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ABSTRACT

Nitrogen heterocycles constitute a class of highly privileged motifs in complex molecule
synthesis. Specifically, cyclic compounds with a nitrogen atom in their ring structure constitute
most FDA-approved drugs, pharmaceutical leads, and natural products. For this reason, synthetic
chemists have sought out strategies to efficiently assemble complex molecular frameworks
containing N-heterocycles for nearly as long as synthetic chemistry has been studied. Among
these strategies, cycloaddition reactions have continuously been established as a highly effectual
method for the rapid and atom-economical formation of molecular complexity with a high
degree of chemo-, regio-, and stereoselectivity. Herein we report three novel cycloadditions for
the incorporation and formation of N-heterocycles in biorelevant structures: the vinylazaarene
Diels-Alder [4+2], the organocatalytic aza-Pauson-Khand formal [2+2+1], and the pyridyl
vinylcyclopropane [5+1] using a nitrene source as a one-atom component.

Cyclohexyl azaarenes constitute a biorelevant motif present in a variety of FDA-
approved drugs and several more pharmaceutical candidates. Six-membered carbon rings are
common retrons for the Diels-Alder reaction, however, very few examples exist of
vinylazaarenes being employed as dienophiles, whether thermally or promoted by Lewis acids.
Our work addresses this deficiency in the literature, utilizing the same chemical principles that
govern increased yields, regioselectivity, and diastereoselectivity under Lewis acid-catalysis of
o.,B-unsaturated carbonyl dienophiles compared to their thermal counterparts. The scope of this
reaction includes unactivated dienes, scalability up to 10 grams, and access to biorelevant

scaffolds. The presence of a highly Lewis basic lone pair in conjugation with a dienophilic olefin
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opens the established vinylazaarene scope to additional means of Lewis acid catalysis, including
enantioselective methods.

Five-membered N-heterocycles such as pyrroles and pyrrolidines are also highly
prominent in drug discovery. Organocatalysis is an attractive option for the syntheses of druglike
molecules owing to cost-efficacy over many metal catalysts and non-toxicity in the body. We
have expanded upon previously established reactivity and mechanistic understanding of the
Hilinski iminium organocatalyst to establish a formal [2+2+1] reaction for the diastereo- and
regioselective formation of pyrrolines: synthetic precursors to both aromatic and aliphatic five-
membered N-heterocycles and biorelevant motifs of rising prominence themselves. In this work,
the iminium catalyst cyclizes a nitrene precursor, a styrene, and an alkyne in a stepwise fashion
similar to the metal-catalyzed Pauson-Khand reaction to furnish a partially saturated ring. This
reaction represents an unprecedented chemical transformation in its own right, as no metal-

catalyzed approaches to the same three-component formal cycloaddition have been identified.
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CHAPTER ONE: [4+2]
Cycloadditions for the
Construction of N-Heterocycles
in Total Synthesis

1.1 Introduction

There is no synthetic chemical subfield more demonstrative of the power and utility of
current methods than total synthesis. The pursuit of synthetic access to complex molecular
structures has defined organic chemistry as a field and put its most cutting-edge methods to the
test of their true utility. Among the most popular and challenging synthetic targets are alkaloids,
natural products containing one or more nitrogen atom. Among these, the “true alkaloids” are
structures bearing N-heterocyclic frameworks deriving from enzymatic pathways that link amino

acids together in natural systems (Figure 1.1).

Figure 1.1. Examples of biorelevant alkaloids.
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Benefitting from nitrogen’s ubiquitous chemical reactivity in the body, alkaloids are
inherently bioactive compounds synthesized by organisms for defense against predators or
disease. This property necessarily leads to a host of desirable pharmacological effects in humans,
from anti-inflammatory to chemotherapeutic. These wide applications, in addition to their
synthetically challenging polycyclic carbon skeletons, make them highly sought-after total

synthetic targets.

The Diels-Alder [4+2] cycloaddition is, for good reason, the first example of a pericyclic
reaction that undergraduate organic chemistry students learn. Forming two new sigma bonds
with perfect atom economy and predictable regio- and diastereoselectivity, this reaction forms
synthetically ubiquitous six-membered rings and has been universally applied to total syntheses
with commonality that has inspired many comprehensive reviews.! > Extending beyond
carbocycles and into N- and O-heterocylic formation, the hetero-Diels-Alder reaction has found
comparable utility in total synthesis as well, establishing the highly robust nature of this
cycloaddition in the face of various steric and electronic conditions.

Herein we examine the total synthetic applications to N-heterocycle formation that have
employed the Diels-Alder for the formation of alkaloid moieties: both in carbocyclic Diels-
Alders, where N-heterocycles are secondarily formed by the reaction of carbon-containing dienes
and dienophiles, and in hetero-Diels-Alders wherein nitrogen atoms constitute parts of the
dienophile or diene. Examples are considered of both intra- and intermolecular instances for the
formation of natural products, as well as dearomative cycloadditions and inverse demand Diels-

Alders, heavily favored in many total syntheses by the Boger group.



1.2 Intramolecular [4+2] Cycloadditions

Intramolecular examples of this reaction take advantage of the entropic favor inherent in
tethering dienes and dienophiles. Strategic architecture of starting materials also allows for a
greater degree of stereocontrol than intermolecular counterparts: up to total determination of
regioselectivity and even diastereoselectivity, given appropriately restricted conformational
freedom. These methods to favor formation of a desired product have been heavily employed
toward the synthesis of natural products, as low yields or poor selectivity on long linear

sequences have an exponential effect on synthetic outcomes.

1.2.1 Carbocyclic [4+2] Cycloadditions

Scheme 1.1. Oppolzer's routes to chelidonine, norchelidonine, and their derivatives.
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In 1983, Oppolzer and coworkers employed an intramolecular Diels-Alder cycloaddition
in their racemic total synthesis of Chelidonine (1.1) and Norchelidonine (1.2), establishing the

precedent for formation of N-heterocycles using this method. This transformation simultaneously



formed the carbocyclic B-ring and tetrahydropyridine C-ring of its hexacyclic structure.* This
group first attempted the intramolecular cycloaddition of precursor 1.3, which gave the trans
stereochemistry about the ring fusion. Upon strategic variation of the electronic properties of the
precursor, they postulated 1.4, which preestablished cis ring fusion analogous to that of 1.1 and
1.2 by engineering orbital overlap of an extended m-system in the diene to interact favorably with

that of the dienophile.

To establish facile formation of the desired ring fusion and hydroxylation
diastereochemistry, 1.5 was synthesized in preparation for a hydroboration-
oxidation/oxidation/stereoselective reduction cascade, which led to ready formation of the
desired stereochemistry in products 1.1 and 1.2 (Scheme 1.1). Although these transformations
were purely carbocyclic, they concomitantly formed the N-heterocyclic C ring as the desired

diastereomer.

A series of similar transformations was employed by Carroll and Grieco eight years later

in their synthesis of racemic pseudotabernine (1.6).> This synthesis set a basis for the further



development of Aspidosperma alkaloids, utilizing an intramolecular Diels-Alder to form two of

Scheme 1.2. retro-Diels-Alder/Diels-Alder/elimination/Diels-Alder sequence to form psuedotabernine
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the structures’ five rings: a carbocyclic retro-Diels-Alder of 1.7 followed by the analogous [4+2]
cycloaddition of resultant 1.8 with the N-containing dienophile to form the D-ring of the five-
membered N-heterocyclic moiety of 1.6 after elimination of an alcohol group. Though this was a
more complex transformation involving a step that included an N-heterodienophile in one of the
Diels-Alder reactions, the final [4+2] carried out in the cascade was a carbocyclic cycloaddition
that secondarily formed the N-heterocyclic D ring (Scheme 1.2). Through careful manipulation
of cycloaddition diastereoselectivity and prediction of inherent regioselectivity, the Grieco group
was able to selectively form their desired product with its correct stereochemistry.

In a more straightforward transformation to conquer the complex skeleton of Strychnine
(1.9), the Rawal group took advantage of a carbamate-protected pyrrolines to draw electron

density away from the intended dienophilic olefin.® Their facile thermal cycloaddition (185°C,
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benzene, 4h) of 1.10, prepared in 6 steps in 67% yield from commercially available precursor
1.11, proceeded stereoselectively in quantitative yield. This transformation concomitantly formed

the

Scheme 1.3. Rawal's use of the Diels-Alder cycloaddition to form strychnine's B and

D rings.
CC™ — @%ﬁ .
1.11 1.10 99% yield
R = COOMe >20:1 dr
67% yield

over 6 steps

1.9 -- strychnine 1.12 -- isostrychnine
99% vyield 47% yield
over 3 steps

partially saturated indoline B ring, along with stereoselectively saturating the pyrroline
dienophile precursor to strychnine’s pyrrolidine ring D (Scheme 1.3).

The use of the Diels-Alder cycloaddition in this synthesis also provided a
functionalization handle in the carbocyclic C ring. This alkene was later isomerized to
isostrychnine (1.12) and again isomerized in situ to a Michael acceptor that then underwent a
base-catalyzed cyclization to the established heptacyclic structure of 1.9 based on literature

precedent.’
1.2.2 Nitrogen-Containing Dienophiles

In a more direct route to formation of N-heterocycles, many total syntheses carry out

hetero-Diels-Alder reactions with nitrogen-containing dienes or dienophiles. To establish
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electronic conditions that circumvent the “inverse-demand Diels-Alder” label (vide infra),
nitrogen-containing dienophiles must be functionalized so that nitrogen's characteristic electron
richness is directed elsewhere, either through inductive effects or resonance. Because of this, two
of three entries in this section utilize acyl nitroso groups (RCON=0) as 21 components. The
polar double bond between oxygen and nitrogen concentrates negative charge on the more
electronegative oxygen center, and the same direct n-bond between the two formally uncharged
n-donors precludes them from resonating into one another. The N-acyl group acts as an electron

sink for Nrp resonance as well, further drawing electron density from the nitrogen center.

Figure 1.2. N-acyl nitroso resonance hybrid contributors.
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In tandem, these groups establish a formal partial positive charge on the nitrogen (Figure
1.2), which lends itself toward faster reaction rates and increased regio- and diastereoselectivity.
The third and most recent literature example of N-centered dienophile makes use of an a-cyano
imine in place of the N-acyl nitroso group. This functional group choice establishes the desired
reactivity as well as providing a functionalization handle for further derivatization of
intermediates to the desired target.

The Kibayashi group’s 1999 racemic syntheses of fasicularin (1.13) and lepadiformine
(1.14) took advantage of N-acyl nitroso dienophiles to construct both natural products’ tricyclic
structures. Each of these targets stems from a different diastereomer of the observed [4+2]
products.®

Starting from 1.15, a precursor derived in 9 steps from a commercially available starting

material, the N-acyl nitroso compound 1.16 was formed upon praseodymium-mediated oxidation
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of the hydroxylamine to its nitroso analog. As the geometry of this intermediate allowed for two
different facial diastereoselectivities of [4+2] cycloaddition, two stereoismers were formed, with
the B/C-cis mildly predominating (Scheme 1.4). As each target was accessible via a separate
diastereomer, Kibayashi and coworkers embarked on the divergent syntheses of two natural

products from these separable intermediates.

Scheme 1.4. Kibayashi's divergent syntheses of fasicularin and lepadiformine.
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The minor product B/C-trans isomer (stemming from anti-facial 1.16) was first
isomerized through a ring expansion, mediated through opening of the 1,2-oxazidine ring,
protecting group manipulations, and subsequent reformation of six-membered N-heterocycle at
the newly established electrophilic carbon. This step was followed by amide alkylation and
reduction of the amide and alkene to form 1.13.

The major stereoismer B/C-cis (product of syn-facial attack of 1.16) followed similar
stepwise redox adjustments to form 1.14. Pd-mediated reduction of the resultant alkene followed
by ring opening, epoxidation, and entropically favored selective five-membered ring formation

readily gave way to lepadiformine. Both structures were confirmed against natural product 'H



and '°C NMR standards as well as via X-ray crystallography. Despite subsequent skeletal edits to
ring C of both targets, the N-acyl nitroso dienophile directly formed both B rings.

Working from their previously developed expertise in dienophiles of this nature,
Kibayashi and coworkers returned to their total synthetic work the following year with an
asymmetric synthesis of (--)-lepadin B (1.17).° Starting from 1.18, formed in 8 steps from
commercially available enantiopure 1.19, intermediate 1.20 was diastereoselectively produced
via the same Pr-mediated oxidation followed by in situ cycloaddition this group had employed

the previous year (Scheme 1.5).

Scheme 1.5. Kibayashi's abridged synthesis of (--)-lepadin B.
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Separating 1.20 from its minor (6.6:1 dr) diastereomer, the intermediate was carried
forward in a series of redox and protecting group adjustment steps toward 1.17. However, as one
of the two six-membered rings formed by the Diels-Alder was a 1,2-oxazidine not native to the
natural product, a ring opening—ring closing sequence to isomerize to the desired N-heterocycle

was required. Following the acid-catalyzed ring cleavage to corresponding 6-amino alcohol
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1.21, an deprotection-oxidation-aldol addition sequence was employed to cyclize to a 1.17
precursor with the desired stereochemistry. After a series of further redox adjustments, protecting
group manipulations, and alkylation steps, (--)-lepadin 1.17 was stereoselectively formed.
Despite the cumbersome nature of this twenty-six-step linear sequence, the N-heterocyclic ring B
of this alkaloid was formed in good yield and diastereoselectivity in the key [4+2] cycloaddition
step. This transformation is the third example by the Kibayashi group of N-acyl nitroso groups as
21 components in a hetero-Diels-Alder, which irrefutably asserts its utility as a transformation in
total synthesis.

In 2005, the Danheiser group employed an o-imino nitrile as a 2w component in their
Diels-Alder to form quinolizidine alkaloid (--)-217A (1.22). In a simple linear sequence, d-enol
1.23 was converted in a series of high-yielding steps to cycloaddition precursor 1.24. This highly
electron-deficient imine underwent thermal addition to the intramolecular diene to form

cycloadduct 1.25 as the sole diastereomer in 59% yield.!°

Scheme 1.6. Abbreviated steps and stereochemical rationalization in Danheiser's
enantioselective synthesis of 1.22.

t

1.22 - (-)-217A 1.25
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Curiously, this diastereomer was formed from the exo transition state, normally
disfavored for extended dienophile n-systems due to constructive secondary orbital interactions.
Danheiser and coworkers postulated that this was due to the anomeric effect of the nitrogen lone
pair favoring pseudo-axial orientation of the nitrile as the six-membered ring formed (Scheme
1.6). Such cases of this geometry have previously been documented in a-amino nitriles. With
this exclusive geometry in hand, 1.25 was further alkylated and reduced to asymmetrically form

1.22 in a linear 14 steps, its six-membered B ring directly formed by cycloaddition of 1.24.

1.2.3 Nitrogen-Containing Dienes

By far the most common method of directly incorporating nitrogen atoms into
heterocyclic structures via Diels-Alder is by using nitrogen-containing dienes. As previously
stated, formally uncharged trivalent nitrogen atoms are n-donors through resonance and are
comparatively electropositive as heteroatoms. These characteristics lend themselves well to the
electron-richness required of dienes in regular-electron-demand [4+2] cycloadditions.

To our knowledge, the first documented use of N-heterodienes as intramolecular 47
components was in 1988 by Heathcock and Ruggeri. Formed through a modular sequence of
enolate additions from commercially available starting materials, dialdehyde intermediate 1.26
was condensed to N-alkenyl imine 1.27, which was then doubly cyclized in a Diels-Alder-
iminium-addition sequence to yield tetracyclic structure 1.28. This intermediate was then
reduced at the isopropene, deprotected, oxidized at the free alcohol, and esterified to the desired
synthetic target, methyl ester 1.29 (Scheme 1.7).

The Diels-Alder step was notably fully diastereoselective from its less sterically

constrained transition state (in the absence of secondary orbital interactions) and entirely
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chemoselective for the proximal olefin. This selectivity allowed for smooth transition into the
second cyclization step, the addition of the distal isopropenyl olefin to the iminium formed in

Situ.

Scheme 1.7. Heathcock's synthesis of daphniphyllates, featuring a one-pot double cyclization.
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With only straightforward redox adjustments and a single deprotection remaining, the
final three steps established 1.29 in 44% yield over an impressively concise 9-step sequence.
This synthesis unlocked the skeletal structure of multiple daphniphyllates up to the gram scale,
their varying redox features accessible through the modular triple condensation of starting
materials or redox edits throughout the established methodology.

Representing the first contribution to this chapter by the Boger group but far from the
last, their 2000 synthesis of the rubrulone aglycon (1.30) also took advantage of a nitrogen-

containing diene. This pathway forgoes the functionalization of rubrulone (1.31) at rings D and E
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with furanose and pyranose sugars, respectively, for ease of synthetic access and demonstration
of their facile methodology to access the A, B, and C rings, which are common functionalities
across related alkaloids (Figure 1.3). The syntheses uses two [4+2] cycloadditions for the
formation of the tricyclic structure, but only the first employs a nitrogen dienophile towards an

N-heterocycle: pyridyl ring A.!!

Figure 1.3. Rubrulone and rubrulone aglycon structures.
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N
Me |
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1.31 -- rubrulone 1.30 -- rubrulone
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Following a linear sequence of well-established C—C bond-forming reactions, oxime
intermediate 1.32 was produced in anticipation of its intramolecular thermal cycloaddition. The
specific conditions of this reaction underwent a short optimization, selecting for solvent, reaction
time, temperature, and oxime R group. Optimal conditions (triisopropylbenzene, 175 — 185°C,
36h, no preference on —OR identity) smoothly formed 1.33 in 70% yield after aromatization in
situ via the initial cycloadduct (Scheme 1.8). This formal oxidation to the corresponding pyridine
proceeded through net loss of methanol or benzyl alcohol, installing the n-propyl and methyl
substituents on the pyridine with total regiocontrol. 1.33 was then carried into several C-C bond-
forming and protection steps to a highly activated diene precursor. This 41 component underwent
a second thermal [4+2] cycloaddition with a cyclopropenone acetal, followed by eventual ring

expansion and deprotection to tropone ring C.
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Scheme 1.8. [4+2] cycloaddition of oxime followed by aromatization to pyrrole.
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The next entry by the Boger group was published two years later and employed a [4+2] to
form an N-heterocycle at a site other than that of the cycloaddition. However, this transformation
still took advantage of 1,3,4-oxadiazole as a nitrogen-containing diene, preforming an
intermediate that would undergo several subsequent eliminations and an additional [4+2]
cycloaddition to form the desired product.'?

