fluorothiophenol 3-1 and 2-nitro-1-chlorobenzene to generate 3-2, followed by a reduction
of the nitro group to generate aniline sulfide 3-3. The amine was converted to an iodide
through a Sandmeyer reaction to generate 3-4. Sulfide 3-4 was cyclized to the desired DBT
motif through a reactive benzyne intermediate 3-5. The benzyne intermediate was
generated by the addition of 3.3 equiv. of tert-butyllithium (/BuLi) which causes this
sequence of steps to occur: lithium-halogen exchange, ortho-lithiation next to the fluoride,
and lithium fluoride elimination. Benzyne 3-5, generated via Li-F elimination cyclized with
the pendant aryllithium to form 1-lithiodibenzothiophene, this second aryllithium was
quenched with the desired electrophile (E). One example used N-dimethylformamide
(DMF) as the electrophile (E") to obtain the DBT 1-carboxaldehyde 3-6 where E = COH.
This is the desired starting material to generate the chiral amine using Ellman methodology.
As mentioned previously, Sanz’ lengthy synthesis to get to the aldehyde decreases the
desirability of the DAP even if it was found to have better reactivity and enantioselectivity.
The last step of this reaction, the cyclization of 3-4 to 3-6 via benzyne intermediate 3-5,
prompted the idea if benzyne could be used once potentially benzyne could be used twice

in a cascade to form the same product in fewer steps.

Sanz work

1) NaNO, H,SO4

F : F Fe F F
Cu,0 HCI/EtOH 0°C,05h ©:
—_— —_— —_—
H B reflux 2) Kl, 0 °C to reflux
6h 0.5h

3.3 NH; 3.4 |

1) 'BuLi, THF

R TTTTToTTTmmmmmmmoTomosommosomniomooes TTTTTTTTTTTTTTTommoommomommooommseomoooeoos \ -78°Cto0°C
: Generation of 3-6 from 3-4 through benzyne intermediate 3-5 2)E*, 78 °C 10 20 °C

e — oo,

Scheme 3-3. Synthesis of 1-substituted dibenzothiophene derivatives by Sanz group.
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Prior to the one-pot cascade reaction, a shorter step-by-step synthesis was performed
to generate 1-substituted DBT derivatives to verify the potential of a one-pot reaction to be
successful (Scheme 3-4). The first step was to determine if it was possible to go from 2-
fluorothiophenol 3-1 to dibenzothiophene 1-carboxaldehyde 3-6, via addition of a
thiophenolate 3-1MgCl to benzyne derived from 1-bromo-2-fluorobenzene 3-7a. This still
required the formation and isolation of the sulfide intermediate 3-4 but remains more
efficient than the Sanz synthesis since 3-4 is accessed in one step rather than three. From
intermediate 3-4, the important factor to test was the replacement of zer#-butyllithium, used
in the Sanz synthesis, with n-butyllithium to determine if the byproduct would interfere
with the cyclization step and form the desired product 3-6, because if not, n-butyllithium
would be a safer alternative than tert-butyllithium especially on the multigram scale
required for throughput in the DAP synthesis.

In the first reaction, compound 3-1 was deprotonated with isopropylmagnesium
chloride (‘PrMgCl) in THF, with 1 equivalent of magnesium (Mg°) turnings already in the
reaction flask. Benzyne precursor, 1-bromo-2-fluorobenzene 3-7a, was cautiously added
in portions while the mixture was heated at reflux. Compound 3-7a reacted with the
magnesium turnings to form benzyne which was immediately trapped as it formed by
deprotonated 3-4MgX. Upon complete reaction of the magnesium turnings, the reaction
was allowed to cool, then transferred into a suspension of iodine in THF. This order of
addition was satisfactory to control the exotherm from the reaction of the magnesiated
intermediate with the iodine. Aqueous work-up, followed by crystallization from hexanes
afforded dihalothioether 3-4 in 60—65% yield depending on scale. 1,2-Dibromobenzene 3-

7b could be used as the benzyne precursor instead of 3-7a, however a reduction in yield to
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36% was observed. This one-step preparation of 3-4 compares favourably to the previously
reported three step route and could readily provide up to 18 grams of compound 3-4 in one
step from the same starting material (3-1) originally used in Sanz’s three-step sequence.
With an abundant supply of 3-4 in hand, the cyclization of 3-4 without the use of tert-
butyllithium was tested. The n-butyllithium was anticipated to be effective for both
lithium—halogen exchange on 3-4, and deprotonation ortho to the aryl fluoride, however it
was unclear if the 1-iodobutane resulting from the initial lithium halogen exchange would
interfere with the subsequent cyclization steps. Three equivalents of n-butyllithium at —78
°C were added and stirred for 30 minutes, then the reaction was warmed to 0 °C for 30
minutes. The reaction mixture was re-cooled to —78 °C and DMF was added as an
electrophile. The reaction was allowed to re-warm. After completion of the reaction and
work-up, 1-dibenzothiophene carbaldehyde 3-6 was obtained in 78% yield, showing that

n-butyllithium could conveniently replace zers-butyllithium in the cascade reaction.

X
F 1) 1.0 equiv. iPrMgCl F 2)@[ F
(:[ ) 1.0 equiv. iPrMg o (:[ Br (:[
H THF MgCl MgP, THF, reflux
MgX

3-7a: X=F

3-1 3-1MgClI 3-7b: X = Br 3-4MgX

F Hg”

I @[ 3.0 equiv. nBuLi, THF
3.0 equiv. DMF O O
|
3-4
3-6

Scheme 3-4. Two step synthesis of 1-dibenzothiophenecarboxaldehyde from 2-
fluorothiophenol.

The positive conclusion was that tert-butyllithium could be replaced with n-
butyllithium in a lithiation-initiated cascade. Having success with initial more efficient

synthesis of 3-4, the goal was to further streamline the process by eliminating the formation
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and isolation of iodinated intermediate 3-4. The next investigation was the use of n-
butyllithium for both thiolate anion formation and initial benzyne formation, rather than
magnesium (Scheme 3-5). This would directly intercept the lithiated intermediates and
allow access to 3-1Li and subsequent derivatives in one pot from thiol 3-1. Avoiding the
use of iodine and magnesium, the redox and step-efficiency of this cascade reaction is
further increased. Thiol 3-1 was deprotonated with n-butyllithium at =78 °C, followed by
addition of either benzyne precursor 3-7a or 3-7b. Subsequent addition of three equivalents
of n-butyllithium was followed by aging at —78 °C for 30 minutes.'*”) The reaction mixture
was then warmed to 0 °C for 30 minutes, re-cooled, and quenched with excess DMF.
Benzyne precursor 3-7a gave a complex mixture, and while DBT was present, it was a
minor component. The benzyne precursor 3-7a requires the elimination of LiF in both
benzyne formations for this cascade. This could result in the two benzyne formations
occurring out of the desired sequence, making the required intramolecular benzyne
trapping impossible. Fortunately, substitution of 3-7a with 1,2-dibromobenzene 3-7b
allowed production of aldehyde 3-6 in 40% isolated yield after purification by column
chromatography (Scheme 3-5A). Benzyne formation from 3-7b and n-butyllithium is
known to be complete at —78 °C, meaning the thiolate addition to the first benzyne would
be complete prior to warming the reaction to generate the second benzyne on the other ring
by elimination of LiF, which occurs at a higher temperature.>’ 18] The success of this
reaction also depends on the thiolate rather than butyllithium preferentially adding to the
benzyne. Use of THF as the solvent was critical. Substitution of diethyl ether or toluene
for THF using the same procedure provided more complicated mixtures than the THF

reaction, with only traces of 3-6. Bailey has reported heptane/THF mixtures can provide
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cleaner lithium halogen exchanges than pure THF.!**1 Replacing THF with a 10:1 mixture
of heptane and THF in the cascade resulted in a complex mixture of products. The
deprotonation of thiophenol 3-1 in the 10:1 mixture of heptane/THF at either =78 °C or 0
°C resulted in the formation of a white precipitate. The lack of solubility of the
thiophenoxide in this solvent system presumably prevented rapid addition of the
thiophenoxide anion to benzyne, allowing side reactions.

With a convenient one-pot synthesis of 1-lithiodibenzothiophene (3-1Li), the scope
was expanded with the use of other quenching agents. The potential cross-coupling partners
were targeted as the products would be of value to researchers desiring to access diverse
1-dibenzothiophene derivatives by cross-coupling. Boronic acids of 1-DBT are frequently
reported in the patent literature and have been prepared from 1-bromodibenzothiophene by
lithiation and quenched with borate esters followed by hydrolysis. The 1-
bromodibenzothiophene was accessed via a multi-step sequence, meaning a direct route to
1-DBT boronic esters is yet unrealized.!®” Quenching the aryllithium with iodine afforded
iodide 3-8 in 33% yield from 3-1Li (Scheme 3-5B). Quenching the aryllithium with
isopropoxy Bpin allowed isolation of pinacolborate 3-9 in 33% yield from 3-1Li (Scheme
3-6C). This compound was crystallized, and single crystal X-ray diffraction allowed
confirmation of the regioselectivity. While the final yields of these reactions were modest,
the single-pot protocol from commercial materials means these 1-substituted DBT
synthons are now more rapidly available than prior protocols which require isolation and
purification of multiple intermediates. Each product was made in >500 mg scale in one
step on the first attempt, and several were made on gram scale. Given the high value of

time and effort, this fast route to I-substituted DBTs means they now become more
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attractive motifs for synthetic investigation. It is worth noting that this one-pot procedure
takes a comparable amount of time as the lithiation of DBT to produce 4-
lithiodibenzothiophene, so now it could be argued the 1-lithiodibenzothiophene isomer is

now as easily accessed as the 4-lithiodibenzothiophene isomer.[!!

Li
1) 1 equiv. nBuLi, -78 °C, age 0.5 h
F 2) 1,2-dibromobenzene 3-7b
(:[ 3) 3 equiv. nBuLi, age 0.5 h
H :

then warm to 0 °C for 0.75 h

3-1 3-1Li
|4) Quench
(A) DMF (B) I, (C) 'ProBpin
6 (40%) 8 (33%) 9 (33%)

Scheme 3-5. Synthesis of 1-substituted dibenzothiophene derivates with different
quenching reagents. (A) Quenched with DMF. (B) Quenched with I>. (C) Quenched with
Isopropxy Bpin.

The scope was attempted to be broadened further by the variation of the
fluorothiophenol nucleophile. Other fluorothiophenols that could act as benzyne precursors
have limited commercial availability. Accordingly, the replacement of the thiol with a
fluorophenol (Scheme 3-6A) or a fluoroaniline (Scheme 3-6B) were attempted. These
reactions were unsuccessful and revealed the high nucleophilicity of the thiophenoxide
appeared crucial to the reaction’s success. Attempts to prepare the dibenzofuran analogue
with the optimized cascade starting with 2-fluorophenol 3-10 yielded complex mixtures of
products with nothing that could be attributed to dibenzofuran 3-11. Sanz and co-workers
reported the preparation of 1-substituted N-methylcarbazoles such as 3-13 by a comparable

route to that used with the dibenzothiophenes. Attempted use of aniline 3-12 in the one-pot
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sequence resulted in an intractable mixture. The hypothesis was that the addition of either
the lithiated aniline or phenol to benzyne were slower than the corresponding lithium
thiophenoxide, allowing undesirable side reactions such as benzyne oligomerization to

predominate.

CHO

1) 1 equiv. nBulLi, =78 °C, age 0.5 h
F 2) 1,2-dibromobenzene 3-7b O O
3) 3 equiv. nBuLi, age 0.5 h
(A) 3)3equv. mBuli,age 0.5h - .

OH then warm to 0 °C for 0.75 h
3-10 4) DMF 3-11
. . CHO
1) 1 equiv. nBulLi, =78 °C, age 0.5 h
F 2) 1,2-dibromobenzene 3-7b
(B) 3) 3 equiv. nBuLi, age 0.5 h
............................... >
’}IH then warm to 0 °C for 0.75 h ,}J
Me  4)DMF Me
3-12 313

Scheme 3-6. One pot cascade reactions attempted with alternative starting materials. (A)
2-fluorophenol. (B) 2-fluoro-N-methylaniline.

3.3.1.1 Attempted Synthesis of DAP Catalyst Containing 1-Substituted DBT

With exploration of the 1-DBT synthesis complete, we turned the focus back to the
original purpose of accessing a DAP-OTf with a 1-substituted DBT motif. With a
successful one-pot preparation of aldehyde 3-6, the following steps were taken to
synthesize the enantiopure chiral amine containing the 1-DBT motif. Using the Grignard
route described in Chapter 2, aldehyde 3-6 was first condensed with (S)-tert-
butanesulfinamide in the presence of titanium ethoxide to generate imine 3-14. This was
followed by the addition of methylmagnesium bromide to a solution of 3-14 in toluene,
unfortunately this resulted in poor diastereoselectivity and a mixture of isomers 3-15a and
3-15b (Scheme 3-7A). The separation of 3-15a and 3-15b by silica gel chromatography
was not possible with the readily available resources within the lab. Addition of
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ethylmagnesium bromide afforded isomers 3-16, the major diastereomer along with the
minor isomer, with an improved diastereoselectivity of 81:19, however most importantly,
the separation of these isomers by column chromatography was relatively straightforward
in comparison to the methyl-containing compounds (Scheme 3-7B). The relative
configuration of the major isomer of 3-16a was confirmed by single crystal X-ray
crystallography. Deprotection of major isomer 3-16a with ethereal HCI and freebasing
afforded new bulky amine 3-17, demonstrating that synthesis of chiral amines containing

the 1-dibenzothiophene group is feasible.

O\\ ‘tBU
i
Me, NH
MeMgBr O O @ ) S cam
—— by cou
0 lf om
1] Oy sBU { L.
SN inseparable A
o0 HoNT - Bu 3-15a/3-15b
Ti(OEt),
I et S -
O O THF O O _B Major 3-16a

3-16a 3-17
Scheme 3-7. Synthesis of 1-substituted DBT chiral amine. (A) Using MeMgBr resulting

in inseparable diastereomers. (B) Using EtMgBr and successfully isolating the major
enantiomer.

The typical synthesis to access the DAP-Br 3-19 from amine 3-17 was attempted
(Scheme 3-8). Diimine 3-18 was successfully generated from an acid catalyzed
condensation reaction between amine 3-17 and glyoxal in the presence of excess sodium
sulfate. Accordingly, the diimine 3-18 was exposed to PBr; and cyclohexene in
dichloromethane to generate the DAP-Br 3-19. After purification with diethyl ether, the

results did not appear promising as there were only broad illegible signals within the 'H
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NMR spectrum and two minimal signals in the phosphorus (*'P) NMR spectrum. With
these disappointing results from using 1-DBT derivatives as side chains for DAPs, this

concluded our attempts to use them within the catalyst manifold.

H H
Et_NH, e, JT\_ Et
X Qo Ol o o
O Formic acid CH,Cl, O Br Q
Nast4 Q
CH,Cl,
317 3-18 3-19

Scheme 3-8. Attempted synthesis of 1-substituted DBT containing DAP-Br 3-19 from
amine 3-17.

3.3.2 Gram-Scale Synthesis of N-Phenylphenothiazine

We recognized one further application of the benzyne chemistry for exploratory
purposes within the Speed group. Recently the group developed interest in photoredox
catalysis, more specifically in the reactivity of sulfur hexafluoride (SF¢), which is known
for being relatively unreactive with most reductants under thermal conditions. SFs is used
as an industrial gas because of its relative inertness, but the unfortunate side effect of this
relative inertness is the lifetime of SFs released into the atmosphere is thousands of years.
Because of the high global warming potential of SFe, and its common use, chemistry to
decompose surplus SFs is a sought-after goal.[s?!

One of the only photoredox catalysts that has been shown to add SFs across an alkene
via reduction of SFe is N-phenylphenothiazine.!%! While the Speed group research focuses
on exploiting the photoredox properties of DAPs to expand this area of the field, there was
interest in obtaining N-phenylphenothiazine within the lab for exploratory/comparison
purposes and potential test reactions. The cost of N-phenylphenothiazine guided the idea

of using my expertise in benzyne chemistry to synthesize the photocatalyst. A common

way to synthesize N-phenylphenothiazine would be to arylate the nitrogen from
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phenothiazine via cross coupling reaction (Scheme 3-9).1 However, if N-
phenylphenothiazine was synthesized without the use of a precious metal catalyst that
would be attractive for sustainability reasons and more cost effective. We envisioned
adding deprotonated phenothiazine to benzyne could provide an alternate approach to this
motif. There would be a close analogy to the thiolate addition to benzyne described

previously in this Chapter.
Br
o ;
©: D Pd catalyst ©: :©
Base

Scheme 3-9. Synthesis of N-phenylphenothiazine via cross coupling reaction.

Initially phenothiazine 3-20a or 2-chlorophenothiazine 3-20b were attempted to be
deprotonated by n-butyllithium but this resulted in the formation of precipitates at —78 °C
(Scheme 3-10). This indicates majority of the phenothiazide anion 3-20Li was not in
solution and would not rapidly quench the benzyne formed from the addition of n-
butyllithium to 1,2-dibromobenzene. The following attempt allowed the reaction mixture
to warm, by removing the flask from the dry-ice bath, until the lithiated phenothiazine
dissolved. Followed by the addition of 1,2-dibromobenzene 3-7b then nBuli was
successful in the formation of aryl phenothiazines 3-21a and 3-21b, as detected by NMR
spectroscopy of the crude reaction products. Despite the observed product formation, a
scale up of the organolithium procedure at these intermediate temperatures could result in
a runaway exotherm during the benzyne formation. Due to the difficulty of balancing the
correct temperature for the solubility of lithiated precursors versus reaction temperature

control with the equipment available within the lab, we did not continue this line of
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investigation.!%! By either flow chemistry, or a temperature-controlled chiller capable of
sustaining a low temperature high enough for the anion to dissolve, the lithium route could
likely be made viable but we do not have ready access to either and therefore attempts to

optimize this procedure were not performed.

warm and add
3-7b Br
) @
O =~ @ U e L
THF, -78 °C then nBuLi

3-20a: X=H insoluble at -78 °C 3.21a: X = H
3-20b: X = Cl 3-20Li 3-21b: X =CI

Products detected

Scheme 3-10. Attempted synthesis of N-phenylphenothiazine and 2-chloro-N-
phenylphenothiazine via benzyne generated from lithium-halogen exchange.

The next route investigated was the use of a Grignard reagent to generate an
organomagnesium intermediate that would add to the benzyne. This reaction is done at
high temperatures and the rate of benzyne formation is controlled by the addition of the
benzyne precursor. This contrasts to the organolithium procedure where the rate of benzyne
formation is based off the rate of heat released from the reaction mixture, which could build
up quantities of reactive intermediates. The work described in Section 3.3.1, showed 1-
bromo-2-fluorobenzene 3-7a was found to be a higher-yielding benzyne precursor than
1,2-dibromobenzene under magnesiation conditions. Phenothiazine 3-20a was treated with
isopropylmagnesium chloride in the presence of magnesium turnings to generate the
organomaganesium 3-20aMgCl, followed by the slow addition of 1-bromo-2-
fluorobenzene. This led to the formation of 3-21a in 29% yield after purificationona 3 g
scale of phenothiazine 3-20a. Despite the low yield, 1.2 g of 3-21a was prepared on the

first attempt (Scheme 3-11) and there was limited substitution tolerated. The 2-
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chlorophenothazine substrate 3-20b generated the corresponding arylated phenothiazine 3-
21b in 23% yield.!®) No dechlorination to form 3-21a was observed in the isolated product.
An electron-withdrawing CF3 group was tolerated, with 2-trifluoromethylphenothiazine 3-
20c¢ giving a 32% yield of the arylated phenothiazine 3-21¢. An electron-donating methoxy
group was also tolerated, with arylated phenothiazine 3-21d arising from 2-

methoxyphenothiazine 3-20d in 27% yield.

Br
Me.__MgClI MgCl + Mg°
l;' Y \ 1) . 9
N X Me @END/X 3-7a N X
@[ D/ THF reflux @[ D/

22 °C to 66 °C 2) NH,Cliag)
3-20a: X =H 3-20MgCl 3-21a: X = H (29%)
3-20b: X = CI 3-21b: X = CI (23%)
3-20c: X = CF4 3-21c: X = CF3 (32%)
3-20d: X = OMe 3-21d: X = OMe (27%)

Scheme 3-11. Syntheses of N-phenylphenothiazine and  2-substituted-N-
phenylphenothiazine derivatives via benzyne generated from Grignard formation.

A 2-cyanophenothiazine 3-20e (Scheme 3-12A) was found to be unreactive, we
hypothesized this could be due to the reduced nucleophilicity of the resulting phenothiazide
anion. Phenothiazine thioethers 3-20f and 3-20g were reactive but gave an unexpected
product. Dealkylation followed by arylation of the thio group to form 3-21f was observed,
based on signals observed in the proton NMR spectrum. Furthermore, crystals of 3-21f
grew from ethyl acetate and hexanes fractions during chromatographic purification.
Analysis by X-ray crystallography identified two sets of similar polymorphs and confirmed
the identity of the product. Specifically, dealkylation of methyl thioether 3-20f transformed
the phenothiazine to phenylthioether 3-21f in 40% yield, while the nitrogen remained
unarylated (Scheme 3-12B). The addition of the benzyne to the thioether, followed by

reductive removal of the methyl group, presumably occurred; however, reaction products
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containing the methyl group could not be identified.[”! Notably, the methyl group was not
transferred to either the nitrogen or to the introduced phenyl ring, shown by both NMR and
X-ray analysis. Reactions of aryl methyl thioethers,!®® and other thioethers with benzyne
to give either ylides or phenyl thioethers have been reported previously.[®17% Ethyl
thioether 3-20g gave the same product, 3-21f, showing the reaction was not limited to the
small methyl group. This unexpected outcome revealed an undesirable reaction mode that
was not initially anticipated as it was not observed. There were no products arising from

benzyne attack on the phenothiazine sulfur noted in any of the reactions.

(A) Unsuccessful substrates for N-Arylation:

H H
3-20e 3-20f: X = SMe
3-209g: X = SEt

(B) Dealkylation of 3-20f:
H

Br
, Me.__MgCl MgCl 1) + Mg° i
N Y N N ~
F Ph
THF reflux

22 °C to 66 °C 2) NH4Cl(ag)
3-20f 3-20fMgClI 3-21f (40%)

Scheme 3-12. Scope limitations of 2-substituted-N-phenylphenothiazine derivatives (A)
the substrates that resulted in failed N-arylation. (B) Unexpected dealkylation of 3-20f.

Attempts to synthesize other variants containing cross-coupling partners by quenching
with an electrophile other than a proton revealed this was not readily feasible. Attempting
to quench the organomagnesium intermediate 3-20aMgX formed after the addition of the
phenothiazide to the benzyne (Scheme 3-13), with Weinreb amide 3-22a,
diphenylchlorophosphine 3-22b, or iodine 3-22¢ did not result in productive formation of

compounds 3-23a, 3-23b, or 3-23¢ (Scheme 3-13A).
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We decided to try a deuterium quench to try and verify an anion was present.
Quenching the reaction with methanol-d4 3-22d did result in formation of the
monodeuterated version of 3-21a (Scheme 3-13B), as identified by mass spectrometry and
'H and 2D NMR spectroscopy, in comparable yield to the non-deuterated protocol. This
provides strong evidence for the intermediacy of 3-20aMgX, and for the quenching reagent
(either NH4ClI or CD30OD) being the proton or deuteron source. We hypothesized the lack

of productive reactivity with the other quenching reagents could be due to the high steric

5 @
MeO.
e CF3
s CLO
F ) [ ph,pc BT
Br I2 3-22¢  3.23a: X' = COCF;4

Me MgClI MgCI 1) 3-7a MgX 3-23b: X' = PPh,

N 3-23¢c: X’ = |

e OO0 2 - G0 —
THF reflux
22 °C to 66 °C 3.20aMgX

3-21a-d (29%)

demand at the ortho position of the phenylphenothiazine.

=

-

Scheme 3-13. (A) Attempts to trap magnesiated intermediate 3-20aMgX with alternative
quenching reagents. (B) Trapped 3-20aMg with CD3OD to generate deuterated N-
phenylphenothiazine 3-21a-d.

Investigation of alternative dibromobenzenes as benzyne precursors was not fruitful.
Neither 1,2-dibromo-4,5-difluorobenzene 3-24a nor 1,2-dibromo-4,5-dimethylbenzene 3-
24b resulted in 3-25a or 3-25b respectively under the same conditions (Scheme 3-14).
Modified conditions where dibromoethane was mixed with either 3-24a or 3-24b in THF
solution resulted in more rapid magnesium consumption, but still did not lead to products
3-25a and 3-25b. In both cases, consumption of magnesium was observed, but unreacted

phenothiazine was recovered from the reaction mixture.
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X
Me MgCl MgCl
H g & 1) 3-24a or 3-24b N
N Me +M 0
e \/g L
C0) > E
THF
22 °C to 66 °C 2) NH,Cliag) 3.25a: X =
3-20a -25a: X =F
3-25b: X = Me
Brj : :F
Br F
3-24a

Scheme 3-14. Alternative dibromobenzene benzyne precursor attempts to generate
substituted arylated phenothiazines.

In a final reaction, the synthesis of 3-21a was scaled up. A reaction on a 15 g scale of
starting material 3-20a was conducted. Here, the yield of purified product 3-21a (Scheme

3-15) increased to 37%, providing 7.6 g of material.

Br
Me MgCl MgCl 1) ©:
H b 4 F
C—— 10— IO
THE reflux

22 °C to 66 °C 2) NH,Cl(aq)

7.6 g of 3-21a:

3-20a 3-21a

(37% from 15 gram scale)
Scheme 3-15. Multigram scale synthesis of N-phenylphenothiazine.