Linear precursor 1.34 was sequentially synthesized and cyclized to form the
intramolecular starting material oxadiazole 1.35. This oxygen-rich aromatic diene underwent
cycloaddition with the more kinetically accessible dienophile to form a bridged intermediate.
The oxygen richness of the 1,3,4-oxadiazole ring was sufficient to overcome the comparably
electron-rich nature of the closer tethered dienophile under thermal conditions, entirely
kinetically selecting the more accessible 27t system prefunctionalized with a leaving group rather
than the more electron-deficient one. Through formal elimination of methanol and
thermodynamically favored expulsion of N», furan intermediate 1.36 was produced. Acting as a
diene with the remaining tethered dienophile, a second Diels-Alder reaction occurred to produce
a bridged ether. After two sequential protonation-elimination steps, the bridging oxygen was lost

as water and the remaining six-membered ring was aromatized to the phenyl D ring of

anhydrolycorinone 1.37 (Scheme 1.9).

15



Scheme 1.9. In situ cycloaddition cascade to form anhydrolycorinione (1.37) from intramolecular cycloaddition of 1.35.
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Although the nitrogen atoms in the diene of this cycloaddition did not end up being
incorporated into the structural skeleton of 1.37, this work by Boger and coworkers still
secondarily formed an N-heterocycle through their use of a nitrogen-containing diene in their
Diels-Alder.

The Williams group’s synthesis of enantiopure (--)- and (+)-versicolamide B took
advantage of a more direct hetero-Diels-Alder in their synthesis, employing it as the ultimate
step in their concise synthesis of both versicolamide enantiomers.!® Starting from commercially
available racemic amino acid 1.38, a non-diastereoselective bond-forming step produced a 1:1
diastereomeric ratio of 1.39 precursors. These precursors were chromatographically separated
and each diastereomer was further functionalized in separate reaction vessels. Sequential
oxidation and pinacol rearrangement of each stereoisomer yielded four diastereomers of 1.39,
which underwent base-catalyzed elimination to afford tethered nitrogen-containing dienes and

dienophiles (Scheme 1.10).
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Scheme 1.10. Williams' syntheses of both versicolamide enantiomers.
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This transformation also eliminated a chiral center, once again producing just two
diastereomers of Diels-Alder precursors. Each diastereomer spontaneously underwent [4+2]
cycloaddition at room temperature to yield both versicolamide enantiomers (--)-1.40 and (+)-
1.40. Due to the lack of secondary orbital interactions to stabilize the endo transition state, the
less sterically congested (albeit desired) exo products prevailed in a 1.4:1 ratio. Overall, this
synthesis took advantage of a commercially available racemic amino acid and several nontrivial
diastereomeric separations to synthesize separate enantiomers of versicolamide in only five

steps. The late-stage convergence of the synthesis allowed the Williams group to carry forward
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all products of two non-diastereoselective bond-forming steps, only sacrificing yield to the
unwanted diastereomer in the final Diels-Alder.

The most recent example of N-heterocycle formation via intramolecular heterodienophile
Diels-Alder was carried out by Wipf and coworkers. Their strategy developed a [4+2] with
oxazoles as 41 components, functionalized at the C5 position with a f-amino allene (via the
corresponding alkyne) as the 2t component (intermediate 1.41). This method’s synthetic utility
was then demonstrated in a short formal synthesis of marinoquinoline A (1.42).!* Like the Boger
group’s second sequential [4+2] reaction in their synthesis of anhydrolycorinone, formal loss of
water in situ from the bridged ether resulted in irreversible aromatization of the 6-membered
cycloadduct. In instances where this aromative loss of water forms a pyridine, the [4+2]-

aromatization sequence constitutes a Kondrat’eva pyridine synthesis. !

Scheme 1.11. Formal Kondrat'eva reaction by Wipf and coworkers toward marinoquinoline A
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Once the [4+2] had been optimized for yield and functional group tolerance where

additional functionalities were required for the total synthesis, the Wipf group carried out the

18



synthesis of 1.42 in 10 steps from commercially available starting material 1.43 (Scheme 1.11).
Centering around their use of this cycloaddition, intermediate 1.41 was subjected to base-
catalyzed allene isomerization. From the allene, the Kondrat’eva synthesis occurred in situ
through the bridged ether, which underwent elimination of water to the desired 6-azaindole 1.44.
Through a series of well-established C-C bond-forming steps and protecting group adjustments,

1.42 was produced in over 11% overall yield.

1.3 Intermolecular [4+2] Cycloadditions

Offering complementarity to intramolecular methods, the use of intermolecular [4+2]
cycloadditions has also been extensively documented in total synthesis. While intramolecular
reactions may offer greater selectivity, intermolecular variants allow greater freedom in
retrosynthetic analysis. More possible disconnections and an inherently modular approach to the
construction of complex targets are highly valued in the preparation of drug lead analogs, a
staple operation of structure-activity relationship (SAR) studies. Extremely high to total regio-
and diastereoselectivity can also be engineered in reaction conditions through careful selection of
starting material electronics.

Intermolecular Diels-Alders in total synthesis have been greatly dominated by
carbocyclic cycloadditions. As with the previous section, [4+2] routes to N-heterocycles will be
classified into those that secondarily form azacylces or preestablish their functionality before a
subsequent cyclization, and those using nitrogen-containing dienes or dienophiles. Several
examples exist of dearomative cycloaddition of one or both starting materials that fall under one

of these categories. However, those will be discussed in section 1.4.
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1.3.1 Carbocyclic [4+2] Cycloadditions

In 2001, Maeng and Funk carried out the racemic synthesis of fasicularin (1.45),
initiating their work with an intermolecular Diels-Alder. This cycloaddition combined a readily
prepared acrolein derivative dienophile (1.46) and a diene containing a masked ketone (1.47) for
a subsequent cyclization to form the six-membered precursor to the tricyclic structure (Scheme

1.12).

Scheme 1.12. Maeng and Funk's route to racemic fasicularin.
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Thermal cycloaddition in DCM yielded the desired cycloadduct in 93% and total regio-
and endo diastereoselectivity, facilitated by constructive orbital overlap by the dienophile’s
extended m-system. This six-membered ring preestablished the nitrogen-atom conformation
before subsequent structural edits: nitrogen protecting group and acetal cleavage, which
spontaneously underwent intramolecular condensation to the iminium, followed by reduction for

a net reductive amination. Having formed two of the three rings of fasicularin, subsequent
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carbon-carbon bond-forming reactions and functional group manipulations produced 1.45 in a
total of 16 steps. However, the final Sx2 step yielded a mixture of products, including differing
nucleophilic attack by the nitrogen to form an isothiocyanate and competing E2 reaction (Figure

1.4).16

Figure 1.4. Product mixture from the final Sy2 reaction of starting material 1.48.
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Later that same year, the Rawal group employed a similar strategy to preform an N-
heterocycle precursor with a Diels-Alder reaction. Utilizing the placement of a nitrogen on the
diene to lend electron density, starting materials 1.49 and 1.50 were subjected to heat in toluene.
This cycloaddition resulted in total regioselectivity, almost complete endo selectivity, and 85%
isolated yield. These sole diastereomers were readily subjected to an olefination at the aldehyde
moiety followed by a ring-closing metathesis reaction to starting material 1.51, now

functionalized with the six-membered N-heterocycle of tabersonine (1.52, Scheme 1.13).!7
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Scheme 1.13. Rawal's diastereoselective route to tabersonine.
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1.51 underwent indole formation at the masked ketone moiety, followed by installation of
ethyl iodide at the nitrogen center. Upon subjection to tBuOK, nucleophilic indole C3 cyclized to
form the other fused N-heterocycle of 1.52. The pentacyclic imine intermediate that resulted
from this reaction was then deprotonated at the imine a-position and functionalized with an ester
to form racemic tabersonine.

In their 2012 asymmetric synthesis of voacangalactone, the Takayama group also used an
intermolecular Diels-Alder as an early step to form molecular complexity towards their target.
Like the previous two entries, this cycloaddition established the correct diastereochemistry of the
nitrogen atom, which underwent cyclization in a later step.'

To establish asymmetry in their synthesis, diene 1.53 was formed from condensation of
the corresponding alkyl iodide with chiral auxiliary 1.54. This material underwent cycloaddition
with commercially available diester dienophile 1.55 to yield cycloadduct 1.56 as the sole regio-

and stereoisomer in quantitative yield. This complete selectivity owes to the symmetry of the
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dienophile as well as steric influence from the chiral auxiliary toward approaching a singular

face of the diene (Scheme 1.14).

Scheme 1.14. Takayama's initial Diels-Alder for enantiomeric formation of voacangalactone.
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1.57 - (+)-voacangalactone

This cycloadduct established the syn stereochemistry needed to cyclize the nitrogen
substituent with the protected methylene alcohol to form the bridged precursor to 1.57. Upon
cleavage of the chiral auxiliary, reductive desilylation of the -OTBS group, and re-protection via
mesylation, the product was refluxed in DMF in the presence of a weak base to undergo the
nucleophilic substitution that led to cyclization.

Further derivatizations of this precursor including lactone formation, indolization, and N-
alkylation, were employed toward the final enantioselective formation of (+)-voacangalactone.
This total synthesis took place over 22 steps, with the [4+2] cycloaddition as a key early step
toward forming structural complexity that laid the foundation for the stereochemistry of the

desired target.
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The most recent example of N-heterocycle formation through a carbocyclic Diels-Alder
was by the Jiang group in 2017. This final example is the only entry in this section that directly
forms an N-heterocycle within the cycloaddition, not just establishing nitrogen stereochemistry
for a later cyclization.

Like previous examples, however, Jiang and coworkers take advantage of the perfect
atom economy inherent in cycloaddition reactions to rapidly assemble molecular complexity
early on in their synthetic route. From commercially available pyrroline 1.58 and readily
prepared pyrone 1.59, their thermal cycloaddition proceeds in moderate yield with good exo
selectivity (Scheme 1.15). This counterintuitive diastereoselectivity likely owes to the steric
considerations of a cyclic diene, combined with the lack of an extended m-system in the

dienophile to maximize constructive orbital overlap in the transition state.'’

Scheme 1.15. Jiang's syntheses of (+)-dehydroaspidospermidine and related alkaloids.
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Intermediate cycloadduct 1.60 was then subjected to reduction, ring opening, and
olefination to afford a bicyclic intermediate. Deprotection of the nitrogen followed by amidation
afforded tricyclic intermediate 1.61, which was subjected to Fischer indolization under a variety
of starting materials to afford three separate natural products: dehydroaspidospermidine (1.62),

dehydroacetylaspidospermidine (1.63), and dehydroacetylpyrfolidine (1.64).
1.3.2 Nitrogen-Containing Dienophiles

To our knowledge, only one example exists of an intermolecular Diels-Alder toward an
N-heterocycle using a nitrogen-containing dienophile. This example is the Gin group’s
asymmetric total synthesis of (+)-batzelladine A (1.65), which utilizes both a heterodiene and a
heterodienophile in two distinct [4+2] reactions to form two different azacycles in the target
structure. These separate structures are further functionalized and convergently combined
towards the end of the synthetic route to form the complex structure of 1.65.%°

Allenyl dienes 1.66 and 1.67 were assembled form simple staring materials through a
sequence of well-known carbon-carbon bond-forming reactions and redox adjustments.
Pyrrolines 1.68 and 1.69 were protected and reduced from their corresponding enantiopure d-
lactams, which were also commercially available. The thermal Diels-Alder products of each
diene-dienophile pair were attained at room temperature with total regioselectivity. While the
endo adducts were lightly favored, the following base-catalyzed isomerization rendered the poor
diastereoselectivity irrelevant when the thermodynamic conjugated n-systems were established

in each intermediate (Scheme 1.16).
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Scheme 1.16. Gin's use of two hetero-Diels-Alder reactions to convergently form batzelladine A.
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Both bicyclic systems were further functionalized toward the desired connectivity of their
respective fragment. Once the desired structures were achieved, the “western” mesylate fragment
was combined at room temperature with the “eastern” carboxylate, which smoothly underwent
Sn2 condensation to batzelladine precursor 1.70. Once again, several bond-forming steps and
redox adjustments were made to this structure to asymmetrically form target structure 1.65, (+)-
batzelladine A. The longest linear sequence of this highly convergent synthesis was 15 steps,
capitalizing on two high-yielding [4+2] cycloaddtions as early transformations for two

structurally similar heterocyclic motifs of 1.65.

1.3.3 Nitrogen-Containing Dienes

In 2002, the Batey group invoked a Povarov reaction in their synthesis of racemic
martinelline. This reaction proceeds via an aldehyde-aniline condensation to form an N-aryl
iminium diene that condenses with a dienophile in a Diels-Alder second step. In a strategic use

of carbamate-protected pyrroline 1.71 as both an aldehyde source and a dienophile, subjection of
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aniline 1.72 to two equivalents of 1.71 under dysprosium (IIT) Lewis acid-catalysis facilitates the

Povarov reaction in its entirety.?!

Scheme 1.17. Formal Povarov reaction towards the tricyclic structure of martinelline by the Batey group.
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Ring-opening of one equivalent of pyrroline occurs first, upon association of the
dysprosium (IIT) cation with the Lewis basic nitrogen lone pair. A formal hydration occurs across
the C2-C3 double bond, leading to cleavage of the hemiaminal to its corresponding d-acyl
iminium. This aldehyde, still coordinated to the Lewis acid, quickly condenses with aniline 1.72
to form N-aryl imine intermediate 1.73, which undergoes a Diels-Alder reaction with a second
equivalent of 1.71. Previous transformations of this nature with ring-opening of pyrrolines,

dihydrofurans, and other monounsaturated heterocycles have been extensively established in the
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literature.?>2* With 85% yield and 85:15 endo selectivity, tetrahydroquinoline 1.74 is furnished
at room temperature. Although this cycloaddition is formally dearomative, the intermediate is
rearomatized in situ before separation from the unwanted diastereomer. The aromatic product is
then functionalized at the aryl ester and both protected amines with the necessary pendent alkyl
guanidines of product 1.75, racemic martinelline (Scheme 1.17).

Targeting a similar [2.2.2] diazabicyclic structure to Williams’ syntheses of both
versicolamide enantiomers, the Scheerer group undertook the total synthesis of brevianamide B
in 2016. Commercially available starting materials 1.76 and 1.77 were condensed via aldol and
isomerized to a diene conjugated with the amide carbonyl. The diene was then condensed with a
highly electron-deficient a.,-unsaturated ester in a Diels-Alder at room temperature to yield an

inseparable 4:1 mixture of regioisomers at 84% yield (1.78, Scheme 1.18).%°

Scheme 1.18. Scheerer's intermolecular approach to [2.2.2] diazabicycle brevianamide B.
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This mixture was subjected to a subsequent reductive denitration step, after which the
regioisomers were separable by chromatography. Following various connectivity and redox
adjustments, intermediate 1.79 was produced over six steps. This compound is a known
precursor to racemic brevianamide B (1.80) as per the past work of the Williams group towards
the same target.2® Proceeding through oxidation of the indole, the 1.79 epoxide ring opens to an
alkoxide intermediate and undergoes a ring contraction to furnish 1.80 in a single step.

Our final example of an intermolecular, regular-demand Diels-Alder for the construction
of an N-heterocycle is in the very recent work by the Herzon group, published in February 2024.
In their impressive syntheses of six securamine alkaloids (Figure 1.5), the cyclic urea structure of
securamines C, D, G, and I, are accessed through a late-stage photocatalytic [4+2] cycloaddition

of singlet dioxygen to the bromoimidazole of securamines A and B.

Figure 1.5. Structures of securamine alkaloids.
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After syntheses of securamines A and B were established, each target was BOM-
protected at imidazole-N° and subjected to rose bengal and visible light under positive pressure
of oxygen gas. The bridged cycloadduct established an electrophilic site at carbon 3 of the
imidazole, which was attacked by indole N to form polycyclic intermediate 1.81. This
intermediate underwent ring opening to the corresponding peroxide, which in solution in
methanol gave the Michael addition product 1.82. After formal loss of HOBr and methyl ether

cleavage to the corresponding alcohol, base-catalyzed elimination yielded the desired cyclic

29



ureas of the oxidized securamines. Subjecting these structures to a Lewis acid BOM-deprotected
both to yield securamine C (1.83) and securamine D (1.84, Scheme 1.19). Securamine C could
also, even in its unprotected form, be converted to securamine G via reduction with borohydride

or radical bromination of the indolyl phenyl ring with NBS to securamine I.

Scheme 1.19. Singlet oxygen [4+2] to build the cyclic urea of securamines C, D, G, and .

R'=H 1.84 - securamine D
R' = Br 1.83 - securamine C

The Herzon group’s total syntheses of these six alkaloids are the first of their kind.
Overall isolated yields range from 1.4% - 3.5%. Additionally, the longest linear sequence toward
any of their structures is 18 steps with no more than 12 purifications. Oxidative access to
securamines C, D, G, and I was entirely enabled by the singlet oxygen [4+2] cycloaddition, a
unique and strategic entry to end discussion of regular-demand Diels-Alder reactions to form N-

heterocycles in total synthesis.
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1.4 Dearomative [4+2] Cycloadditions

Several examples, both intra- and intermolecular, exist of Diels-Alder reactions that form
azacycles via dearomatization of one or both reactants. Owing to the electron-rich nature of
vinylindoles and more reactive, less aromatically delocalized nature of the C2 — C3 double bond,
these compounds are commonly employed as dienes. Variation of where the vinyl functionality
exists on the indole allows for precise incorporation of an indolyl moiety into a natural product.
Even if indole-N! is not directly involved in the [4+2], formation of a functionalized indoline
does establish an N-heterocycle.

Less commonly, functionalized indoles are employed as dienophiles. These discussed
examples are both inverse electronic demand due to indole’s electron richness, one of them
taking advantage of an intramolecular cycloaddition to entropically favor cyclization as well.
Similar to the employment of the less resonance-delocalized C2 — C3 n-bond as part of a diene,
its more weakly aromatic nature makes it a viable 2n-component in the Diels-Alder and other

cycloadditions, despite electronic constraints.
1.4.1 Dearomatization of Vinylindole

To demonstrate the synthetic utility of their organocatalytic asymmetric vinylindole
Diels-Alder, the Ricci group carried out a formal synthesis of tubifulodine, which contained the
tricyclic indoline structure constructed by their cycloaddition (Scheme 1.20).2” As one of their
scope entries for this method could be readily transformed into a literature precursor, they

embarked on their formal synthesis through construction of this precursor.?®
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Scheme 1.20. Ricci's general organocatalytic asymmetric vinylindole [4+2].
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Starting with a high-yielding and very enantioselective cycloaddition of 3-vinylindole
and N-phenylmaleimide with their optimized organocatalyst and a Bronsted acid, cycloadduct
1.85 was formed (Scheme 1.21). Strongly acidic conditions reductively cleaved the maleimide to
acid 1.86, which was readily converted to its corresponding methyl ester. Although the Ricci
group stopped their synthesis at the formation of this ester, a known tubifulodine precursor, it
could be further alkylated to an acyclic precursor, then subsequently cyclized and the indole

deprotected to form natural product 1.87, tubifulodine.

Scheme 1.21. Ricci's short formal asymmetric synthesis of tubifulodine.
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The year after the Ricci group published their formal synthesis, the MacMillan group
used their own chiral organocatalyst 1.88 to carry out a similar asymmetric Diels-Alder with a
functionalized 2-vinylindole as a diene.?® This cycloaddition was a key early step in their concise

nine-step route to establish the chiral complexity and connectivity of minfiensine. To begin the
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synthetic route, trans-thioether olefin 1.89 was installed on C2 of a commercially available
alkylamino indole precursor over three steps. The thioether moiety provided further electron
density to the diene as well as establishing a functionalization handle for a later radical
cyclization. This diene was dearomatized via Diels-Alder with propynal, asymmetrically
catalyzed by condensation of the aldehyde with 1.88. Following the cycloaddition, an acid-
catalyzed isomerization established an electrophilic site at indole C2, which was cyclized by the
pendant amine to tetracyclic product 1.90 (Scheme 1.22). The organocatalyst was cleaved and

went on to turn over its catalytic cycle in situ.

Scheme 1.22. Key asymmetric Diels-Alder in MacMillan's nine-step synthesis of minfiensine.
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1.91 - (+)-minfiensine

Five subsequent steps, namely N-alkylation of the pyrroloindoline, a 6-exo-dig radial
cyclization, and three redox and protecting group adjustments, produced enantiopure (+)-
minfiensine (1.91) in nine steps with an impressive 21% overall yield.

In a very similar synthetic pathway by the same research group a few years later, likely
inspired by the minfiensine project, (--)-vincorine was also produced in nine steps.>* Vincorine
possesses a very similar pyrroloindoline moiety to minfiensine with the same bridged six-

membered ring accessible through a Diels-Alder with 2-vinylindole as a diene. Aiming to obtain
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the opposite bridged ring stereochemistry as their previous target, organocatalyst 1.92 was
employed for the transformation.

From the same commercially available starting material used in the minfiensine
synthesis, precursor 1.93 was produced in two steps. After undergoing the same
diastereoselective asymmetric Diels-Alder as the previous work, acid-catalyzed isomerization of
the newly formed indoline to its corresponding imine allowed the penultimate cyclization to take

place (Scheme 1.23).

Scheme 1.23. Key asymmetric Diels-Alder in MacMillan's nine-step synthesis of vincorine.
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Again, in an analogous series of structural edits to those of minfiensine, tetracyclic
precursor 1.94 was alkylated at pyrroloindoline-N2, allowing the final bridged structure to be
produced through a radical cyclization. Notably, this cyclization took place through an acyl
telluride intermediate as a radical precursor. The final 7-exo-dig cyclization step proceeded
smoothly in 51% yield where other, more common radical sources such as thiohydroxamic acid
or an acyl selenide failed to produce isolable products. Thus, (--)-vincorine (1.95) was produced

in nine steps with 9% overall yield.
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1.4.2 Dearomatization of Indole

In their 2011 concise symmetric synthesis of Ny-desmethyl-meso-chimoanthine, Cossy
and coworkers used indole derivatives for both diene and dienophile, although the diene
fragment is not dearomatized within the cycloaddition.’! In a five-step sequence, indole was
functionalized to form diene precursor 1.96, which was subjected to base in situ and underwent
elimination to the desired reactant. This diene, sufficiently electron-deficient for the inverse-
electronic-demand cycloaddition by means of its lactam functionality, was exposed to a 2-
alkylamino indole, which underwent [4+2] cycloaddition to form a bridged pentacyclic

intermediate 1.97 (Scheme 1.24).

Scheme 1.24. Complexity-generating Diels-Alder-cyclization cascade by the Cossy group.
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After N — C bond cleavage to form two tethered bicycles, the weakly nucleophilic
pendent carbamate cyclized to penultimate product 1.98, which was then reduced and
concomitantly cyclized in one pot to form 1.99, racemic Np-desmethyl-meso-chimoanthine. This

sequence consisted of a brief seven steps that furnished the desired product in 22% overall yield.
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The other example of an indole dearomatization that was maintained in the final target is
the synthesis of strychnine by the Vanderwal group in 2011.3? As their publication title boasts,
the longest linear sequence in this total synthesis is only six steps and remains the shortest
synthesis of strychnine to date. The convergent second step of two facile starting material
syntheses from commercially available precursors involves formation of the Zincke aldehyde of
pyridinium 1.100 with secondary amine 1.101 to directly form an intramolecular Diels-Alder
precursor. This tethered diene and dienophile undergo a slightly inverse-demand cycloaddition
under 80 °C heat between the relatively electron-rich indole and a dienal. The cycloadduct,
furnished in 64% yield and total endo diastereoselectivity, was then subjected to base in situ and

isomerized to conjugated enal 1.102.

Scheme 1.25. Vanderwal's strychnine synthesis with a Zincke aldehyde precursor.

1.100 1.101 N
|

1.103 - strychnine 1.102

Tetracyclic 1.102 was subjected to a series of stereoselective bond-forming reactions and
a Brook rearrangement to furnish the Wieland-Gumlich aldehyde, which is known in the
literature to be converted to strychnine (1.103) in a single step. The Vanderwal group’s use of the

Diels-Alder from a Zincke aldehyde was pivotal in stereoselectively forming the central
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framework of strychnine early in their sequence. Highlighted are the carbon centers originating
from pyridinium salt 1.100, showcasing their contribution to the core framework and the

strategic disconnection that retrosynthetically provided an aromatic ring (Scheme 1.25).

1.5 Inverse Demand [4+2]

Cycloadditions

Three publications showcasing examples of inverse-electronic-demand Diels-Alder
reactions will be discussed, all of which are invoked by Boger and coworkers over several
decades’ time. This group heavily favors inverse-demand [4+2] cycloadditions for the facile
construction of aromatic polycyclic structures. All three total synthetic targets employ
intermolecular Diels-Alder reactions, many with a formal loss of nitrogen gas and an elimination
product from tri- or tetrazines.

The Boger group’s first employment of inverse-demand Diels-Alder reactions utilized
two consecutive cycloadditions in their concise route to streptonigrin in 1983, an achiral natural
product that finds use as an antibiotic and antitumor agent. Their tetrazine diester starting
material acts as an electron-poor diene that undergoes loss of nitrogen gas in each iteration of the

[4+2], in the end only conserving its two carbons in the final structure (Scheme 1.26).%
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Scheme 1.26. Boger's route to streptonigrin thorugh two inverse-demand Diels-Alder reactions.
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Despite this, imine dienophile 1.104 was readily synthesized from a commercially
available methoxyquinoline, functionalizing it with a methyl thioester at the same carbon as the
aromatic group. This fragment was subjected to the first inverse-demand [4+2] with tetrazine
1.105 to yield a bridged cycloadduct. This product underwent sequential elimination of
methanethiol and then nitrogen gas and aromatized to triazine dienophile 1.106. Still
functionalized with electron-withdrawing esters, this structure underwent a second inverse-
demand Diels-Alder with dienophile 1.107, which was prepared from existing literature.
Following an elimination of morpholine and N like the same transformation from the previous
cycloaddition, the six-membered resultant heterocycle was aromatized to the central pyridine

ring of streptonigrin. Following a sequence of minor functional group adjustments, streptonigrin
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(1.108) was produced over ten steps. This was the first example of an inverse-demand Diels-
Alder that underwent an elimination followed by extrusion of nitrogen gas to form an aromatic
ring, a strategy heavily employed by the Boger group throughout this section.

Sixteen years after this initial use, a similar transformation was used toward the pyridyl C
ring of phomazarin (1.109, Scheme 1.27).3* Also an early transformation, the direct
establishment of functionalization handles on this motif set the foundation for the further
construction of the tricyclic structure. From 1,1,2-trimethoxyethene and triazine 1.110, Diels-

Alder followed by elimination of methanol and nitrogen gas yielded pyridine 1.111.

Scheme 1.27. Boger's early use of an inverse-demand Diels-Alder for the synthesis of phomazarin.
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Through tethering a second functionalized phenyl ring to the two adjacent ester positions,
the B ring was also able to be oxidized to the requisite quinone. The early establishsment of the
pyridyl C ring was pivotal to the following steps, which produced phomazarin in 23 steps.

A third example of a transformation in this family of cycloadditions is the Boger group’s
synthesis of ent-(--)-roseophilin. This synthesis took advantage of the same aromatization via
elimination-nitrogen gas expulsion, with a subsequent ring contraction step to form the pyrrole
instead of the pyridine or other N-heteroarene. A chiral methoxy dienophile was reacted with a
similar diester tetrazine to that of the first example to provide diazine 1.112. This intermediate
underwent zinc-catalyzed ring contraction to the pyrrole, which was further functionalized with
two other five-membered aromatic heterocycles and cyclized with a pendent alkyl group to

produce ent-(--)-roseophilin (1.113).3°
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Scheme 1.28. Total synthesis of ent-(--)-roseophilin
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1.5 Conclusions

The Diels-Alder [4+2] cycloaddition is one of, if not the most impactful transformations
known to synthetic chemists, especially within total synthesis. It has been heavily employed to
form N-heterocyclic structures, which are a defining attribute of alkaloids. As nitrogen
constitutes the backbone of many amino acid sequences and therefore the primary structure of
proteins, bodily metabolites and complex targets produced within biological organisms often
contain nitrogen. The incorporation of nitrogen atoms into both dienes and dienophiles has
allowed for great strides forward in the utility of the Diels-Alder in azacycle construction.

Intramolecular, intermolecular, dearomative, and inverse demand examples are well
established tools in the utilization of [4+2] cycloadditions in total synthesis. Whether N-
heterocycles are secondarily formed from a carbocyclic cycloaddition of this nature or directly
by the condensation of one or more nitrogen-containing fragments, the use of the Diels-Alder
reaction in total synthesis, especially for forming the N-heterocyclic structure of alkaloids,

cannot be disputed.
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CHAPTER TWO: Lewis Acid-
Promoted Diels-Alder Reactions
With Vinylazaarene Dienophiles

2.1 Introduction

As rigorously established in Chapter 1, the Diels-Alder reaction is fundamental to the
synthesis of complex molecules and is frequently employed therein. Its predictable regio- and
diastereoselectivity and perfect atom economy in the construction of complex frameworks renders
it ubiquitous in every branch of synthetic chemistry.? From its simple foundation in 1928, its
scope of viable dienes and dienophiles has been highly diversified and engineered for compatibility
with various catalysts.’

The biological importance of N-heterocycles has also been thoroughly stressed, and
methods to form and functionalize these quintessential rings are highly valued in chemical
synthesis. The Diels-Alder [4+2] has already emerged as a powerful means for their construction,
but we identified a gap in the literature for dienophiles prefunctionalized with aromatic N-
heterocycles. Owing to the weak electron-withdrawing effects of an aromatic ring, styrenes and
their derivatives remain well-established as dienophiles.*> We hypothesized that this utility could

be extended to vinylazaarenes.
2.1.1 Relevance of cyclohexyl-functionalized azaarenes

Pyridine rings constitute the second-most common ring structure in FDA-approved drugs,

cyclohexyl rings the fifth.® Biorelevant structures containing both moieties bonded to one another
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are common across a wide variety of drug types and are therefore highly applicable to drug
discovery. Notable among these examples is LGH-447, which has been demonstrated to have
anticarcinogenic properties across various cancers but has recently found use as a treatment for

COVID-19 as well.”®

Figure 2.1. N-heteroarenes functionalized with cyclohexyl groups.
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Current synthetic approaches to these compounds commonly include coupling reactions
that require prefunctionalizations on one or both starting materials, as well as expensive transition
metal catalysts and bespoke ligands. We envisioned an easier, more step-efficient route to these
structures might come from viewing the cyclohexyl rings as Diels-Alder retrons. This alternative
approach would widely expand accessibility to these structures as well as facilitate rapid, modular

access to diverse medicinal analogs.
2.1.2 a,B-unsaturated carbonyls as dienophiles

Representing the most common method of dienophile activation is that of a,B-unsaturated
carbonyls. Owing to two Lewis basic lone pairs on the oxygen atom in conjugation with an olefin,
complexation of a Lewis acid places a formal positive charge on the oxygen. This in turn favors a

resonance structure in which a positive charge exists on a dienophilic carbon, lowering the LUMO
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of the dienophile and accelerating the rate of reaction, as well as the regio- and diastereoselectivity

(Figure 2.1).

Scheme 2.1. Lewis acid activation of a,B-unsaturated carbonyl dienophiles.
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Myriad Lewis acids have been identified since the advent of this catalysis and used in
synthetic methods and total synthesis.”!® This approach can affect enantioselectivity as well,

opening the Diels-Alder reaction up to asymmetric variants.'!

2.1.3 In situ formation of a,f-unsaturated iminium
dienophiles

Amine catalysis of the Diels-Alder was quickly brought to prominence by MacMillan and
coworkers for their chiral organocatalysts.!""!> These pyrrolidine-derived structures readily
condense with o,—unsaturated carbonyls to form o,-unsaturated iminium ions, which activate

the dienophile in a similar fashion to Lewis acids.

Figure 2.2. Route of dienophile activation by MacMillan's chiral amine catalysts.
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Bulky functionalities installed asymmetrically on these catalysts favor diene attack on a
single face of the dienophile, enantioenriching the product. While this groundbreaking work won
MacMillan the Nobel prize in 2021, we took particular note of the active dienophile species as

well. If dienophile activation was not limited to formation of a formal oxonium ion in conjugation
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with the olefin, our theoretical foundation for catalysis of vinylpyridines and other vinylazaarenes

was viable.

2.2 Overview of prior work on
vinylazaarene dienophiles

2.2.1 Thermal cycloadditions

Existing literature on vinylpyridines as dienophiles was surprisingly stark. To our
knowledge, very few thermal or Lewis acid-catalyzed examples existed of our desired
transformation. Thermal entries demonstrated that vinylpyridines were in fact viable dienophiles
that underwent Diels-Alder cycloaddition. Combining with unactivated dienes such as butadiene
and isoprene at high temperatures, cycloadducts were produced, albeit in low yields and

regioselectivity (Scheme 2.3).13:14

Scheme 2.2. Thermal Diels-Alder of 2-vinylpyridine and isoprene.
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Under thermal conditions, this reaction is limited to the intrinsic HOMO-LUMO gap
between a mildly electron-rich diene and a mildly electron-poor dienophile. Overcoming this
significant kinetic barrier toward reaction required extensive heating for the observed poor yield
and selectivity. In recreating this reaction, we observed the same 2:1 regioselectivity but were

only able to isolate 9% expected product (Table 2.1, entries 1 and 2). Thus necessitated greater
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reagent control of yield and selectivity, and investigation into the literature precedent of Lewis

acid-catalyzed variants of this transformation.

2.2.2 Lewis acid-catalyzed cycloadditions

We only identified a single dedicated example of dienophile activation via Lewis acid
complexation to the pyridyl nitrogen atom. This cycloaddition between 4-vinylpyridine (2.1) and
isoprene (2.2) was catalyzed by Ni(0) and Zr(IV) catalysts, resulting in poor yield and nonexistent
regioselectivity (Scheme 2.4).!° Requisite heating of the reaction vessel reached nearly the same

temperature as the thermal cycloaddition, which in fact reported a higher yield than this example.

Scheme 2.3. Lewis acid-catalyzed Diels-Alder of 4-vinylpyridine and isoprene.
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A more successful entry into our desired mode of catalysis was established as a side
reaction in an unrelated study. Using Zn(NO3)2*6H>O as a Lewis acid to activate 2- and 4-
vinylpyridine towards a different transformation, exposure to pentamethylcyclopentadiene and
mild heat resulted in production of their cycloadduct (Scheme 2.5). Under these conditions, this
adduct was formed in 78% yield and 8:1 diastereoselectivity, a noted improvement over the poor
yields and selectivities that were observed in more dedicated studies despite constructive effects

from a more reactive diene.
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Scheme 2.4. Lewis acid-catalyzed Diels-Alder of 2-vinylpyridine and
pentamethylcyclopentadiene.
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2.3 Optimization and controls

2.3.1 Initial investigation

Starting from the Zn(II) salt that saw success with a highly reactive diene, we attempted to
extend the scope of this reactivity toward less electron-rich 4t components. However, less reactive
dienes such as dimethylbutadiene, isoprene, and cyclohexadiene failed to produce even trace
cycloadduct. Increasing the molar loading of Lewis acid and the reaction temperature also failed

to appreciably affect a desired outcome (Table 2.1).

Table 2.1. Initial azaarene Diels-Alder reaction condition screening.

JI\/ i N/
N
Me Z A

NZ | 2.2 X +
X / > M
: e
2.1 0-5Min MeCN 2.3a 2.3p Me

Entry | Temperature Reaction time | Lewis acid GCyield (%) 2.3a

(9] (h) 2.3b
1 170 24 - 9 2:1
2 170 72 - 13 2:1
3 40 24 Zn(NO3)2°6H20 | <1 -
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4 82 24 Zn(NOs3)+6H,0 | <1 -

2.3.2 Lewis acid screening

It became clear that although Lewis acid catalysis was an effective way to improve yield
and selectivity through greater polarization of the vinyl group, a different acid would be necessary
to optimize the reaction. Sampling from simple and accessible acids, we focused our screening on
boron- and aluminum-based catalysts as they are commonly employed for Diels-Alder reactions
and can be functionalized with chiral auxiliaries. Two Brensted acids with non-coordinating
counterions were also screened but found to be less effective than Lewis acids. Overall yields were

evaluated on a GC-FID instrument using dodecane as an internal standard.

Table 2.2. Lewis acid screening.

JI\/ z NZ
N
Me = X

NZ | 2.2 X +
N 7 0.5 eq. acid > Me
21 0.5M in MeCN, 24h 2.3a 2.3p Me
Entry Lewis acid GC Yield (%) 2.3a:2.3b
1 Me;Al 3 4:1
2 BCl; 4 3:1
3 EtAICl, 12 3:1
4 B(CeFs)3 12 3:1
5 AlCI3 21 4:1
6 BF3;-MeCN 23 5:1
7 BF3-OEt; 35 5:1
8 HBF4 15 4:1
9 TfOH 11 3:1
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After thorough investigation, we found BF3*OEt; to be the most efficacious acid for the
desired reaction, impacting both yield and regioselectivity the most. Notably, use of a Lewis acid
improved regioselectivity over the thermal cycloaddition more than twofold (Table 2.1, entries 1
and 2; Table 2.2). In line with our expectations, this higher selectivity can be attributed to a more
resonance-polarized dienophile.