While the yield of the reaction from starting material 3-20a is not comparable with
some previously reported Buchwald Hartwig couplings, this synthesis uses economical
reagents, and no precious metal catalysts, so it is cost-effective given the very inexpensive
starting materials. It is likely that the increased cost of the more expensive substituted
phenothiazines 3-20b to 3-20d would justify the use of higher yielding cross-coupling
protocols with more expensive catalysts to conduct the arylation. Such catalytic protocols

would also likely be successful with substrates 3-20e and 3-20f, which did not successfully
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react with benzyne. However, to the best of our knowledge, this is the largest scale
preparation of 3-21a that has been reported in the literature.
3.3.3 Synthesis of 3-Substituted Naphthothiophene

As the DBT and N-phenylphenothiazine projects were underway, a summer student at
the time, Emily Burke (currently an MSc student), developed an efficient synthesis to
access 3-bromonaphthothiophene. Naphthothiophene (NTT) is another heterocyclic
derivative that is not commercially available and is an isomer of DBT. More interestingly
NTT can be thought of as a 1-anthracene analogue, in analogy to how benzothiophene (BT)
could be thought of as a naphthalene analogue. The original goal of accessing substituted
NTT derivatives originated during the synthesis of 1-substituted BT, as NTT is easier to
substitute on one end of the steric bulk relative to anthracene (Figure 3-2). The 9-
substituted analogue accessible for anthracene (originally mentioned in Section 2.4)
relative to naphthalene increases the steric bulk in a way that resulted in lower
enantioselectivity. The hypothesis was the substitution on the thiophene ring of NTT,
would be comparable to benzothiophene, increasing the steric bulk in one direction.
Therefore, if NTT derivatives could be converted to the DAP there may be increased

enantioselectivity in imine reduction.

Substitution of Naphthalene in DAP: Substitution of BT in DAP:
Aryl position of the best DAP Comparable DAP to naphthalene containing DAP

=

Only accessible Anthracene Substitution: Desired Substitution of NTT in DAP:
Inferior DAP to naphthalene containing DAP Easy to substitute and have steric bulk in one direction

02

Figure 3-2. Comparing substitution patterns between naphthalene and anthracene vs.
benzothiophene and naphthothiophene.
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3.3.3.1 Synthesis of 3-Bromonaphthothiophene

The successful synthesis of 3-bromonaphthothiophene 3-31 from commercially
available 3-26 was developed by Emily Burke but is shown for completeness (Scheme 3-
16).13 Alcohol 3-27 prepared by sodium borohydride reduction of 3-26, was brominated
with PBr;3 in diethyl ether. Thienyl bromide 3-28 was coupled with Grignard reagent 3-
29MgBr, mediated by lithium tetrachlorocuprate to give 3-30. Unpurified 3-30 underwent
Bradsher cyclization with BF3-OEt; to form 3-31 in 48% yield over two steps. Only one
positional isomer of bromide 3-31 was observed after the Bradsher cyclization, which is
the analogue of a 1-haloanthracene. 3-Bromonaphthothiophene 3-31 was prepared on a

2.5-gram scale by Emily Burke over four steps from aldehyde 3-26 by this route.!”!]

3-29MgBr  OEt

OEt

NaBH,4 PBrs MgB

O Br Br

Br EtOH Et,O 10 mol % Li,CuCl,

3.26 327 3.28 in THF

OEt Br Br
EtO 7 BF,-OEt,

e O
CH,Cl,
3-30 3-31

Scheme 3-16. Synthesis of 3-bromonaphthothiophene.

3.3.3.2 Synthesis and Reactivity of DAP Derivative Containing NTT
3-Lithionaphthothiophene 3-31Li intermediate was derived from a solution of 3-31 was
added to a cooled solution of nBuLi in tetrahydrofuran. (S)-Imine!’?”3] derived from
propionaldehyde and Ellman auxiliary 3-32, was added to 3-lithionaphthothiophene 3-31Li
(Scheme 3-17)."*1 This protocol gave 3-33a and 3-33b as a mixture of diastereomers,

separable by chromatography. X-Ray quality crystal structures of both diastereomers 3-
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33a and 3-33b were grown from cooled saturated diethyl ether solutions of the isolated
diastereomers. X-Ray crystallography analysis confirmed the products from the Ellman
addition were epimers at the newly created stereocentre, rather than regioisomers from
proton migration on the lithated heterocycles. Deprotection of the major diastereomer 3-
33a with ethereal HCI followed by free-basing afforded chiral amine 3-34. An attempt to
perform the Ellman chemistry with an Ellman imine 2-19a, derived from acetaldehyde
rather than propionaldehyde, resulted in inseparable diastereomers. This issue was
encountered earlier in this Chapter with the dibenzothiophene-containing chiral amine,
where ethyl side chains allowed chromatographic separation, while methyl side chains did
not (Scheme 3-7).°1 As is a common theme in these past two Chapters, use of Ellman
auxiliary for the synthesis of bulky amines such as 3-34 has often resulted in poor
diastereoselectivity in the imine addition step, with both organolithium and Grignard
reagents, despite the generally good performance of this method with simpler substrates.
This means choosing systems with separable diastereomers is important to obtain
enantiomerically enriched material for DAP synthesis.

ad 3-31 Br

I o,
Li l NH
nBuLi Me\)\
in THF at -84 °C ————————> N N
.
-84 °C to 24 °C
3-31Li 3-33a/3-33b

Et

separate, then SINH,
) HCI Et,0
A\
2) NaOH wash

Major Diastereomer 3-33a Minor Diastereomer 3-33b
(48%) (20%)

Scheme 3-17. Synthesis of NTT derived chiral amine via Ellman chemistry.
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After the successful isolation and purification of the enantiopure amine, the salt form
3-34°HCI was used directly and successfully converted to the DAP-OTf 3-37 through a
similar synthetic route to previously reported DAP-OTfs (Scheme 3-18). The choice of
starting with the salt removes the basification work-up when isolating the enantiopure
amine and reduces the risk of decreasing yield. Amine salts also have a much longer shelf
life, as they are more stable to air oxidation. The use of 3-34°*HCI required slight
modifications to the usual synthesis of the DAP-OTT. First, the amine salt 3-34°HCI
required a deprotonation, therefore excess triethylamine (NEt3) was added, to form the
amine in-situ. Presumably the conjugate acid triethylamine hydrochloride catalyzed the
condensation reaction with glyoxal in the presence of Na>SOj4 to generate diimine 3-3S5.
Another modification was the use of toluene as the solvent over the typical
dichloromethane as the amine salt 3-34*HCI has increased solubility in toluene, while the
triethylammonium chloride has reduced solubility.

Once the diimine 3-35 was successfully isolated and purified with toluene washes, the
cyclization to the DAP-Br 3-36 was successful with PBr; and cyclohexene in
dichloromethane at 0 °C. This contrasts with 3-18, which did not cyclize. The lower
temperature for the cyclization was another slight modification to the usual method. Other
students working on similar projects at the time had found the cyclization at the cooler
temperature resulted in a cleaner DAP-Br as it decreased the potential for background
reactions. Analysis of the *'P NMR spectrum of the cyclization to DAP-Br 3-36 revealed
one major peak with minor PBr3; remaining, even after excess washing with diethyl ether.
Without fully removing the excess starting material, the DAP-Br 3-36 was treated with

TMSOTT in dichloromethane to successfully generate the DAP-OTf 3-37, again according
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to the 3'P NMR spectrum results. The DAP-OTTf 3-37 was used as is from the reaction in

test reduction reactions to determine how this catalyst compared to the best DAP OT{.

B, H H
HNHs PBr
3
N T
OO o N, O \ / O T0°C. il
Nast4
3-34eHCI Toluene

e, /= B, /=\
NN __TMSOTf N NP E
*p” Py
|
Py b
3-37

Scheme 3-18. Synthesis of DAP-OTT containing NTT for the aryl side chain.

Preliminary reduction results using the NTT-derived DAP-OTT 3-37 are summarized
in Table 3-1. Three different substrates were tested at two different temperatures and
directly compared to the current best DAP. The first substrate 2-17b was the usual
benchmark, for comparison the e.r. of 2-17b using the best DAP-OTf 1-28 was reported to
be 95:5. The NTT containing DAP-OTT 3-37 gave inferior selectivity with e.r. of 88:12 for
2-17b (Entry 1). We considered this catalyst may have complementary reactivity, therefore
other substrates that had lower selectivity for the current best DAP-OTf 1-28 was tested.
Substrate 3-38, at —35 °C had slightly inferior selectivity of a reported e.r. 93:7 with
catalyst 1-28. Unfortunately, the DAP-OTf 3-37 at room temperature showed a significant
decrease in selectivity for 3-38, giving an enantiomer ratio of only 21:79 (Entry 2). There
is the argument that the reduction was run at room temperature rather than cooled, however
the difference is so large that cooling would still be inferior to the current best DAP. One
more substrate, 3-39 was tested and has a reported e.r. of 88:12 for the current best DAP

at —35 °C. As shown, the selectivity with the new catalyst 3-37 is again inferior to the
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current best DAP with an e.r. of 19:81 at room temperature. If the reaction was cooled, the
selectivity would likely increase and be comparable to the best DAP 1-28 or slightly more
selective. However, the increased number of synthetic steps to obtain the catalyst would
decrease the impact of comparable enantioselectivity.

Table 3-1. Preliminary reduction results with catalyst 3-37 for a few substrates.

" a
4\
5 mol % 3-37 SN ™
N HBpin, THF HN +
| > N
RQ X °C R/Q OO “OTf / OO
3-37
. J
Entry Product Product Number Temp(ﬁg‘)m re X e.r.
HN
1 OO 2-17b =35 88:12
HN
2 O e 3-38 +24 21:79
HN
3 S 3-39 +24 19:81
| )\

This work concluded the attempts at replacing the naphthyl aryl group in the current
best DAP with a heterocyclic containing analogue. While this chemistry gave success in
developing efficient syntheses for accessing substituted heterocyclic analogues,
unfortunately there was no improvement towards the goal in developing DAP-OTT with

superior reactivity and selectivity than the current best DAP-OTT.
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3.4 Summary

There were significant impacts made in developing efficient synthesis of substituted
heterocyclic analogues, specifically for 1-substituted DBT and 3-substituted NTT
analogues. A one-pot cascade reaction starting with 2-fluorothiophenol that goes through
two benzyne intermediates to generate 3-1Li was successfully quenched with three
different electrophiles, DMF to form 1-dibenzothiophenecarboxaldehyde 3-6, iodide to
generate 3-8 containing an iodide substituent, and isoproxy pinacol borane to form 3-9
containing a Bpin substituent. The aldehyde 3-6 was successfully converted to enantiopure
chiral amine 3-17 via Ellman chemistry and subsequently converted to the diimine 3-18.
Unfortunately, the cyclization step to the DAP-Br 3-19 was not fruitful and put a halt to
this motif as a part of the catalyst manifold.

As the one pot reaction to generate 1-substituted DBT derivatives was being developed,
the Speed group was exploring the use of DAPs for photocatalysis and radical chemistry.
This led to the desire of obtaining N-phenylphenothiazine 3-21a for exploratory purposes.
The cost of purchasing 3-21a inspired the use of a benzyne intermediate to arylate a
lithiated phenothiazine. This route was successful and expanded to a limited number of
derivatives, 2-chloro-N-phenylphenothiazine substrate 3-21b, 2-trifluoromethyl N-
phenylphenothiazine 3-21¢, and 2-methoxy N-phenylphenothiazine 3-21d. It should be
noted that these derivatives were low yielding. Alternative quenching reagents were
attempted to quench 3-20MgX such as a Weinreb amide, diphenylchlorophosphine, and
iodine but these did not result in productive formation of the respective compounds.
Alternative dibromobenzene reagents as benzyne precursors were unsuccessful as well. For

the purposes of the lab, the only desire was N-phenylphenothiazine and despite the low
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yield, it was scaled to 15 g and produced 7.5 g which is still much cheaper than purchasing
it from a vendor.

While this project was underway, a colleague Emily Burke, was developing an efficient
synthesis for 3-bromonaphthothiophene 3-31. I converted 3-31 to the corresponding DAP-
OTf 3-37. The successfully synthesized 3-bromoNTT was successfully converted to the
enantiopure chiral amine 3-34 via Ellman chemistry. Amine 3-34 was subsequently
converted to the diimine 3-35 and successfully cyclized to the DAP-Br 3-36. The DAP-
OTf 3-37 was successfully generated from the DAP-Br. The DAP-OTTf 3-37 was used in a
few catalytic reductions to test its reactivity and selectivity for imines. These results
determined the NTT containing DAP was inferior to the best DAP catalyst for all substrates
tested. This concluded the use of heterocyclic containing analogues for the DAP catalyst
manifold.

3.5 Experimental
3.5.1 General Considerations for 1-Dibenzothiophene Derivatives

Reactions were run under nitrogen, using oven-dried glassware unless otherwise
specified. 'H, 1*C, and "B NMR data were collected at 300K on a Bruker AV-500 NMR
spectrometer. 'H NMR spectra are referenced to residual non-deuterated NMR solvent
(CHCI; = 7.26 ppm). 3C NMR spectra are referenced to the central CDCls peak (77.16
ppm). Mass spectrometric data were acquired by Mr. Xiao Feng (Mass Spectrometry
Laboratory, Dalhousie University). Optical rotations were obtained in the solvents stated,
using a DigiPol 781 Automatic Polarimeter from Rudolph Instruments. Concentrations for
optical rotation are given in g/100 mL.

Solvents

Diethyl ether was purchased as anhydrous ACS reagent grade, >99.0% stabilized by BHT
in 1 L metal cans from Aldrich.

Dichloromethane (ACS grade) was purchased from Fisher. Dichloromethane for reactions

was distilled from calcium hydride immediately before use, while no purification was
carried out on dichloromethane used for extractive work-ups.
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Methanol was purchased from Fisher and used as received.

Tetrahydrofuran was purchased from Aldrich in a Sure/seal® bottle (anhydrous, >99.9%,
inhibitor free, catalogue number 401757). Tetrahydrofuran was used directly from this
bottle for Grignard reactions and lithiations.

Reagents

Benzaldeyhde, n-Butyllithium, dimethyl formamide, ethylmagnesium bromide in
diethyl ether, hydrochloric acid in diethyl ether, magnesium turnings, dimethyl
malonitrile, priopionaldehyde, and trifluoroacetic acid were purchased from Aldrich
and used directly as received. The n-butyllithium was periodically titrated in
tetrahydrofuran using 1,10-phenanthroline as an indicator, and 2-butanol as the titrant and
concentration varied from 2.5 to 2.6 M.

Sodium borohydride was purchased in a 250 g container from Aldrich and was stored in
a solvent-free glovebox to maintain high activity.

N-methoxy-/N-methytrifluoroacetamide, 2-fluorothiophenol, 2-fluoro-N-
methylaniline, 1,2-dibromobenzene, 1-bromo-2-fluorobenzene, isopropoxy B(pin),
pinacolborane, and titanium ethoxide were purchased from Oakwood Chemical and
used directly as received.

4,5-dibromo-o-xylene, 1,2-dibromo-4,5-(methylenedioxy)benzene, 1,2-dibromo-4,5-
difluorobenzene, 2,3-dibromopyridine, and N-boc-pyrrolidinone were purchased from
CombiBlocks and used directly as received.

Ellman Sulfinamide Auxiliary was purchased from Oakwood Chemical and
configuration was verified by measurement of optical rotation.

3.5.2 Experimental Procedures and Tabulated Data for 1-Dibenzothiophene Derivatives

2-fluorophenyl-2-iodophenyl thioether 3-4 (1-bromo-2-fluorobenzene procedure):
Magnesium turnings (683 mg, 28.1 mmol, 1 equiv.) were placed in a
F 100 mL three neck flask equipped with a condenser under a nitrogen
©: atmosphere. tetrahydrofuran (28 mL) was added. Thiophenol 3-1 (3.0
S mL, 28.1 mmol, 1 equiv.) was added. Isopropylmagnesium chloride

I (16.8 mL, 1.67 M in THF, 28.1 mmol, 1 equiv.) was carefully added,

which resulted in heating of the reaction to reflux. After bubbling

subsided, the reaction was placed in an oil bath at 80 °C. When reflux resumed, halide 3-
7a (3.07 mL, 28.1 mmol, 1 equiv.) was cautiously added in 5 portions with 10 minutes
between each portion. The reaction was heated for a further hour, at which time negligible
magnesium remained and the solution was clear and light brown. The reaction was
removed from heat, allowed to cool to ambient temperature, and solid iodine was
cautiously added with stirring. The reaction self-heated to a gentle reflux, which abated as
the reaction was stirred for a further hour. The resulting cloudy brown mixture was poured
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into 50 mL of saturated aqueous Na2S203 and stirred for 10 minutes. The mixture was
extracted with 2 X 100 mL portions of diethyl ether, and the combined organic layers were
washed with brine, dried over Na2SO4, and concentrated to give a yellow oil, which slowly
solidified. This was dissolved in 100 mL hexanes with heating and placed in a —15 °C
freezer. Colourless crystals formed, which were collected by filtration to afford 3.34 g of
3-4. The mother liquor was purified by column chromatography (1% EtOAc/hexanes) to
afford a further 2.70 g of 3-4 (6.04 g total, 18.2 mmol, 65% yield from 3-1). Spectral data
agreed with literature values.®

1,2-dibromobenzene procedure: The procedure with 3.0 mL of 3-1 (28.1 mmol) was
carried out in the same manner as the top procedure, except 1,2-dibromobenzene 3-7b (3.38
mL, 28.1 mmol) was used instead of 1-bromo-2-fluorobenzene 3-7a. The crude product
was an orange oil, which did not solidify. Chromatography (1% EtOAc/hexanes) afforded
3.39 g of product as a colourless solid (10.3 mmol, 37% yield).

Spectral data from 6.04 gram procedure:

IH NMR (500 MHz, CDCL3): § 7.85 (dd, J = 7.9, 1.4 Hz, 1H), 7.40-7.36 (m, 2H), 7.23—
7.14 (m, 3H), 6.96 (ap. d, J= 7.9 Hz, 1H), 6.89 (td, J= 7.6, 1.6 Hz, 1H).

13C{IH} NMR (125 MHz, CDCl3): § 162.0 (d, J = 248.4 Hz), 140.5, 139.9, 135.2, 130.9
(d, J= 8.1 Hz), 129.3, 128.9, 127.9, 125.2 (ap. d, J = 3.44 Hz), 121.2 (d, J = 18.3 Hz),
116.5 (d, J=22.3 Hz), 99.3.

1F NMR (470 MHz, CDCls): § —107.0 — —107.1 (m)

1-dibenzothiophenecarboxaldehyde 3-6 prepared from 3-4: Compound 3-4 (6.86 g,
20.8 mmol) was dissolved 30 mL tetrahydrofuran in a 100 mL Schlenk

CHO flask. The mixture was cooled to —78 °C in dry ice/acetone. N-
Butyllithium (25 mL, 2.5 M in hexanes, 62.5 mmol, 3 equiv.) was
S

added dropwise over 5 minutes. The reaction was stirred for 30
minutes at —78 °C, then moved from the dry ice/acetone bath to an ice
bath and stirred for 30 minutes. The reaction was then returned to the
dry ice/acetone bath, allowed to cool for 5 minutes, then DMF (4.83 mL, 62.3 mmol, 3
equiv.) was added. The reaction was warmed to room temperature, stirred for 2 hours, then
quenched pouring into 100 mL 1 N HCI. The mixture was extracted with 3 x 150 mL
portions of diethyl ether, and the combined organic layers were washed with brine, dried
over NaxSOq4, and concentrated. The residue was purified by column chromatography
(7.5% EtOAc/hexanes) to afford 3-6 (3.43 g, 16.2 mmol, 78% yield) as a yellow solid.
Spectral data were in accordance with literature values.’

'TH NMR (500 MHz, CDCl3): § 10.72 (s, 1H), 8.98 (ap. d, J= 7.6 Hz, 1H), 8.11 (ap. d, J
=17.9 Hz, 1H), 7.99 (ap. d,J=7.5 Hz, 1H), 7.92 (ap. d, J= 7.2 Hz, 1H), 7.61 (ap. t,J="7.7
Hz, 1H), 7.56-7.50 (m, 2H).
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BC{'H} NMR (125 MHz, CDCl3): § 192.0, 141.6, 140.4, 134.7, 134.6, 134.1, 130.6,
128.6, 127.7,127.4, 125.9, 125.0, 122.9.

HRMS (ESI): m/z [M+Na]" calculated for C13HsNaOS: 235.0188 found: 235.0184.

Single-pot Cascade Reactions:

1-lithiodibenzothiophene (3-1Li): Compound 3-1Li (0.84 mL, 7.86 mmol, 1 equiv.) was
dissolved in 10 mL tetrahydrofuran in a 100 mL Schlenk flask. The mixture was cooled to
—78 °C in dry ice/acetone. N-Butyllithium (3.12 mL, 2.6 M in hexanes, 8.1 mmol, 1 equiv.)
was added dropwise over 1 minute. The reaction was stirred for 30 minutes, then 1,2-
dibromobenzene (0.96 mL, 7.95 mmol, 1 equiv.) was added. N-butyllithium (9.36 mL, 2.6
M in hexanes, 24 mmol, 3 equiv.) was added dropwise over 5 minutes, and the reaction
was stirred for 30 minutes. The reaction was moved from the dry ice/acetone bath to an ice
bath and stirred for 45 minutes. The reaction was then returned to the dry ice/acetone bath,
allowed to cool for 5 minutes, the appropriate quenching agents was added. A tan
precipitate usually formed during the warming and second cooling cycle.

1-dibenzothiophenecarboxaldehyde 3-6: To the above prepared solution of 1-
lithiodibenzothiophene was added DMF (1.81 mL, 23.2 mmol, 3
CHO equiv.). A thick precipitate immediately formed. The reaction was
O removed from the dry ice/acetone bath, stirred for 2 hours, and then
O quenched by the addition of 25 mL 1 N HCI. The mixture was extracted
S with 2 x 100 mL portions of diethyl ether, and the combined organic
layers were washed with brine, dried over Na>xSOs, and concentrated.
The residue was purified by column chromatography (7.5% EtOAc/hexanes) to afford 3-6
(667 mg, 3.14 mmol, 40% yield) as a yellow solid. Spectral data were in accordance with
literature values.” Spectral data were in agreement with 3-6 prepared from 3-4, according
to the procedure on page 102.

1-iododibenzothiophene 3-8: To the above prepared solution of 1- lithiodibenzothiophene
3-1Li was added solid iodine (3.96 g, 15.6 mmol, 2 equiv.) was added

| through the top of the flask with a strong countercurrent of nitrogen.
O O The reaction was then moved from the dry ice/acetone bath to the ice

bath, stirred for 30 minutes, and then quenched by the addition of 25
mL saturated Na>S203. The mixture was extracted with 2 x 100 mL
portions of diethyl ether, and the combined organic layers were
washed with brine, dried over Na>;SOs, and concentrated. The waxy residue was purified
by chromatography with pure hexanes, to give an inseparable mixture of 1-
iododibenzothiophene and dibenzothiophene. This mixture was placed in a sublimation
chamber with a dry-ice finger and evacuated to approximately 5 torr. The residue was
heated with a heat gun until it became liquid, and a white sublimate was observed on the
cold finger. The chamber was disassembled, the finger cleaned, and the process was
repeated twice more, until a negligible amount of sublimation was observed. The remaining
material in the bottom of the sublimation chamber (803 mg, 2.59 mmol, 33% yield), was
found to be approximately 95% 1-iododibenzothiophene 3-8 with the balance being
dibenzothiophene. No 1-iododibenzothiophene sublimed under these conditions.

S
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IH NMR (500 MHz, CDCl3): & 9.41-9.39 (m, 1H), 8.03 (ap. d, J= 7.6 Hz, 1H), 7.88-7.86
(m, 2H), 7.57-7.52 (m, 2H), 7.12-7.09 (m, 1H).

BC{'H} NMR (125 MHz, CDCl): § 141.7, 140.5, 137.7, 135.7, 134.9, 127.4, 127.2,
124.9,123.4,122.9, 122.8, 88.9.

HRMS (APCI): m/z [M radical cation]” calculated for Ci>H7IS: 309.9308 found:
309.9298.

1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan2-yl)-dibenzothiophene 3-9: To the above
prepared solution of 1-lithiodibenzothiophene was added iPrOBpin
Bpin [ (32 mL, 15.7 mmol, 2 equiv.) was added. The cooling bath was

O removed, and the reaction was stirred for 1 hour, and then quenched
O by the addition of 15 mL 1 N HCI. The mixture was extracted with 2

S x 100 mL portions of diethyl ether, and the combined organic layers
were washed with brine, dried over Na>SOs, and concentrated. The grey waxy residue was
purified by column chromatography with 2.5% EtOAc/hexanes, then further recrystallized
by cooling a solution in hexanes with a few drops of ethyl acetate to give boronate 3-9 (804

mg, 2.59 mmol, 33% yield) as white colourless crystals, which were suitable for X-ray
analysis.

H NMR (500 MHz, CDCls): §9.03-9.02 (m, 1H), 7.96-7.94 (m, 1H), 7.89-7.84 (m, 2H),
7.45-7.43 (m, 3H), 1.50 (s, 12H).

BC{H} NMR (125 MHz, CDCl3): & 139.8, 139.7, 138.9, 136.8, 132.7, 126.5, 125.6,
125.5, 125.2, 124.0, 122.7, 122.6, 84.5, 25.1.

1B NMR (160 MHz, CDCl): § 32.1 (br. s).
HRMS (ESI): m/z [M+Na]" calculated for C1gH19BNaO>S: 333.1091 found: 333.1100.

Compound 3-14: Compound 3-6 (3.5 g, 16.6 mmol, 1 equiv.) and (S)-tert-

butanesulfinamide (2.0 g, 16.6 mmol, 1 equiv.) were placed in a 100

O\\S' tBu mL Schlenk flask and dissolved in tetrahydrofuran (20 mL) followed

H /,{l by the addition of Ti(OEt)s (3.8 mL, 20.1 mmol, 1.1 equiv.) and

stirred overnight. The resulting orange solution was quenched with

O water, filtered then extracted with EtOAc (2 x 100mL). The

O combined organic layers were dried over Na;SO4 and concentrated.

S The crude orange oil was purified with column chromatography

(60% EtOAc/hexanes) to yield compound 3-7 as a yellow solid (2.1

g, 6.65 mmol, 40% yield). Attempts to acquire an optical rotation for this compound were
unsuccessful, as has been common in our experience for yellow-coloured compounds.

'H NMR (500 MHz, CDCls): § 9.75 (s, 1H), 8.41-8.39 (m, 1H), 8.05 (ap. d, J = 7.6 Hz,
1H), 8.00 (ap. d, J = 7.8 Hz, 1H), 7.92-7.90 (m, 1H), 7.55-7.50 (m, 3H), 1.35 (s, 9H).
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BC{'H} NMR (125 MHz, CDCl): § 161.6, 140.7, 140.2, 134.8, 134.5, 131.7, 127.2,
126.3, 126.2, 126.1, 125.4, 123.2, 58.2, 22.8.

HRMS(ESI): m/z [M+Na]" calculated for C17H;7NNaOS,: 338.0644 found: 338.0652.

Compound 3-16a: Compound 3-14 (500 mg, 1.58 mmol, 1 equiv.) was placed in 250 mL
flask and dissolved in 15 mL of toluene and cooled to —78 °C

Os.»1Bu followed by the addition of ethyl magnesium bromide in diethyl ether
? (1.6 mL, 3.0 M, 4.75 mmol, 3 equiv.) that stirred overnight. The
Et., NH resulting solution was poured into an Erlenmeyer flask containing

O NH4Claq) and extracted with ether (2 x 50 mL). The organic layers
O were combined and dried over Na>SO4 then concentrated. The crude
S yellow solid (81:19 d.r.) was purified with column chromatography
(40% EtOAc/hexanes) resulting in compound 3-16a as a white
powder (300 mg, 0.87 mmol, 55% yield). The minor diastereomer was not obtained as a
pure substance. Attempts to acquire an optical rotation for this compound were
unsuccessful, potentially due to low intrinsic rotation at the sodium D line. A crystal
suitable for X-ray analysis was grown by evaporation of a CDCl3 solution over 4 months
during the COVID pandemic, which was used to establish the relative configuration, and
confirmed the absolute configuration.

'TH NMR (500 MHz, CDCl3): § 8.39 (ap. d, J= 6.7 Hz, 1H), 7.88 (ap. d, J=7.3 Hz, 1H),
7.81 (ap. d, J= 7.9 Hz, 1H), 7.60 (ap. d, J = 6.8 Hz, 1H), 7.49-7.45 (m, 3H), 5.60 (br. s,
1H), 3.76 (ap. d, J=3.4 Hz, 1H), 2.25-2.22 (m, 1H), 2.14-2.11 (m, 1H), 1.23 (s, 9H), 0.96
(ap.t,J=6.6 Hz, 3H).

BC{H} NMR (125 MHz, CDCl3): & 140.5, 139.9, 139.5, 135.1, 132.7, 126.3, 126.2,
125.8, 124.8, 123.1, 122.3, 56.1, 55.2, 28.3, 22.8, 9.6.

HRMS(ESI): m/z [M+Na]" calculated for Ci1sH>21ONNaS,: 354.0957 found: 354.0951.

(8)-(-)-1-amino-1-(1-dibenzothienyl)propane 3-17: In 20 mL of dichloromethane was
dissolved 1.30 g of major diastereomer 3-16a (3.76 mmol, 1 equiv.).
Et,, _NH, To the solution was added 7.5 mL of 2 M HCI in diethyl ether (15

O mmol, 4 equiv.). A white solid formed within 1 minute. The

suspension was stirred for 2 hours, then 40 mL diethyl ether was

O added. The reaction was filtered, and the white precipitate was
S collected, washed with diethyl ether, and then suspended in 50 mL of
dichloromethane in a separatory funnel. The dichloromethane
suspension was treated with 2 M aqueous NaOH and shaken until both layers were clear.
The organic layer was dried over Na>SO4 and concentrated in vacuo to give 875 mg of
amine 3-17 as an off-yellow solid (3.62 mmol, 97% yield). The configuration of this
compound was known because the absolute and relative configuration of precursor 3-14
was known. Furthermore, the negative sign of the optical rotation obtained for this
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compound is consistent with other (§) configured aryl-alkylamines which also have
negative optical rotations.

H NMR (500 MHz, CDCLs): § 8.34 (ap. d, J = 7.6 Hz, 1H), 7.90-7.89 (m, 1H), 7.77 (ap.
d, J= 7.9 Hz, 1H), 7.65 (ap. d, J = 7.4 Hz, 1H), 7.50-7.44 (m, 3H), 5.02-5.00 (m, 1H),
2.12-2.07 (m, 1H), 1.85-1.75 (m, 1H) 1.69 (br. s, 2H), 1.13 (t, J = 7.4 Hz, 3H).

BC{'H} NMR (125 MHz, CDCls): & 144.2, 140.3, 140.0, 135.5, 132.5, 126.5, 126.0,
125.6, 124.6, 123.1, 121.4, 121.3, 53.1, 30.7, 11.1.

HRMS(ESI): m/z [M+H]" calculated for CisH;¢NS: 242.0998 found: 242.0990.
Optical Rotation: [a]*'p = —34° (c = 1.38, CH2CL).
Diimine 3-18: In 20 mL of dichloromethane was dissolved 0.89 g of amine 3-17 (3.63

mmol, 2 equiv.). To the solution was added, in
O order, 1.0 g of sodium sulfate (7.25 mmol, 4
S

Et
N//_\\N equiv.), 0.21 mL of glyoxal (1.81 mmol, 1 equiv.)
followed by 1 drop of formic acid. The suspension
Q was stirred for 3 hours. The reaction was filtered,
washed with excess dichloromethane (50 mL) and
concentrated. An orange solid was recovered and
used without further purification or characterization.

H NMR (500 MHz, CDCls): § 8.20 (s, 2H), 7.91-7.89 (m, 2H), 7.76 (ap. dd, J=7.9, 1.1
Hz, 2H), 7.69 (ap. d, J = 7.4 Hz, 2H), 7.50-7.45 (m, 4H), 7.40 (t, J= 7.7 Hz, 2H), 5.37 (br.
s, 2H), 2.22-2.19 (m, 2H), 2.11-2.05 (m, 2H), 1.06 (t, J = 7.4 Hz, 3H).

BC{'H} NMR (125 MHz, CDCl): § 161.8, 141.0, 140.4, 140.0, 135.3, 132.0, 126.4,
126.1, 125.4,124.5, 123.4, 123.2, 121.7, 72.3 (br), 30.1, 11.4.

HRMS(ESI): calculated (M+Na)* [C32H23NNaS,]: 527.1586; found: 527.1600.
3.5.3 General Considerations for N-Phenylphenothiazine and Derivatives

Reactions were run under nitrogen, using oven-dried glassware unless otherwise
specified. 'H, 13C, and '°F NMR data were collected at 300K on a Bruker AV-500 NMR
spectrometer. NMR spectra were reported in DMSO. While the aryl phenothiazine
products were highly soluble in chloroform, in some cases the proton and especially carbon
spectra yielded extreme line broadening in CDCls, while the spectra in DM SO were well-
defined. "H NMR spectra are referenced to trace DMSO-d5 solvent (DMSO = 2.50 ppm).
13C NMR spectra are referenced to the central DMSO peak (39.5 ppm). Mass spectrometric
data were acquired by Mr. Xiao Feng (Mass Spectrometry Laboratory, Dalhousie
University).

104



Solvents

Tetrahydrofuran was purchased from Aldrich in a Sure/seal® bottle (anhydrous, >99.9%,
inhibitor free, catalogue number 401757). Tetrahydrofuran was used directly from this
bottle for Grignard reactions and lithiations.

Reagents

4,5-Dibromo-o-xylene and 1,2-dibromo-4,5-difluorobenzene were purchased from
CombiBlocks and used as received.

Isopropylmagnesium Chloride was purchased from Aldrich as a 2.0 M solution in
tetrahydrofuran in a Sure-Sealed Container, and the concentration was verified by titration
against 1-butanol in tetrahydrofuran with 1,10 phenanthroline as the indicator before use.

N-methoxy-NV-methytrifluoroacetamide, 1,2-dibromobenzene and 1-bromo-2-
fluorobenzene were purchased from Oakwood Chemical and used as received.

Phenothiazine was purchased from both Oakwood and Fisher Scientific and used as
received.

Substituted Phenothiazines were purchased from Aldrich (3-20b), Oakwood (3-20c¢), and
Combi-Blocks (3-20d to 3-20g) and used as received.

3.5.4 Experimental Procedures and Tabulated Data for N-Phenylphenothiazine and
Derivatives

General procedure: The appropriate phenothiazine derivative (1 equiv.) and magnesium
turnings (1 equiv.) were placed in a dry 100 mL three neck round bottom flask equipped
with a magnetic stir bar and condenser under a nitrogen atmosphere. Tetrahydrofuran was
added which form a 1.0 M solution of the phenothiazine, followed by the addition of 2.0
M isopropylmagnesium chloride (1 equiv.), which resulted in heating of the reaction to
reflux. After bubbling subsided, the reaction was placed in an oil bath at 70 °C. When
reflux resumed, 1-bromo-2-fluorobenzene (1 equiv.) was cautiously added in 0.1 mL
portions with 4 minutes between each portion. The reaction was heated for a further hour,
at which time negligible magnesium remained. The reaction was removed from heat,
allowed to cool to ambient temperature, then poured into an Erlenmeyer flask containing
saturated ammonium chloride solution. The mixture was extracted with two appropriate
portions of ethyl acetate, and the combined organic layers were dried over Na2SO4, and
concentrated. The resulting crude sample was purified via column chromatography with
the appropriate eluent system specified for each product.
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Compound 3-21a: Prepared according to the general procedure on a 3.0 g scale of
phenothiazine 3-20a. Purification by flash chromatography (100%
© hexanes) provided 3-21a (1.2 g, 29% yield) as a white solid.

1H (500 MHz, DMSO-dy): 5 7.66 (t, J = 7.8 Hz, 2H), 7.53 (ap. t, J
N =7.5Hz, 1H), 7.41 (ap. d,J= 8.1 Hz, 2H), 7.07 (dd, J=7.5, 1.6 Hz,
2H), 6.92 (ap. t, J= 8.3 Hz, 2H), 6.85 (td, J= 7.4, 1.2 Hz, 2H), 6.16

S (ap. d, J = 8.2 Hz, 2H).

BC{H} (125 MHz, DMSO-dy): & 143.5, 140.3, 131.0, 130.2, 128.3, 127.2, 126.6, 122.7,
119.4, 116.0.

HRMS (ESI): calculated for CisHi3NS [M-7] 275.0763 found: 275.0761.

SCALE UP of 3-21a: 15.0 g of phenothiazine 3-20a (75.3 mmol, 1 equiv.) followed by
1.83 g of Mg® turnings (75.3 mmol, 1 equiv.) was placed in a dry 250 mL three neck round
bottom flask equipped with a magnetic stir bar and a dry condenser that was placed under
a nitrogen atmosphere. Dry tetrahydrofuran (75 mL) was added which dissolved the
phenothiazine and suspended the Mg® turnings. A 2 M solution of isopropylmagnesium
chloride (37.6 mL, 75.3 mmol, 1 equiv.) was cautiously added. Once the bubbling subsided,
the reaction flask was placed in an oil bath of 70 °C and when reflux resumed 8.2 mL of 1-
bromo-2-fluorobenzene (75.3 mmol, 1 equiv.) was added in approximately 2 mL portions
every 4—6 minutes until the entire liquid was dispensed. The reaction stirred at reflux for
18 hours. The deep dark red solution was cooled to room temperature then slowly poured
into an Erlenmeyer flask containing 100 mL of sat. NH4Cl(q) which created an extremely
exothermic reaction and produced two layers. One cloudy aqueous layer and one clear
bright orange organic layer. The organic layer was extracted three times with an appropriate
amount of ethyl acetate. The organic layers were combined, dried over Na;SOj4 then filtered
and concentrated to produce a crude yellow solid. This crude product was purified via
column chromatography (100% hexanes) to obtain 3-21a as an off-white powder in 37%
yield (7.6 g).

'H (500 MHz, DMSO-d¢): 6 7.67 (t,J =7.7 Hz, 2H), 7.54 (ap. t,J= 7.5 Hz, 1H), 7.41 (ap.
d, J=8.2 Hz, 2H), 7.07 (dd, J= 7.5, 1.5 Hz, 2H), 6.93 (ap. t, J = 8.0 Hz, 2H), 6.85 (td, J =
7.4,1.2 Hz, 2H), 6.17 (ap. d, J= 8.2 Hz, 2H).

BC{H} (125 MHz, DMSO-dy): & 143.6, 140.3, 131.0, 130.2, 128.3, 127.2, 126.6, 122.7,
119.4, 116.0.
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Figure S3-1: Image of 7.6 gram batch of 3-21a:

Deuterium Quench: Prepared according to the general procedure on a 1.0 g scale of
phenothiazine with one modification. Once the reaction cooled, a vial of methanol-d, was
added to the mixture and allowed to stir for one hour remaining under Ny atmosphere.
After one hour the reaction was worked up as stated in the general procedure. Purification
by flash chromatography (100% hexanes) provided 3-21a-d (40 mg, 29% yield) as a white
solid.

1H (500 MHz, DMSO-dy): & 7.67-7.65 (m, 2H), 7.53 (ap. t, J = 7.4 Hz, 1H), 7.41 (ap. d,
J=17.9 Hz, 1H), 7.07 (ap. dd, J= 7.5, 1.5 Hz, 2H), 6.92 (ap. t, J = 8.5 Hz, 2H), 6.85 (ap.
td, J=7.4, 1.0 Hz, 2H), 6.16 (ap. d, J = 8.2 Hz, 2H).

2H (77 MHz, DMSO): § 7.39 (br. s).

BC{H} (125 MHz, DMSO-d¢): 5 143.6, 140.3, 140.3, 131.0, 130.9, 130.2, 130.2, 128.3,
127.2,126.6, 122.7,119.4, 116.1.

HRMS (ESI): calculated for CisHi3NNaDS [M+Na]" 299.0724 found: 299.0732.
Compound 3-21b: Prepared according to the general procedure on a 3.0 g scale of 2-

chlorophenothiazine 3-20b. Purification by flash chromatography
@ (100% hexanes then 2% EtOAc/hexanes) provided 3-21b (92 mg,

23% yield) as a beige solid.

N Cl
@[ D/ 1H (500 MHz, DMSO-dg): 5 7.70 (t, J = 7.7 Hz, 2H), 7.59 (ap. t,
S J = 7.4 Hz, 1H), 7.45 (d, J = 8.1 Hz, 2H), 7.09-7.06 (m, 2H),

6.94-6.86 (m, 3H), 6.11 (ap. d, J = 8.1 Hz, 1H), 6.01 (ap. d, J =

2.1 Hz, 1H).

BC{H} (125 MHz, DMSO-dy): & 144.9, 142.8, 139.6, 131.6, 131.3, 130.4, 129.0, 127.8,
127.4,126.6, 123.1, 122.1, 118.6, 118.1, 116.0, 115.1.
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HRMS (ESI): calculated for CisHi2CINS [M*"] 309.0373 found: 309.0376.

Compound 3-21c¢: Prepared according to the general procedure on a 1.0 g scale of the 2-
(trifluoromethyl)phenothiazine 3-20c. Purification by flash
@ chromatography (2% EtOAc/hexanes) provided 3-21c¢ (41 mg,

32% yield) as a brown solid.

N CF,
©i D/ TH (500 MHz, DMSO-dg): 5 7.72 (t, J = 7.7 Hz, 2H), 7.60 (ap.
s t,J=7.3 Hz, 1H), 7.48 (d, J= 7.9 Hz, 2H), 7.26 (d, /= 8.0 Hz,
1H), 7.15 (d, J = 8.0 Hz, 1H), 7.07 (dd, J = 7.5, 1.5 Hz, 1H),

6.94 (ap. td, J = 7.3, 1.6 Hz, 1H), 6.88 (ap. td, J = 7.4, 1.1 Hz, 1H), 6.20 (s, 1H), 6.10 (ap.
d,J=8.2 Hz, 1H).

BC{H} (125 MHz, DMSO-dg): 8 144.1, 142.6, 139.4, 131.4, 130.5, 129.1, 127.7, 127.6
(q, Jer=32 Hz), 127.3, 126.7, 124.6, 123.7 (q, 'Jer = 272.2 Hz), 119.0 (d, Je.r = 3.5 Hz),
117.8, 116.0, 110.9 (d, Je.r = 3.9 Hz).

9F (470 MHz, DMSO-ds): 5 —61.8.
HRMS (ESI): calculated for C19H12F3NS [M-] 343.0637 found: 343.0643.
Compound 3-21d: Prepared according to the general procedure on a 1.0 g scale of the 2-

methoxyphenothiazine ~ 3-20d.  Purification by  flash
© chromatography (100% hexanes then 2% EtOAc/hexanes)

provided 3-21d (36 mg, 27% yield) as a yellow oil.

N OMe
©i D/ H (500 MHz, DMSO-ds): 8 7.67 (t, J = 8.0 Hz, 2H), 7.55 (ap.
s t,J=7.5 Hz, 1H), 7.41 (ap. d, J= 7.2 Hz, 2H), 7.07 (ap. dd, J =
7.5,1.6 Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 6.92 (ap. td, J = 8.2,

1.6 Hz, 1H), 6.85 (td, J = 7.4, 1.2 Hz, 1H), 6.50 (dd, J = 8.4, 2.5 Hz, 1H), 6.16 (dd, J=8.2,
1.1 Hz, 1H), 5.69 (d, J= 2.6 Hz, 1H), 3.54 (s, 3H).

BC{H} (125 MHz, DMSO-dy): & 158.8, 144.8, 143.3, 140.3, 131.0, 130.2, 128.5, 127.2,
127.0, 126.6, 122.7, 119.9, 116.0, 110.1, 106.9, 103.9, 55.0.

HRMS (ESI): calculated for C19H;sNOS [M-"] 305.0869 found: 305.0867.

Compound 3-21f: Prepared according to the general procedure on 1.0 g scale of the 2-
v methylthiophenothiazine 3-20f. Purification by flash

N S chromatography (2%  EtOAc/hexanes then 5%
@i jg/ \© EtOAc/hexanes) provided 3-21f (50 mg, 40% yield) as a
S

yellow powder.
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1H (500 MHz, DMSO-ds): 5 8.63 (s, 1H), 7.40~7.31 (m, 5H), 6.98 (ap. t, J= 7.6 Hz, 1H),
6.91 (d, J= 7.8 Hz, 2H), 6.78-6.72 (m, 2H), 8.63-6.62 (m, 2H).

BC{H} (125 MHz, DMSO-dy): 6 142.9, 141.4, 134.7, 133.7, 130.5, 129.5, 127.6, 127.3,
126.9, 126.2, 124.0, 122.0, 116.1, 116.0, 116.0, 114.5.

HRMS (ESI): calculated for C1sHi3NS, [M**] 307.0484 found: 307.0483.

3.5.5 General Considerations for the Synthesis of Naphthothiophene Derivatives

Reactions were run under nitrogen using oven-dried glassware, unless otherwise
specified. 'H, °C, and !'B NMR data were collected at 300 K on a Bruker AV-500 NMR
spectrometer. 'H NMR spectra are referenced to residual non-deuterated NMR solvent
(CHCls: 7.26 ppm). 3C NMR spectra are referenced to the central CDCls peak (77.16
ppm). Mass spectrometric data were acquired by Mr. Xiao Feng (Mass Spectrometry
Laboratory, Dalhousie University). Optical rotations were obtained on an Anton Paar MCP
150 Modular Compact Polarimeter. Concentrations are given in g/100 mL for polarimetry
measurements, and were measured in dichloromethane. Chemicals were obtained as the
best grades available from Aldrich or Oakwood, and otherwise used as received.

3.5.6 Experimental and Tabulated Data for Naphthothiophene Derivatives

Ellman Imine 3-32: Propanal (4.15 mL, 61.9 mmol, 1.5 equiv) was added to a stirring
mixture of (S)-tert-butanesulfinamide (5.00 g, 41.2 mmol, 1 equiv),
3 pyridinium p-toluenesulfonate (0.52 g, 2.1 mmol, 0.05 equiv), and
N’S ~ig, | anhydrous MgSO4(24.8 g, 206 mmol, 5 equiv) in anhydrous CH2Cla
Me\)l\ (50 mL). The mixture was stirred under a static nitrogen atmosphere
H for 18 h, and was worked up via filtration through Celite and rotary
evaporation. The product was briefly stirred under a 5 torr vacuum
for 1 h to remove excess aldehyde. Product 3-32 was obtained as a yellow oil (5.76 g, 35.7
mmol, 87% yield). This was used without further purification, as the product is somewhat
volatile. Attention during exposure to vacuum to avoid undue material loss should be taken.
Small amounts of CH>Cl> were noted but did not prove detrimental to the next reaction.
Spectral data were in accordance with literature values.?’

'H NMR (500 MHz, CDCl3): § 8.10 (t, J = 4.3 Hz, 1H), 2.58-2.50 (m, 2H), 1.20-1.18 (m,
12H).

BC{'H} NMR (125 MHz, CDCl): § 170.2, 56.3, 29.4,22.2, 9.5.

[a]p® 4277 (¢ 1.0, CH2Cl,); as determined on the unpurified product obtained above.
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Sulfinamides 3-33a and 3-33b: In a recovery flask, 3-bromonaphthothiophene (3-31; 1.00
g, 3.80 mmol, 1 equiv) was dissolved in THF (5 mL).
Oy Separately THF (7 mL) was placed in a Schlenk flask and
Fa BU | cooled to —84 °C (liquid nitrogen/EtOAc). NBuLi (1.98 mL,
NH 2.5 M in hexanes, 4.94 mmol, 1.3 equiv) was added to the

Et
O O N Schlenk flask, and the solution was allowed to stir at —84 °C
S

for another 10 min. The solution of 3-31 was added over 1
min, running the solution down the inside of the flask to
facilitate precooling, with further THF (2 mL) used to
quantitate the transfer. The solution became inky blue in colour. The reaction was stirred
at —84 °C for 5 min, then a solution of imine 3-32 (0.88 g, 5.5 mmol, 1.4 equiv) in THF (3
mL) was added. The resulting clear orange reaction mixture was stirred for 2 h, then
allowed to warm to room temperature. The mixture was then quenched with NH4Claq) (10
mL). The reaction was extracted with Et;O. The combined organic layers were dried over
NazSO04, and concentrated. The resulting residue was purified by flash chromatography
(40% EtOAc/hexanes moving to 50% EtOAc/hexanes when the first diastereomer eluted).
The less polar diastereomer 3-33a was the major one. Compound 3-33a was obtained as a
yellow tacky solid (631 mg, 1.83 mmol, 48% yield). Minor diastereomer 3-33b was
obtained as a colourless tacky solid (263 mg, 0.761 mmol, 20% yield). X-ray quality
crystals of both diastereomers were obtained by slow evaporation of Et,O solutions of the
products.

Major Diastereomer 3-33a

[a]p? +86.8 (c 1.0, CH2Cl).

Rr=0.15 (50% EtOAc/hexanes); Rr= 0.50 (80% EtOAc/hexanes).

'TH NMR (500 MHz, CDCls): 8 8.43 (s, 1H), 8.35 (s, 1H), 8.02-7.96 (m, 1H), 7.92-7.87
(m, 1H), 7.51-7.43 (m, 3H), 4.90-4.83 (m, 1 H), 3.64 (br. s, 1H), 2.25-2.12 (m, 2H), 1.24
(s, 9H), 0.94 (ap. t, J=7.4 Hz, 3H).

BC{'H} NMR (125 MHz, CDCls): § 139.2, 136.7, 136.0, 131.1, 130.7, 128.7, 127.2,
125.8,125.7,125.2,121.3, 120.9, 55.9, 55.0, 27.9, 22.7, 10.4.

HRMS (ESI): m/z [M+Na]" calculated for Ci19H23NOS,: 368.1113 found: 368.1104.
Minor Diastereomer 3-33b

[a]p®® +58.5 (c 1.0, CH,Cl).

Rr=0.10 (50% EtOAc/hexanes); Rr=0.40 (80% EtOAc/hexanes).

'TH NMR (500 MHz, CDCls): 6 8.38 (s, 1H), 8.35 (s, 1H), 7.98-7.87 (m, 2H), 7.49-7.44

(m, 2H), 7.43 (s, 1H), 4.83 (ap. t, J = 7.0 Hz, 1H), 3.53 (br. s, 1H), 2.30-2.14 (m, 1H),
2.14-2.09 (m, 1H), 1.17 (s, 9H), 0.96 (t, J = 7.6 Hz, 3H).
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BC{'H} NMR (125 MHz, CDCls): § 139.5, 136.7, 135.6, 131.1, 130.6, 128.6, 127.3,
126.4, 125.6, 125.2, 121.4, 121.3, 56.6, 55.8, 29.7, 22.8, 10.9.

HRMS (ESI): m/z [M+Na]" calculated for C19H23NNaOS,: 368.1113 found: 368.1113.

Chiral Amine 3-34: In a 30-mL round-bottom flask, compound 3-33a (500 mg, 1.45
mmol, 1 equiv) was dissolved in Et2O/CH2Cl> (1:1, 10 mL). To
the mixture was added 2 M HCI in Et2O (2.89 mL, 5.8 mmol, 4

“—NH, [ equiv). The resulting tan suspension was stirred for 12 h. The
O O N product was collected by filtration, and washed with additional
S

Et

Et>,0. The HCl salt, 3-34*HCI, was collected as a beige solid (362
mg, 1.30 mmol, 90% yield). Due to low solubility, the HCI salt
was characterized as the free base. A portion was suspended in
CH>Cl,, and washed with 1 M NaOHq). The organic layer was dried over Na>SOy4, and
concentrated to give the free base as a beige oil. NMR, MS, and optical rotation were
acquired on this sample. The negative optical rotation is consistent with (S)-configured
arylalkylamines.

'H NMR (500 MHz, CDCLs): & 8.36 (s, 1H), 8.34 (s, 1H), 8.00-7.98 (m, 1H), 7.91-7.90
(m, 1H), 7.49-7.45 (m, 2H), 7.38 (s, 1H), 4.42 (ap. t, J = 6.6 Hz, 1H), 2.10-2.02 (m, 1H),
1.91-1.82 (m, 1H), 1.81 (br. s, 2H), 1.03 (ap. t, J = 7.4 Hz, 3H).

BC{H} NMR (125 MHz, CDCl3): & 139.6, 137.5, 131.1, 130.7, 128.6, 127.3, 125.5,
125.1, 122.9, 121.2, 120.4, 52.3, 30.8, 11.0.