This 35% yield result, although modest, was highly promising considering the model
reaction. As isoprene’s reactivity is only enhanced by the hyperconjugative effects of a methyl
group and lacks resonance forms to greatly favor one regioisomers over another, we hypothesized
that greater yields and selectivities could be observed with more electron-dense dienes.
Additionally, we had already observed 2-vinylpyridine to be a more potent dienophile than its 4-
vinyl isomer owing to greater resonance and inductive effects of Lewis acid complexation more

proximal to the olefin.

2.3.3 Reaction condition screening

Upon establishment of our optimal Lewis acid, we continued toward reaction condition
screening. Stoichiometry, solvent, reaction temperature, and reaction time were evaluated in

succession toward a full set of optimized conditions.

Table 2.3. Azaarene Diels-Alder stoichiometry screening.

N/
N/
Mejk/ I X

S Z >
0.5M in MeCN, Me Me
21 24h, 70°C 2.3a 2.3b
Entry Equiv. Lewis acid Equiv. 2.2 GC Yield (%)
1 0.5 3 37
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2 0.5 2 35
3 0.5 1.5 22
4 0.5 1 18
5 0.4 2 12
6 1.0 2 25

Our first screening regarded optimum stoichiometric equivalents of the acid and diene. All
regioselectivities in this screening remained at 5:1 2.3a : 2.3b. While raising diene equivalents to
1.5 and then 2 substantially increased the yield, raising the excess further to 3 equivalents saw a
plateau in efficacy. Carrying the screening forward with two equivalents of diene, we screened for
optimum Lewis acid loading. While dropping the equivalents by just 10% loading showed a stark
drop in yield, increasing them to one whole equivalent did as well. This was likely due to the
stability of the BF3-bound complex of the cycloadduct, which is thermodynamically favorable to

form as will be discussed in section 2.5.

Table 2.4. Azaarene Diels-Alder solvent screening.

N/
Jj\/ N~
2 eq. Me F | A

NZ | 2.2 X *
N # 0.5M, 24h, 0.5 eq. g Me
2.1 acid, 70°C 2.3a 2.3p Me
Entry Solvent GC Yield (%) 2.3a:2.3b
1 MeCN 35 5:1
2 DMF 25 51
3 1:1 MeCN:DMF 32 4:1

While we evaluated the reaction in over a dozen solvents, only four particularly polar

entries gave appreciable yield upon gas chromatography. Nonpolar, hydrocarbon solvents never
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exceeded trace product yield, with DCM, chlorobenzene, and ethanol reaching single-digit results.
The only solvent other than acetonitrile that facilitated production of the cycloadduct was DMF,
suggesting necessity of a polar solvent to stabilize a more polar Lewis acid-base complex in the
transition state. A 1:1 mixture of the two solvents provided a yield close to our optimum entry, but

a decrease in regioselectivity.

Table 2.5. Azaarene Diels-Alder temperature screening.

N/
Jj\/ N~
2 eq. Me F | A

N | 2.2 X +
A Z
0.5M in MeCN, 24h, Me M
21 0.5 eq. acid 2.3a 2.3p V€
Entry Temperature (°C) |GC Yield (%) 2.3a:2.3b
1 50 3 6:1
2 60 16 5:1
3 70 35 5:1
4 80 18 5:1
5 100 16 5:1

Where temperature was concerned, there was a clear “sweet spot” at 70°C: warm enough
to kinetically facilitate the reaction, but not so hot that side reactions or reactant degradation
accelerated at the expense of the Diels-Alder. Higher temperatures did in fact tend to yield more
separated products on the GC chromatogram where lower ones showed greater amounts of

unreacted starting material.

Table 2.6. Azaarene Diels-Alder reaction time screening.

N/
JI\/ N
2eq. o~ NF | N

NS
N~ | 2.2 +
S G >
0.5M in MeCN, Me Ve
70°C, 0.5 eq. acid 2.3a 2.3b

21
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Entry Time (h) GC yield (%) Isolated yield (%)
1 24 35 33
2 48 47 44
3 72 54 52

Finally, in evaluating reaction times after full optimization, we discovered that allowing
the reaction to progress over 72 hours raised the yield of cycloadduct to 54% (Table 2.6, entry 3).
While this measure was not necessary for all dienes, it opened the possibility that particularly
unreactive diene-dienophile pairs such as the 2.1/2.2 combination could see very improved yields
after a longer reaction time. Isolated yields of these reactions were also determined to verify

accuracy of the GC yield metric.

2.3.4 Control reactions

As a mechanistic probe, 3-vinylpyridine was subjected to the optimum reaction conditions
and a slightly more reactive diene, dimethybutadiene. Under the same conditions that afforded
54% yield between 4-vinylpyridine and a less reactive diene, 3-vinylpyridine did not form the
cycloadduct and instead resulted in complete recovery of starting materials. This supports the
necessity of the Lewis acid to be in conjugation with the dienophilic alkene to facilitate the Diels-
Alder. Simply the inductive effect of placing a formal positive charge on a slightly proximal
nitrogen is not enough to promote the [4+2] (Scheme 2.7). Additionally, subjection of 4-
vinylpyridine and isoprene to the reaction conditions without an acid present produces 0% yield

as well.
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Scheme 2.5. Azaarene Diels-Alder control reaction.

0.5M in MeCN, N
70°C, 0.5 eq. acid

| t  Me s -
X G
Me

72h Me

2.4 Scope

Optimized procedure in hand, we proceeded to establish a scope of both dienes and
dienophiles within our reaction scheme. While optimum conditions were established on a low-
yielding reactant pair, most scope entries readily met or exceeded the established yield in 24 hours.
Selected dienes for the scope are commonly used in practical syntheses and provide the
opportunity to showcase good to excellent diastereoselectivity, regioselectivity, or both.

All scope reactions were conducted on a 2 mmol scale for 24h unless otherwise noted. All
yields are isolated and selectivities were determined through integration of 'H NMR spectra.
Observed selectivities and yields are in keeping with expected trends based on steric and electronic
properties of both dienes and dienophiles. For example, analogous cycloadditions of 4-
vinylpyridine and 2-vinylpyridine with dimethylbutadiene (2.5 and 2.11, Figure 2.3) have a 20%
difference in yield despite their only difference being the connectivity of the dienophile.
Differences in reaction rate of dienes can be observed as well, illustrated by the nearly 15% yield
disparity between cycloadditions of 2-vinylpyridine with isoprene (2.10) vs. dimethylbutadiene
(2.11) with the simple addition of one methyl group. Cyclopentadiene adducts (2.9 and 2.16)
demonstrated quantitative yield due to their electron richness and locked reactive conformation as

planar conjugated dienes.
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2.4.1 Diene scope2.9

Figure 2.3. Diene scope of the vinylazaarene Diels-Alder reaction.

a.) 4-vinylpyridine diene scope b.) 2-vinylpyridine diene scope

H Me Me
Me Me :
- N N N N
N | Yoo o ®
X S S '
| | Me : »Z Z 2 Ph ~  OAc
N~ N _~ N __~ Ph

2.12 - 63% yield 2.13 - 71% yield

2.4 - 54% yield 25-56%yield  2.6-41%yield  210- f?{;_#’ie'd 2.11 - 75% yield > 20:1 > 20:1
rr=4:1 rr=4.1 : = dr > 20:1 dr > 20:1
dr > 20:1 :
: H
: N
/ '
,N \ R H D D R N= ’
N : N
‘ =z z H Z NZ NZ ‘
. N ‘
J g J Q0 g Jd S
2.7 - 39% yield 28-35%yield  2.9-97%yield |  214-55%yield  215-51%yield 2.16-99% yield 217 - 44% yield
dr > 201 dr=4-1 h dr > 20:1 dr > 20:1 dr > 20:1

In the full collection of diene scope entries, we observe good to excellent
diastereoselectivity, favoring the endo isomers more heavily than thermal counterparts due to
increased polarization in the extended dienophile m-system. Regioselectivities also remain
consistently high, more so than analogous thermal cycloadditions as can be seen in entries 2.4 and
2.10. These reactions form up to three new stereocenters from achiral starting materials and

constitute functional entries into cyclohexylazaarene moiety of various drugs and drug leads.
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2.4.2 Dienophile scope

Figure 2.4. Dienophile scope of the vinylazaarene Diels-Alder reaction.

monocyeclic, bicyclic, and substituted vinylazaarenes

Me Me Me
N N Me
= N N~
N Z

2.18 - 48% yield 2.19 - 61% yield 2.20 - 67% yield

Me Me
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oot 7
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2.21 - 89% yield 2.22 - 76% yield 2.23 - 81% yield

halogenated pyridines for further functionalization

Me Me Me
N
B N N
r\Ej/@Me U@Me N Me
Z
4 cl Z

2.24 - 46% yield 2.25 - 79% yield Br 2.26 - 86% yield

Upon evaluation of diene substrate tolerance, the scope was extended to include diverse
vinylazaarenes as well. Diazines were well-tolerated, notably in the case of the pyrazine adduct
(2.18, Figure 2.4) in which one nitrogen was out of conjugation with the dienophilic olefin. As
expected, however, the vinylpyrimidine cycloadduct 2.19 with two Lewis basic sites in
conjugation, was furnished in higher yield.

Quinolines were readily incorporated into the dienophile scope as well, even better
tolerating activation at 2- and 4- vinyl substitutions than their pyridyl counterparts. Cyclohexyl

azaarenes 2.19 and 2.23 can specifically be traced back to representative structures in Figure 2.1 —
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Pralsetinib and Linrodostat. The observed trends in yield are in line with expectation, as quinolines
constitute more electron-withdrawing systems than pyridines.

Likewise, halogenation of the dienophile is also tolerated well. Fluorination of 4-
vinylquinoline at C9 leads to a 5% increase in yield over its unfunctionalized counterpart, and
chloro- and bromo- substituents are tolerated in good yields. Not only do entries 2.24 — 2.26
provide halogenated aryl frameworks for further skeletal diversification at the 2-, 3-, and 4-
positions of the pyridine, but the 2-bromo substitution of 2.26 places a large, electronegative group
proximal to the key Lewis basic lone pair. Although this functionalization results in a decrease in

yield, the reaction still proceeds to form a synthetically useful amount of product.

2.4.3 Limitations to scope

While the vinylazaarene Diels-Alder demonstrated a robust scope in its optimized form,
several limitations existed to its tolerance for both dienes and dienophiles. Electron-deficient
and/or aromatic dienes such as 2.27, 2.29, and 2.30 failed to produce appreciable yield. Despite its
high electron density, furan (2.28) also did not react (Figure 2.5). We postulate that this is likely
due to the presence of a highly Lewis basic lone pair that competed with the azaarene nitrogen(s)
for complexation with BF3. Not only would this lower the availability of catalyst in the reaction
vessel, but it would lower the HOMO of furan through the same route that it lowers the dienophile
LUMO. Despite electron-donating hyperconjugative effects from the methyl and isopropyl groups
of a-terpinene (2.31), steric bulk at the bond-forming carbons also destabilized the transition state

enough to preclude its reaction.
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Figure 2.5. Limitations to diene scope.
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The range of dienophiles was, as previously mentioned, limited to vinyl groups in
conjugation with the pyridyl nitrogen lone pair. Although 3-vinylpyridine (2.32) did not react in
our optimized scheme, we found it to perform similarly to 2- and 4-vinylpyridine under
uncatalyzed thermal conditions, providing further support for the efficacy of Lewis acid promotion
(Figure 2.6). Substitution of the dienophilic olefin beyond a monosubstituted vinyl group was also
not tolerated. 1,2- and 1,1-disubstitution (2.33 and 2.34) both failed to produce cycloadduct—this
observation could be due to steric constraints of an additional group at a bond-forming carbon, or
the enhanced stability of higher olefin substitutions leading to a higher activation energy barrier.

In a related observation to the diminished yield of 2-bromo-6-vinylpyridine (2.24, Figure
2.4) as a dienophile, 2-bromo-6-vinylpyridine (2.35) failed to react entirely. While fluorine
possesses a much smaller atomic radius to bromine, its higher electronegativity diminished the
Lewis basicity of its proximal nitrogen to the point where BF3-coordination was insufficient to
facilitate the reaction. This is supported by the visual observation of gas formation (BF3-H>O,
water vapor) upon addition of Lewis acid to all successful dienophile entries in solution. No visible
gas was formed upon addition of BF3-OEt; to 2.35 in solution. Much like the diene limitations,

presence of a competing Lewis basic lone pair on the dienophile also precluded the reaction. Amide
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2.36 did not react, despite having a similar electron-donating effect to the successful methyl-

substituted pyridine entry (2.20, Figure 4) based on Hammett parameter. '

Figure 2.6. Limitations to dienophile scope.

| N | N R
P Z
2.32 2.33
R
2.34 2.35 236 N

2.4.4 Pharmaceutical relevance

Beyond establishment of the scope, we also set out to demonstrate applicability to
medicinal chemistry on a practical level. Without re-optimization, formation of cycloadduct 2.13

proceeded in 51% yield on the 10-gram scale with no adverse impact on the excellent diastereo-

and regioselectivity (Scheme 2.8).

Scheme 2.6. Scale-up of the Diels-Alder between 2-vinylpyridine and 1-
acetoxybutadiene

Z N
~ AcO MeCN, 70°C, 24h [
N
| + | -
N Z G
AcO
4.8g 10g 2.13 - 51% yield
rr > 20:1
dr > 20:1

As shown in Figure 2.1, Linrodostat (2.37) is a chemotherapy lead in phase III trials for several
cancers.!” To demonstrate the utility of this Diels-Alder, we assembled fragment 2.38, the 4-

cyclohexylquinoline moiety of this small molecule, in a single step (Scheme 2.9).
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Scheme 2.7. Concise synthesis of a Linrodostat fragment.
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2.5 Mechanistic insight

To provide further support for our mechanistic postulations, DFT calculations were run on
the cycloaddition between 2-vinylpyridine and trans-1-phenyl-1,3-butadiene, comparing the
energetic profiles of BF3-promoted and thermal pathways. Calculations were carried out using

Gaussian 16, with the B3LYP functional and the 6-31+G(d) basis set levels of theory.
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2.5.1 DFT stepwise energy level calculation

Figure 2.7. Free energy diagram of Lewis acid-promoted and thermal endo cycloadditions of 2-
vinylpyridine and 1-phenylbutadiene to form the major regioisomer. Energies in kcal/mol.

+35.8

In keeping with expectation, calculations supported a major disparity between the thermal
and BFs-promoted product-forming transition states. The complexation of BF; with 2-
vinylpyridine is thermodynamically favored and lowers the activation energy of the concerted
cycloadditions from the thermal variants for both the major (Figure 2.7) and minor (Figure 2.8)
regioisomers. The BF3-bound complexes of both major and minor cycloadducts are significantly

thermodynamically favored. This observation provides insight into the optimum catalyst loading.
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A steep decrease in isolated yield is observed at 0.4 molar equivalents of BF3 vs. 0.5 equivalents,

which may be attributed to the thermodynamic sink of the cycloadduct-BF3 complex.

Figure 2.8. Free energy diagram of Lewis acid-promoted and thermal endo cycloadditions of 2-
vinylpyridine and 1-phenylbutadiene to form the minor regioisomer. Energies in kcal/mol.

+39.6

Ph

2.5.2 DFT transition state geometry optimization

Figure 2.9. Comparison of thermal and Lewis acid-promoted transition states.
Bond distances in anastroms.
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In addition to energy calculations, transition state geometry for both thermal and Lewis
acid-promoted reactions was optimized to provide insight into increased regioselectivity (Figure
2.9). While energy calculations showed a AAGI between the thermal and BF3-promoted transition
state energies of 15.4 kcal/mol, optimized geometry showed a greater degree of geometrical
asynchronicity to support this value. Thermally, the difference in bond distance between the two
developing carbon-carbon bonds was 0.85 A. Representing a small but significant difference in
bond length disparity (AA4) of 0.36 A, the more asynchronous BF3-promoted transition state had

a bond length difference of 1.21 A.

2.6 Conclusions

Vinylazaarenes have been established as viable and synthetically useful dienophiles to
undergo the Diels-Alder [4+2] with unactivated dienes. Lewis acid-promotion by 0.5 molar
equivalents of BF3*OEt, greatly diminishes the required reaction temperatures versus thermal
cycloadditions, as well as consistently increasing the observed diastereoselectivity and
regioselectivity of isolated products. Featuring a wide scope of dienes and various N-heteroarene
dienophile scaffolds, as well as direct application to the synthesis of biologically relevant
frameworks, we have taken advantage of the pyridyl nitrogen’s Lewis basic lone pair for activation
that renders these previously unreactive dienophiles synthetically useful.

Additionally, we have supported our experimental observations and expanded upon our
mechanistic understanding of this transformation by carrying out a series of computational studies
into its transition state energies and geometries. We have therefore provided a foundation for future

studies and diversification of our methodology, including possible forays into enantioselective
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catalysis, scope expansion into hetero-Diels-Alders or current limitations, and applications to the

total synthesis of natural products.
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CHAPTER THREE:
Development of the

Organocatalytic Formal Aza-
Pauson-Khand Reaction

3.1 Introduction

Although the Diels-Alder might be the most prevalent name in cycloadditions, it is by no
means the only one. True cycloadditions, pericyclic reactions where the rearrangement of n-bonds
gives way to a new cyclic structure with a net reduction in bond multiplicity, expand into complex
assemblies of ring structures, from 3-membered to 10-membered.! Formal cycloadditions expand
the possibilities of these transformations through stepwise mechanisms, often metal- or
organocatalytic in nature, that proceed through radical or charged intermediates. Although not
strictly pericyclic in nature, these reactions also furnish rings from m-bond-containing acyclic
precursors.