HRMS (ESI): m/z [M+Na]" calculated for C;sHisNNaS: 264.0817 found: 264.0822.
[o]p®® —21.7 (c 1.0, CH2Cl,).
Diimine 3-35: In 10 mL of toluene, 0.36 g of 3-34sHCI (1.31 mmol, 2 equiv.) was

dissolved. Then the following reagents
were added, in order, 0.07 mL of glyoxal

B, 7

Et
NN (0.65 mmol, 1 equiv.), 1.3 g of sodium
O y OO sulfate (2.61 mmol, 4 equiv.), and 0.18
\ S mL of triethylamine (1.31 mmol, 2
S

equiv.). The reaction stirred for 2 h then
the sodium sulfate was filtered and
washed with excess toluene (20 mL). The filtrate was concentrated resulting in diimine 3-
35 as an orange powder (0.31 g, 97% yield).

IH NMR (500 MHz, CDCl3): 5 8.32 (s, 4H), 8.18 (s, 2H), 7.96-7.94 (m, 2H), 7.88-7.86
(m, 2H), 7.47-7.43 (m, 4H), 7.42 (s, 2H), 4.77-4.75 (m, 2H), 2.27-2.18 (m, 2H), 2.17—
2.10 (m, 2H), 1.01 (t, J= 7.6 Hz, 3 H).
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BC{'H} NMR (125 MHz, CDCl3): 8 161.7, 139.3, 137.0, 136.8, 131.1, 130.7, 128.6,
127.3,125.5,125.1, 124.7, 121.2, 120.6, 71.4, 29.7, 11 .4.

HRMS (ESI): m/z [M+Na]" calculated for C32H23N2NaS,: 527.1586 found: 527.1586.

DAP-OTT 3-37: In a Schlenk flask, 0.27 g of DAP-Br 3-36 (0.44 mmol, 1.0 equiv.) was

Et /=\
“ N+ N Et
P

OO0 ey

dissolved in 5 mL of dichloromethane followed
by the addition of 0.08 mL of TMSOTf and
stirred for 1 h. Then dichloromethane was
removed in vacuo and the crude compound was
purified with ether trituration (3 %X 10 mL).
Resulting in DAP-OTf 3-37 as an orange
powder that was collected by filtration.

'"H NMR (500 MHz, CDCls): 5 8.36 (s, 2H), 8.32 (s, 2H), 8.14 (s, 2H), 7.85 (ap. d, J = 8.2
Hz, 2H), 7.79 (ap. d, J= 8.7 Hz, 2H), 7.73 (s, 2H), 7.48 (ap. t, J = 7.7 Hz, 2H), 7.37 (ap. t,
J=7.7Hz, 2H), 5.93 (br. s, 2H), 2.44 (br. s, 4H), 0.98 (br. s, 6H).

31p NMR (202 MHz, CDCls): 209.1.
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Chapter 4 Substituted Backbone Diazaphospholenes

4.1 Research Overview and Contribution Report

The author wishes to clarify her contributions to the research described in Chapter 4

of this Thesis document. The work in this Chapter details the synthesis of a DAP variant 4-

13 that contains a methyl substituted backbone and the enhanced enantioselectivity for
acyclic and exocyclic amines. MSc student Adam Beckett obtained preliminary results for
the synthesis of 4-14a and 4-14b that was the starting point of this work. Dr. Alex Speed
synthesized the original diimines with methyl and ethyl substituents in backbone (4-10a
and 4-10b).

I carried out the synthesis and collected characterization data of all other compounds
disclosed in this Chapter. Xiao Feng carried out mass spectroscopy analysis of all
compounds. In addition, I optimized the catalytic conditions for reactions involving 4-13
to complete a substrate scope.

4.2 Introduction

Chapters 2 and 3 highlight the successes and failures of synthesizing DAP variants with
alternative aryl and alkyl chains. The synthesis of alternate side chains from non-
commercial amines requires multi-step synthesis with sometimes challenging purification
steps to generate an enantiopure amine that then undergoes a three-step synthesis to be
converted to the DAP-OTT. If the DAP-OTT is successfully generated, then it is used to
catalyze the hydroboration of imines to determine the reactivity and enantioselectivity. Up
to this point, no variation has competed with the DAP-OTT 1-28 that was synthesized from
commercially available starting materials. Additionally, catalyst 1-28 only requires a three-

step synthesis to generate the DAP-OT{f with simple purification steps.
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Considering this and wanting to synthesize a DAP that could compete with the current
best DAP-OTT, brought me back to the generic structure of a diazaphospholene and the
substituents surrounding the current best DAP-OTTf (Figure 4-1). The other structural
feature within the DAP scaffold that can be altered is the backbone (R'). The goal is to
synthesize a DAP with comparable ease to the current best DAP but incorporating a
substituted backbone. Reflecting on the DAPs with a substituted backbone already
reported, there are benzo-fused backbones but accessing the diimines of these variants
already increases the complexity of the synthesis. Mono-halogenated backbones would
result in a chiral phosphorus centre and increase the complexity of the DAP. Having a pair
of alkyl substituent in the backbone would be ideal to explore the effect of backbone

substitution but has yet to be reported for alkyl diimines.

Generic Structure Current Best DAP-OTf
R! R R' = backbone R'=H
2 /= 2 R? = aryl R? = naphthyl
RYN\ /N R 3= y 3_ p y
P! ~ R3 = alkyl R3 = methy
R3 R® R* = counterion R4 = triflate

Figure 4-1. Generic structure of cationic DAP (left) and current best cationic DAP (right).

Altering the backbone substituents from protons to a more sterically demanding
substituent such as a methyl or ethyl was hypothesized to increase the rigidity of the DAP
by decreasing the free-rotation of exocyclic C-N bond due to allylic or A'* strain (Figure
4-2). Allylic strain describes the strain between a substituent on an alkene and the
substituents that are on a stereogenic centre in the allylic position, that is cis to the
substituent on the alkene. When the substituent on the alkene is a proton, there will be
relatively free rotation of the substituents on the stereogenic centre as the substituents will

only ever eclipse a proton. As shown by structures A, B, and C, the only difference between
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the structures is the position of the substituents around the stereogenic centre. Since a
proton is the smallest substituent possible, each conformation is easily adopted as there is
not much of an energy barrier to go from one conformation to another. When the substituent
on the alkene is a larger R group, such as a methyl or ethyl, this will introduce steric clash
for certain conformations as shown by structures E and F. One conformation minimizes
the strain, as exemplified by structure D, where R is eclipsing an H in the stereogenic
centre. As the substituents rotate around the stereogenic centre, the larger R group will
eclipse bigger substituents, represented generically as R? and R? groups, as exemplified by
structures E and F. This means the structure will preferentially remain in conformation D
to minimize steric clash and it will require more energy to adopt conformation E or F. We
extended this hypothesis to the DAP catalyst structure.

Applying A'3 strain to the diazaphospholene structure, a very similar relationship
emerges, with the substituent on the backbone and the stereogenic centre in an allylic
relationship. When the backbone has a proton as the substituent there will be relatively free
rotation of the substituents around the stereogenic centre and multiple conformations may
be adopted as they will have similar energies. When the backbone substituent is bigger,
such as methyl, there will be steric clash and fewer confirmations will be adopted. This
will increase the rigidity of the diazaphospholene and ideally increase the selectivity of the

catalyst.
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Figure 4-2. Generic A'* strain (top) and applying theory to the DAP structure (bottom).

As mentioned in the introduction, the synthesis of DAPs containing an alkyl substituted
backbone and alkyl side chains have not been reported, yet this is an attractive motif to
explore since it may generate a more restricted, and possibly selective catalyst. It was
already known that the typical methods of cyclization method with PBrs/cyclohexene and
a diimine that has enolizable protons in the backbone leads to decomposition. Specifically,
applying the predominant cyclization method of PBr3 and cyclohexene to diimine, lead to
a complex mixture with some evidence of adduct 4-1. Analysis of the proton NMR
spectrum revealed the product mixture contained only one intact backbone methyl signal
and the naphthylethyl groups were in different environments, which implied enamine
formation of one of the imines had occurred (Scheme 4-1). This is possible by first a
coordination of one nitrogen of the diimine to PBr;, then the other nitrogen could
deprotonate one of the methyls in the backbone. This decomposition was observed

independently by former MSc student Matt Adams, and Dr. Alex Speed.
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Scheme 4-1. Attempt at cyclization of diimine with methyl substituents in the backbone
with PBr3/cyclohexene.

To successfully cyclize the diimine involved investigation of alternative phosphorus
reagents, namely bis(dialkylamino)chlorophosphines and
dialkylaminodichlorophosphines, to introduce the phosphorus centre. These reagents
cyclizing with diimines were originally reported by Mazieres and co-workers in 1987.[7]
They demonstrated preliminary reactivity of these amino-phosphines with TMSOT{ and
AICl; to generate the corresponding phospheniums that were further reacted with silyl
cyanides and azides. In 1991 they demonstrated the bis(diethylamino)chlorophosphine 4-
2a being treated with TMSOTT to generate phosphenium 4-3a with a triflate counterion
which could cyclize with diimines 4-4a and 4-4b to genereate phosphoniums 4-5a and 4-
5b (Scheme 4-2A). Furthermore, they demonstrated diisopropylaminodichlorophosphines
4-6a being activated with AlCI3; to phosphenium 4-7a with an aluminate counterion that

cyclized diimine 4-8 to generate phosphonium 4-9.176]
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Scheme 4-2. (A) Synthesis of phosphoniums 4-5a and 4-5b from
bis(diethylamino)chlorophosphine with TMSOTT. (B) Synthesis of phosphonium 4-9 from
diisopropylaminodichlorophosphine with AICls.

Mazieres work inspired us to try using these phospheniums as an alternative reagent to
PBrs/cyclohexene for the cyclization of diimines with chiral side chains and a methyl
substituted backbone. In this Chapter, I report the synthesis of SPO 4-13 from
diisopropylaminodichlorophosphine 4-6a (Scheme 4-3A). As Mazieres reported, the first
step requires the activation of the phosphine 4-6a to phosphenium, 4-7a with aluminate
counterion, as AICI3 was the best chloride abstractor. The phosphenium 4-7a successfully
cyclized with diimine 4-10a to generate a phosphorus (V) phosphonium cation 4-11a. The
phosphonium was reduced to a phosphorus (III) phosphine 4-12a with Mg dust. The
phosphine was treated with water in THF to form the secondary phosphine oxide (SPO) 4-
13. This pre-catalyst was successful for the reduction of acyclic imines with low catalyst

loadings and high enantioselectivites (Scheme 4-3B).
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This work:

A. Synthesis of SPO

1.0 equiv.
Me Me
) Me,” />—<\ _(Me Mo - AICl,
ACl,| , /N N Me
L1 1.0 equiv. AICI, cl Nap  4-10a 'Nap >>(
CI—R > | B > N+ N
NR2 CH2C-|2 + \NR CH20|2 Me\: /F{’
0 °C-RT 2 0°C-RT Cl" NR, M
1h 1-2h zMe
4-6a: R = 'Pr 4-7a: R =Pr 4-11a: R = 'Pr

oL o e
xs Mg dust O >§( H,0 O >§(
—_— \ N\ N _—— N
p-
/

THF, RT N THF, RT § p-N
overnight e overnight Me A
RoN Me O Me
4-12a: R = Pr 413
B. Reactivity of SPO
R 2.5 mol % 4-13 _R'
)NI\ xs HBpin i
Ar” SAlkyl THF Ar” SAlkyl

Scheme 4-3. (A) Synthesis of SPO with alkyl substituents in the backbone. (B) Reactivity
of SPO with alkyl substituents in the backbone.

4.3 Results and Discussion
4.3.1 Synthesis of Substituted Backbone Diazaphospholene

Prior to the work reported in this Chapter, Adam Beckett (a previous MSc student in
the Speed group) obtained preliminary results that were used as a starting point. Adam
explored the use of various bis(dialkylamino)chlorophosphine reagents to cyclize the
diimines with various substituted backbones. The syntheses of the diimines with a methyl
and ethyl substituted backbone was previously done by Dr. Alex Speed that I later repeated.
Analogous to the non-substituted backbone synthesis, the commercially available amine,
(R)-1-(1-naphthyl)ethylamine, undergoes an acid catalyzed condensation reaction with the
appropriate ketone diacetyl (in place of glyoxal), in the presence of 3 A molecular sieves

(a stronger drying reagent than Na>SO4) for a week to generate diimines 4-10a and 4-10b
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(Scheme 4-4). The diimine with a methyl substituted backbone 4-10a was the original

variant Adam tested with the alternative phosphorus reagents.

R0

) o)
HoN,,

02

Me
R R

Formic Acid
sieves
CH,Cl,

R = Me or Et

Me Me

4-10a: R = Me
4-10b: R = Et

Scheme 4-4. Synthesis of diimines with alkyl substituents in the backbone.

Adam began using three variants of bis(dialkylamino)chlorophosphine (CIP(N(R2).) 4-

2a, 4-2b, and 4-2c, to introduce the phosphorus centre to diimine 4-10a (Scheme 4-5). The

phosphine reagents were initially converted to the corresponding phosphenium, 4-3a to 4-

3¢ with TMSOT{. The diimine 4-10a cleanly cyclized to the phosphonium 4-14a and 4-

14b from phospheniums 4-3a and 4-3b, respectively. The isopropyl phosphenium 4-3¢

appeared to be too sterically demanding, and no cyclization was observed. The final key

point Adam discovered was that the synthesis of phosphoniums could be done in a one-pot

reaction. Starting with the bis(dialkylamino)chlorophosphine, undergoing a halide

abstraction, then without isolating the phosphenium intermediate, the diimine was added

to the same reaction flask which successfully generated the desired phosphonium.

Followed by a simple purification lead to the successful isolation of the phosphonium.

NR OTf
2 : NR
CI—P( 1.0 equiv. TMSOTf; PI 2
NR2 CH20|2 + \NR2
0 °C-RT
4-2a: R = Et Th 4-3a: R = Et
4-2b: R = Me 4-3b: R = Me
4-2c:R='Pr 4-3c: R=Pr

1.0 equiv. 4-10a

Nalose

CH,Cl, :
0 °C-RT Me RzN O
NR
1-2h 2Me
4-14a: R = Et
4-14b: R = Me

Scheme 4-5. Synthesis of phosphoniums with methyl substituted backbone.
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Starting with the one-pot synthesis, I focused on the synthesis of the DAP that
combined the methyl substituted backbone diimine 4-10a and
bis(diethylamino)chlorophosphine 4-2a, as these reagents were in abundance within the
laboratory already. I successfully repeated the synthesis as reported by Adam and I was
able to follow up with a simple benchtop extraction purification as the phosphonium 4-14a
was found to be air and moisture stable. An aqueous extraction in a separatory funnel was
sufficient to remove any impurities and not destroy the phosphonium. Unfortunately, 4-
14a proved resistant to reduction to a diazaphospholene, in the presence of HBpin, PhSiH3,
or Mg dust. It would not be a viable pre-catalyst without the conversion to a DAP-H.

We hypothesized a phosphonium bearing a phosphorus-halogen bond would be more
susceptible to reduction. Looking at an ethyl containing phosphine again,
diethylaminodichlorophosphine 4-7b was treated with TMSOTTf to abstract a chlorine
creating phosphenium 4-15 in situ, then the solution of diimine 4-10a was added to cyclize
to the phosphonium 4-16 (Scheme 4-6). This yielded multiple products, as the halide
abstraction from the starting phosphine is not favoured with TMSOTT. This is distinct from
the bis(diethylamino)chlorophosphine, which undergoes complete halide abstraction.
Mazieres reported glyoxal-derived diimines could undergo cyclization using equilibrating
mixtures of phosphine/TMSOTT and phosphenium, but there was rapid decomposition with
methyl-substituted diimine 4-10a due to rapid independent reaction of the diacetyl-derived
diimine with TMSOTT. A stronger chloride abstracter was required, to irreversibly generate

the phosphenium before the diimine was added.
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Scheme 4-6. Synthesis of phosphonium bearing a P-Cl bond to be reduced.

Reviewing Mazieres’s work, they reported the generation of phospheniums with
aluminum trichloride for the cyclization of a diimine with a methyl substituted backbone.
Following this, I generated 4-7a and 4-7b, from the combination of the corresponding
aminodichlorophosphines 4-6a and 4-6b with AlCl;. Without isolation, a solution of the
diimine 4-10a was added to the reaction and underwent smooth cyclization and generated
phosphoniums 4-11a and 4-11b (Scheme 4-7). Fortunately, 4-11a could be reduced to
phosphine 4-12a with magnesium dust or turnings. Reduction of 4-11b with Mg dust gave
4-12b and a second product, hypothesized to be a P-P dimer, but formation of this

compound could be suppressed by addition of LiCl to the reduction.

“AlCI,
“AlCH Me
Ll 1.0 equiv. AICI; Cl “11.0 equw 4-10a
- /
CI—R > [ g

\ CH,CI \ c:H20|2 :
NR 2~12 + NR Me /\
> 0°CRT - 0 °C-RT 1" NR, Mo
1h 1-2h
4-6a: R =Pr 4-7a: R = Pr 4-11a: R='Pr
4-6b: R = Et 4-7Tb: R = Et 4-11b: R = Et
Me
xs Mg dust >\(
—_——
THF, RT g
overnight
4-12a: R = Pr
4-12b: R = Et

Scheme 4-7. Synthesis of phosphines with methyl substituted backbone.

The reduction of phosphoniums 4-11a and 4-11b required a trial-and-error process

which is summarized in Table 4-1. Entries 1-5 correspond to when R = Et and entries 6—
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10 correspond to when R = 'Pr. As shown by reductions 4-11b, Mg dust in either THF
(Entry 1), or CH3CN (Entry 2) resulted in two products shown in each of the *'P NMR
spectra, one peak at 93 ppm and one peak at 89 ppm. Replacing Mg dust with Mg turnings
in THF was not fruitful and resulted in many products shown in the *'P NMR spectrum
(Entry 3). The addition of LiCl with Mg dust in THF resulted in one peak at 89 ppm in the
3P NMR spectrum (Entry 4). Replacing Mg dust with Mn dust combined with LiCl in THF
resulted in the one peak at 93 ppm in the *'P NMR spectrum (Entry 5). With prior
knowledge of neutral diazaphospholenes and DAP-dimers,*””! we determined one of
these peaks must correspond to the phosphine, 4-12b, and the other peak must correspond
to the dimer. Additional testing would be required to assign each of the peaks. Fortunately,
the reduction of 4-11a resulted in only one peak at 83 ppm in the *'P NMR spectrum.
Regardless of reductant combination or solvent choice, Mg dust in THF (Entry 1), Mg dust
in CH3CN (Entry 2), Mg turnings in THF (Entry 3), Mg dust and LiCl in THF (Entry 4) or
Mn dust in THF (Entry 5) all resulted in one product. Without additional testing, this peak
could be assigned to the phosphine 4-12a, as the value of the peak is not identical to either
of the peaks found from the reduction of 4-11b. If it was in fact the dimer, this would result
in the same product as one of the products being produced from the reduction of 4-11b and

the peaks would be identical, since the exocyclic amine is absent in the dimer.
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Table 4-1. Summary of phosphonium reduced to phosphine results.

“AlCI,

M
¢’ NRDm&

4-11a: R=Pr
4-11b: R = Et
R =Et (4-11b)
Entry X Equivalents
1 5
2 5
3 5
4 10/10
5 10/10
R =Pr (4-11a)
Entry X Equivalents
6 5
7 5
8 10
9 10/10
10 10/10

Contemporaneously, phosphoniums derived from the cyclizations of a diimine bearing
ethyl substituents in the backbone 4-10b and diimines containing alternative side chains,
4-17 and 4-18 derived from commercially available enantiopure amines were being
investigated (Scheme 4-8). Diimine 4-10b was cyclized with phosphenium 4-7b which
generated phosphonium 4-19 with a complex mixture of products (Scheme 4-8A). Despite
efforts to purify the phosphonium, there was no success. Unpurified 4-19 was carried
forward with the possibility of being able to purify the following product to obtain a clean

DAP. The phosphonium 4-19 was treated with Mg dust in an attempt to generate the

X eqqu

solvent

overnlght

Reductant (Y)
Mg dust

Mg dust
Mg turnings
Mg dust/LiCl
Mn dust/LiCl

Reductant (Y)
Mg dust

Mg dust
Mg turnings
Mg dust/LiCl
Mn dust
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corresponding phosphine. However, the only isolable compound from the reaction was the
starting material, diethylaminodichlorophosphine 4-6b. No further attempts were made to
optimize the synthesis of 4-19 as there was more progress with the methyl substituted
backbone containing an identical side chain. It should be noted that it would be worth
attempting the cyclization of diimine 4-10b with phosphenium 4-7a generated from
diisopropylaminodichlorophosphine 4-6a. Starting with the phosphine 4-6a has resulted in
generating a phosphonium with better user handling properties.

Two other diimines, one derived from (R)-(+)-1-(2-naphthyl)ethylamine 4-17 and the
other derived from (S)-(+)-1-aminotetraline 4-18, were cyclized with phosphenium 4-7a to
form phosphoniums 4-20 and 4-21, respectively (Scheme 4-8B and 4-8C). Initially, the
cyclizations appeared to work smoothly, but purification had been quite difficult despite
multiple washes to remove impurities. Despite the impurities, the phosphoniums 4-20 and
4-21 were reduced with Mg dust to respective clean phosphines. Unfortunately, the
resulting phosphines were not readily activated to the corresponding DAP-H with HBpin.
Since there was a lot of promise with phosphonium 4-11a there were no attempts to
optimize these alternate scaffolds further. There could be more efforts made for the
syntheses of phosphoniums 4-19, 4-20 and 4-21 to isolate a clean product. Multiple factors
could be wvaried, namely reaction time, temperature, and reagents. Different
aminoalkylphosphines could be explored for the cyclization or cooling further may help
remove impurities. Furthermore, alternative reagents for the reduction to the corresponding
phosphine could lead to different outcomes and potentially a product that could be activated

to the active catalyst species.
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Scheme 4-8. Cyclizations of (A) diimine 4-10b with phosphine 4-6b (B) diimine 4-17 with
phosphine 4-6a (C) diimine 4-18 with phosphine 4-6a.

Since the phosphine 4-12a had the most reliable and robust synthesis, this was chosen
as the focus for the remainder of this project. Phosphine 4-12a was very hydrolytically
sensitive and was deliberately hydrolyzed to 4-13 by addition of water to a THF solution
(Scheme 4-9). Secondary phosphine oxide 4-13 is stable to air and moisture, and a crystal
suitable for X-ray analysis was obtained from slow evaporation of a THF solution.
Secondary phosphine oxide 4-13 and phosphine 4-12a were both reactive with HBpin to
generate the corresponding DAP-H, showing their suitability as diazaphospholene pre-
catalysts. The catalyst also had an improved stability. As previously reported by the Speed

group, 1-28 gradually decomposed to phosphine PH3 in the presence of excess HBpin in
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THF,™ in contrast 4-13 was stable in the presence of a 10-fold excess of HBpin in THF for
days, which likely an advantage in slow reduction reactions. With a route secured to a

DAP-H from pre-catalyst 4-13, exploration of reactivity and selectivity began.

e: THF, RT
overnight

*Hm e *HY‘

N Pr, Me

4-12a

Scheme 4-9. Synthesis of SPO bearing methyl substituents in the backbone.

4.3.2 Reactivity of Substituted Backbone Diazaphospholene

The optimization began with the cyclic benchmark substrate 2-17a. The reduction of
cyclic imine 2-17a with SPO 4-13 was tested at room temperature and at —35 °C. (Scheme
4-10). The reduction of 2-17a with SPO 4-13 proceeded at room temperature to give amine
2-17b with a 95:5 enantiomeric ratio, which is better than the performance of the current
best DAP catalyst for this substrate at room temperature. No reaction was observed at —35
°C. Due to the advantages of the SPO: air, and moisture stability, and high selectivity at
room temperature, the SPO was used for future reductions. Mixture of TMSOTT with the
SPO to attempt to synthesize the DAP-OTTf variant has shown promise and would be a
future goal to reproducibly isolate this variant to compare the reactivity to the SPO variant,
however this work focused on the SPO due to the above-mentioned advantages. The DAP-
OTf variant would have the potential of complementary reactivity to the SPO variant. As
noted, SPO 4-13 does not react at cooler temperatures while the DAP-OTT variant could
and may produce high enantioselectivity for substrates that did not work well with SPO 4-

13.
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Scheme 4-10. Reduction of benchmark substrate with SPO 4-13.