Herein we report the first example of an organocatalytic formal [2+2+1] reaction, using
nitrene surrogates as one-atom components. We have been inspired both by the state of the art in
metal-catalyzed [2+2+1] reactions and mechanistic insight from our own previous work to devise
this novel transformation. Having established optimum conditions as well as a scope including
pharmaceutically relevant entries to demonstrate the broad applicability of this method, we have
also engineered a nitrene source to specifically address mechanistic considerations towards a faster

reaction rate in our scheme.
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3.1.1 Relevance of 5-membered N-heterocycles

Pyrrolidines, fully saturated 5-membered N-heterocycles constitute the eighth most
common ring structure in FDA-approved drugs.? Though less common, aromatic pyrroles are
also a group of rising prominence in the drug discovery field. Both structures are accessible in
one step through pyrrolines, a monounsaturated 5-membered nitrogen-containing ring. Whether
FDA-approved or in clinical trials, all three of these motifs appear in drugs or drug leads (Figure

3.1)3°

Figure 3.1. Structures of FDA-approved drugs and drug leads containing a 5-membered N-heterocycle.
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As previously established, a facile and highly atom-economical route to N-heterocyclic
structures such as these is through cycloadditions. Like the Diels-Alder, other true or formal
cycloadditions proceed through well-documented mechanisms that lend themselves to predictable
diastereo- or regioselectivity. Synthetic chemists have long leveraged these transformations toward
the synthesis of complex targets, and further development of cycloaddition reactions lends a robust

toolkit for the construction of such targets.
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3.1.2 The Pauson-Khand reaction

Commonly employed in total synthesis and widely developed in the literature is the
Pauson-Khand reaction, a transition-metal catalyzed formal [2+2+1] cycloaddition of an alkene,
an alkyne, and carbon monoxide as a carbene source to form a cyclopentenone.”® Not only does
this reaction produce a five-membered carbocyclic ring in a single step, but also produces two
inherent functionalization handles that lend themselves toward further diversification (Scheme

3.1).

Scheme 3.1. Overview of the Pauson-Khand reaction.
Rs (0]

Ri~_R»
\“/ |l| carbene source CO CQ_Rs

L} ’ N
: . ML, SN
.

This reaction proceeds through an organometallic mechanism that requires positive
pressure of carbon monoxide and successive associations of all three Lewis basic components
with a metal center (Scheme 3.2). Although cobalt polycarbonyls are the first and most prevalent
examples of a metal catalyst in this reaction, palladium, titanium, ruthenium, iron, molybdenum,
copper, and rhodium centers are also utilized for this transformation. Enantioselective variants as
well as specially engineered conditions have been established for intra- and intermolecular
substrates with varying functionalities. Specific ligands have also been produced to best

accommodate the desired transformations.'%!!
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Scheme 3.2. Pauson-Khand reaction mechanism.
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Our inspiration for this reaction stems ultimately from this transformation. Work in the
Hilinski lab focuses heavily on nitrene chemistry, and substitution of a nitrene for a carbene in
this scheme would represent an unprecedented and ubiquitous transformation. Predictable regio-
and stereochemistry in the Pauson-Khand canon would theoretically be applicable to a nitrene

variant as well.

3.2 Prior transition metal-catalyzed

formal [2+2+1] work

There is also a strong literature precedent for transition metal-catalyzed formal [2+2+1]
reactions to form pyrroles in a similar scheme to the Pauson-Khand, yielding pyrroles instead of
pyrrolines. Much work by the Tonks group centers around the formation of pyrroles by titanium
complexes that combine two alkynes and a nitrene source, and examples exist of vanadium- and

ruthenium-catalyzed variants of similar transformations.

3.2.1 Ti-catalyzed [2+2+1]
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Spanning the past eleven years, works by the Tonks group have dominated the field of
titanium-catalyzed formal [2+2+1] cycloadditions. In a robust series of publications, both inter-
and intra-molecular examples have been established toward the formation of C,-symmetric and
Cr-asymmetric pyrroles. The scope of this group’s preliminary publications included excess alkyne
with respect to diazobenzene as a nitrene surrogate. Scope entries include symmetrical alkynes
(Scheme 3.3a), tethered alkynes (Scheme 3.3b), and asymmetric alkynes that yielded a mixture of

regioisomers (Scheme 3.3¢c).!%!?

Subsequent studies focused on mechanistic understanding and allowed for further
innovation in the field of C;-asymmetric formal cycloadditions with two different alkyne
components in addition to the diazobenzene. TMS-substituted alkynes were deprotected in situ
toward regioselective construction of trisubstituted pyrroles with regioselectivity for the R = H
substituent both proximal and distal to the nitrogen (Scheme 3.3d and 3.3¢).!*!> While proximal-
H iterations relied on the inherent anionic stabilization of the -TMS group, distal-H regioselective
reactions utilized dative directing groups opposite the ~TMS group: Lewis basic donor groups

coordinating to the titanium center to influence the regioselectivity of the second alkyne addition.
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Scheme 3.3. Overview of the Tonks group's work on Ti-catalyzed formal [2+2+1] reactions for

the formation of pyrroles.
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Mechanistically, these formal cycloadditions followed the same general scheme, taking
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advantage of titanium’s nitrene-philicity as an early transition metal. Undergoing oxidative
addition with diazobenzene, a titanodiaziridine is formed, which quickly decomposes to the metal
nitrene species. Successive oxidative additions of two alkenes form the six-membered titanacycle,
which then undergoes reductive elimination to the corresponding pyrrole and regeneration of the

catalyst (Scheme 3.4).!%!7 Inherent regioselectivity of this mechanism places the more electron-



rich carbon proximal to the highly Lewis acidic titanium, which is a common mechanistic quality
in transformations of this nature and informed many subsequent formal [2+2+1] studies with

different metal centers.

Scheme 3.4. General mechanism of the Tonks group's Ti-catlayzed formal
[2+2+1] reactions.
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Similar cycloadditions using azides as nitrene sources in the place of diazobenzene have
been established as well. These reactions follow a similar mechanism to Scheme 3.4, except with
the thermodynamically favorable expulsion of nitrogen gas bridging the titanadiaziridine and metal
nitrene species as opposed to the loss of one-half diazobenzene. They are also characterized by

tolerance for terminal alkynes, regioselectively incorporating them into disubstituted pyrroles.'®!”

3.2.2 V-catalyzed [2+2+1]

Though less thoroughly investigated than titanium-catalyzed reactions, vanadium centers

have been studied to carry out similar transformations. Analogous reactions to that shown in
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Scheme 3.3c, producing pyrroles regioselectively but not entirely so, from asymmetric alkynes
specifically predominate. These formal cycloadditions follow a similar mechanism to their
titanium analogs, the only notable difference being that the vanadium center maintains a higher

valence than titanium throughout the organometallic cycle.?’

Scheme 3.5. Vanadium-catalyzed formal [2+2+1] to form azadiphospholes from
phosphaalkynes and diazoarenes.
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A distinct advantage that vanadium catalysis holds over titanium methods is compatibility
with phosphaalkynes (Scheme 3.5). A limited scope of azadiphospholes was produced with various
regiochemical outcomes between aryl and adamantyl phosphaalkynes and diazoarenes, which adds

to the versatility of the formal [24+2+1] reaction.?!

3.2.3 Ru-catalyzed [2+2+1]

A single example of a transition metal-catalyzed formal [2+2+1] reaction exists outside of
titanium- and vanadium-based catalysts. These ruthenium-catalyzed reactions employ
sulfoximines as nitrene source for the formation of pyrroles from tethered diynes (Scheme 3.6).
While R groups were relegated to simple aryl and methyl groups, intramolecular tethers were
varied between carbon- and nitrogen-centered groups with electron deficient functionalities and
simple ethers, which expands the scope of the formal [2+2+1] further into various intramolecular

substrates. 2
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Scheme 3.6. Ruthenium-catalyzed formal [2+2+1].
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3.3 Organocatalytic mechanistic insight
from previous work

In addition to other groups’ work on [2+2+1] chemistry, our development of the
organocatalytic aza-Pauson-Khand drew broad inspiration from previous studies in our lab.
Combining mechanistic knowledge from two separate publications, inception and optimization of
the procedure was heavily based upon thorough investigation of our iminium organocatalyst’s
mechanism of action. Organocatalyst 3.1 has been established to carry out C—H oxidation, C—H

amination, and aziridination of styrenes (Scheme 3.7).2>"2

Scheme 3.7. Established applications of the Hilinski iminium
organocatalyst. OH
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3.3.1 Diaziridinium active species for nitrene transfer

In 2019, the Hililnski group published a computational study evaluating the mechanism of
benzylic C-H amination with 3.1 in collaboration with the Gutierrez group.?® Although this study
evaluated the nitrene-transfer amination mechanism, the rate-determining step was identified as
the dissociation of the aryl iodide from the nitrene to form the active diaziridinium species (3.3,
Scheme 3.8). Since the same nitrene source was utilized in aziridination (PhINTs, 3.2), it followed
that both mechanisms had the same active species and therefore the same rate-determining steps.
This observation informed the mechanism of formal [2+1] aziridination of styrenes published the

Same¢ ycar.

Scheme 3.8. Mechanistic evaluation of C--H amination with organocatalyst 3.1.
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3.3.2 Nitrene-transfer aziridination of styrenes

Scheme 3.9. Formal [2+1] aziridination of styrenes.
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The first cycloaddition carried out by organocatalyst 3.1 was published in 2019: a formal
[2+1] between a nitrene source and a styrene derivative to form a styrenyl aziridine with 3.2 as a
nitrene surrogate (Scheme 3.9).?* This transformation provided a basis for inception of the formal
organocatalytic [2+2+1] based on mechanistic studies and familiarity with related transformations.
The mechanism of aziridination following formation of active diaziridinium species 3.3 was
discerned through a series of probing experiments that provided support for a key intermediate and
the kinetics of the aziridine ring-closing step (Scheme 3.10).

Upon subjection of trans-B-methylstyrene to the established reaction conditions, 24% of
trans aziridine product 3.4 was isolated. Reaction of cis--methylstyrene yielded the identical
product 3.4, demonstrating that stereochemistry about the styrene double bond was not conserved.
Instead, isomerization to the more thermodynamically stable frans isomer in both aziridine
products provided evidence for a ring-opened carbocationic intermediate through which the
aziridine substitutions could rotate. Further evidence for this intermediate was gathered in the
reaction of trans-stilbene, wherein 1,1-diphenyl substituted N-tosyl enamine 3.5 was produced as
a side product. This likely resulted from a 1,2-phenyl shift to yield the more stable tertiary benzylic
carbocation in the same intermediate, followed by tautomerization. A final mechanistic support

came in the observation of an oxidative cleavage product, forming the N-tosylimines of both alkene
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substitutions. To more readily identify these side products, trans-cyclohexylstyrene was subjected
to the reaction conditions to produce benzylimine (3.6) and cyclohexylformimine (3.7), which
were observable on NMR in 3% yield. Addition of a second equivalent of 3.2 to the proposed ring-
opened carbocationic intermediate and subsequent reformation of the catalyst would

mechanistically explain the formation of these two products.

Scheme 3.10. Experimental mechanisitic probes for iminium-catalyzed aziridination.
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To examine the kinetics of the aziridination ring-closing step, two additional experiments
were conducted (Scheme 3.11). The aziridine derivative of cis-B-methylstyrene with conserved
geometry was subjected to optimum conditions to probe for reversibility of ring opening. Under
established conditions, the cis-2-phenyl-3-methyl aziridine 3.8 was quantitatively recovered with
the same stereochemistry, suggesting irreversibility of the ring closing step. Of note, a

chemoselectivity probe for C-H amination versus aziridination produced aziridine 3.9 as the sole
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product, entirely outcompeting the benzylic amination that had been previously documented.
While these relative rates are helpful to keep in mind for the establishment of related reactions,

they also demonstrate the high relative speed of the irreversible aziridine ring-closing step.

Scheme 3.11. Experimental kinetic investigation for iminium-catalyzed aziridination.
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With strong experimental support of a ring-opened carbocationic intermediate, a full
aziridination mechanism was proposed (Scheme 3.12). Following the attack of 3.2 on iminium
3.1, the rate-determining step of phenyl iodide expulsion occurred to form active species 3.3.
Addition of one equivalent of styrene into this electrophilic nitrogen center resulted in
carbocation 3.10. From this intermediate, addition of a second equivalent of nitrene precursor led
to oxidative cleavage, rearrangement and tautomerization of the stilbene-derived enamine, and

fast, irreversible ring closure furnished the desired aziridine before reformation of 3.1.
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Scheme 3.12. Mechanism of iminium-catalyzed aziridination of styrenes.
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3.3.3 Aziridine/alkyne formal [3+2]

Inspired by a 2009 publication by the Wender group that developed a formal [3+2]

cycloaddition between aziridines and alkynes to form pyrrolines (Scheme 3.13), we hypothesized

that addition of an alkyne into intermediate 3.10 could undergo a similar transformation.

Although a carbocationic intermediate is not specifically invoked in this reaction, association of

a Lewis or Bronsted acid with the aziridine nitrogen either promotes a ring opening places a

partial positive charge on the carbon most equipped to stabilize it.?’

Scheme 3.13. Wender's formal [3+2] cycloaddition to form pyrrolines.

Ts Ts
N L Ag(l) or H* R, N Ry
! 5 + R3 — R4 > W
Ri R R R
2 3

80



This formation of an electrophilic site leads to regioselective incorporation of the weakly
nucleophilic alkyne component into a five-membered ring structure. The scope of this reaction is
limited to aziridines functionalized at C2 with an aryl group, although it does tolerate 2,2- or 2,3-
disubstitution. The alkyne scope also generally requires a positive charge-stabilizing group
distant from the initial bond-forming carbon, but appears less limited to aryl groups: allyl and
cyclopropyl substituents were also well tolerated. A superstoichiometric amount (10 eq.) of 3-
hexyne also furnished the cycloadduct in 28% yield.

In 2023, a similar transformation promoted by a ruthenium catalyst and visible light was
published by the Siddiqui group.?® Though this transformation proceeds through a radical
pathway, many electronic considerations remain consistent in implementation of regioselectivity.

The mechanistic considerations of both works are applicable to our method as well.

3.4 Optimization and controls

Scheme 3.14. Preliminary intermolecular aza-Pauson-Khand study.
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With this theoretical framework in place, our hypothesis for the aza-Pauson-Khand was
able to be implemented. Adding one equivalent of phenylpropyne, a common substrate for the
formal [3+2] reactions, to the established aziridination conditions yielded trace pyrroline 3.11.
However, aziridine formation still predominated (Scheme 3.14). At this point, we turned our
investigation toward tethered intramolecular substrates to give entropic advantage to our
preliminary studies. Intramolecular substrates such as 3.12 (Figure 3.2) represent the earliest
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scope entries in the Pauson-Khand canon due to their faster relative kinetics compared to

intermolecular analogs.

Figure 3.2. Model intramolecular Pauson-Khand substrate.
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3.4.1 Initial intramolecular catalyst screenings

Our initial investigations did not relegate us to the organocatalyst; we screened a variety
of metal centers known to facilitate nitrene chemistry. Not only did we find success in modest
yields under organocatalysis of 3.1, but a variety of metal catalysts known to be powerful and

versatile nitrene mediators failed to produce product at all.

Table 3.1. Initial aza-Pauson-Khand screenings.

1 eq. PhINTs (3.2)

-------------------- MeOZC
DCM, rt, 18h, MeO,C
Catalyst
Entry Catalyst Loading (mol %) Yield 3.13 (%)

1 [RhCI(CO)(PPh3)2] 2 0
2 Rhzesp2 2 0
3 RhoespnaCl 2 0
4 Rhz(OAc)2 2 0
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5 Cu(OTf) 5 0
6 AgSbFs 2 0
7 Cu(OTf), + AgSbFs 5,2 <1
8 Iminium 3.1 20 11
9 Iminium 3.1 + AgSbFs 20,2 13

3.4.2 Initial intermolecular catalyst screenings

Having had better luck and greater consistency of results isolating pyrroline product from
the initial intermolecular reaction screening, we extended our catalyst studies to the
styrene/phenylpropyne cycloaddition. We applied catalysts known to mediate aziridination,
formal [3+2] of aziridines and alkynes, a combination thereof, and 3.1. While the combination of
known olefin aziridination catalyst Cu(OTf), with formal [3+2] catalyst AgSbFs yielded the
desired pyrroline (entry 3, table 3.2), this was simply a combination of two established methods
into one pot at the detriment of combined yield. Formal yield for these substrate entries over two
steps: Cu-catalyzed aziridination followed by the Ag-catalyzed [3+2], was roughly 85%°"-%
based on reported yields. Portionwise addition of catalysts after two hours under aziridination
conditions yielded 57% (entry 4), but 3.1 demonstrated the potential to circumvent this unwieldy

solution without the addition of AgSbFe.

Table 3.2. Initial intermolecular aza-Pauson-Khand screenings.

O~
1 eq. PhINTs (3.2) \
Q. - O=w 2T -
FZ DCM, rt, 18h, Mé
Catalyst O

3.1
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Entry Catalyst Loading (mol %) Yield 3.11 (%)
1 Cu(OTH): 5 0 (~60% aziridine)
2 AgSbFs 2 0
3 Cu(OTf), + AgSbFs 5,2 9
4 Cu(OTf)2 + AgSbF6 5,2 57

(Ag added portionwise
after 2 hours)
5 HBF,4 5 0
6 Cu(OTY), + HBF4 55 0
7 Iminium 3.1 20 5
8 Iminium 3.1 + AgSbFs 20,2 8

3.4.3 Organocatalytic reaction condition screening

As the organocatalyst showed potential for pyrroline production despite poor yields, further

optimization of reaction conditions was required before continuation of the study. Stoichiometry,

solvent, reaction temperature, and reaction time were successively evaluated to establish optimized

conditions.

Table 3.3. Organocatalytic aza-Pauson-Khand stoichiometry screening.

PhINTs (3.2)
S PR S -
F DCM, rt, 18h, Mée
3.14 Iminium 3.1 O
3.11

Entr Eq. alkyne Eq. nitrene source Eq. iminium Iise(l):la;eiil
y 3.14 3.2 3.1 (mol% loading) y RY )'
(1]
1 1 1 20 5
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2 2 1 20 9
3 3 1 20 14
4 4 1 20 16
5 3 1.5 20 21
6 3 2 20 19
7 3 1.5 0 0
8 3 1.5 10 0
9 3 1.5 15 16
10 3 1.5 30 22

Stoichiometry was evaluated for alkyne 3.14, nitrene source 3.2, and catalyst 3.1 loading.
While raising the alkyne equivalents to 3, our initial 5% yield was proportionally increased (entry
3, Table 3.3), with a plateau observed at 4 equivalents (entry 4). A similar plateau was observed
with nitrene source equivalents between 1.5 and 2, solidifying the greatest efficiency and atom
economy at 1.5 (entry 5). Lowering catalyst loading had an exponentially detrimental effect on
yield, while raising it made no appreciable difference. Thus, further studies were carried out using

3 equivalents of 3.14 and 1.5 equivalents of 3.2 per mole of styrene with 20% loading of 3.1.

Table 3.4. Organocatalytic aza-Pauson-Khand solvent screening.