The good enantioselectivity of cyclic imines at room temperature was a promising start,
but was anticipated to have limited impact as there was already a published DAP catalyst
from our group that could reduce cyclic imines with high enantioselectivity. Therefore, the
preliminary scope was expanded to acyclic imines that were already available within the
laboratory. Acyclic imine substrates have been a limitation with previous DAP catalytic
system with the highest enantiomeric ratio reported of 88:12, meaning there was room for
improvement. The results from the preliminary scope of acyclic imines have been
summarized in Table 4-3. The initial success with an acyclic imine was a fendiline
precursor with an enantiomeric ratio of 95:5 for fendiline 4-23a (Entry 1). The next acyclic
imine that was successful with an enantiomeric ratio of 9:91 for amine 4-23b which
contained a benzylamine motif (Entry 2). An inferior substrate contained a phenyl group
off the nitrogen with only an enantiomeric ratio of 76:24 for 4-23¢ (Entry 3). The other two
substrates were exocyclic amines 4-23d and 4-23e with enantiomeric ratios around 95:5
(Entries 4 and 5). Amine 4-23e is rasagiline, a drug used to treat Parkinson’s disease, which
bears a propargyl group off the nitrogen and remains intact during the reduction reaction.
This highlights the complementary reactivity between a main group catalyst compared to
a transition metal-based catalyst as this propargyl group would likely be reduced with a
metal centered catalyst. These results already showed a marked improvement over the

existing DAP catalysts and guided the focus of the synthetic plan of the substrate scope.
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Table 4-2. Preliminary results for acyclic and exocyclic imines.

e N
10 mol % 4-13 O Me
N’R 1.3 equiv. HBpin HN’R >§(Me
I > N NN O
Aryl Alkyl THF Aryl Alkyl Me - O
: A
4-22 overnight, RT 4-23 H o Me
4-13
\ y,
Entry Reduced Substrate Enantiomeric Ratio

HN/\)\Ph

1 95:5
Me
4-23a

H\
NBn
2 /©)\Me 9:91
MeO 4-23b
H\
NPh
3 /©)\Me 76:24
MeO 4-23¢
H\
NBn
4 ©:> 95:5
4-23d
HN
5 /\\\ 96:4
4-23e

The imines that were initially successful in the preliminary scope guided the substrate
synthesis. The imines for the substrate scope were prepared through a condensation
reaction between the corresponding ketone and amine in the presence of titanium ethoxide
(Ti(OEt)4) (Scheme 4-11). The substrate synthesis required minimal purification of the

imines prior to catalysis, minor impurities or the presence of the starting ketone did not
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interfere with the reduction. Removal of ethanol was essential, since ethanol promotes an
uncatalyzed reduction of imines with pinacolborane, which lowers enantioselectivity.!””]
Structural features from the preliminary acyclic substrate scope were considered for the
majority of the synthesized substrates. One important feature was maintaining the 3,3-
diphenylpropylamine moiety as shown by substrates 4-24a to 4-24t highlighted in red.
Other substrates, 4-24u to 4-24y, contained a benzylamine moiety highlighted in pink. One
feature going beyond the original results was synthesizing imines containing 1,1-
diphenylmethylamine moiety, as seen in substrates 4-24z to 4-24ac highlighted in blue.
The inspiration to include this moiety was to eventually access 1° amines in high
enantioselectivities, as the resulting 2° amine from the reduction could be treated with acid

(781 The other class of substrates

at high temperature to remove the diphenylmethane moiety.
that appeared promising in the preliminary results were exocyclic imines, so substrates 4-
24ad to 4-24aj highlighted in purple, were derived from indanone with varying alkyl side

chains. Each class of substrates tried to incorporate both electron poor and electron rich

rings determine a pattern or limitations of the SPO 4-13 as a catalyst.
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Scheme 4-11. Imine substrates that were synthesized.
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With a library of substrates in hand the pre-catalyst was put to the test to determine the
limitations (Scheme 4-12). Initially, the catalyst loading of 4-13 began at 10 mol % but
loadings as low as 2.5 mol % were tolerated and maintained high enantioselectivity. The
absolute configuration of the enantiomer SPO 4-13 is selective for has yet to be definitively
determined and therefore enantiomeric ratios are reported based on order of elution off the
HPLC. There have been some overall conclusions thus far. Fendiline precursor was
effectively reduced to 4-23a with a 2.5 mol % catalyst loading. A variety of arene
substitution patterns with the diphenylpropylamino side chain gave high selectivities as
shown by 4-25b, 4-25¢, and 4-25f with an e.r. of 90:10, and 4-23f with an e.r. of 7:93. A
naphthalene containing substrate was reduced generating 4-25d with an e.r. of 87:13 and
m-methoxy containing substrate was reduced to 4-25e with an e.r. of 12:88. Pyridine
containing substrates were a limitation of this catalyst system as shown by amines 4-25g
and 4-25h with lower enantioselectivities of approximately 75:25. We observed a
background reaction between these imines and HBpin, potentially promoted by the Lewis-
basic pyridine. Imines derived from thienyl ketones were tolerated with high
enantioselectivities, 4-25i to 4-25Kk, all with e.r. above 90:10. Substrates leading to products
4-25g to 4-25k were reduced at 2.5 mol % catalyst loading and a 24 h reaction time. Imine
precursor to amine 4-25k was reduced at 2.5 mol % catalyst loading and a 48 h reaction
time. Tetralone-derived imines were reduced in 24 h with a 2.5 mol % catalyst loading
resulting in 4-251 with a high e.r. 0f 93:7 and 4-25m with a poor e.r. of 67:37.

The benzylamino containing amines gave slightly lower selectivity relative to
diphenylpropylamino containing amines. Substrates containing a fluoro-substituent in

varying positions on the arene were reduced at 2.5 mol % catalyst loading and a 24 h
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reaction time to give amines, 4-25u (e.r. 11:89), 4-25v (e.r. 15:85) and 4-25w (e.r. 15:85)
were reduced at a 2.5 mol % catalyst loading and 24 h reaction time. Reduction of a
thiophene containing imine required a reaction time of 72 h at 2.5 mol % catalyst loading
to generate amine 4-25x (e.r. 15:85). Benzylamines 4-23g to 4-23j had poor to good
enantioselectivities at 10 mol % catalyst loading and 24 h reaction time. Benzylamines for
4-23b (e.r. 9:91 at 10 mol % catalyst loading) and 4-23d (e.r. 95:5 at 2.5 mol % catalyst
loading) had high enantioselectivities with a 24 h reaction time.

Reduction of the precursor to rasagiline to amine 4-23e (95:5 e.r. at 10 mol % and 24
h) was highly effective, showing that exocyclic imines are good substrates. Indanone
derived imine with branching on the side chain was reduced effectively to amine 4-25z
(5:95 e.r. at 2.5 mol % and 24 h). However, indanone derived imines with heterocyclic side
chains were a limitation with catalyst, amines 25ad (83:17 e.r. and 24 h), 4-25ae (e.r. 88:12
and 48 h) and 4-25af (e.r. 70:30 and 48 h) had poor to good enantioselectivities at 2.5 mol

% catalyst loading and varying reaction times.
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Scheme 4-12. Reduction results of acyclic imines with SPO 4-13.

Originally, reduction reactions were naively assumed to be complete after one day, but
it was determined that for some sterically encumbered substrates, longer reaction times
were required. Prior to determining that, some substrates, 4-25aa and 4-25ab, were
preemptively quenched therefore did not go to completion (DNC). This resulted in the
hydrolysis of the imine back to the ketone and amine. Additionally, if hydrolysis does not

occur and imine is still present upon work-up, water is known to facilitate the
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hydroboration of imines and would erode the enantioselectivity of the desired aminel’” and
therefore the enantioselectivity of the amine could not be determined. From then on,
analysis of reaction aliquots was obtained via NMR spectroscopy prior to quenching to
confirm the reaction had gone to completion. Additionally, some substrates have been
difficult to separate on the HPLC with the standard conditions and columns available to us,
and so I have not been able to determine the enantioselectivity. Certain substrates
containing the diphenylpropylamino side chain 4-25n to 4-25r and a benzylamine substrate
4-25y did not separate (DNS). Additionally, indanone derived substrates 4-25ag with a
pyridyl side chain and 4-25ah to 4-25aj with various alkyl side chains DNS. These results

are summarized in Scheme 4-13.

I _— SN N
Aryl/kAIkyI THF, RT Aryl)\AIkyI Me R

x mol % 4-13 Q Me o e
-R xs HBpi R =
N pin HN N

4-24 4-25

Ph
Ph Ph Ph

Ph /\)\
HN/\)\Ph ) P FiC HN/\)\Ph Me HN/\)\Ph HN/\)\Ph H e

s Me Me
Br 4 l Me Me Me Me
o

4-25n CF3 4-250 4-25p 4-25q 4-25r 4-25y
DNS DNS DNS DNS DNC DNS

Ph Ph
HN b4 HN—,
F HN)\Ph HN)\Ph /@7 HN ipr
Me S Me = (:6
\ |
4-25aa 4-25ab 4-25ag 4-25ah 4-25ai 4253
DNC DNC DNS DNS DNS DNS

DNS = did not separate DNC = did not go to completion.
Scheme 4-13. Difficult substrates to determine the enantiomeric ratio.

4.4 Summary
In conclusion, a four-step synthetic route to access a chiral diazaphospholene bearing
methyl substituents in the backbone was developed. Previously reported diazaphospholene

synthesis reactions did not allow access to backbone methyl-substituted
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diazaphospholenes. A couple of different synthetic routes to cyclize the diimine were
attempted prior to a successful pre-catalyst isolation (Scheme 4-14). Amino-phosphine
reagents were used that required activation to a phosphenium in order to be reactive with
the diimine. The first attempt was using bis(diethylamino)chlorophosphine 4-2a that
resulted in an air and moisture stable phosphonium 4-14a that was unreactive to conversion
to an active catalyst (Scheme 4-14A). A successful route was developed which involved
replacing an amino group on the starting phosphine with an additional halogen with the
hypothesis that the resulting halo-phosphonium 4-16 would be more susceptible to
reduction (Scheme 4-14B). Unfortunately, this resulted in some decomposition during
cyclization, due to the incomplete activation of the phosphine to the phosphenium 4-15.
The phosphenium 4-15 and starting chlorophosphine were in equilibrium, and the diimine
bearing methyl substituents in the backbone is known to react with the TMSOTTf leading
to a complex mixture of products. Fortunately, replacing TMSOT{ with a stronger chloride
abstractor, AICIls, to completely form phosphenium 4-7a prior to cyclization solved this
problem and formed a phosphonium 4-11a that was susceptible to reduction to phosphine
4-12a. This phosphine was successfully converted to the SPO 4-13 and was used as a pre-
catalyst (Scheme 4-14C). This new system has advantages in selectivity over previously

reported diazaphospholene catalyzed imine reduction.
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Scheme 4-14. Summary of attempted cyclizations of a diimine with a methyl substituted
backbone. (A) Starting from bisamino(dialkyl)phosphine and TMSOTTY. (B) Starting from
diethylaminodichlorophosphine and TMSOTHT. © Starting from
dialkylaminodichlorophosphine and AlCls.

Reductions of acyclic and exocyclic imines were catalyzed by SPO 4-13 with high
enantioselectivity at room temperature with low loadings, providing best-in-class
selectivity for several classes of imine hydroboration (Scheme 4-15). The reduction

reactions can be conducted without the need for a glovebox. The active catalyst is also
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resistant to decomposition in the presence of excess HB(pin). Other applications of this

new class of diazaphospholene catalyst are under investigation and will be reported in due

course.
4 N\
2.5 mol % 4-13 O Me, Me
N’R XS HBpIn HN’R >§(
I — s N\P,N
Aryl” Alkyl THF, RT Aryl” Alkyl Me |
413 O Me
13 examples L y

e.r.90:10

Scheme 4-15. Summary of reduction results of SPO with methyl substituted backbone.

4.5 Experimental
4.5.1 General Considerations

Reactions were run under nitrogen, using oven-dried glassware unless otherwise
specified. 'H, 1*C, and !'B NMR data were collected at 300K on a Bruker AV-500 or Neo-
400 NMR spectrometer. "H NMR spectra are referenced to residual non-deuterated NMR
solvent (CHCI3 = 7.26 ppm or CH3CN = 1.94 ppm). 1*C NMR spectra are referenced to the
central CDCl; peak (77.16 ppm) or CD3CN (1.32 ppm). Mass spectrometric data were
acquired by Mr. Xiao Feng (Mass Spectrometry Laboratory, Dalhousie University).
Optical rotations were obtained in the solvents stated, using a DigiPol 781 Automatic
Polarimeter from Rudolph Instruments. Concentrations for optical rotation are given in
g/100 mL.

Solvents

Diethyl ether was purchased as anhydrous ACS reagent grade, >99.0% stabilized by BHT
in 1 L metal cans from Aldrich.

Dichloromethane (ACS grade) was purchased from Fisher. Dichloromethane for reactions
was distilled from calcium hydride immediately before use, while no purification was
carried out on dichloromethane used for extractive work-ups.

Pentane for reactions was deoxygenated and dried by sparging with nitrogen gas then
stored over activated 3 A molecular sieves in the glovebox.

Tetrahydrofuran was purchased from Aldrich in a Sure/seal® bottle (anhydrous, >99.9%,

inhibitor free, catalogue number 401757). Tetrahydrofuran was used directly from this
bottle for Grignard reactions and lithiations.
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Reagents
Amines was purchased from Aldrich Chemical and used as received.

Chlorophosphines, aluminum trichloride and magnesium dust were purchased from
Aldrich Chemical, stored at ambient temperature in the glovebox, and used as received,

Ketones were purchased from Aldrich Chemical or Oakwood Chemical and used as
received.

Pinacolborane was purchased from Oakwood Chemical, stored at refrigerated in the
glovebox, and otherwise used as received.

Titanium ethoxide was purchased from Oakwood Chemical and used as received.

Trimethylsilyl triflate was purchased from Oakwood Chemical and distilled at 10 torr
before use.

4.5.2 Experimental Procedures and Tabulated Data for the Synthesis of Substituted
Backbone Diazaphospholenes

Diimine 4-10a: On the bench top, (R)-(+)-1-(1-naphthyl)ethylamine (17.0 g, 102 mmol,
1.0 equiv.) was weighed into a 250 mL round bottom

flask equipped with a stir bar. The amine was
e: Me QQ dissolved in dichloromethane (150 mL) then reagents
N/ \N

were added in the following order: 3 A molecular
sieves (15 g), formic acid (1 drop) and 1,2-butadione
(4.6 mL, 51 mmol, 0.5 equiv.). The flask was enclosed
with a yellow cap and sealed with electrical tape and
allowed to stir. After 7 d, the reaction was filtered to remove sieves then washed
exhaustively with diethyl ether (150 mL tot.). The filtrate was concentrated then suspended
in diethyl ether and stirred for 0.5 h to allow the diimine powder out and the impurities
remain in solution. The solid was collected via filtration and washed with ether (2 x 25
mL). The diimine 4-10a was collected as a pale-yellow powder in a 57% yield (11.7 g, 30
mmol).

Me Me

TH NMR (500 MHz, CDCI3): & 8.34 (ap. d, J = 8.4 Hz, 2H), 7.89 (ap. d, J = 8.0 Hz, 2H),
7.81 (ap. d, J="7.1 Hz, 2H), 7.76 (ap. d, J = 8.0 Hz, 2H), 7.57-7.45 (m, 6H), 5.60 (q, J =
6.4 Hz, 2H), 2.33 (s, 6H), 1.71 (ap. d, J = 6.4 Hz, 6H).

BC{'H} NMR (125 MHz, CDCls): § 167.1, 142.1, 134.2, 130.8, 129.1, 127.2, 125.8,
125.8,125.4,124.2,123.4,57.4, 24.4, 13.3.

HRMS (ESI): m/z [M+H]" calculated for C2sH2oN2: 393.2325 found: 393.2321.
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Phosphonium 4-11a: In the glovebox, aluminum trichloride (0.33 g, 2.5 mmol, 1.0 equiv.)

was weighed into a Schlenk flask equipped with a stir

Me “AlC, bar then placed on the Schlenk line. The AICl;3 was

Me suspended in dichloromethane (5 mL) then cooled to

\ N\+\N O 0 °C. A solution of the
me P~ diisopropylaminodichlorophosphine 4-6a (0.46 mL,
cl l‘\l’Pr Me 0 2.5 mmol, 1.0 equiv.) in 3 mL of dichloromethane was

2 transferred to the cooled AICl; and the flask

containing the phosphine was rinsed with additional 2 mL of dichloromethane to complete
the transfer. After the transfer, the cooling bath was removed and stirred at room
temperature for 1 h to form the phosphenium 4-7a in situ. The phosphenium was re-cooled
to 0 °C and a solution of the diimine 4-10a (0.97 g, 2.5 mmol, 1.0 equiv.) in 7 mL of
dichloromethane was transferred to the cooled phosphenium solution followed by an
additional 3 mL of dichloromethane was used to complete the transfer of the diimine
solution. The reaction stirred for 3 h and the cooling bath decayed naturally. After the
cyclization was complete, the solvent was removed in vacuo on the line and the crude solid
was taken into the glovebox for purification. The crude product was triturated with pentane
to precipitate out a yellow powder that was collected via filtration as the phosphonium 4-
11a with an 85% yield.

'H NMR (500 MHz, CD3CN): & 8.07 (t, J = 8.4 Hz, 2H), 8.01-7.91 (m, 4H), 7.68-7.65
(m, 2H), 7.61-7.58 (m, 4H), 7.54 (t, J = 8.0 Hz, 1H), 7.46 (d, J = 7.2 Hz, 1H), 5.93-5.85
(m, 1H), 5.83-5.76 (m, 1H), 3.99-3.88 (m, 2H), 2.28 (s, 3H), 2.04 (d, J = 7.2 Hz, 3H),
2.00-1.97 (m, 6H), 1.36 (d, J= 6.8 Hz, 6H), 1.12-1.11 (m, 6H).

BC{'H} NMR (125 MHz, CD3CN): § 137.7 (Jpc = 3.6 Hz), 137.6, 135.1 (d, *Jpc= 5.9
Hz), 130.5, 130.4, 130.3, 130.2, 130.1, 139.8, 129.8, 128.1, 128.1, 127.3, 127.3, 126.6,
126.5, 124.3, 124.1, 123.6, 123.4, 121.9 (*Jpc = 16 Hz), 121.3 CJec = 17 Hz), 53.7 (CJpc =
3.3 Hz), 52.1 *Jpc = 6.3 Hz), 22.8 (Joc = 7.7 Hz), 22.7,22.2, 21.8 (Joc = 3.7 Hz), 14.7 CJpc
= 8.5 Hz), 12.8 (*Jpc = 7.5 Hz).

3IP NMR (202 MHz, CDCl3): § 29.7 (br. s).
HRMS (ESI): m/z [M+H]" calculated for C34H4CIN3P: 558.2799 found: 558.2795.

Phosphonium 4-11b: In the glovebox, aluminum trichloride (0.19 g, 1.4 mmol, 1.0 equiv.)
was weighed into a Schlenk flask equipped with a stir

Me "AIC, bar. The flask was placed on the Schlenk line then the
OO >\(Me AICI3 was suspended in 10 mL of dichloromethane.

N +\ O The solution was cooled to 0 °C followed by the
MS ;F"’N addition of (diethylamino)dichlorophosphine 4-6b
Cl NEt, Me (0.21 mL, 1.4 mmol, 1.0 equiv.) that stirred for 1 h

and naturally warmed to room temperature to
generate 4-7b in situ. After 1 h, the solution was cooled back to 0 °C then a solution of the
diimine 4-10a (0.56 g, 1.4 mmol, 1.0 equiv.) in 5 mL of dichloromethane was added to the
cooled reaction flask. An additional 3 mL of dichloromethane was used to complete the
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transfer of the diimine. After the addition, the ice bath was removed, and the reaction stirred
for 3 h. The solvent was removed in vacuo leaving a tacky solid that was taken into the
glovebox. The crude product was triturated with pentane then filtered to collect the purified
phosphonium 4-11b as an orange powder in a 93% yield.

IH NMR (500 MHz, CDCl3): § 7.95-7.92 (m, 2H), 7.89-7.87 (m, 2H), 7.83-7.81 (m, 1H),
7.78-7.74 (m, 2H), 7.59 (m, 3H), 7.54-7.51 (m, 3H), 7.36 (ap. d, J = 7.0 Hz, 1H), 5.83—
5.72 (m, 2H), 3.01 (m, 2H), 2.41 (s, 3H), 2.03 (ap. d, J = 6.7 Hz, 3H), 1.98 (s, 3H), 1.85
(ap. d, J = 6.8 Hz, 3H), 1.44 (m, 3H), 0.54 (br. s, 5H).

13C{'H} NMR (125 MHz, CDCls): & 135.7 (ap. d, 3Jec = 3.0 Hz), 134.1 (ap. d, 3Joc = 3.3
Hz), 131.6, 131.3, 130.8, 129.6, 129.6, 129.5, 129.4, 128.6, 127.7, 127.2, 126.5, 126.0,
125.8, 125.6, 125.5, 122.9, 122.8, 122.0, 120.5 (ap. d, 2Jpc = 17 Hz), 120.2 (ap. d, 2pc =
14 Hz), 52.9 (ap. d, 2Jec=2.9 Hz), 51.2 (3pc = 3.3 Hz), 42.4, 21.0 (ap. d, 3Joc = 3.4 Hz),
19.6 (br. s), 13.8 (br. s), 12.6 (d, *Jpc= 7.6 Hz), 12.1 CJec = 7.0 Hz), 11.4.

3P NMR (202 MHz, CDCl3): § 32.4-32.1 (m).
HRMS (ESI): m/z [M+H]" calculated for C3:H3gCIN3P: 530.2486 found: 530.2486.

Phosphine 4-12a: Phosphonium 4-11a (1.14 g, 1.48 mmol, 1.0 equiv.) was weighed into
a 50 mL round bottom flask equipped with a stir bar.

Then magnesium dust (0.18 g, 7.42 mmol, 5.0 equiv.)

O Me Me was added followed by tetrahydrofuran (20 mL) and

O N>§( O the reaction stirred for 18 h. The stirring was stopped,

M e¢° p-N then after the Mg dust settled to the bottom the

,\'liprz Me O solution was decanted into a clean round bottom

flask. The Mg dust was washed with excess

tetrahydrofuran (3 x 5 mL) to complete the transfer.

The solution was concentrated, and the phosphine was extracted into pentane (3 %< 15 mL)

and vigorously triturated to precipitate out all the Mg and Al salts. The salts were removed

via filtration and pentane was removed to isolate phosphine 4-12a as a yellow powder in a
75% yield.

'"H NMR (500 MHz, CDCl3): § 8.43 (d, J= 8.5 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.89—
7.86 (m, 3H), 7.79 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.55-7.48 (m, 5H), 7.37
(ap.t,J=7.8 Hz, 1H), 7.23 (ap. d, J="7.2 Hz, 1H), 5.61-5.58 (m, 1H), 5.54-5.49 (m, 1H),
3.16-3.06 (m, 2H), 2.02 (s, 3H), 1.86 (d, /= 7.1 Hz, 3H), 1.76 (d, /= 6.8 Hz, 3H), 1.55 (s,
3H), 0.95 (d, J = 6.8 Hz, 6H), 0.58 (ap. d, /= 5.1 Hz, 6H).

BC{'H} NMR (125 MHz, CDCls): § 142.3 (ap. d, *Jpc = 3.7 Hz), 140.0 (ap. d, >Jpc = 5.0
Hz), 134.2, 134.1, 132.6, 130.4, 129.1, 128.7, 127.8, 127.2, 126.8, 125.9, 125.8, 125.7,
125.3, 125.2, 125.1, 124.6, 123.8, 123.7, 122.6, 120.6 (ap. d, >Jec = 6.9 Hz), 117.9 (ap. d,
2Jpc=17.0 Hz), 52.1 (d, %Jec = 21 Hz), 50.8 (d, 2Jec = 35 Hz), 45.8, 45.7, 24.5 (br. s), 24.1
(br. s),23.3,23.2,20.9,20.9, 12.2, 11.8.
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3P NMR (202 MHz, CDCl3): § 82.2.

Secondary Phosphine Oxide 4-13: In a receiving flask, the phosphine 4-12a (0.57 g, 1.1
mmol, 1.0 equiv.) was dissolved in 5 mL of
tetrahydrofuran containing 2.0 equiv. of water that

M
O e>\(Me stirred for 18 h. The secondary phosphine oxide
O —N \N O precipitated out and the solution was decanted then
Mé //P\’
O" 4 Me

the residue was dried in vacuo on the line. The
secondary phosphine oxide 4-13 was isolated as a
light-yellow powder.

'H NMR (500 MHz, CDCLs): § 8.89 (s, 0.5 H), 8.07 (d, /= 7.2 Hz, 1H), 7.99 (d, J = 8.4
Hz, 2H), 7.92-7.88 (m, 2H), 7.83 (d, J = 8.0 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.60-7.46
(m, 7.5 H), 5.62-5.58 (m, 2H), 2.02 (d, J = 6.8 Hz, 3H), 1.84 (s, 3H), 1.78 (d, J = 6.9 Hz,
3H), 1.47 (s, 3H).

BC{'H} NMR (125 MHz, CDCl): § 140.1, 136.8 (ap. d, *Jec = Hz), 134.2, 133.9, 130.9,
129.8, 129.4, 129.3, 128.6, 127.6, 126.7, 126.5, 126.3, 125.8, 125.7, 125.4, 124.7, 124.5,
122.7, 121.8, 116.9 (d, %Jec = 9.4 Hz), 115.7 (d, 2Jec = 8.6 Hz), 50.8 (d, 2Jpc = 5.0 Hz),
49.5 (d, 2Jpc = 6.4 Hz), 22.6 (d, *Jec = 3.1 Hz), 21.0 (d, *Jec = 6.9 Hz), 10.7 (d, *Jpc = 4.2
Hz), 10.7 (d, 2Jec = 4.1 Hz).

3P NMR (202 MHz, CDCl3): § 4.73 (dt, J = 646, 16 Hz).
HRMS (ESI): m/z [M+Na]" calculated for C2sH20N>NaOP: 463.1910 found: 463.1910.

Phosphonium 4-14a: Bis(diethylamino)chlorophosphine 4-2a (0.5 mL, 2.4 mmol, 1.0

equiv.) was dispensed into a Schlenk flask equipped

“OTf with a stir bar in the glovebox. The flask was then

O Me Me placed on the Schlenk line, and the phosphine was

O Nﬁ O dissolved in 5 mL of dichloromethane. Followed by
-

S
<

M O the addition of TMSOTf (0.4 mL, 2.4 mmol, 1.0

equiv.) and stirred for 1 h to for the phosphenium 4-
3a in situ. In a separate flask, diimine 4-10a (0.93 g,
24 mmol, 1.0 equiv.)) was dissolved in
dichloromethane (3 mL) then transferred to the phosphenium reaction flask then an
additional 2 mL of dichloromethane was used to rinse the flask containing the diimine and
complete the transfer. The reaction stirred for 1 h then the solvent was removed in vacuo
which leaves a tacky yellow solid. The crude product was re-dissolved in dichloromethane
on the benchtop then washed with water (3 x 25 mL). The organic layer was collected and
concentrated which resulted in 1.4 g (84% yield) of phosphonium 4-14a as a yellow
powder.

e s\
Et,N NEtMe

TH NMR (500 MHz, CDCl3): 6 7.99 (d, J= 8.7 Hz, 2H), 7.91 (d, J = 8.1 Hz, 2H), 7.85 (d,
J=8.2 Hz, 2H), 7.66 (ap. t, J = 7.4 Hz, 2H), 7.57-7.50 (m, 4H), 7.42 (ap. d, /= 7.1 Hz,
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2H), 5.61-5.55 (m, 2H), 3.11-3.04 (m, 4H), 2.99-2.92 (m, 4H), 2.20 (s, 6H), 1.96 (d, J =
7.2 Hz, 6H), 0.89 (t, J= 7.0 Hz, 12H).

3C{'H} NMR (125 MHz, CDClL): § 138.3, 134.1, 129.6, 129.4, 129.0, 127.6, 126.5,
127.6, 126.5, 125.2, 122.7, 122.4, 118.4, 118.3, 51.4 (d, 2Jpc = 4.9 Hz), 40.6 (*Joc = 3.5
Hz), 32.0,29.8,29.1,22.8, 14.2, 14.1 (d, *Jec = 6.9 Hz), 13.1 (d, *Jec = 3.8 Hz).

3P NMR (202 MHz, CDCl3): § 41.5.
19F NMR (470 MHz, CDCls): & —78.0.
HRMS (ESI): m/z [M+H]" calculated for C3sH4sN4P: 567.3611 found: 567.3621.

Diimine 4-17: On the bench top, (R)-(+)-1-(2-naphthyl)ethylamine (9.7 g, 57 mmol, 1.0
equiv.) was weighed into a 250 mL round bottom
flask equipped with a stir bar. The amine was
C O dissolved in dichloromethane (60 mL) then reagents
O Me ~ Me Q were added in the following order: 3 A sieves (8.5 g),
N/ \N formic acid (1 drop) and 1,2-butadione (2.5 mL, 28
mmol, 0.5 equiv.). The flask was enclosed with a
yellow cap and sealed with electrical tape and allowed
to stir. After 7 d, the reaction was filtered to remove sieves then washed excessively with
diethyl ether (150 mL tot.). The filtrate was concentrated then suspended in diethyl ether
and stirred for 0.5 h to allow the diimine powder out and the impurities remain in solution.
The solid was collected via filtration and washed with ether (2 x 25 mL). The diimine 4-
17 was collected as a white powder in an 86% yield (9.6 g, 24 mmol).

'H NMR (500 MHz, CDCL): § 7.81-7.78 (m, 8H), 7.60-7.58 (m, 2H), 7.45-7.39 (m, 4H),
4.98 (q, J = 6.5 Hz, 2H), 2.27 (s, 6H), 1.56 (d, J = 6.6 Hz, 6H).

BC{'H} NMR (125 MHz, CDCl): & 166.8, 143.6, 133.6, 132.7, 128.2, 127.9, 127.7,
126.0, 125.6, 125.5, 124.9, 60.6, 24.8, 13.1.

HRMS (ESI): m/z [M+H]" calculated for C2sH2oN2: 393.2325 found: 393.2316.
Diimine 4-18: On the bench top, (S)-(+)-1-aminotetraline (9.9 mL, 68 mmol, 1.0 equiv.)

was dispensed into a 250 mL round bottom flask equipped
with a stir bar. The amine was dissolved in

Me Me
--lN>/ \(N dichloromethane (70 mL) then reagents were added in the
following order: 3 A sieves (10 g), formic acid (1 drop) and

1,2-butadione (3.0 mL, 34 mmol, 0.5 equiv.). The flask was
enclosed with a yellow cap and sealed with electrical tape
and allowed to stir. After 7 d, the reaction was filtered to
remove sieves then washed excessively with diethyl ether (150 mL tot.). The filtrate was
concentrated then suspended in diethyl ether and stirred for 0.5 h to allow the diimine
powder out and the impurities remain in solution. The solid was collected via filtration and
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washed with ether (2 x 25 mL). The diimine 4-18 was collected as a light orange powder
in a 71% yield (8.3 g, 24 mmol).

H NMR (500 MHz, CDCls): § 7.17-7.13 (m, 6H), 7.00-6.98 (m, 2H), 4.85-4.82 (m, 2H),
2.95-2.92 (m, 2H), 2.89-2.84 (m, 2H), 2.25 (s, 6H), 2.14-2.10 (m, 2H), 1.97-1.79 (m, 6H).

BC{'H} NMR (125 MHz, CDCl3): 6 167.7, 139.0, 137.0, 129.2, 128.1, 126.7, 125.9, 59.7,
30.4,29.6, 21.0, 13.3.

HRMS (ESI): m/z [M+H]" calculated for C24H2oN: 345.2325 found: 345.2328.
4.5.3 Experimental Procedures and Selected Tabulated Data for Synthesis of Substrates

General Synthesis: The appropriate ketone (1.0 equiv.) was placed in a 250 mL round
bottom flask equipped with a stir bar and dissolved in dichloromethane (0.2 M). The
appropriate amine (1.0 equiv.) was added to the solution followed by titanium ethoxide
(1.5 equiv.). The flask was sealed with a yellow cap and secured with electrical tape and
stirred for 72 hours. The reaction was quenched with 4 M KOH (2.0 equiv.) then
continuously agitated for 1 min as a sludge began to form. This was filtered through a frit
and into a round bottom flask containing sodium sulfate. The solid was washed with excess
dichloromethane. The filtrate was filtered to remove the sodium sulfate then concentrated
to isolate the imine. The product was used without further purification.

Imine 4-24a: 2-fluoroacetophenone (1.8 mL, 15 mmol) and 3,3-diphenylpropylamine (3.1
g, 15 mmol) produced 3.3 g of crude imine 4-24a as a pale-yellow

Ph solid.
F N/\)\Ph
| 'H NMR (400 MHz, CDCL3): § 7.52 (td, J = 7.6, 1.8 Hz, 1H),
Me 7.29-7.28 (m, 8H), 7.20~7.12 (m, 3H), 7.07-7.01 (m, 1H), 4.15
(t, J=7.9 Hz, 1H), 3.38 (t, J = 7.0 Hz, 2H), 2.53 (q, J = 7.5 Hz,

2H), 2.04 (ap. d, J=2.9 Hz, 3H).

BC{!H} NMR (100 MHz, CDCl3): § 164.7, 160.5 (d, 'Jrc = 249 Hz), 144.9, 130.6 (*Jrc
= 8.4 Hz), 129.8 (d, *Jrc = 3.5 Hz), 128.6, 128.2 (d, 2Jrc = 49 Hz), 126.3, 126.1, 124.4 (d,
*Jrc = 3.2 Hz), 116.0 (d, 2Jrc = 22.1 Hz), 50.2, 49.0, 36.4, 19.1 (d, *Jrc = 5.2 Hz).

1F NMR (376 MHz, CDCl3): § —114.9 (m), —115.3 (m).

HRMS (ESI): m/z [M+H]" calculated for C23H23FN: 332.1809 found: 332.1816.
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Imine 4-24b: 4-Fluoroacetophenone (5.0 g, 36 mmol) and 3,3-diphenylpropylamine (7.7
g, 36 mmol) produced the crude imine 4-24b as an orange oil.

Ph
N/\)\Ph TH NMR (400 MHz, CDCL3): § 7.78-7.74 (m, 2H), 7.28-7.27
| (m, 8H), 7.19-7.15 (m, 2H), 7.05 (ap. t, J = 8.6 Hz, 2H), 4.16
Me (t, J= 7.8 Hz, 1H), 3.38 (t, J = 7.0 Hz, 2H), 2.51 (q, J = 7.3
- Hz, 2H), 2.03 (s, 3H).

BC{IH} NMR (100 MHz, CDCl3): § 164.1, 163.8 (d, 'Jrc = 249 Hz), 145.0, 137.5 (*Jrc
=2.8 Hz), 128.6, 128.1, 127.9 (d, *Jrc = 2.9 Hz), 126.3, 115.2 (d, 2Jrc = 22 Hz), 50.3, 49.0,
36.7,31.1, 15.5.

YF NMR (376 MHz, CDCl3): § —112.4 (m).

HRMS (ESI): m/z [M+H]" calculated for C23H23FN: 332.1809 found: 332.1814.

Imine 4-24c¢: 4-Cyanoacetophenone (2.0 g, 14 mmol) and 3,3-diphenylpropylamine (2.9
mL, 14 mmol) produced 4.4 g of crude imine 4- 24¢ as a pale

Ph orange solid.
| H NMR (400 MHz, CDCl): 6 7.86 (d, J = 8.7 Hz, 2H),
Me 7.67 (d, J = 8.3 Hz, 2H), 7.29-7.27 (m, 8H), 7.20-7.16 (m,
NG 2H), 4.16 (t, J= 7.8 Hz, 1H), 3.43 (t, /= 7.0 Hz, 2H), 2.53

(g, J="7.2 Hz, 2H), 2.06 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): 8 163.7, 145.1, 144.8, 132.2, 128.6, 128.1, 127.3,
126.4, 118.9, 113.0, 50.8, 49.0, 36.5, 15.5.

HRMS (ESI): m/z [M+H]" calculated for C24H23N»: 339.1856 found: 339.1855.
Imine 4-24d: 2-Acetylnaphthalene (4.0 g, 24 mmol) and 3,3-diphenylpropylamine (5.0 g,

24 mmol) produced 7.9 g of crude imine 4-24d as a yellow
Ph solid.

| H NMR (400 MHz, CDCl3): § 8.13 (s, 1H), 8.07-8.05 (m,

OO Me 1H), 7.90-7.88 (m, 1H), 7.84 (ap. d, J = 8.2 Hz, 2H), 7.50—
7.48 (m, 2H), 7.31-7.29 (m, 8H), 7.20-7.14 (m, 2H), 4.23

(t,J=7.7 Hz, 1H), 3.47 (t, J= 7.0 Hz, 2H), 2.58 (q, J = 7.5

Hz, 2H), 2.18 (s, 3H).

BC{'H} NMR (100 MHz, CDCl): 8 165.1, 145.1, 138.7, 134.1, 133.2, 128.9, 128.6,
128.2,128.0, 127.8, 126.7, 126.5, 126.3, 124.4, 50.6, 49.1, 36.8, 15.6.

HRMS (ESI): m/z [M+Na]" calculated for C27H2sNNa: 386.1879 found: 386.1884.
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Imine 4-24e: 3-Methoxyacetophenone (1.8 mL, 13 mmol) and 3,3-diphenylpropylamine

N~y

OMe

|
Me

(2.8 g, 13 mmol) produced 4.5 g of crude imine 4-24e as a yellow
solid.

IH NMR (400 MHz, CDCL): § 7.37-7.36 (m, 1H), 7.31-7.27
(m, 9H), 7.19-7.16 (m 2H), 6.94-6.92 (m, 1H), 4.18 (t, J= 7.8
Hz, 1H), 3.85 (s, 3H), 3.39 (t, J= 7.1 Hz, 2H), 2.52 (¢, J = 7.4
Hz, 2H), 2.04 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): 8 165.2, 159.7, 145.0, 143.0, 129.3, 128.6, 128.2,
126.3,119.3,115.4,111.9, 55.5, 50.4, 49.0, 36.7, 15.8.

HRMS (ESI): m/z [M+H]" calculated for C24H26NO: 344.2009 found: 344.2011.

Imine 4-24f: 3-Methylacetophenone (2.0 mL, 15 mmol) and 3,3-diphenylpropylamine (3.2

Me

N/\)\Ph

Me

g, 15 mmol) produced 4.7 g of crude imine 4-24f as a yellow
solid.

H NMR (400 MHz, CDCl3): § 7.59 (s, 1H), 7.53 (d,J=7.7 Hz,
1H), 7.29-7.24 (m, 9H), 7.19-7.16 (m, 3H), 4.17 (t, J= 7.8 Hz,
1H), 3.39 (t, J = 7.2 Hz, 2H), 2.53 (q, J = 7.4 Hz, 2H), 2.38 (s,
3H), 2.04 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 207.1, 165.7, 145.1, 141.5, 138.0, 130.3, 128.6,
128.2,127.3, 126.2, 123.9, 50.4, 49.1, 36.7, 31.1, 21.6, 15.8.

Imine 4-24g: 2-Acetyl-5-bromopyridine (2.0 g, 10 mmol) and 3,3-diphenylpropylamine

Br:

/)

NI/\)\Ph
Me

(2.1 g, 10 mmol) produced 3.2 g of crude imine 4-24g as a
pale orange solid.

H NMR (400 MHz, CDCL): § 8.05 (ap. d, J= 7.7 Hz, 1H),
7.58 (t, J=7.7 Hz, 1H), 7.47 (d, J= 7.8 Hz, 1H), 7.31-7.27
(m, 8H), 7.21-7.16 (m, 2H), 4.16 (t, J = 7.8 Hz, 1H), 3.45 (1,

J=7.0 Hz, 2H), 2.51 (q, J= 7.1 Hz, 2H), 2.17 (s, 3H).

BC{'TH} NMR (100 MHz, CDCl3): 8 165.7, 159.0, 144.9, 140.7, 138.7, 128.6, 128.5,
128.1, 126.3, 119.7, 50.8, 49.1, 36.5, 14.1.

HRMS (ESI): m/z [M+Na]" calculated for C2,H»1BrN;Na: 415.0780 found: 415.0788.
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Imine 4-24h: 3-Acetyl-5-bromopyridine (2.0 g, 10 mmol) and 3,3-diphenylpropylamine
(2.1 g, 10 mmol) produced 3.2 g of crude imine 4-24h as a

/\)\ pale orange solid.
N Ph

l H NMR (400 MHz, CDCL3): 6 8.67 (ap. d, J = 2.4 Hz, 1H),

N N Me 7.99 (ap. dd, J = 8.4, 2.3 Hz, 1H), 7.49 (d, J = 8.4 Hz, 1H),
B NP 7.29-7.27 (m, 8H), 7.20-7.16 (m, 2H), 4.15 (t, J = 7.9 Hz,
1H), 3.41 (t, J = 6.9 Hz, 2H), 2.51 (q, J = 7.0 Hz, 2H), 2.05

(s, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 161.8, 148.6, 144.8, 143.2, 136.7, 135.7, 128.6,
128.1, 127.8, 126.4, 50.5, 49.0, 36.5, 15.3.

HRMS (ESI): m/z [M+Na]" calculated for C2,H21BrN;Na: 415.0780 found: 415.0786.

Imine 4-24i: 3-Acetylthiophene (2.5 g, 20 mmol) and 3,3-diphenylpropylamine (4.2 g, 20
mmol) produced 5.7 g of crude imine 4-24i as an orange solid.

Ph
A~ TH NMR (400 MHz, CDCL): 5 7.58 (d, J= 5.1 Hz, 1H), 7.55—
N Ph1 754 (m, 1H), 7.28-7.27 (m, 8H), 7.19-7.16 (m, 2H), 4.16 (t, J =
(/E%Me 7.8 Hz, 1H), 3.37 (t, J = 7.0 Hz, 2H), 2.48 (q, J = 7.5 Hz, 2H),
S 2.03 (s, 3H).

BC{IH} NMR (100 MHz, CDCl3): & 161.0, 145.1, 128.6, 128.2, 126.7, 126.2, 125.6,
124.7,49.9, 49.0, 36.7, 16.1.

HRMS (ESI): m/z [M+H]" calculated for C21H22NS: 320.1467 found: 320.1467.

Imine 4-24j: 2-Acetylthiophene (1.7 mL, 16 mmol) and 3,3-diphenylpropylamine (3.4 g,
16 mmol) produced 4.3 g of crude imine 4-24j as an off white
Ph solid.

N/\/kPh

| 'H NMR (400 MHz, CDCL3): § 7.33 (d, J = 5.0 Hz, 1H), 7.28—

S~ “Me 7.27 (m, 9H), 7.20-7.14 (m, 2H), 7.03-7.01 (m, 1H), 4.15 (t, J =
\! 7.8 Hz, 1H), 3.37 (t, J = 7.0 Hz, 2H), 2.46 (q, J = 7.6 Hz, 2H),
2.04 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 207.1, 160.0, 148.2, 145.0, 128.6, 128.2, 127.3,
126.4,126.2,49.8, 48.9, 36.5, 31.1, 15.4.

HRMS (ESI): m/z [M+H]" calculated for C21H2,NS: 320.1467 found: 320.1472.
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Imine 4-24k: 2-Propionylthiophene (1.8 mL, 14 mmol) and 3,3-diphenylpropylamine (3.0
g, 14 mmol) produced 4.0 g of crude imine 4-24k as a yellow

solid.
N/\)\ Ph

s. M me 'H NMR (400 MHz, CDCL3): & 7.32 (d, J = 4.9 Hz, 1H), 7.28—
8l 7.24 (m, 9H), 7.18-7.14 (m, 2H), 7.03-7.01 (m 1H), 4.18 (t, J =

7.8 Hz, 1H), 3.40 (t, J= 7.1 Hz, 2H), 2.51-2.43 (m, 4H), 1.01 (t,

J=17.8Hz, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 165.0, 147.2, 145.0, 128.5, 128.2, 127.3, 126.2,
126.1, 48.9, 48.8, 36.8, 22.6, 11.9.

HRMS (ESI): m/z [M+H]" calculated for C22H24NS: 334.1624 found: 334.1622.

Imine 4-241: 6,7-Dihydrobenzo[b]thiophen-4(5H)-one (2.0 g, 13 mmol) and 3,3-
diphenylpropylamine (2.8 g, 13 mmol) produced 4.3 g of crude

/\)\Ph imine 4-241 as a brown solid.
N Ph
| 'H NMR (400 MHz, CDCls): § 7.49 (d, J = 5.2 Hz, 1H), 7.27—
a 7.25 (m, 8H), 7.19-7.14 (m, 2H), 7.02 (d, J = 5.3 Hz, 1H), 4.14
S (t,J=7.7 Hz, 1H), 3.35 (t, J = 7.2 Hz, 2H), 2.85 (t, J = 6.0 Hz,

2H), 2.46 (q,J=7.6 Hz, 2H), 2.28 (t, J= 6.5 Hz, 2H), 1.98-1.92
(m, 2H).

BC{'H} NMR (100 MHz, CDCl3): & 162.0, 145.1, 144.8, 137.7, 128.5, 128.2, 126.2,
125.1,122.2,49.0, 48.8, 36.8, 36.2, 26.2, 25.1, 23.9.

HRMS (ESI): m/z [M+H]" calculated for C2:H24NS: 346.1624 found: 346.1624.

Imine 4-24m: 1-Tetralone (1.8 mL, 14 mmol) and 3,3-diphenylpropylamine (2.9 g, 14

- mmol) produced 4.3 g of crude imine 4-24m as a brown solid.
N/\)\ph '"H NMR (500 MHz, CDCl3): 5 8.21 (d, J = 7.8 Hz, 1H), 7.28—
| 7.27 (m, 9H), 7.24-7.22 (m, 1H), 7.18-7.15 (m, 2H), 7.12 (d, J
= 8.0 Hz, 1H), 4.21 (t, /= 8.0 Hz, 1H), 3.36 (t, J = 6.7 Hz, 2H),
2.77 (t,J=6.1 Hz, 2H), 2.77 (t, J = 6.1 Hz, 2H), 2.52 (q, J=7.1

Hz, 2H), 2.35 (t, J = 6.7 Hz, 2H), 1.86 (p, J = 6.3 Hz, 2H).

3C{'H} NMR (125 MHz, CDCL): & 164.1, 160.8, 145.2, 142.2, 128.5, 128.2, 127.6,
126.2, 112.9, 112.5, 55.4, 49.0, 48.9, 37.0, 31.1, 30.3, 27.8, 22.7.

HRMS (ESI): m/z [M+H]" calculated for C2sH26N: 340.2060 found: 340.2057.
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Imine 4-24n: 2-Acetyl-5-bromothiophene (2.0 g, 9.8 mmol) and 3,3-diphenylpropylamine
(2.1 g, 9.8 mmol) produced 3.8 g of crude imine 4-24n as an

Ph orange solid.
N/\/,\Ph
S ' 'H NMR (400 MHz, CDCl3): 6 7.28-7.27 (m, 8H), 7.20—
Br \ |/ Me 7.16 (m, 2H), 7.0 (s, 2H), 4.16 (t, J= 8.1 Hz, 1H), 3.33 (t, J
=7.0 Hz, 2H), 2.44 (q, J = 7.0 Hz, 2H), 1.97 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 159.3, 149.8, 144.9, 130.2, 128.6, 128.2, 126.3,
116.5,49.6, 48.8, 36.4, 14.6.

HRMS (ESI): m/z [M+H]" calculated for C21H2:BrNS: 398.0573 found: 398.0574.

Imine 4-24r: Butyrophenone (2.0 mL, 14 mmol) and 3,3-diphenylpropylamine (2.9 g, 14
mmol) produced 3.7 g of crude imine 4-24r as a yellow oil.

N/\)\Ph H NMR (400 MHz, CDCL): § 7.74-7.72 (m, 2H), 7.38-7.36

' (m, 3H), 7.29-7.28 (m, 8H), 7.21-7.16 (m, 4H), 4.19 (t, J= 7.9
Me | Hz, 1H), 3.45 (t, J= 7.1 Hz, 2H), 2.53-2.46 (m, 4H), 1.39-1.33
(m, 2H), 0.82 (t, /= 7.1 Hz, 3H).

BC{'TH} NMR (100 MHz, CDCl3): § 169.4, 145.0, 128.6, 128.5, 128.4, 128.2, 128.0,
127.0, 126.2,49.8, 49.0, 37.0, 31.0, 20.5, 14.3.

HRMS (ESI): m/z [M+H]" calculated for C2sH23N: 342.2216 found: 342.2212.

Imine 4-24t: 5-Methoxy tetralone (2.0 g, 11 mmol) and 3,3-diphenylpropylamine (2.4 g,
11 mmol) produced 3.9 g of crude imine 4-24t as a brown

/\)\ powder.
N Ph

' H NMR (400 MHz, CDCl3): § 8.16 (d, J = 8.8 Hz, 1H), 7.28—
7.27 (m, 8H), 7.18-7.15 (m, 2H), 6.79 (ap. dd, J = 8.8, 2.6 Hz,
1H), 6.62 (ap. d, J = 2.4 Hz, 1H), 4.19 (t, J = 7.8 Hz, 1H), 3.82
OMe (s, 3H), 3.33 (t, J = 7.0 Hz, 2H), 2.74 (t, J = 6.2 Hz, 2H), 2.50
(q,J = 7.4 Hz, 2H), 2.32 (t, J = 6.6 Hz, 2H), 1.85 (p, J = 6.2 Hz,

2H).

13C{IH} NMR (125 MHz, CDCL3): § 164.1, 160.8, 145.2, 142.2, 128.5, 128.2, 127.6,
126.2, 112.9, 112.5, 55.4, 49.0, 48.9, 37.0, 31.1, 30.3, 27.8, 22.7.

HRMS (ESI): m/z [M+H]" calculated for C26H2sNO: 370.2165 found: 370.2163.
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Imine 4-24u: 2-Fluoroacetophenone (4.4 mL, 36 mmol) and benzylamine (4.0 mL, 36
mmol) generated 7.1 g of crude imine 4-24u as an orange liquid.

F N/\© The imine results in E/Z isomers leading to complex spectra.
I

Me HRMS (ESI): m/z [M+Na]" calculated for CisHi4sFNNa:

250.1002 found: 250.1003.

Imine 4-24v: 4-Fluoroacetophenone (4.4 mL, 36 mmol) and benzylamine (4.0 mL, 36
mmol) generated 7.4 g of crude imine 4-24v as an orange liquid.

N
|/\© TH NMR (400 MHz, CDCL3): § 7.91-7.87 (m, 2H), 7.44 (ap.
/©)\Me d,J=7.4 Hz, 2H), 7.37 (t, J= 7.8 Hz, 2H), 7.29-7.27 (m, 1H),
F

7.08 (ap. t, J = 8.8 Hz, 2H), 4.74 (s, 2H), 2.33 (s, 3H).

13C{IH} NMR (100 MHz, CDCL): 5 164.8, 163.9 (\Jic = 249 Hz), 140.6, 137.3 (d, “Jic
=3.0 Hz), 128.8 (d, 3/ = 8.7 Hz), 128.5, 127.8, 126.7, 115.2 (d, 2Jrc = 22 Hz), 55.8, 15.8.

19F NMR (376 MHz, CDCls): 6 —112.0.
HRMS (ESI): m/z [M+H]" calculated for C;sH;sFN: 228.1183 found: 228.1191.

Imine 4-24w: 3-Fluoroacetophenone (4.4 mL, 36 mmol) and benzylamine (4.0 mL, 36
mmol) generated 7.2 g of crude imine 4-24w as an orange

F Me TH NMR (400 MHz, CDCL3): § 7.65-7.62 (m, 2H), 7.44 (ap.
d, J=7.2 Hz, 2H), 7.39-7.35 (m, 3H), 7.28 (ap. t, J = 6.4 Hz,
1H), 4.75 (s, 2H), 2.33 (s, 3H).

BC{!H} NMR (100 MHz, CDCl3): § 164.7 (ap. d, *Jrc = 2.6 Hz), 163.0 (d, 'Jrc = 246
Hz), 143.4 (d, *Jrc = 7.1 Hz), 140.4, 129.8 (d, *Jrc = 8.4 Hz), 128.6, 127.8, 126.8, 122.5
(d, *Jrc = 2.8 Hz), 116.6 (d, 2Jrc = 22 Hz), 113.8 (d, 2Jrc = 23 Hz), 55.9, 16.0.

19F NMR (376 MHz, CDCl3): 6 —113.3.

HRMS (ESI): m/z [M+Na]" calculated for CisH;4FNNa: 250.1002 found: 250.1003.

Imine 4-24x: 2-Acetylthiophene (1.7 mL, 16 mmol) and benzylamine (1.7 mL, 16 mmol)

generated 4.7 g of crude imine 4-24x as a yellow oil.
N
s l/\© "H NMR (400 MHz, CDCl3): § 7.39 (ap. d, J = Hz, 2H), 7.35—
\ | Me 7.31 (m, 4H), 7.25-7.21 (m, 1H), 7.04—7.02 (m, 1H), 4.72 (s,
2H), 2.30 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): 8 161.0, 148.0, 140.3, 128.9, 128.5, 127.6, 127.3,
126.9, 126.6, 55.1, 15.8.
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HRMS (ESI): m/z [M+H]" calculated for Ci3H14NS: 216.0841 found: 216.0845.

Imine 4-24y: Acetophenone (5.4 mL, 47 mmol) and benzylamine (5.1 mL, 47 mmol)
generated 7.8 g of crude imine 4-24y as yellow liquid.

N
|I/\© 'H NMR (400 MHz, CDCl3): 6 7.88-7.85 (m, 2H), 7.44-7.33
Me

(m, 8H), 4.74 (s, 2H), 2.33 (3H).