P
1.5 eq. PhINTs (3.2) \
+ 3 @%Me -------------------- »
F Solvent, rt, 18h, Mé
3.14 0.2 eq. Iminium 3.1 O
3.1

Entry Solvent Isolated yield 3.11 (%)
1 DCM 21
2 MeCN 20
3 DMF 3
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4 DCE 5

5 THF 0

6 9:1 DCM:hexanes 9

A variety of polar aprotic solvents were evaluated for efficacy in this reaction. While MeCN
gave excellent comparable yield to DCM (entry 2), later studies revealed that this solvent was not
as versatile in the establishment of a substrate scope. While other solvents produced isolable
product, DCM remained the most successful entry as well as the most adaptable to various

conditions within the later-established scope.

Table 3.5. Organocatalytic aza-Pauson-Khand reaction temperature screening.

O Ts
N
1.5 eq. PhINTs (3.2) {
QURRY o St -
F DCM, temperature 18h, Mé
3.14 0.2 eq. Iminium 3.1 Q
3.11

Entry Temperature (°C) Isolated yield 3.11 (%)
1 4 0
2 23 21
3 30 8
4 40 0

The temperature screening was straightforward as PhINTs (3.2) is unstable above 40°C.

Lower temperatures seemed to kinetically preclude the reaction from taking place (Table 3.5, entry
1), and higher temperatures showed partial or complete degradation of the nitrene source (entries

3 and 4). The reaction was therefore continued at room temperature.
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Table 3.6. Organocatalytic aza-Pauson-Khand reaction time screening.

O Ts
N
1.5 eq. PhINTs (3.2) \
Q.+ s = I -
Z DCM, rt, time, M€
3.14 0.2 eq. Iminium 3.1 O
3.1

Entry Time (h) Isolated yield 3.11 (%)
1 18 21
2 24 30
3 30 19

The final evaluation of reaction time demonstrated that six more hours of reaction time
than the established 18h “overnight” procedure made a drastic difference in yield (Table 3.6, entry
2). However, degradation of product into an inseparable mixture began to occur after longer

reaction times.

3.4.4 Nitrene source optimization

Our mechanistic knowledge greatly informed our next optimization: insight into the rate-
determining step of the organocatalytic aza-Pauson-Khand prompted us to engineer the structure
of the nitrene source. As the rate-determining transition state involved dissociation of phenyl
iodide from the tethered N-tosylate, we hypothesized that decreasing the order of the N-I bond in
the initial nitrene precursor would lead to more facile cleavage of the leaving group and

subsequently accelerate the reaction (Scheme 3.15).
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Scheme 3.15. Rate-determining step of organocatalytic nitrene transfer reactions.
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Capitalizing upon this insight, we designed a series of nitrene precursors with structures
analogous to the well-established PhINTs (3.2) and tested them in the context of our nitrene
transfer reactions. As part of the optimization procedure, we subjected these nitrene sources to our

optimum reaction conditions to compare their suitability for this work (Table 3.7).

Table 3.7. Organocatalytic aza-Pauson-Khand nitrene source screening.

O Ts
N
1.5 eq. nitrene source \
@\/ + 3 < >—: Me  ----------ee-ooo---- >
Z DCM, rt, 24h, Mé
3.14 0.2 eq. Iminium 3.1 O
3.1

Entry Nitrene (Figure 3.3) Isolated yield 3.11 (%)
1 PhINTs (3.2) 30
2 PhINTces (3.15) 15
3 PhINBs (3.16) 3
4 TMI-NTs (3.17) 11
5 TMI-NTces (3.18) 16
6 TMI-NBs (3.19) 62
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Substituting a brominesulfonamide (brosyl) group for the PhINTSs tosyl and functionalizing
the aryl iodide with tert-butyl and methoxy groups proved the most effective in the [2+2+1]
paradigm by stabilizing the critical transition state (Figure 3.3). Thus, TMI-NBs (3.19) found the

most success in abetting the formal [2+2+1].

Figure 3.3. Evaluated nitrene sources for stabilization of the rate-determining transition state.
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While the brosyl group likely stabilizes the negative charge on the nitrogen in the ylide
resonance form, we hypothesize that the methoxy group serves the dual purpose of stabilizing the
positive charge through resonance and via proximal c-donation to the iodonium. The tert-butyl
group acts to hyperconjugatively donate electron density to the phenyl iodide ring, but also
contributes to the solubility of the nitrene source in DCM, thermodynamically and kinetically
contributing to the progress of the reaction. 3.19 was incorporated into the optimization study and

resulted in over a twofold increase in 2-pyrroline yield (Scheme 3.16).
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Scheme 3.16. Effect of TMI-NBs (3.19) on formal [2+2+1] yield.
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3.5 Reaction scope
3.5.1 Alkene scope
Scheme 3.17. General scope evaluation.
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Optimized conditions in hand, we embarked on establishing a substrate scope to evaluate
the limits of our novel reaction and gain further mechanistic insight (Scheme 3.17). Much like our
aziridination work, only styrenes were tolerated within the bounds of our alkenes, providing further
evidence for the proposed mechanistic carbocation intermediate. While groups with a more weakly
carbocation-stabilizing effect than aryl rings were tested in the reaction scheme (cyclopropyl, allyl,
heteroaryl, etc.), functionalized phenyl rings were the only entries that gave way to discernible

product.
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Figure 3.4. Organocatalytic aza-Pauson-Khand alkene scope.
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In general, aromatic rings with a moderate to slightly high level of activation were tolerated
(Figure 3.4). Total regioselectivity was observed in all products and no homo-cycloaddition
product was isolated. Yields tended to reflect relative phenyl electron density in the styrene.
Aziridination was observed in some entries as a competing side reaction but never outpaced
pyrroline formation in the presence of three equivalents of alkyne. Scope trials generally saw total
consumption of starting material, with remaining starting material mass balance attributed to
aziridination or other competing side reactions that failed to yield isolable product.

Entries include aryl and alkyl functionalizations of the phenyl ring, as well as a protected
phenol. Halogenated compounds which could serve as downstream coupling partners were
tolerated, provided sufficient ring activation by the presence of electron-donating methoxy groups.
1,2-disubstitution about the styrenyl olefin in B-methylstyrene proceeded to form a tetrasubstituted
pyrroline in 3:1 diastereoselectivity (3.20) favoring the more sterically favored trans isomer. While

the formation of 3.20 indeed showed selectivity, it was not produced as a sole diastereomer as
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opposed to the mechanistic probe experiments on earlier aziridination work. This suggests a steric
and electronic influence from the approaching alkyne in the product-determining transition state.
While the trans geometry about the C4 — C5 bond was mostly conserved in a 3:1 ratio, some cis
isomerization was observed.

More heavily substituted alkenes were not tolerated, including 1,1-disubstitution and 1,2-
disubstitution with sterically bulky groups such as in stilbene. Notably, both #rans and cis stilbene
under the optimized conditions formed the trans isomer of the 2,3-diphenylaziridine, however,
approach of the alkyne for further cyclization was likely sterically prohibited.

While moderately activated arenes proceeded in good yields, highly electron-rich and
highly electron-poor rings failed to undergo cycloaddition. To hypothesize from our proposed
mechanism, electron-poor rings likely destabilized the carbocationic intermediate to kinetically
favor aziridine ring-closing. Aziridination of all deactivated styrene entries was observed in
modest yields. Conversely, highly electron-rich arenes might invite undesirable side reactions
through prolonging the lifetime of the carbocation in the presence of multiple nucleophilic species
in the reaction mixture. These scope attempts often yielded complex, inseparable mixtures of
products.

Separation of these compounds was nontrivial. Carbocyclic entries such as 3.11 and 3.20
— 3.23 proved easier entries to purify via column chromatography, but heteroatom-containing
entries such as 3.24 — 3.26 were subjected to at least one column followed by up to three iterations
of preparatory TLC. High silica or alumina mesh and deactivation of acidic solid phase

chromatography media was essential for the publication-quality isolation of these products.
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To establish our product formation more rigorously, crystals of our optimization substrate
were grown in a DCM/methanol mixture. Using X-ray diffraction, a crystal structure of 3.11 was

produced (Figure 3.5).

Figure 3.5. Crystal structure of pyrroline product 3.11.

3.5.2 Alkyne scope

The scope of alkynes tolerated by this reaction was more robust. Disubstitution (even
with bulky substituents), wider ranges of ring activation and deactivation, and non-aryl C - §*
stabilizing groups proceeded within our optimum conditions. Halogenated rings such as 3.28 are
viable coupling partners for further product diversification, and fluorinated structures such as
3.30 are highly relevant to drug discovery for their ability to increase drug bioavailability in the
body. 3.35 and 3.36 constitute possible precursors for further cyclizations: vinylcyclopropane

[5+2] reactions in the case of 3.35 and a Diels-Alder-compatible diene in 3.36.
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A regioselectivity probe was synthesized to compare relative carbocation-stabilizing
effects of different alkyne substituents. Phenyl and cyclopropyl alkyne termini featured in the
formation of 3.34, yielding 2:1 regioselectivity favoring the phenyl ring proximal to the
pyrroline-N1. This observation supported our assertion of a 6* charge on the intermediate, as a
phenyl group has a greater positive charge-stabilizing capacity than a cyclopropyl. However,
both are viable within this reaction scheme and can be kinetically compared through their
respective product distribution. This selectivity is also roughly reflected in yields of
phenylacetylene and cyclopropylacetylene entries (3.27, 3.36) over 24h. All products other than

3.34 proceeded with total regioselectivity.

Figure 3.6. Alkyne scope of the organocatalytic aza-Pauson-Khand reaction.
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Provided the alkyne scope’s tolerance for non-aromatic carbocation-stabilizing groups,
the full formation of a carbocationic intermediate after the alkyne addition step is unlikely.
Evidence within the substrate scope suggests that this second addition is concerted rather than
fully stepwise like that of the alkene. Stemming from carbocationic intermediate 3.10, concerted
addition of the alkyne proceeds through intermediate 3.37, which in this case resembles a

transition state rather than a proper intermediate. Subsequent reformation of iminium 3.1 drives
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dissociation of the 5S-membered N-heterocycle, regioselectively assembled to a single pyrroline

structure (Scheme 3.18).

Scheme 3.18. Proposed organocatalytic aza-Pauson-Khand mechanism.
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3.5.3 Intramolecular entry

Although this study was optimized toward the intermolecular reaction, the improvement
in yield that TMI-NBs facilitated was readily applied to the tethered enyne we used to establish
this branch of our work. Furnishing a modest yield of 29%, further optimization is clearly
required to establish a robust intramolecular procedure. However, further intramolecular entries
such as diversely functionalized aromatic frameworks and variation of the electron-deficient
molecular tether at the “X” position (Scheme 3.19b) may provide entries into higher yields when
the mechanistic pathway is further examined. Additionally, inherent aryl functionalizations
where a positive charge must be stabilized can be leveraged toward highly bridged ring

structures (Scheme 3.19c¢).
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Scheme 3.19. Intramolecular aza-Pauson-Khand and future directions within similar substrates.

b.)

3.5.4 Limitations to scope

Limitations to scope are fairly straightforward: operating within a narrower steric,
electronic, and functional parameter, alkenes are limited mostly to monosubstituted, moderately
activated aryl rings. Other aromatic heterocycles such as pyridines, furans, and thiophenes are
also not tolerated, likely due to their Lewis basic nature that can complex with the highly
electrophilic carbon of 3.1 (Figure 3.8). As mentioned, cyclopropyl and allyl groups are not
tolerated as their carbocation-stabilizing capabilities are insufficient for the fully positively
charged intermediate 3.10. 1,1-disubstitution of alkenes or 1,2-disubstitution with a functionality

bulkier than a methyl group also arrest the reaction. Though these substrates are feasible in the
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aziridination regime, there is likely a steric consideration in the subsequent approach of the

alkyne in the following step.

Figure 3.8. Limitations to alkene scope.
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The most apparent limitation to the alkyne scope was the inclusion of heteroatoms. Even
pyridyl alkynes with steric or electronic mitigation of the nitrogen lone pair’s Lewis basicity
(such as fluoropyridines and lutidine) were not tolerated by the reaction conditions (Figure 3.9).
Electron-donating and electron-withdrawing groups were tolerated more than those of alkenes,
but a sufficiently electron-deficient ring center tended to fail to react with carbocationic
intermediate 3.10, and an overly electron-dense ring caused a variety of undesired side reactions

with the iminium catalyst.

Figure 3.9. Limitations to alkyne scope.
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3.5.5 Pharmaceutical relevance

Much like the vinylazaarene Diels-Alder, this reaction finds wide applicability to the field
of medicinal chemistry. The formal [2+2+1] cycloaddition between styrene, phenylpropyne, and
TMI-NBs has been carried out on the multigram scale with no appreciable drop in isolated yield.
Additionally, we have demonstrated our claim that pyrrolines represent one-step precursors to
medicinally relevant structures pyrroles and pyrrolidines. Deprotection, oxidation to the
corresponding pyrrole, and diastereoselective reduction to a pyrrolidine have been carried out in

excellent yields (Scheme 3.19).

Scheme 3.19. Diversification of pyrroline adducts. H
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The proposed utility of this reaction was also demonstrated through the rapid construction
of the N-heterocyclic core of atrasentan, an endothelin receptor agonist and chemotherapy lead
currently in phase II trials for treatment of various cancers. With reactivity measured against
styrene, 4-methoxyphenylpropyne was isolated in very modest yield and highly inconsistent
results. However, when paired with a highly activated styrene, relative reaction rates are likely

better matched, furnishing the framework of atrasentan in 78% yield. While piperonal-derived
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olefin 3.39 relegates carbocationic intermediate 3.10 to be longer-lived, the stronger

nucleophilicity of 3.40 and likely outcompetes other undesired side reactions to form 3.41 in

good yield.
Scheme 3.20. Synthesis of the carbon framework of atrasentan.
Me/\/\N/\/\Me
OMe )\I
Atrasentan
3.39 3.41 - 78% yield 0

(chemotherapy)

3.6 Conclusions

In summary, we have established the first example of an intermolecular aza-Pauson-Khand
reaction. This reaction represents an unprecedented chemical transformation, as no metal-
catalyzed approaches to the same three-component formal cycloaddition have been identified, nor
have intermolecular analogs. Drawing heavily from the literature and our previous work, we have
rigorously established the theoretical basis behind this work.

Having developed optimum conditions, a reaction scope, and a rigorous purification
procedure, we are confident that this reaction will find wide utility in the realms of medicinal
chemistry and complex molecule synthesis. We have demonstrated its applicability to these fields
through scalability to a multigram order of magnitude and the facile formation of the carbon core
of a chemotherapy lead, as well as through rapid and high-yielding redox adjustments to the

product structures.
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Appendix 1:
Chapter 2 Experimental Data

A.1 General methods

All reagents were obtained commercially in the highest available purity and used without further
purification unless otherwise mentioned. Anhydrous solvents were obtained from a solvent
purification system utilizing activated alumina columns under a positive pressure of argon.
Reactions carried out at temperatures above room temperature (23 °C) were conducted in a pre-
heated oil bath. Diels-Alder reactions were performed in 15 mL pressure tubes under magnetic
stirring unless otherwise noted. Flash column chromatography was performed using silica or basic
alumina gel (230 - 400 mesh) purchased from Silicycle (Siliaflash P60). Elution of compounds

was monitored by UV and vanillin stain on TLC.

Instrumentation: 1H and 13C NMR spectra were measured on a Varian Inova 600 (600 MHz),
Bruker Avance DRX 600 (600 MHz), or Bruker Avance 111 800 (800 MHz) spectrometer and
acquired at 300 K. Chemical shifts are reported in parts per million (ppm &) referenced to the
residual 1H or 13C resonance of the solvent. The following abbreviations are used singularly or in
combination to indicate the multiplicity of signals: s - singlet, d - doublet, t - triplet, g - quartet, m
— multiplet, br — broad, and ap — apparent. High-resolution mass spectrometry was obtained using

an Agilent Q-TOF ESI spectrometer.
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A.2 Screening and reaction optimization

Optimization Reaction conditions were screened with the Diels-Alder reaction of 4-vinylpyridine
and isoprene using the following general procedure: To a 15 mL pressure tube equipped with a
PTFE stir bar and charged with 4-vinylpyridine (213 pL, 2 mmol, 1 equiv) in the indicated solvent
(4 mL) was added the specified Lewis acid (0 to 1.0 equiv) and isoprene (1-5 equiv). The vial was
placed in an oil bath pre-heated to the specified temperature and allowed to stir for 24-72 hours.
Upon reaction completion, the mixture was cooled to room temperature. Dodecane (0.25 mmol,
57 pL) was added as an internal standard and reaction was sampled and analyzed on GC-FID.
Mixtures of an authentic sample of 3 with dodecane were analyzed by GC to determine burn ratio
of 1.29 for 3 for use in obtaining corrected GC yields. Authentic samples of starting material: 4-
vinylpyridine were analyzed by GC to determine retention times. Regioselectivity is reported as a

simple signal ratio between substituent peaks of 3.

A.3 General Diels-Alder procedure

To a 15 mL pressure tube equipped with a PTFE stir bar and charged with dienophile (2 mmol, 1
equiv) in acetonitrile (4 mL) was added boron trifluoride diethyl etherate (132 pL, 1 mmol, 0.5
equiv) and diene (4 mmol, 2 equiv). The vial was placed in a 70 °C oil bath and allowed to stir for
24-72 hours as noted. Upon reaction completion, the mixture was cooled to room temperature and
quenched with brine (15 mL). The biphasic mixture was separated in a separatory funnel, and the
aqueous layer was extracted 3 additional times with diethyl ether (20 mL). The combined organic
layers were washed once more with brine and dried over MgSOg, then concentrated in vacuo. The

crude mixture was then purified by silica or alumina flash chromatography as noted.
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A.4 Starting material and substrate synthesis

Substrates A.1 — A.7 were prepared according to literature procedure.

2-methyl-4-vinylpyridine (A.1)

\ /

IH NMR (800 MHz, CDCls): § 8.38 (d, J = 5.3 Hz, 1H), 7.06 (s, 1H), 7.03 — 7.00 (m, 1H), 5.87

(d,J=17.6 Hz, 1H), 5.38 (d, J = 10.9 Hz, 1H), 2.41 (s, 3H).
13C NMR (201 MHz, CDCl3): & 158.8, 149.4, 145.0, 135.0, 120.4, 118.2, 117.8, 24 4.
NMR spectra are consistent with literature reports. !

2-vinylpyrimidine (A.2)

N

/WN\
S
TH NMR (800 MHz, CDCl3): § 7.10 (t, J = 4.9 Hz, 1H), 6.85 (dd, J = 17.3, 10.6 Hz, 1H), 6.60
(dd,J=17.3,1.6 Hz, 1H), 5.71 (dd, J = 10.6, 1.6 Hz, 1H).