3C{'H} NMR (100 MHz, CDCl3): 3 166.1, 140.7, 129.7, 128.5,
128.3, 127.8, 126.9, 126.7, 55.8, 16.0.

HRMS (ESI): m/z [M+H]" calculated for Ci1sHisN: 210.1277 found: 210.1279.

Imine 4-24z: Indanone (2.0 g, 15 mmol) and 1,1-diphenylmethylamine (2.6 mL, 15 mmol)
generated 3.9 g of crude imine 4-24z as a dark red solid.

Ph

N’( '"H NMR (400 MHz, CDCl3): § 8.00 (d, J = 7.5 Hz, 1H), 7.47-7.45

! PPl (m, 4H), 7.40-7.36 (m, 1H), 7.32-7.28 (m, 6H), 7.22-7.18 (m, 2H),
5.68 (s, 1H), 3.07-3.04 (m, 2H), 2.79-2.75 (m, 2H).

BC{H} NMR (100 MHz, CDCL): 5 173.8, 149.7, 144.9, 131.3,
128.5, 127.8, 127.0, 126.8, 125.6, 123.0, 70.2, 28.6, 28.4.

HRMS (ESI): m/z [M+H]" calculated for C22H2oN: 298.1590 found: 298.1589.

Imine 4-24ab: 2-Acetylthiophene (1.7 mL, 16 mmol) and 1,1-diphenylmethylamine (2.7

o mL, 16 mmol) generated crude imine as 4-24ab an off-white solid.
N)\ph '"H NMR (400 MHz, CDCl3): § 7.46-7.44 (m, 4H), 7.35 (d, J= 5.1
S | Hz, 1H), 7.33-7.22 (m, 5H), 7.19 (ap. t, J = 7.3 Hz, 2H), 7.03-7.01
\ Me (m, 1H), 5.79 (s, 1H), 2.29 (s, 3H).

BC{H} NMR (100 MHz, CDCL): & 159.3, 144.9, 129.1, 128.6,
127.6, 127.3, 126.9, 67.9, 16.0.

HRMS (ESI): m/z [M+Na]" calculated for C1oH;7NNaS: 314.0978 found: 314.0974.

Imine 4-24ad: Indanone (2.0 g, 15 mmol) and 2-thiopheneethanamine (1.8 mL, 15 mmol)
generated 3.4 g of crude imine 4-24ad as a brown oil.

S
\
N/\/Q 'H NMR (400 MHz, CDC3): § 7.84 (d, J= 7.6 Hz, 1H), 7.41—
' 7.37 (m, 1H), 7.34-7.28 (m, 2H), 7.12-7.11 (m, 1H), 6.93-6.90
(m, 1H), 6.87 (m, 1H), 3.73 (t, J=7.4 Hz, 2H), 3.29 (t, J= 7.4
Hz, 2H), 3.06-3.03 (m, 2H), 2.62-2.59 (m, 2H).
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BC{'H} NMR (100 MHz, CDCl3): § 174.8, 149.6, 143.1, 139.7, 131.1, 127.0, 126.6,
125.6, 124.9, 123.5, 122.3, 55.4, 31.5, 28.2.

HRMS (ESI): m/z [M+H]" calculated for C1sH¢NS: 242.0998 found: 242.0999.

Imine 4-24ae: Indanone (2.0 g, 15 mmol) and 2-thiophenemethylamine (1.6 mL, 15 mmol)
generated 3.3 g of crude imine 4-24ae as a red solid.

N
: f/ ] S 'H NMR (400 MHz, CDCl3): 6 7.89 (d, J = 7.7 Hz, 1H), 7.42—
g

7.28 (m, 3H), 7.22-7.20 (m, 1H), 7.01-6.97 (m, 2H), 4.86 (s,
2H), 3.14-3.11 (m, 2H), 2.83-2.79 (m, 2H).

BC{'H} NMR (100 MHz, CDCl3): § 175.7, 149.9, 143.8, 131.5, 127.1, 126.8, 125.7,
124.2,124.2,122.8, 52.6, 28.5, 28.3.

HRMS (ESI): m/z [M+H]" calculated for C14H14NS: 228.0841 found: 228.0843.

Imine 4-24af: Indanone (2.0 g, 15 mmol) and furfurylamine (1.3 mL, 15 mmol) generated
2.8 g of crude imine 4-24af as a brown solid.

N
) Q | 'HNMR (400 MHz, CDCL): 5 7.86 (d, J= 7.7 Hz, 1H),
7 | 7.42-7.34 (m, 3H), 7.30-7.28 (1H), 6.34-6.33 (m, 1H), 6.28—
6.27 (m, 1H), 4.66 (s, 2H), 3.14-3.11 (m, 2H), 2.86-2.83 (m,
2H).

BC{'H} NMR (100 MHz, CDCl3): § 176.5, 153.6, 149.9, 141.9, 131.5, 127.1, 125.7,
122.8,110.4, 106.8, 50.8, 28.4, 28.3.

HRMS (ESI): m/z [M+H]" calculated for C14H14NS: 212.1070 found: 212.1071.

Imine 4-24ag: Indanone (2.0 g, 15 mmol) and 2-picolylamine (1.6 mL, 15 mmol)
generated 3.2 g of crude imine 4-24ag as a brown solid.

N
/ /@7 TH NMR (400 MHz, CDCL:):  8.56 (ap. d, J=4.8 Hz, 1H), 7.91
|: :| Y N/ | (d J=75Hz 1H), 7.71-7.67 (m, 1H), 7.6 (ap. d, J = 7.8 Hz,
1H), 7.43-7.35 (m, 2H), 7.31 (ap. t, J = 7.3 Hz, 1H), 7.18-7.15
(m, 1H), 4.84 (s, 2H), 3.14-3.11 (m, 2H), 2.84-2.81 (m, 2H).

BC{IH} NMR (100 MHz, CDCl3): § 176.2, 149.2, 136.8, 131.5, 127.1, 125.8, 122.7,
122.1,121.9, 59.3, 28.8, 28.3.

HRMS (ESI): m/z [M+H]" calculated for CisH;sNa2: 223.1230 found: 223.1234.
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Imine 4-24ah: Indanone (2.0 g, 15 mmol) and cyclohexylamine (1.7 mL, 15 mmol)
generated 2.5 g of crude imine 4-24ah as a deep red oil.

N’O IH NMR (400 MHz, CDCls): & 7.84 (d, J = 7.7 Hz, 1H), 7.37—
) 7.30 (m, 2H), 7.26 (ap. t, J = 6.0 Hz, 1H), 3.36-3.30 (m, 1H),
3.08-3.05 (m, 2H), 2.76-2.73 (m, 2H), 1.85-1.82 (m, 2H), 1.74—

1.67 (m, 3H), 1.60-1.52 (m, 2H), 1.40-1.28 (m, 3H).

BC{'H} NMR (100 MHz, CDCl3): 6 171.4, 149.4, 140.3, 130.9, 126.9, 125.6, 122.7, 62.3,
33.7,28.3,27.6,25.9,25.2.

HRMS (ESI): m/z [M+H]" calculated for CisH2oN: 214.1590 found: 214.1594.

Imine 4-24ai: Indanone (2.0 g, 15 mmol) and cyclopropylamine (1.1 mL, 15 mmol)

generated 2.5 g of crude imine 4-24ai as a deep red solid.
N’4
/ 'H NMR (400 MHz, CDCl3): & 7.74 (d, J= 7.6 Hz, 1H), 7.36-7.31
©:> (m, 2H), 7.26-7.22 (m, 1H), 3.11-3.08 (m, 2H), 2.99-2.93 (m, 1H),
2.89-2.86 (m, 2H), 0.91 (d, J= 5.2 Hz, 4H).

BC{'H} NMR (100 MHz, CDCl3): 5 173.0, 149.0, 140.0, 130.7, 126.9, 125.6, 122.2, 35.7,
28.6, 28.3, 8.7.

HRMS (ESI): m/z [M+H]" calculated for C1oH4N: 172.1119 found: 172.1121.

Imine 4-24aj: Indanone (2.0 g, 15 mmol) and isobutylamine (1.5 mL, 15 mmol) generated
2.2 g of crude imine 4-24aj as a brown oil.

) Ver | NMR (400 MHz, CDCl3): & 7.82 (d, J= 7.6 Hz, 1H), 7.39—
@6 7.32 (m, 2H), 7.29-7.27 (m, 1H), 3.27 (d, J = 6.9 Hz, 2H), 3.09—
3.05 (m, 2H), 2.70-2.67 (m, 2H), 2.12-2.02 (m, 1H), 1.00 (d, J =
6.7 Hz, 6H).

BC{'H} NMR (100 MHz, CDCls): § 173.5, 149.5, 130.9, 127.0, 125.7, 122.4, 62.0, 30.1,
28.3,21.1.

HRMS (ESI): m/z [M+H]" calculated for Ci3HisN: 188.1434 found: 188.1436.

4.5.4 Experimental Procedure and Tabulated Data for Selected Imine Reductions
General Reduction Conditions: Imine (0.64 mmol, 1.0 equiv.) was weighed into a 4-
dram vial and secondary phosphine oxide (0.007g, 0.03 mmol, 0.025 equiv.) was weighed
into a 1-dram vial on the benchtop and brought into the glovebox. The secondary phosphine

oxide was dissolved in 2 mL of tetrahydrofuran and transferred to the vial containing the
imine (the 1-dram vial was further rinsed with an additional 2 mL of tetrahydrofuran to
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complete the transfer). Then HBpin (0.18 mL, 1.27 mmol, 2.0 equiv.) was dispensed into
the reaction solution.

Amine 4-23a: Prepared according to the general procedure with imine 4-22a. Purification

by flash chromatography (Et2O/Hex/NEt; 10:89:1 v/v) provided
Ph 4-23a (125 mg, 62% yield) as a yellow oil. Spectral data was in
HN/\)\ph agreement with literature values.!

©)\ Me TH NMR (500 MHz, CDCls): § 7.34 (m, 14H), 4.02 (t, J = 7.8
Hz, 1H), 3.72 (q, J = 6.6 Hz, 1H), 2.56-2.43 (m, 2H), 2.31-2.19

(m, 2H), 1.33 (d, J = 6.6 Hz, 3H), 1.28 (br. s, 1H).

BC{'H} NMR (125 MHz, CDCl3): § 145.9, 145.1, 144.8, 128.5, 128.5, 128.0, 127.9,
126.9, 126.6, 126.2, 58.3, 49.1, 46.1, 36.2, 24.5.

The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a
99.5:0.5 Hexane(1.0% CyNH,):’"PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 8.652
min, tmin= 9.355 min. Enantiomeric ratio= 96:4.

Amine 4-23d: Prepared according to the general procedure with imine 4-22d. Purification
by flash chromatography (EtoO/Hex/NEt; 10:89:1 v/v) provided 4-

HN 23d (88 mg, 62% vyield) as a yellow oil. Spectral data was in
@6 agreement with literature values.®!

IH NMR (500 MHz, CDCL): § 7.43-7.40 (m, 3H), 7.37-7.34 (m,
2H), 7.29-7.22 (m, 4H), 4.33 (t, J= 6.7 Hz, 1H), 3.94 (ap. q, J = 10.2 Hz, 2H), 3.07-3.02
(m, 1H), 2.88-2.81 (m, 1H), 2.49-2.43 (m, 1H), 1.95-1.88 (m, 1H), 1.57 (br. s, 1H).

BC{'H} NMR (125 MHz, CDCl): & 145.5, 143.8, 140.9, 128.5, 128.3, 127.5, 127.0,
126.4,124.9,124.3, 62.9, 51.6, 33.8, 30.6.

HRMS (ESI): m/z [M+H]" calculated for Ci¢HsN: 224.1434 found: 224.1438.

The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a
95:5 Hexane(0.1% CyNH,):'PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 5.931
min, tmin= 6.719 min. Enantiomeric ratio= 95:5.

Amine 4-23f: Prepared according to the general procedure with imine 4-22f. Purification
o by flash chromatography (Et2O/Hex/NEt; 20:79:1 v/v)

/\)\ provided 4-23f (213 mg, 97% yield) as a yellow oil.
HN Ph

TH NMR (500 MHz, CDCL): § 7.25-7.13 (m, 12H), 6.82

Me (ap. d, J = 8.7 Hz, 2H), 3.97 (t, J = 7.9 Hz, 1H), 3.79 (s,

MeO 3H), 3.63 (q, J=6.6 Hz, 1H),2.49-2.39 (m, 2H), 2.27-2.13
(m, 2H), 1.27 (d, J = 6.6 Hz, 3H).
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BC{'H} NMR (125 MHz, CDCl3): § 158.6, 145.1, 144.9, 138.0, 128.5, 128.0, 127.9,
127.6, 126.2, 126.2, 113.8, 57.6, 55.4,49.2, 46.1, 36.2, 24.5.

HRMS (ESI): m/z [M+H]" calculated for C24H2sNO: 346.2165 found: 346.2167.

The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a
95:5 Hexane(0.1% CyNH,):"PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 9.584
min, tmin= 8.877 min. Enantiomeric ratio= 93:7.

Amine 4-25¢: Prepared according to the general procedure with imine 4-24c¢. Purification
by flash chromatography (Et2O/Hex/NEt; 50:49:1 v/v)
/\)P\h provided 4-25¢ (151 mg, 70% yield) as a pale-yellow oil.
HN Ph

'H NMR (500 MHz, CDCL): § 7.54 (ap. d, J = 8.4 Hz, 2H),

/©)\ Me 7.33 (ap. d, J = 8.2 Hz, 2H), 7.27-7.18 (m, 10H), 4.00 (t, J =
NG 7.9 Hz, 1H), 3.73 (q, J = 6.6 Hz, 1H), 2.50-2.44 (m, 1H),
2.37-2.32 (m, 1H), 2.26-2.14 (m, 2H), 1.27 (d, J = 6.6 Hz,

3H).

BC{IH} NMR (125 MHz, CDCL): § 144.9, 144.5, 132.4, 128.6, 128.0, 127.8, 127.5,
119.2, 110.6, 58.2, 49.0, 46.1, 36.1, 24.5.

HRMS (ESI): m/z [M+H]" calculated for C24H2sN2: 341.2012 found: 341.2011.

The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a
95:5 Hexane(0.1% CyNH,):'PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 16.810
min, tmin= 15.475 min. Enantiomeric ratio= 90:10.

Amine 4-25e: Prepared according to the general procedure with imine 4-24e. Purification
o by flash chromatography (Et2O/Hex/NEt; 20:79:1 v/v) provided

/\)\ 4-25e (182 mg, 83% yield) as a yellow oil.
HN Ph

'H NMR (500 MHz, CDCls): § 7.25-7.13 (m, 11H), 6.82-6.80

Me (m, 2H), 6.77-6.74 (m, 1H), 3.97 (t, J= 7.8 Hz, 1H), 3.79 (s, 3H),
3.65 (q, J = 6.6 Hz, 1H), 2.49-2.43 (m, 2H), 2.26-2.17 (m, 2H),
OMe 1.28 (d, J = 6.6 Hz, 3H).

BC{'H} NMR (125 MHz, CDCl3): § 159.9, 147.8, 145.1, 144.9, 129.5, 128.6, 128.0,
127.9,126.3,119.0, 112.2, 122.2, 58.3, 55.3,49.2, 46.2, 36.3, 24.5.

HRMS (ESI): m/z [M+H]" calculated for C24H2sNO: 346.2165 found: 346.2165.
The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a

95:5 Hexane(0.1% CyNH>):"PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 8.257
min, tmin= 7.567 min. Enantiomeric ratio= 88:12.
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Amine 4-25f: Prepared according to the general procedure with imine 4-24f. Purification
o by flash chromatography (Et2O/Hex/NEt3 20:79:1 v/v) provided

/\)\ 4-25f (164 mg, 78% yield) as a yellow oil.
HN Ph

'H NMR (500 MHz, CDCl3): § 7.26-7.14 (m, 11H), 7.05-7.03
Me (m, 3H), 3.98 (t, J= 7.8 Hz, 1H), 3.65 (q, J = 6.5 Hz, 1H), 2.50—
2.41 (m, 2H), 2.33 (s, 3H), 2.27-2.19 (m, 2H), 1.29 (d, J = 6.6
Me Hz, 3H).

BC{'TH} NMR (125 MHz, CDCl3): § 145.9, 145.2, 144.9, 138.0, 128.5, 128.4, 128.0,
127.9,127.7,127.3, 126.2, 126.2, 123.7, 58.2, 49.2, 46.2, 36.2, 24.5, 21.2.

HRMS (ESI): m/z [M+H]" calculated for C24H2sN: 330.2216 found: 330.2214.

The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a
93:7 Hexane(1.0% CyNH>):'PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 5.616
min, tmin= 5.302 min. Enantiomeric ratio= 90:10.

Amine 4-25i: Prepared according to the general procedure with imine 4-24i. Purification
T by flash chromatography (EtoO/Hex/NEt; 20:79:1 v/v) provided

4-25i (132 mg, 65% yield) as a pale-yellow oil.
HN/\/’\Ph

Y Vo TH NMR (500 MHz, CDCls): § 7.27-7.16 (m, 11H), 6.99 (br. s,
$ I 2H), 3.99 (t, J= 7.8 Hz, 1H), 3.81 (q, J = 6.4 Hz, 1H), 2.52-2.48

(m, 2H), 2.25-2.17 (m, 2H), 1.31 (d, J = 6.5 Hz, 3H).

BC{'H} NMR (125 MHz, CDCl): & 147.3, 145.1, 144.9, 128.6, 128.0, 127.9, 126.3,
126.2, 125.7,120.2, 53.7, 49.2, 46.1, 36.2, 23.5.

HRMS (ESI): m/z [M+H]" calculated for C21H24NS: 322.1624 found: 322.1628.

The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a
99:1 Hexane(0.1% CyNH,):'PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 12.836
min, tmin= 14.049 min. Enantiomeric ratio= 91:9.

Amine 4-25k: Prepared according to the general procedure with imine 4-24k. Purification
by flash chromatography (Et2O/Hex/NEt; 10:89:1 v/v) provided

/\)\ 4-25k (200 mg, 94% yield) as a pale-yellow oil.
HN Ph

s Me TH NMR (500 MHz, CDCL): § 7.28-7.14 (m, 11H), 6.91-6.89
U (m, 1H), 6.81-6.80 (m, 1H), 3.99 (t, J = 7.9 Hz, 1H), 3.73-3.69
(m, 1H), 2.58-2.46 (m, 2H), 2.24-2.17 (m, 2H), 1.77-1.71 (m,

1H), 1.67-1.59 (m, 1H), 0.83 (t, J = 7.2 Hz, 3H).

13C{IH} NMR (125 MHz, CDCL): § 149.5, 145.1, 145.0, 128.6, 128.0, 127.9, 126.3,
126.3, 124.3, 123.8, 60.5, 49.1, 45.9, 36.1, 31.7, 10.9.
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HRMS (ESI): m/z [M+H]" calculated for C22H26NS: 336.1780 found: 336.1783.

The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a
99:1 Hexane(0.1% CyNH>):'PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 8.630
min, tmin= 9.400 min. Enantiomeric ratio= 93:7.

Amine 4-151: Prepared according to the general procedure with imine 4-24l. Purification
oh by flash chromatography (Et2O/Hex/NEt3 20:79:1 v/v) provided 4-

/\)\ 251 (198 mg, 89% yield) as a colourless oil.
HN Ph

TH NMR (500 MHz, CDCls): § 7.30-7.25 (m, 8H), 7.20-7.16 (m,
7 2H), 7.04 (d, J= 5.2 Hz, 1H), 6.89 (d, J= 5.2 Hz, 1H), 4.10 (t, J =
s 8.1 Hz, 1H), 3.68 (ap. t, J= 5.4 Hz, 1H), 2.81-2.62 (m, 4H), 2.29—

2.24 (m, 2H), 1.97-1.90 (m, 1H), 1.86-1.80 (m, 1H), 1.78-1.71
(m, 1H), 1.67-1.61 (m, 1H).

BC{'H} NMR (125 MHz, CDCl:): & 145.1, 145.0, 138.6, 137.6, 128.6, 128.0, 128.0,
127.0, 126.3, 122.0, 53.3, 49.1, 45.6, 36.5, 29.1, 25.2, 20.6.

HRMS (ESI): m/z [M+H]" calculated for C23H26NS: 348.1780 found: 348.1779.
The enantiomeric excess was determined by HPLC on a Chiralpak AD-H column with a

95:5 Hexane(0.1% CyNH>):'PrOH mobile phase at a 0.9 mL/min flow rate. tmajor= 6.239
min, tmin= 7.598 min. Enantiomeric ratio= 93:7.
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Chapter 5 Conclusion

5.1 Summary

In summary, this thesis has detailed the syntheses of many unsuccessful and successful
attempts to generate a library of diazaphospholenes with variable structural differences.
The goal was to synthesize a DAP that could outcompete or obtain complementary
reactivity to the current best DAP catalyst 1-28. The library of alternative DAPs contained
varying substituents in the alkyl, aryl, and backbone positions. Originally, the hypothesis
was that varying the substituents in the aryl and alkyl positions would be the most
straightforward and have the biggest impact. That required the development of a robust
synthetic route to obtain enantiopure chiral amines that were not commercially available.
Due to ease of synthesis, heterocyclic analogues to replace the naphthyl group in the aryl
position was the original goal.

Initially, this led to the successful synthesis of six enantiopure chiral amines, 2-21a to
2-21f, via Ellman chemistry (Scheme 5-1). Ellman chemistry provided a robust approach
to chiral amines, via the formation of diastereomers, 2-20a to 2-20f, although often
challenging all diastereomers were separable by column chromatography. The amines were
generated from one of two synthetic routes, categorized as a lithiation (Scheme 5-1A) or a
Grignard addition (Scheme 5-1B). For one variant in this cluster, the alkyl group was
changed to a tert-butyl substituent in place of the typical methyl substituent in addition to

the heterocyclic aryl group.

158



(1
1. nBuLi, -78 °C

Het

Het
THF NH 2M HCI*Et,0 >_
Heterocycle H R \.wiBu Et,O. 0°C NH.
(Het) “ N g asi i
X then basic work up
R p .lltBu
& When R = Me When R = Me
2-20a: Het = DBT (349 - : = 9
2192: R = Me a: He (34%) 2-21a: Het = DBT (69%)
2-19b: R = 'BU 2-20b: Het = DBTO, (32%) 2-21b: Het = DBTO, (75%)
2-20c: Het = TH (16%) 2-21c: Het = TH (62%)
When R = Bu When R ='Bu
2-20d: Het = DBT (36%) 2-21d: Het = DBT (73%)
Het = O O or O O or ©i
%
(DBT) (DBTO,) (TH)
(2)
H2N\
S"”Bu Het Het
Het):o Ol/ >=N\ f MeMgl >_N{—| 2M HCI-Et,0 Het>-NH
—_— | gy — . > 2
H Ti(OEt), i THF ME  SwiBu T Epo 0C Ve
THE o) @) then basic work up

2-19c: Het = BT (98%) 2-20e: Het = BT (47%) 2-21e: Het = BT (95%)

2-19d: Het = Fc 2-20f: Het = Fc 2-21f: Het = Fc (85%)
/ Fe ;
Het = or é
(BT) (Fe)

Scheme 5-1. Synthesis of heterocyclic containing chiral amines (1) via lithiation (2) via
Grignard addition.

The results of the heterocyclic containing DAPs inspired the idea of accessing
alternative substitution patterns for the DBT motif. Accessing the enantiopure amine in the
1-substituted position of DBT resulted in the development of an efficient synthetic route to
obtain 1-substituted DBT derivatives. A one-pot cascade reaction starting with 2-
fluorothiophenol was developed (Scheme 5-2). Thiophenol 3-1 reacted with a benzyne
intermediate, generated from nBuLi and 1,2-dibromobenzene, to form 3-1Li, that was

quenched with DMF to obtain the desired aldehyde, 3-6. The aldehyde was the starting
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material that successfully converted to the desired amine 3-17 with the Ellman method via
Grignard addition. In this case an ethyl Grignard was used which results in an ethyl
substituent in the alkyl position of the corresponding DAP. Ethyl Grignard was used instead
of the methyl Grignard because the resulting diastereomers 3-16a and 3-16b (not shown)
were separable by column chromatography to generate one enantiopure amine 3-17. When
the methyl Grignard was used it resulted in inseparable diastereomers.

Li

1) 1 equiv. nBuLi, =78 °C, age 0.5 h O H
F 2)1,2-dibromobenzene 3-7b
3) 3 equiv. nBuLi, age 0.5 h 4) DMF O
> —

then warm to 0 °C for 0.75 h

-1 -1Li
3 3-1Li 3.6
Os_Bu
Q i
g HN
HoNT gy
Ti(OEt), O O EtMgBr
_— —_—
THF
3-14

Scheme 5-2. Synthesis of enantiopure amine with 1-substituted DBT motif.

The other non-commercially available heterocyclic derivative of interest was a
naphthothiophene (NTT) containing amine. The synthesis was done in collaboration with
Emily Burke (MSc candidate). Emily developed a synthesis to access 3-
bromonaphthothiophene, 3-31, which I used as a starting material to synthesize the desired
enantiopure amine 3-34, once again using the Ellman chemistry (Scheme 5-3). The
lithiation method was used to generate amine 3-34 from 3-31. The end result was the same
as the previously reported lithiation method, however there is a slight difference in
reactivity of the starting heterocycle as there was a bromo-substituent. nBuLi undergoes a
rapid halogen exchange when a bromine is present rather than the typical deprotonation.

The lithiated intermediate 3-31Li was quenched with Ellman imine 3-32 to generate the
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diastereomers 3-33a and 3-33b then purified by column chromatography. The
diastereomerically pure Ellman amine 3-33a was treated with dilute acid followed by a

base wash to isolate the desired enantiopure amine 3-34.

3-31 Br 1 N
N\

R g, S
Li | NH
nBuLi Me\)\H
in THF at -84 °C A\ > N
THF

-84°Cto24°C

3-31Li 3-33a/3-33b

Et
separate, then WINH,

_1)HCkELO {
) NaOH wash OO
3-34
Scheme 5-3. Synthesis of enantiopure amine containing NTT motif.