13C NMR (201 MHz, CDCl3): § 164.4, 157.0, 136.6, 123.9, 119.2.

NMR spectra are consistent with literature reports.>

6-fluoro-4-vinylquinoline (A.3)
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\

H NMR (800 MHz, CDCLy): & 8.84 (d, ] = 4.5 Hz, 1H), 8.11 (dd, J = 9.2, 5.6 Hz, 1H), 7.68 (dd,
J=10.0, 2.7 Hz, 1H), 7.48 (dd, J = 9.7, 6.7 Hz, 2H), 7.28 (dd, J = 17.3, 11.0 Hz, 1H), 5.98 (d, J =

17.3 Hz, 1H), 5.68 (d, ] = 11.0 Hz, 1H).

13C NMR (201 MHz, CDCl3): § 161.3, 160.0, 149.6, 149.6, 145.8, 143.2, 143.1, 132.6, 132.6,

131.8,127.1, 127.0, 121.3, 119.7, 119.6, 118.1, 107.4, 107.2.
NMR spectra are consistent with literature reports.’

2-vinylquinoline (A.4)

\
\

IH NMR (600 MHz, CDCls): § 8.07 — 8.00 (m, 2H), 7.74 — 7.70 (m, 1H), 7.66 (dddd, J = 8.4,
6.9,2.7, 1.4 Hz, 1H), 7.54 (dd, J = 8.5, 3.8 Hz, 1H), 7.02 (dd, J = 17.7, 10.9 Hz, 1H), 6.25 (d, ] =

17.6 Hz, 1H), 5.63 (d, J = 10.9 Hz, 1H).

I3C NMR (600 MHz, CDCl3): 6 156.0, 148.0, 138.0, 136.3, 129.6, 129.4, 127.5, 126.3, 119.8,

118.3.
NMR spectra are consistent with literature reports.*

4-vinylquinoline (A.5)
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\

X
=z
N

H NMR (800 MHz, CDCL3): & 8.84 (d, ] = 4.6 Hz, 1H), 8.09 (d, ] = 8.5 Hz, 1H), 8.04 (d, J = 8.5
Hz, 1H), 7.67 (t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.41 (d, J = 4.6 Hz, 1H), 7.37 (dd, J =

17.4,11.0 Hz, 1H), 5.93 (d, ] = 17.4 Hz, 1H), 5.61 (d, ] = 11.0 Hz, 1H).

13C NMR (201 MHz, CDCI3): § 150.3, 148.5, 143.4, 132.0, 130.0, 129.3, 126.5, 126.2, 123.5,

120.7, 117.4.
NMR spectra are consistent with literature reports.’

4-bromo-2-vinylpyridine (A.6)

Br

H NMR (800 MHz, CDCl3): & 8.38 — 8.32 (m, 1H), 7.46 (d, J = 2.0 Hz, 1H), 7.28 (dd, = 5.3,
1.9 Hz, 1H), 6.71 (dd, ] = 17.4, 10.8 Hz, 1H), 6.19 (dd, J = 17.4, 1.1 Hz, 1H), 5.50 (dd, ] = 10.8,

1.1 Hz, 1H).
13C NMR (201 MHz, CDCls): § 157.1, 150.2, 135.8, 133.2, 125.6, 124.5, 119.9.

5-chloro-2-vinylpyridine (A.7)

Cl
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'H NMR (600 MHz, CDCLs): & 8.48 (dd, J =2.5, 0.7 Hz, 1H), 7.56 (dd, J = 8.4, 2.5 Hz, 1H),
7.23 (dd, ] =8.4,0.7 Hz, 1H), 6.74 (dd, ] = 17.4, 10.8 Hz, 1H), 6.15 (dd, J = 17.5, 1.1 Hz, 1H),

5.46 (dd, J=10.8, 1.1 Hz, 1H).
13C NMR (201 MHz, CDCl3): § 153.9, 148.4, 136.1, 135.8, 130.6, 121.8, 119.0.
6-bromo-2-vinylpyridine (A.8)

= N\ Br

=

H NMR (600 MHz, CDCls): § 7.49 — 7.45 (t, = 7.8 Hz, 1H), 7.31 (dd, J = 7.8, 0.8 Hz, 1H),
7.28 —7.22 (dd,J = 7.8, 0.8 Hz, 1H), 6.71 (dd, J = 17.4, 10.8 Hz, 1H), 6.22 (dd, J = 17.4, 1.0 Hz,

1H), 5.50 (dd, J = 10.8, 1.0 Hz, 1H).
13C NMR (201 MHz, CDCls): 8 157.0, 142.0, 138.8, 135.4, 127.1, 126.7, 120.0.

NMR spectra are consistent with literature reports.

A.5 Characterization of Diels-Alder reactions

4-(4-methylcyclohex-3-en-1-yl)pyridine (2.4a) and 4-(3-methylcyclohex-3-en-1-yl)pyridine

(2.4b)
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4-(4-methylcyclohex-3-en-1-yl) pyridine and 4-(3-methylcyclohex-3-en-1-yl) pyridine were
prepared according to the general Diels-Alder procedure using 4-vinylpyridine (213 uL, 2 mmol,
1 equiv), BF3-OEt, (132 pL, 1 mmol, 0.5 equiv), and isoprene (398 pL, 4 mmol, 2 equiv) in
acetonitrile (4 mL). The resulting mixture was stirred at 70 °C for 72 hr. After workup, the reaction
mixture was purified on an alumina flash column (5% to 15% EtOAc/hexanes) to give products
2.4a and 2.4b as a yellow solid (93.5 mg, 1.08 mmol, 54% yield). Regioselectivity determined as

5:1 based on NMR integration of 2.4a:2.4b.

TLC (Vanillin, 25% EtOAc/Hexanes) R¢ = 0.40.

IH NMR (2.4a) (600 MHz, CDCls): § 8.72 (d, J = 5.3 Hz, 2H), 7.76 (d, J = 5.3 Hz, 2H), 5.48 (s,
1H), 3.04 (d, J = 11.6 Hz, 1H), 2.37 (d, J = 8.2 Hz, 1H), 2.16 (d, J = 8.2 Hz, 2H), 2.05 — 1.95 (m,
2H), 1.88 — 1.79 (m, 1H), 1.70 (s, 3H).

IH NMR (2.4b) (600 MHz, CDCls): & 8.72 (d, J = 5.3 Hz, 2H), 7.76 (d, J = 4.0 Hz, 2H), 5.51 (s,
1H), 3.13 (s, 1H), 2.26 (d, J = 13.5 Hz, 1H), 2.19 — 2.12 (m, 2H), 2.05 — 1.95 (m, 2H), 1.88 — 1.79
(m, 1H), 1.71 (s, 3H).

13C NMR (2.4a and 2.4b) & 156.4, 156.3, 149.3, 134.2, 133.0, 122.6, 121.0, 120.0, 39.8, 39.3,
37.0,32.4,30.1, 29.1, 28.6, 25.2, 23.5, 23.4.

HRMS (EI/QTOF) m/z: [M]** Calcd for C12HsN 174.1283, found 174.1278.

4-(3,4-dimethylcyclohex-3-en-1-yl)pyridine (2.5)
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4-(3,4-dimethylcyclohex-3-en-1-yl)pyridine was prepared according to the general Diels-Alder
procedure using 4-vinylpyridine (213 uL, 2 mmol, 1 equiv), BFs-OEt; (132 pL, 1 mmol, 0.5
equiv), and 2,3-dimethylbutadiene (458 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting
mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on a silica
flash column (5% to 15% EtOAc/hexanes) to give product 2.5 as a yellow oil (207.9 mg, 1.11
mmol, 56% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) Rt = 0.34.

IH NMR (600 MHz, CDCls): & 8.50 (s, 2H), 7.15 (s, 2H), 2.78 (ddd, J = 11.5, 5.4, 2.9 Hz, 1H),
2.19 - 2.08 (m, 3H), 1.99 — 2.02 (m, 1H), 1.94 — 1.87 (m, 1H), 1.73 — 1.66 (m, 1H), 1.65 (s, 6H).
13C NMR (151 MHz, CDCls): 8 156.2, 149.5, 125.7, 124.7, 122.5, 40.2, 38.8, 31.7, 29.4, 19.0,
18.8.

HRMS (EI/QTOF) m/z: [M]* Calcd for C13H17N 188.1440, found 188.1453.

4-((1S,2R)-1,2,3,4-tetrahydro-[1,1'-biphenyl]-2-yl)pyridine (2.6a) and

4-((1R,3R)-1,2,3,4-tetrahydro-[1,1'-biphenyl]-3-yl)pyridine (2.6b)

Ph
Ph
+
I\ I‘\
N__= N_.=

4-((1S,2R)-1,2,3,4-tetrahydro-[1,1'-biphenyl]-2-yl)pyridine and 4-((1R,3R)-1,2,3,4-tetrahydro-
[1,1'-biphenyl]-3-yl)pyridine were prepared according to the general Diels-Alder procedure using
4-vinylpyridine (213 pL, 2 mmol, 1 equiv), BFs-OEt> (132 pL, 1 mmol, 0.5 equiv), and trans-1-

phenyl-1,3-butadiene (559 uL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was
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stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on an alumina flash
column (5% to 15% EtOAc/hexanes) to give products 2.6a and 2.6b as yellow oil (193.1 mg, 0.82
mmol, 41% vyield). Regioselectivity determined as 4:1 based on NMR integration of 5a:5b.

Diastereoselectivity determined as >99:1 based on the absence of diastereomeric peaks on NMR.

TLC (Vanillin, 25% EtOAc/Hexanes) R¢ = 0.49.

IH NMR (2.6a) (600 MHz, CDCl3): 5 8.34 — 8.28 (m, 2H), 7.08 (dd, J = 7.0, 1.5 Hz, 3H), 6.77 —
6.71 (m, 2H), 6.68 — 6.62 (m, 2H), 6.03 — 6.05 (m, 1H), 5.86 (d, J = 10.0 Hz, 1H), 3.61 (d, J = 5.5
Hz, 1H), 3.23 (ddd, J = 13.1, 5.5, 2.1 Hz, 1H), 2.42 — 2.35 (m, 1H), 2.34 — 2.29 (m, 1H), 2.02 (dd,
J=13.16.7 Hz, 1H), 1.71 — 1.63 (m, 1H).

IH NMR (2.6b) (600 MHz, CDCl3): & 8.40 — 8.35 (m, 2H), 7.19 — 7.11 (m, 3H), 6.94 — 6.91 (m,
2H), 6.90 — 6.86 (M, 2H), 5.98 — 5.91 (m, 1H), 5.74 (dd, J = 10.0, 2.3 Hz, 1H), 3.47 — 3.42 (m,
1H), 2.73 (ddd, J = 12.0, 9.5, 3.2 Hz, 1H), 2.40 — 2.38 (m, 1H), 2.25 — 2.18 (m, 1H), 1.99 — 1.96
(m, 1H), 1.95 — 1.90 (m, 1H).

13C NMR (2.6a and 2.6b) (151 MHz, CDCls): 8 153.3, 149.5, 149.0, 143.7, 139.2, 130.4, 130.1,
128.9, 128.2, 128.1, 128.0, 127.6, 127.4, 126.5, 126.4, 123.5, 123.1, 49.1, 48.8, 46.8, 44.5, 29,
25.8, 25.2, 21.4.

HRMS (EI/QTOF) m/z: [M]* Calcd for C17H17N 236.1440, found 236.1435.

2-((9S,10S,12R)-9,10-dihydro-9,10-ethanoanthracen-12-yl)pyridine (2.7)

~ N
Y/

O
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2-((9S,10S,12R)-9,10-dihydro-9,10-ethanoanthracen-12-yl)pyridine was prepared according to
the general Diels-Alder procedure using 4 (213 pL, 2 mmol, 1 equiv), BF3-OEt; (132 pL, 1 mmol,
0.5 equiv), and anthracene (713 mg, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture
was stirred at 70 °C for 72 hr. After workup, the reaction mixture was purified on a silica flash
column (5% to 15% EtOAc/hexanes) to give product 2.7 as a colorless oil (218.9 mg, 0.78 mmol,
39% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.60.

IH NMR (600 MHz, CDCls): & 8.33 (d, J = 5.1 Hz, 2H), 7.37 (d, J = 7.3 Hz, 1H), 7.32 (dd, J =
9.7,4.3 Hz, 2H), 7.19 (dd, J = 7.3, 5.1 Hz, 1H), 7.15 (dd, J = 5.1, 1.4 Hz, 2H), 7.08 — 7.02 (m, 1H),
6.92 (d, J = 7.2 Hz, 1H), 6.51 (d, J = 7.2 Hz, 2H), 4.45 (s, 1H), 4.18 (s, 1H), 3.25 — 3.16 (m, 1H),
2.36 — 2.26 (m, 1H), 1.82 — 1.72 (m, 1H).

13C NMR (151 MHz, CDCls): 6 154.6, 148.5, 144.1, 143.4, 143.1, 139.2, 126.5, 126.2, 126.1,
125.9,125.7, 123.7, 123.5, 123.4, 123.1, 51.2, 44.6, 44.2, 35.6.

HRMS (EI/QTOF) m/z: [M]* Calcd for C21H17N 284.1440, found 288.1437.

4-((1R,2R,4R)-bicyclo[2.2.1]hept-5-en-2-yl)pyridine (2.8a) and

4-((1R,2S,4R)-bicyclo[2.2.1]hept-5-en-2-yl)pyridine (2.8b)

4-((1R,2R,4R)-bicyclo[2.2.1]hept-5-en-2-yl)pyridine and 4-((1R,2S,4R)-bicyclo[2.2.1]hept-5-en-

2-yl)pyridine were prepared according to the general Diels-Alder procedure using 4-vinylpyridine
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(213 pL, 2 mmol, 1 equiv), BFs-OEt> (132 pL, 1 mmol, 0.5 equiv), and freshly distilled
cyclopentadiene (264 uL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was
stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on an alumina flash
column (5% to 15% EtOAc/hexanes) to give products 2.8a and 2.8b as a brown oil (329.4 mg,
1.93 mmol, 97% yield). Diastereoselectivity determined as 4:1 based on NMR integration of

2.8a:2.8b.

TLC (Vanillin, 25% EtOAc/Hexanes) R¢ = 0.35.

IH NMR (2.8a) (600 MHz, CDCls): & 8.38 (d, J = 4.6 Hz, 2H), 7.01 (d, J = 4.6 Hz, 2H), 6.26 —
6.20 (m, 1H), 5.76 — 5.68 (m, 1H), 3.35 — 3.27 (m, 1H), 3.07 (s, 1H), 2.95 (s, 1H), 2.16 (ddd, J =
11.3, 3.9, 1.7 Hz, 1H), 1.51 — 1.41 (m, 2H), 1.27 (dt, J = 11.3, 1.7 Hz, 1H).

IH NMR (2.8b) (600 MHz, CDCls): & 8.45 (d, J = 4.5 Hz, 2H), 7.15 (d, J = 4.5 Hz, 2H), 6.21 (d,
J=3.1Hz, 1H), 6.18 — 6.12 (m, 1H), 3.21 — 3.23 (m, 1H), 2.90 (s, 1H), 2.63 (dd, J = 8.9, 5.0 Hz,
1H), 1.71 — 1.60 (m, 2H), 1.41 — 1.43 (m, 1H).

13C NMR (2.8a) (151 MHz, CDCls): & 146.5, 135.1, 129.7, 121.0, 47.7, 45.8, 45.0, 40.7, 40.6.
13C NMR (2.8b) (151 MHz, CDCI3): § 151.6, 147.0, 134.3, 120.5, 43.2, 39.7, 30.8, 29.8, 29.7.

HRMS (EI/QTOF) m/z: [M]** Calcd for C12H1sN 172.1127, found 172.1135.

4-((1R,2R,4R)-bicyclo[2.2.2]oct-5-en-2-yl)pyridine (2.9a) and

4-((1R,2S,4R)-bicyclo[2.2.2]oct-5-en-2-yl)pyridine (2.9b)
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4-((1R,2R,4R)-bicyclo[2.2.2]oct-5-en-2-yl)pyridine and 4-((1R,2S,4R)-bicyclo[2.2.2]oct-5-en-2-
yDpyridine were prepared according to the general Diels-Alder procedure using 4-vinylpyridine
(213 pL, 2 mmol, 1 equiv), BFs-OEt> (132 pL, 1 mmol, 0.5 equiv), and 1,3-cyclohexadiene (380
puL 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was stirred at 70 °C for 48 hr.
After workup, the reaction mixture was purified on a silica flash column (5% to 15%
EtOAc/hexanes) to give products 2.9a and 2.9b as a white solid (131.2 mg, 0.70 mmol, 35% yield).

Diastereoselectivity determined as 5:1 based on NMR integration of 2.9a:2.9b.

TLC (Vanillin, 25% EtOAc/Hexanes) Rs = 0.35.

IH NMR (2.9a) (600 MHz, CDCls): & 8.44 — 8.37 (m, 2H), 7.09 — 7.04 (m, 2H), 6.41 (dd, J = 8.1,
6.5 Hz, 1H), 6.13 (dd, J = 8.1, 6.5 Hz, 1H), 2.92 (ddd, J = 10.1, 5.7, 1.9 Hz, 1H), 2.68 — 2.63 (m,
1H), 2.60 (td, J = 5.7, 1.9 Hz, 1H), 2.06 (td, J = 10.0, 2.8 Hz, 1H), 1.72 — 1.67 (m, 1H), 1.59 — 1.54
(m, 1H), 1.46 — 1.41 (m, 1H), 1.34 — 1.26 (m, 2H).

IH NMR (2.9b) (600 MHz, CDCls): & 8.50 (dd, J = 4.4, 1.9 Hz, 2H), 7.22 — 7.17 (m, 2H), 6.49 (t,
J=7.5Hz, 1H), 6.33 (t, J = 7.5 Hz, 1H), 3.13 (dd, J = 10.1, 5.7 Hz, 1H), 2.84 — 2.76 (m, 1H), 2.75
—2.69 (M, 1H), 2.48 (d, J = 3.3 Hz, 1H), 2.14 (ddd, J = 12.9, 10.1, 2.0 Hz, 1H), 1.74 — 1.72 (m,
1H), 1.63 — 1.59 (m, 1H), 1.38 (dt, J = 11.4, 3.3 Hz, 1H), 1.08 — 0.98 (m, 1H).

13C NMR (2.9a) (151 MHz, CDCls): 6 157.5, 148.8, 135.6, 131.6, 43.2, 36.2, 35.4, 30.3, 30.0,

27.1,24.0.
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13C NMR (2.9b) (151 MHz, CDCls): & 149.1, 135.2, 134.4, 125.5, 42.5, 35.8, 30.5, 29.8, 26.0,
24.4,8.9.