In total, there were eight enantiopure amines with heterocyclic containing aryl groups
with various alkyl side chains that were converted to the corresponding diimines then
attempted to be cyclized with PBr3; and cyclohexene. In the cases that were successful, the
products were subsequently transformed to the corresponding cationic diazaphospholenes
(Scheme 5-4). The formation of the diimines, 2-22a to 2-22f, 3-18, and 3-35, were all
successful. The cyclization step with PBrs/cyclohexene was not always successful as
shown by DAP-Br 2-23a, 2-23c¢, 2-23e, and 3-36. There were four successfully synthesized

DAP-OTfs as shown by 2-24a, 2-24c¢, 2-24e, and 3-37.
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H O
Het Het.  ,—\ Het Het_ o \_ Het
7 N\ N_ N
>—NH2 (o) H )—N N—(’ PBT3,© E/ \llg’ \g
R — > R S ——
Na,SO, DCM Br

2-21ato0 2-21f  Formic Acid 2-22a to 2-22f 2-23a to 2-23f
3-16 and 3-34 CH,Cl, 3-18 and 3-35 3-19 and 3-36

TMSOTf
CH,Cl,

w

HetYN\ ,N\/Het
- P
OoTf R + R

2-24a, 2-24c to 2-24e
and 3-37

A. Successful DAP-OTf

Scheme 5-4. Successful and unsuccessful syntheses of heterocyclic containing DAPs.

For the successful synthesis of heterocyclic containing DAP-OTTs, the reactivity and
enantioselectivity was tested. Only one had comparable results to the current best

diazaphospholene (Scheme 5-5). Using DAP-OTf 2-24e as a catalyst, the e.r. of the
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benchmark substrate was 91:9, leading to the synthesis and reactivity of DAP-OTT 2-24e

being published.
e 2
N 5 mol % 2-24¢ HN I = |
1.1 equiv. HBpin o N. _N
P S
SOl T
~OTf
e.r.91:9
L 2-24e )

Scheme 5-5. Reduction of benchmark substrate with DAP 2-24e.

It is evident alternate side chains require a lot of synthesis before the selectivity can be
tested and often, the enantioinduction was worse than the current best diazaphospholene.
Ultimately, there was minimal success with altering the side chain and even with switching
the aryl groups to heterocyclic analogues for “ease of synthesis”, and there were still many
challenges encountered along the way. This work required developing more efficient
synthesis for the heterocycles relative to what was reported in the literature to access certain
motifs of interest. More interestingly, the most successful analogue, in terms of synthesis
and reactivity, contained a methyl substituent in the backbone.

Synthesizing the DAP with a methyl substituted backbone requires only four steps
(Scheme 5-6), which is just one additional step relative to the synthesis of the current best
DAP. First the diimine was synthesized from the commercially available enantiopure
amine and glyoxal to form 4-10a. Then the diisopropylaminodichlorophosphine 4-6a
underwent halide abstraction to form the phosphenium 4-7a, the diimine was added to the
solution of the phosphenium to cyclize to the phosphonium 4-11a, which was then reduced
to the phosphine 4-12a with Mg dust. The SPO 4-13 was successfully generated from 4-

12a being treated with water. The SPO 4-13 reduced acyclic and exocyclic imines at room
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temperature with low catalyst loadings, high enantioinduction and good functional group

tolerance.
(@) O
e Refo
Formic Acid N
sieves Me Me
CH2C|2 4-10a
“AlCI ,
Ll 1.0 equiv. AICI; Cl 41 1.0 equiv. 4-1 0a
CI—PR, > p ’
Ny CH,CI \ CH,CI
i 2Clp 2Clp
NP2 oo CRT * NPr, 0 °C-RT
1h 1-2 h
4-6a 4-7a
xs Mg dust O H,0
[ -
THF, RT O THF, RT $
overnight ni Me 2\
overnight Y Me

( N\
2.5 mol % 4-13
N’R xs HBpin HN’R
| —_—
Aryl)\AIkyI THF, RT Aryl)\AIkyI
Reactivity of SPO 15 examples
e.r. 90:10
\ J

Scheme 5-6. Synthesis and reactivity of SPO 4-13.

5.2 Future Work

The future direction of this work, my proposal would be to take the successful concepts
from the work in Chapter 4 and apply it to the less successful and unsuccessful analogues
reported in Chapters 2 and 3. The initial goal for synthesizing alternative DAPs,
summarized in Chapters 2 and 3, was to generate the cationic variant, but from the findings

described in Chapter 4, suggest the secondary phosphine oxide may show better
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enantioselectivity in reduction, under neutral conditions. It would be worth revisiting these
motifs and synthesizing the SPO versions of the heterocyclic containing analogues. For the
variants that did cyclize with PBr3, it would be easy to use the hydrolysis method that is
already reported in the literature to synthesize the secondary phosphine oxide variants
(Scheme 5-7A). In one-pot, the diimine, (2-22a, 2-22d, 2-22f, or 3-35), can first react with
PBr3/cyclohexene to generate the corresponding DAP-Br followed by the addition of NEt3
and water to form the secondary phosphine oxides 5-1a to 5-1d.

For the heterocyclic variants that did not cyclize with PBrs/cyclohexene, the cyclization
method starting where the dialkylaminodichlorophosphine is first activated to the
phosphenium then cyclized with the diimine to generate the phosphonium could be used.
If obtained, the resulting phosphonium salts can be reduced to the phosphine then converted
to the secondary phosphine oxide variants (Scheme 5-7B). In one-pot, the chlorophosphine
can be treated with AlICI; to form the intermediate phosphenium then the diimine (2-22b,
2-22d, 2-22e, or 3-18) would be added to cyclize to the phosphonium (5-2a to 5-2d) then
the phosphonium would be reduced to the phosphine that could be treated with water to
form the desired secondary phosphine oxides 5-3a to 5-3d. Once the SPO variants are
isolated, the next step would be to test the reactivity and selectivity with acyclic imines,
especially substrates that are not well tolerated with the current SPO. Alternatively, a

different class of substrates all together could also be tested such as enamines.
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(A)

Het 7\ Het Het [\ Het
)—N/ \N_(, 1. PBr3,© \)/N\P,N\:/
% > R %
R R CH,Cl, R 4o R
2. NEty/H,0
2-22a, 2-22d, 2-22d or 3-35 S 5-1ato 5-1d
4 N\
L1~ |
O AN -
Me HI\\O R/Ie
5-1a 5-1b
- I
@
RSO
O/ Me H 'O Me Et
5-1c
.
(B) “AIC,
1. 1.0 equiv. AICI3 —\
Het /\
Cl CH,Clp, 1h - HetYN\+'N\-/ 1. Reduce Het\)’N\ ,N\/Het
Cl—P R = pl =
\ \ \
NR, o "'et)_N//_\\N_,Het Roc/ WNR,R 2. Hp0mHF R Y% R
4-6 R R 5-2a to 5-2c 5-3a to 5-3d
2-22b, 2-22d, 2-22e
or 3-18
<
‘—‘
/ \
Fe N, \’N 4 Fe
Me H/\O Me p
5-3b
|\ J

Scheme 5-7. Proposed synthesis of SPO variants of heterocyclic analogues (A) previous
analogues that were successfully converted to the DAP-OTT. (B) Previous analogues that
were unsuccessfully cyclized to the DAP-Br.
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In addition to going back and expanding on the work reported in Chapters 2 and 3, the
work in Chapter 4 could be expanded to other variants with a substituted backbone. As
mentioned within the Chapter, the original attempts to synthesize variants with ethyl
substituents in the backbone or altering the aryl group to a tetralone derivative or a 2-
substituted naphthyl group combined with a methyl substituted backbone were
deemphasized due to the ease of synthesis of the optimal catalyst, but could be revisited.

SPO 5-8 would be worth synthesizing and testing as it contains a naphthyl substituent
in the aryl position combined with an ethyl substituent in the alkyl position and a methyl
substituted backbone (Scheme 5-8). This would require the combination of the Ellman
method to synthesize the enantiopure amine 5-5 (Scheme 5-8A) and the cyclization method
described in Chapter 4 that will generate the SPO 5-8 (Scheme 5-8B). Overall, the synthesis
would be relatively simple, beginning with 1-bromonaphthalene undergoing a lithium-
halogen exchange which would be quenched with Ellman imine 3-32 to generate
diastereomers S5-4a/b. Under the assumption the diastereomers are separable, the
diastereomerically pure Ellman-protected imine would be treated with dilute acid to
followed by a basic work up to generate enantiopure amine 5-5. The amine would undergo
a condensation reaction with 2,3-butadione to generate the desired diimine 5-6 (Scheme 5-
8A). From the diimine, the synthesis is analogues to SPO 4-13. The starting phosphine 4-
6 would be treated with AICl; to generate phosphenium 4-7 in situ, followed by the addition
of diimine 5-6 to cyclize to phosphonium 5-7. Reduce the phosphonium followed by
treating with water to generate SPO 5-8 (Scheme 5-8B).

This aryl (naphthlene) and alkyl (ethyl) side chain combination was chosen, because in

the past a DAP-OTT variant with an unsubstituted backbone and a side chain containing a
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naphthyl/ethyl combination showed promise to be better than the naphthyl/methyl
combination for certain substrates. It would be worth testing the reactivity and
enantioselectivity with cyclic, acyclic, and exocyclic imines that did not work well for the
current best DAP-OTT and the SPO. It may also be worth taking the best heterocyclic
analogue and combining it with methyl substituted backbone variant and testing the

reactivity and selectivity of this variant.

(A) Synthesis of enantiopure amine
Q Os. 'Bu

3-32
N7 By NH

Br nBuLi Li | Me
M
“ in THF at -84 °C _ “ e\)\H
Oe Oe THF OO

-84 °C to 24 °C

Y

5-4a/b
5.5 Me
HoN M
dilute acid €
followed by basic_ M Me >_<
workup OO Formlc Acid
sieves Et
CH,Cl, 5-6

(B) Synthesis of SPO

AICI4
AlCI .
Cl 1.0 equiv. AlCl; Cl 41 1.0 equiv. 5-6 N
CI—R 1 R SN N
Et
2

CHQCIZ CH20|2
NRz gecRT * NR 0 °C-RT Bt
46 1h 47 12 h
R =EtorPr

)™
1. xs Mg dust O >§(
—_—
NN

2. H,O/THF &£ R
HO Et

5-8

Scheme 5-8. Expansion of work in Chapter 4 (A) synthesis of enantiopure amine with ethyl
substituent. (B) Synthesis of SPO starting from enantiopure amine.
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Appendix A: Crystallographic Experimental Details

All of the data and information found in this appendix was provided directly by Dr. Kathy
Robertson from Saint Mary’s University.

X-ray Crystallography for Compound 3-9

The crystal chosen was attached to the tip of a MicroLoop with Paratone-N oil.
Measurements were made on a Bruker D§ VENTURE diffractometer equipped with a
PHOTON III CMOS detector using monochromated Mo Ka radiation (A = 0.71073 A)
from an Incoatec micro-focus sealed tube at 100 K [1]. The initial orientation and unit cell
were indexed using a least-squares analysis of the reflections collected from a complete
360° phi-scan, 1 second per frame. For data collection, a strategy was calculated to
maximize data completeness and multiplicity, in a reasonable amount of time, and then
implemented using the Bruker Apex 3 software suite [1]. The crystal to detector distance
was set to 4 cm. Frame times were 5 seconds per frame. Cell refinement and data reduction
were performed with the Bruker SAINT [2] software, which corrects for beam
inhomogeneity, possible crystal decay, Lorentz and polarisation effects. A multi-scan
absorption correction was applied (SADABS [3]). The structures were solved using
SHELXT-2014 [4] and were refined using a full-matrix least-squares method on F? with
SHELXL-2018 [4]. The non-hydrogen atoms were refined anisotropically. The hydrogen
atoms bonded to carbon were included at geometrically idealized positions and were not
refined. The isotropic thermal parameters of these hydrogen atoms were fixed at 1.2Ueq of
the parent carbon atom or 1.5U.q for methyl hydrogens.

In the final refinement, there were a number of reflections below sinf/A = 0.600 which
were missing. These reflections, eight of them strong, were collected but must have
saturated the detector during data collection or been partially obscured by the beam stop.
They were removed from the data set during processing.
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Table S1: Crystal data and structure refinement details for compound 3-9.

Identification code
CCDC deposit number
Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions (A and °)

Volume (A%)

Z

Density (calculated, Mg/m?)
Absorption coefficient (mm™!)
F(000)

Crystal size (mm?)

Theta range of data (°)

Index ranges (4, k, )
Reflections collected
Independent reflections
R(int)

Completeness to 25.242° (%)
Max. and min. transmission
Data / restrains / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole (e.A")

39

1958921
CisH19BO2S
310.20

Monoclinic

P2i/c
a=11.4270(10)
b=10.2820(9)
c=13.6992(12)
a=90

£ =99.468(3)
y=90

1587.6(2)

4

1.298

0.207

656
0.302x0.190x0.128
3.615 t0 46.484
-23/23, -20/20, -27/27

135411

14090

0.0577

98.8

0.7493 and 0.6987
14090 /0 /203
1.067
R1=0.0414
wR2=0.1119
R1 =0.0600
wR2 =0.1297
n/a

0.908 and -0.617



Ci7  c.

Figure S1. Structural diagram of compound 3-9. Thermal ellipsoids have been drawn at
the 50% probability level.
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X-ray Crystallography for Compound 3-16a

The crystal chosen was attached to the tip of a MicroLoop with Paratone-N oil.
Measurements were made on a Bruker D§ VENTURE diffractometer equipped with a
PHOTON III CMOS detector using monochromated Mo Ka radiation (A = 0.71073 A)
from an Incoatec micro-focus sealed tube at 150 K [1]. The initial orientation and unit cell
were indexed using a least-squares analysis of the reflections collected from a 180° phi-
scan, 2 seconds per frame and 1° per frame. For data collection, a strategy was calculated
to maximize data completeness and multiplicity, in a reasonable amount of time, and then
implemented using the Bruker Apex 3 software suite [1]. The crystal to detector distance
was set to 4.0 cm. Cell refinement and data reduction were performed with the Bruker
SAINT [2] software, which corrects for beam inhomogeneity, possible crystal decay,
Lorentz and polarisation effects. A multi-scan absorption correction was applied
(SADABS [3]). The structure was solved using SHELXT-2014 [4] and was refined using
a full-matrix least-squares method on 2 with SHELXL-2018 [4]. The non-hydrogen atoms
were refined anisotropically. The hydrogen atoms bonded to carbon were included at
geometrically idealized positions and were not refined. The isotropic thermal parameters
of these hydrogen atoms were fixed at 1.2Ueq of the parent carbon atom or 1.5U.q for
methyl hydrogens. The H(N) hydrogen atom was allowed to refine isotropically. It was
not restrained in any way.

An error occurred during the data collection. The collection stopped after only 8 of 9
runs had been finished and it could not be restarted. However, there was enough data
already collected that the structure could be refined and the final cif checked with no
problems detected. Data was collected to maximum 6 angle of 39.81° (0.56 A resolution).
However, the high angle data was very noisy above 0.65 A (66.28°). The data was cut off
at this value during refinement using a SHEL instruction. One reflection (3 3 0) was
removed from the final refinement because of poor agreement between Fops® and Fealc.

The structure was very disordered. One section of the molecule, involving O1 and the
methyl groups of the t-butyl group, was modelled with a two part (50:50) disorder. The
carbon atoms of the latter group were made equivalent using a SAME command to apply
appropriate restraints. No other restraints were required. The other end of the molecule,
beyond N1 and including C13, the ethyl group and a portion of the dibenzothiophene group,
was also disordered. This included the 5-membered ring and the coordinated 6-membered
ring of dibenzothiophene. This portion of the molecule was treated as one unit and was
split over two sets of positions. The occupancy of each part was refined using a free variable
to a total of one. A SAME instruction was used to set restraints to keep the geometries of
the two parts similar. All of the carbon atoms in the two parts were restrained to have
similar thermal parameters, as were (separately) S1A and S1B. Bond lengths of the same
type between disordered and non-disordered regions of the molecule were restrained to be
similar using SADI instructions during the refinement. Finally, enhanced rigid bond
restraints were placed over the entire molecule using a RIGU command. The occupancies
of the two parts refined to a final ratio of 86.7(3) and 13.3 %.
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The molecule was found to crystallize in the chiral space group P212121, with S chirality
at C13 (A and B). The absolute structure of the molecule was reliably determined. Using
the program Platon [5] the refined structure was calculated to have a Flack parameter of
0.019(15), a Parsons parameter of 0.024(16) and a Hooft parameter of 0.012(15). These
values agree with the Parson’s value calculated by the program SHELXL, 0.019(15) from
2398 selected quotients.

178



Table S2. Crystal data and structure refinement for 3-16a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

3-16a

Ci9H23NOS;

345.50

1002) K

0.71073 A

Orthorhombic

P2,2,2,

a=8.6260(5) A a=90°
b=9.2018(5) A B=90°
c=22.6467(11) A y=90°
1797.58(17) A3

4

1.277 Mg/m3

0.300 mm-1

736

0.265 x 0.089 x 0.068 mm3

2.389 to 33.141°

-13<=h<=13, -14<=k<=14, -34<=I<=34
75947

6840 [R(int) = 0.0537]

99.9 %

Semi-empirical from equivalents
0.7478 and 0.6501

Full-matrix least-squares on F2

6840/ 663 / 347

1.056

R1=0.0392, wR2 = 0.0849
R1=0.0475, wR2 = 0.0894

0.019(15)

n/a

0.422 and -0.471 e.A-3
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CHBA)

C7A)

Figure S2. Structural diagram of compound 3-16a. Thermal ellipsoids have been drawn at
the 50% probability level.
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X-ray Crystallography for Compound 3-33a and 3-33b

The crystal chosen was attached to the tip of a MicroLoop with Paratone-N oil.
Measurements were made on a Bruker D§ VENTURE diffractometer equipped with a
PHOTON III CMOS detector using monochromated Mo Ka radiation (A = 0.71073 A)
from an Incoatec micro-focus sealed tube at the temperature indicated, 100 to 150 K. The
initial orientation and unit cell were indexed using a least-squares analysis of the reflections
collected from a 180° phi-scan, 2 seconds per frame and 1° per frame. For data collection,
a strategy was calculated to maximize data completeness and multiplicity, in a reasonable
amount of time, and then implemented using the Bruker Apex 3 software suite.! The crystal
to detector distance was set to 4 cm and 15 second frames were collected unless otherwise
stated. Cell refinement and data reduction were performed with the Bruker SAINT
software, which corrects for beam inhomogeneity, possible crystal decay, Lorentz and
polarisation effects.> A multi-scan absorption correction was applied (SADABS).®> The
structure was solved using SHELXT-2014 and was refined using a full-matrix least-squares
method on F? with SHELXL-2018.* The non-hydrogen atoms were refined either as part
of a rigid group (see below) or anisotropically. The hydrogen atoms bonded to carbon were
included at geometrically idealized positions and were not refined. The isotropic thermal
parameters of these hydrogen atoms were fixed at 1.2U.q of the parent carbon atom or
1.5Ueq for methyl hydrogens. All H(N) hydrogen atom positions were located in near final
Fourier difference maps. They were allowed to refine isotropically and were not restrained
in any way.

Compound 3-33a (major product)

The crystal used for the data collection was not cut. When other crystals were cut, they
shredded into long shards that were not suitable for data collection. To avoid this, a long
needle/plate crystal was used without cutting it to fit it into the beam. However, this did
result in a level C checkcif alert for the crystal being too long for the beam size. The other
two dimensions were suitable.

The molecule was found to crystallize in the chiral space group P2;, with an §
configuration at C13. The absolute structure of the molecule was reliably determined.
Using the program Platon’ the refined structure was calculated to have a Flack parameter
of —0.012(16), a Parsons parameter of —0.003(16) and a Hooft parameter of 0.012(15).
These values agree with the Parson’s value calculated by the program SHELXL, —
0.012(16) from 3921 selected quotients.

Compound 3-33b (minor product)

The molecule was found to crystallize in the chiral space group P212:2;, with an R
configuration at C13. The absolute structure of the molecule was reliably determined.
Using the program Platon® the refined structure was calculated to have a Flack parameter
of —0.002(8), a Parsons parameter of -0.001(7) and a Hooft parameter of —0.007(7). These
values agree with the Parson’s value calculated by the program SHELXL, —0.002(8) from
4386 selected quotients.
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Table S3: Crystal data and structure refinement details for compounds 3-33a and 3-33b.

Identification code
CCDC deposit number
Temperature (K)
Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions (A and °)

Volume (A%)

Z

Density (calculated, Mg/m?)
Absorption coefficient (mm™)
F(000)

Crystal size (mm?)

Theta range of data (°)

Index ranges (4, k, )
Reflections collected
Independent reflections
R(int)

Completeness to 25.242° (%)
Max. and min. transmission
Data / restrains / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole (e.A")

3-33a - major
1999812

125

C19H23NOS;
345.50
Monoclinic

P2,
a=8.9768(4)
b=9.4961(4)
c=11.1085(5)

a =90
£=102.289(2)
=90

925.24(7)

2

1.240

0.292

368
0.651x0.103x0.032
2.657 to 39.384
-15/15, -16/16, -19/19
41764

10545

0.0375

99.3

0.7478 and 0.7004
10545/1/216
1.049
R1=0.0342
wR2 =0.0774
R1=0.0445
wR2 =0.0839
-0.012(16)

0.370 and -0.376
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3-33b - minor
1999815

125
C19H23NOS;
345.50
Orthorhombic
P212,2,
a=28.9317(4)
b=19.4815(4)

¢ =21.8980(10)
a=90

£=90

=90
1854.45(14)

4

1.237

0.291

736
0.374x0.152x0.098
2.341 to 39.380
-15/15, -16/16, -37/38
105907

10795

0.0335

98.1

0.7478 and 0.6954
10795/0/216
1.063
R1=10.0276
wR2=10.0718
R1=10.0305
wR2 =0.0736
-0.002(8)

0.318 and -0.269



Figure S3. Structural diagram of compound compound 3-33a. Thermal ellipsoids have
been drawn at the 50% probability level. Hydrogen atoms have not been labelled.

Figure S4. Structural diagram of the hydrogen bonded chain found in compound 3-33a.
Thermal ellipsoids have been drawn at the 50% probability level. Hydrogen atoms have
not been labelled.
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Figure S6. Packing diagram for compound 3-33a viewed down the Y-axis.
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Figure S7. Structural diagram of compound compound 3-33b. Thermal ellipsoids have
been drawn at the 50% probability level. Hydrogen atoms have not been labelled.

b

o)

Figure S8. Structural diagram of the hydrogen bonded chains found in compound 3-33b.
Thermal ellipsoids have been drawn at the 50% probability level. Hydrogen atoms have

not been labelled.
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Figure S10. Packing diagram for compound 3-33b viewed down the Y-axis.
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X-ray Crystallography for Compound 4-13

The crystal chosen was attached to the tip of a MicroLoop with Paratone-N oil.
Measurements were made on a Bruker D§ VENTURE diffractometer equipped with a
PHOTON III CMOS detector using monochromated Cu Ka radiation (A= 1.54178 A) from
an Incoatec micro-focus sealed tube at 125 K [1]. The initial orientation and unit cell were
indexed using a least-squares analysis of the reflections collected from a 180° phi-scan, 3
seconds per frame and 1° per frame. For data collection, a strategy was calculated to
maximize data completeness and multiplicity, in a reasonable amount of time, and then
implemented using the Bruker Apex 4 software suite [1]. The crystal to detector distance
was set to 4.0 cm and 30 sec frames were collected. Cell refinement and data reduction
were performed with the Bruker SAINT [2] software, which corrects for beam
inhomogeneity, possible crystal decay, Lorentz and polarisation effects. A multi-scan
absorption correction was applied (SADABS [3]). The structure was solved using
SHELXT-2014 [4] and was refined using a full-matrix least-squares method on F? with
SHELXL-2018 [4]. The non-hydrogen atoms were refined anisotropically. The hydrogen
atoms bonded to carbon were included at geometrically idealized positions and were not
refined. The isotropic thermal parameters of these hydrogen atoms were fixed at 1.2Ueq of
the parent carbon atom or 1.5Ueq for methyl hydrogens. The position of the hydrogen atom
boned to phosphorus was located in a near final Fourier difference map. It was added to
the atom list and allowed to refine isotropically without restraint.

The molecule crystallized in the chiral space group P2:2121, with one molecule of the
compound and one molecule of thf solvent in the asymmetric unit. The solvent was
completely disordered; it was modelled over two parts which refined to have occupancies
of 81.0(7) % and 19.0 %, respectively. The two parts were restrained to have similar
geometries and their atoms to have similar anisotropic displacement parameters.

The structure was found to crystallize as a racemic twin, with a BASF value that refined
to 0.18(2). The molecule crystallized predominantly with R chirality at C5 and C17. The
structure itself was also disordered. One of the two naphthyl groups was disordered, with
the naphthyl rings coordinated facing one way or the other relative to the rest of the
molecule. This disorder was modelled with two parts and the occupancies refined to 87.8(8)
% and 12.2 %, respectively. A SAME instruction was used to keep the geometries of the
two parts similar. The carbon atoms of the disordered naphthyl rings were restrained to
have similar anisotropic displacement parameters.
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Table S4. Crystal data and structure refinement for 4-13.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

4-13

Cs2H37N,0,P

512.60

125(2) K

1.54178 A

Orthorhombic

P2,2,2,

a=9.5173(4) A a=90°
b=12.2696(5) A B=90°
c=23.1662(10) A y=90°
2705.20(17) A3

4

1.259 Mg/m3

1.144 mm-1

1096

0.110 x 0.106 x 0.038 mm3

3.816 to 79.757°

-12<=h<=12, -15<=k<=15, -29<=1<=28
37777

5762 [R(int) = 0.0415]

100.0 %

Semi-empirical from equivalents
0.7542 and 0.6319

Full-matrix least-squares on F2

5762 /523 /480

1.062

R1=0.0365, wR2 =0.0897
R1=0.0377, wR2 =0.0909

0.18(2)

n/a

0.281 and -0.268 e.A-3
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Figure S11. Structure of compound 4-13, with the solvent removed for clarity. The two
parts of the disordered model have been separated, Part A left and Part B right. Thermal
ellipsoids are drawn at the 50 % probability level. Hydrogen atoms have not been labelled.
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Appendix C: Selected HPLC Traces
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