HRMS (EI/QTOF) m/z: [M]* Calcd for C13H1sN 186.1283, found 186.1279.

2-(4-methylcyclohex-3-en-1-yl)pyridine (2.10a) and

2-(3-methylcyclohex-3-en-1-yl)pyridine (2.10b)

2-(4-methylcyclohex-3-en-1-yl) pyridine and 2-(3-methylcyclohex-3-en-1-yl) pyridine were
prepared according to the general Diels-Alder procedure using 2-vinylpyridine (215 uL, 2 mmol,
1 equiv), BF3-OEt; (132 pL, 1 mmol, 0.5 equiv), and isoprene (398 pL, 4 mmol, 2 equiv) in
acetonitrile (4 mL). The resulting mixture was stirred at 70 °C for 24 hr. After workup, the reaction
mixture was purified on an alumina flash column (5% to 15% EtOAc/hexanes) to give products
2.10a and 2.10b as a colorless oil (212.9 mg, 1.23 mmol, 61% yield). Regioselectivity determined

as 10:1 based on NMR integration of 2.10a:2.10b.

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.62.
IH NMR (2.10a) (600 MHz, CDCl3): 6 8.52 (s, 1H), 7.62 — 7.54 (m, 1H), 7.15 (d, J = 7.8 Hz, 1H),
7.09 — 7.04 (m, 1H), 5.57 — 5.38 (m, 1H), 2.90 (dd, J = 12.1, 5.7, Hz, 1H), 2.34 — 2.22 (m, 2H),

2.21-2.07 (M, 2H), 2.04 — 1.92 (m, 2H), 1.87 — 1.74 (m, 1H), 1.68 (s, 3H).
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13C NMR (2.10a and 2.10b) (151 MHz, CDCls): 4 165.9, 149.1, 136.3, 133.9, 133.4, 121.2, 121.0,
120.7, 120.4, 42.6, 42.1, 36.3, 31.6, 30.4, 29.0, 28.4, 25.6, 23.6, 23.5.

HRMS (EI/QTOF) m/z: [M]* Calcd for C12H1sN 174.1283, found 174.1279

2-(3,4-dimethylcyclohex-3-en-1-yl)pyridine (2.11)

N\ /

2-(3,4-dimethylcyclohex-3-en-1-yl)pyridine was prepared according to the general Diels-Alder
procedure using 2-vinylpyridine (215 pL, 2 mmol, 1 equiv), BFs-OEt, (132 pL, 1 mmol, 0.5
equiv), and 2,3-dimethylbutadiene (458 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting
mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on a silica
flash column (5% to 15% EtOAc/hexanes) to give product 2.11 as a yellow oil (282.1 mg, 1.51

mmol, 75% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) Rs = 0.66.

IH NMR (600 MHz, CDCls): & 8.52 (dt, J = 4.9, 1.4 Hz, 1H), 7.57 (td, J = 7.6, 1.4 Hz, 1H), 7.14
(d, J=7.6 Hz, 1H), 7.05 - 7.07 (dd, J = 7.6, 4.9 Hz, 1H), 2.96 — 2.90 (m, 1H), 2.29 — 2.21 (m, 1H),
2.18 (m, 2H), 2.02 — 1.93 (m, 2H), 1.81 — 1.73 (m, 1H), 1.63 (s, 6H).

13C NMR (151 MHz, CDCls): 6 165.9, 149.1, 136.3, 125.3, 125.0, 121.1, 121.0, 43.0, 38.0, 32.1,
29.3, 19.0.

HRMS (EI/QTOF) m/z: [M]* Calcd for C13H17N 188.1440, found 188.1450.

2-((1S,2R)-1,2,3,4-tetrahydro-[1,1'-biphenyl]-2-yl)pyridine (2.12a) and
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2-((1R,3R)-1,2,3,4-tetrahydro-[1,1'-biphenyl]-3-y)pyridine (2.12b)

Ph
Ph
N + N
| |
= =

2-((1S,2R)-1,2,3,4-tetrahydro-[1,1'-biphenyl]-2-yl)pyridine and 2-((1R,3R)-1,2,3,4-tetrahydro-
[1,1'-biphenyl]-3-yl)pyridine were prepared according to the general Diels-Alder procedure using
2-vinylpyridine (215 pL, 2 mmol, 1 equiv), BF3-OEt> (132 pL, 1 mmol, 0.5 equiv), and trans-1-
phenyl-1,3-butadiene (559 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was
stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on an alumina flash
column (5% to 15% EtOAc/hexanes) to give products 2.12a and 2.12b as a yellow oil (296.8 mg,
1.26 mmol, 63% vyield). Regioselectivity determined as >20:1 based on NMR integration of
2.12a:2.12b. Diastereoselectivity determined as >99:1 based on the absence of diastereomeric

peaks on NMR.

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.59.

IH NMR (2.12a) (600 MHz, CDCl3): & 8.48 (dd, J = 4.9, 1.9 Hz, 1H), 7.27 (td, J = 7.7, 1.9 Hz,
1H), 7.04 — 6.94 (m, 4H), 6.74 — 6.68 (m, 2H), 6.39 (dt, J = 7.7, 1.0 Hz, 1H), 6.06 —5.99 (m, 1H),
5.85 (dd, J = 9.7, 5.0, Hz, 1H), 3.94 — 3.89 (m, 1H), 3.47 (ddd, J = 13.3, 5.0, 2.5 Hz, 1H), 2.41 —
2.26 (m, 2H), 2.00 (ddd, J = 13.3, 11.0, 6.1 Hz, 1H), 1.79 — 1.70 (m, 1H).

1H NMR (2.12b) (600 MHz, CDCls): § 8.52 (dd, J = 4.9, 1.9 Hz, 1H), 7.35 (td, J = 7.6, 1.9 Hz,
1H), 7.13 — 7.07 (m, 2H), 6.98 — 6.92 (m, 5H), 5.89 — 5.93 (m, 1H), 5.75 (dd, J = 9.8, 2.9 Hz, 1H),
3.83 (ddd, J = 9.8, 4.3, 2.9 Hz, 1H), 2.88 (td, J = 12.6, 2.9 Hz, 1H), 2.26 — 2.18 (m, 2H), 2.11 —

2.13 (M, 1H), 1.96 — 1.90 (m, 1H).
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13C NMR (2.12a) (151 MHz, CDCls): & 163.6, 148.5, 148.4, 140.2, 135.6, 129.8, 129.1, 128,
127.2,126.1, 121.8, 121.0, 46.9, 46.1, 26.0, 26.0, 21.0.

HRMS (EI/QTOF) m/z: [M]"* Calcd for C17H17N 236.1440, found 236.1440.

In a separate reaction, 2-vinylpyridine (677 pL, 6 mmol, 1 equiv), BFs-OEt> (395 pL, 3 mmol, 0.5
equiv), and trans-1-phenyl-1,3-butadiene (1.65 g, 10 mmol, 2 equiv), were reacted in a 25mL r.b.
flask fitted with a condenser with amounts of reagents adjusted to meet the larger scale. General
procedure was followed except for the reaction vessel, which was open to air. The product was

isolated as a yellow oil (785.0 mg, 3.34 mmol, 53%).

(1S,6S)-6-(pyridin-2-yl)cyclohex-2-en-1-yl acetate (2.13a) and

(1R,5R)-5-(pyridin-2-yl)cyclohex-2-en-1-yl acetate (2.13b)

OAc
AcO
N + N
| |
= =

(1S,6S)-6-(pyridin-2-yl)cyclohex-2-en-1-yl acetate and (1R,5R)-5-(pyridin-2-yl)cyclohex-2-en-1-
yl acetate were prepared according to the general Diels-Alder procedure using 2-vinylpyridine
(215 pL, 2 mmol, 1 equiv), BF3-OEt> (132 pL, 1 mmol, 0.5 equiv), and trans-1-acetoxy-1,3-
butadiene (474 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was stirred at
70 °C for 24 hr. After workup, the reaction mixture was purified on an alumina flash column (5%

to 15% EtOAc/hexanes) to give product 2.13a and 2.13b as a yellow oil (307.9 mg, 1.42 mmol,
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71% vyield). Regioselectivity determined as 20:1 based on NMR integration of 2.13a:2.13b.

Diastereoselectivity determined as >99:1 based on the absence of diastereomeric peaks on NMR.

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.63.

IH NMR (2.13a) (600 MHz, CDCls): 8.51 (dd, J = 5.6, 1.7 Hz, 1H), 7.59 (td, J = 7.7, 1.7 Hz, 1H),
7.19 (d, J = 7.7 Hz, 1H), 7.13 — 7.08 (m, 1H), 6.03 — 6.06 (m, 1H), 5.96 — 5.89 (m, 1H), 5.53 (d, J
= 4.5 Hz, 1H), 3.18 (dt, J = 12.8, 3.2 Hz, 1H), 2.36 — 2.27 (m, 1H), 2.24 — 2.11 (m, 2H), 1.98 —
1.93 (m, 1H), 1.74 (s, 3H).

13C NMR (2.13a) (151 MHz, CDCls): § 170.1, 161.4, 149.0, 135.9, 133.3, 124.8, 122.1, 121.5,
68.5, 45.9, 25.8, 21.3, 20.8.

HRMS (EI/QTOF) m/z: [M]** Calcd for C13H1sNO; 218.1182, found 218.1178.

In a separate reaction, 2-vinylpyridine (4.80 mL, 40 mmol, 1 equiv), BF3-OEt, (2.75 mL, 20
mmol, 0.5 equiv), and trans-1-acetoxy-1,3-butadiene (10.0 g, 90 mmol, 2 equiv) using the
general Diels-Alder procedure above, with amounts of reagents adjusted to meet the larger scale.

The product was isolated as a yellow oil (4.95 g, 20 mmol, 51%).

2-((1S,2R,4R)-bicyclo[2.2.1]heptan-2-yl)pyridine (2.14a) and
2-((1S,2S,4R)-bicyclo[2.2.1]heptan-2-yl)pyridine (2.14b)

/\
=N
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2-((1S,2R,4R)-bicyclo[2.2.1]heptan-2-yl)pyridine and 2-((1S,2S,4R)-bicyclo[2.2.1]heptan-2-
yDpyridine were prepared according to the general Diels-Alder procedure using 2-vinylpyridine
(215 pL, 2 mmol, 1 equiv), BFs-OEt> (132 pL, 1 mmol, 0.5 equiv), and freshly distilled
cyclopentadiene (264 uL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was
stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on an alumina flash
column (5% to 15% EtOAc/hexanes) to give products 2.14a and 2.14b as a colorless oil (341.9
mg, 1.99 mmol, 99% yield). Diastereoselectivity determined as >20:1 based on NMR integration

of 2.14a:2.14b.

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.49.

IH NMR (2.14a) (600 MHz, CDCl3): & 8.46 (dd, J = 4.8, 1.9 Hz, 1H), 7.49 (td, J = 7.7, 1.9 Hz,
1H), 7.06 — 6.99 (m, 2H), 6.20 (dd, J = 5.7, 3.0 Hz, 1H), 5.73 (dd, J = 5.7, 3.0 Hz, 1H), 3.56 (ddd,
J=8.9,4.1,3.0 Hz, 1H), 3.25 (s, 1H), 2.93 (s, 1H), 2.19 (dd, J = 8.9, 4.1 Hz, 1H), 1.51 — 1.44 (m,
3H).

13C NMR (2.14a) (151 MHz, CDCls): & 146.1, 135.1, 129.7, 121.0, 47.7, 45.8, 45.0, 40.7, 40.6.

HRMS (EI/QTOF) m/z: [M]** Calcd for C12H1sN 172.1127, found 172.1125.

2-((1R,2R,4R)-bicyclo[2.2.2]oct-5-en-2-yl)pyridine (2.15a) and

2-((1R,2S,4R)-bicyclo[2.2.2]oct-5-en-2-yl)pyridine (2.15b)

/\
=N
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2-((1R,2R,4R)-bicyclo[2.2.2]oct-5-en-2-yl)pyridine and 2-((1R,2S,4R)-bicyclo[2.2.2]oct-5-en-2-
yDpyridine were prepared according to the general Diels-Alder procedure using 2-vinylpyridine
(215 pL, 2 mmol, 1 equiv), BFs-OEt> (132 pL, 1 mmol, 0.5 equiv), and 1,3-cyclohexadiene (380
ML, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was stirred at 70 °C for 24 hr.
After workup, the reaction mixture was purified on a silica flash column (5% to 15%
EtOAc/hexanes) to give products 2.15a and 2.15b as a colorless oil (186.9 mg, 1.02 mmol, 51%

yield). Diastereoselectivity determined as >20:1 based on NMR integration of 2.15a:2.15b.

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.53.

'H NMR (2.15a) (600 MHz, CDCl3): & 8.46 (dd, J = 4.9, 1.9 Hz, 1H), 7.52 (td, J = 7.7, 1.9 Hz,
1H), 7.11 (d, J = 7.7 Hz, 1H), 7.03 (dd, J = 7.7, 4.9 Hz, 1H), 6.37 — 6.41 (m, 1H), 6.17 — 6.09 (m,
1H), 3.19 (dd, J = 10.0, 5.9 Hz, 1H), 2.80 — 2.74 (m, 1H), 2.69 — 2.62 (m, 1H), 2.07 (dd, J = 12.8,
10.0 Hz, 1H), 1.78 = 1.72 (m, 1H), 1.69 — 1.62 (m, 1H), 1.62 — 1.54 (m, 1H), 1.36 — 1.26 (m, 2H).
13C NMR (2.15a) (151 MHz, CDCls): 6 166.5, 148.6, 136.0, 135.1, 131.9, 121.5, 120.8, 45.7,
35.7,34.2,30.2, 27.1, 24.3.

HRMS (EI/QTOF) m/z: [M]** Calcd for C1sH1sN 186.1283, found 186.1280.

(1R,4R,5R)-5-(pyridin-2-yl)-7-azabicyclo[2.2.1]hept-2-ene (2.16)

7\
==

(1R,4R,5R)-5-(pyridin-2-yl)-7-azabicyclo[2.2.1]hept-2-ene was prepared according to the general

Diels-Alder procedure using 2-vinylpyridine (215 pL/mg, 2 mmol, 1 equiv), BFs-OEt, (132 pL, 1
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mmol, 0.5 equiv), and pyrrole (277 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting
mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on an
alumina flash column (5% to 15% EtOAc/hexanes) to give product 2.16 as a brown solid (191.1
mg, 1.11 mmol, 55% yield). Diastereoselectivity determined as >99:1 based on the absence of

diastereomeric peaks on NMR.

TLC (Vanillin, 25% EtOAc/Hexanes) R¢ = 0.16.

IH NMR (600 MHz, CDCls): § 8.92 (br s, 1H), 8.60 — 8.54 (m, 1H), 7.60 (td, J = 7.5, 1.9 Hz, 1H),
7.14 (dd, J = 7.5, 1.9 Hz, 2H), 6.68 — 6.62 (m, 1H), 6.10 (d, J = 3.0 Hz, 1H), 5.93 (d, J = 3.0 Hz,
1H), 3.13 (dd, J = 7.6, 5.6 Hz, 2H), 3.07 (dd, J = 7.6, 5.6 Hz, 2H).

13C NMR (151 MHz, CDCls): 6 161.3, 149.0, 136.7, 132.0, 123.4, 121.3, 116.3, 107.9, 105.2,
38.0, 27.0.

HRMS (EI/QTOF) m/z: [M]** Calcd for C11H12N, 173.1079, found 173.1075.

2-((9S,10S,12R)-9,10-dihydro-9,10-ethanoanthracen-12-yl)pyridine (2.17)

2-((9S,10S,12R)-9,10-dihydro-9,10-ethanoanthracen-12-yl)pyridine was prepared according to
the general Diels-Alder procedure using 2-vinylpyridine (215 pL, 2 mmol, 1 equiv), BF3-OEt;
(132 pL, 1 mmol, 0.5 equiv), and anthracene (713 mg, 4 mmol, 2 equiv) in acetonitrile (4 mL).
The resulting mixture was stirred at 70 °C for 72 hr. After workup, the reaction mixture was
purified on a silica flash column (5% to 15% EtOAc/hexanes) to give product 2.17 as a yellow

solid (250.0 mg, 0.88 mmol, 44% vyield).
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TLC (Vanillin, 25% EtOAc/Hexanes) Rs = 0.65.

IH NMR (600 MHz, CDCls): § 8.47 (d, J = 4.1 Hz, 1H), 7.41 — 7.35 (m, 3H), 7.34 — 7.30 (m, 1H),
7.15-7.11 (m, 3H), 7.06 (dd, J = 7.4, 4.1 Hz, 1H), 6.98 (td, J = 7.4, 1.2 Hz, 1H), 6.88 (d, J = 6.7
Hz, 1H), 6.19 (d, J = 8.1 Hz, 1H), 4.47 — 4.43 (m, 2H), 3.59 (dd, J = 10.4, 2.6 Hz, 1H), 2.33 (ddd,
J=129, 104, 2.6 Hz, 1H), 2.00 (dd, J = 12.9, 2.6 Hz, 1H).

13C NMR (151 MHz, CDCls): 6 163.2, 147.8, 144.1, 143.5, 143.5, 140.0, 136.6, 126.1, 125.9,
125.9,125.8, 125.4,123.7, 123.4, 123.0, 121.7, 121.5, 50.5, 46.5, 44.4, 34.3.

HRMS (EI/QTOF) m/z: [M]* Calcd for C21H17N 284.1440, found 288.1434.

2-(3,4-dimethylcyclohex-3-en-1-yl)pyrazine (2.18)

2-(3,4-dimethylcyclohex-3-en-1-yl)pyrazine was prepared according to the general Diels-Alder
procedure using 2-vinylpyrazine (204 uL, 2 mmol, 1 equiv), BF3-OEt> (132 pL, 1 mmol, 0.5
equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting
mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on a silica
flash column (5% to 15% EtOAc/hexanes) to give product 2.18 as an orange oil. (180.5 mg, 0.96
mmol, 48% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.62.

IH NMR (600 MHz, CDCls): § 8.51 — 8.4 (m, 2H), 8.37 (d, J = 2.5 Hz, 1H), 3.02 — 2.93 (m, 1H),
2.34—2.25 (m, 1H), 2.21 — 2.12 (m, 2H), 2.04 — 1.91 (m, 2H), 1.86 — 1.77 (m, 1H), 1.63 (s, 3H),

1.62 (s, 3H).
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13C NMR (151 MHz, CDCl»): 6 161.2, 144.0, 143.6, 142.2, 125.5, 124.6, 40.5, 37.3, 31.7, 28.8,
19.0, 18.9.

HRMS (EI/QTOF) m/z: [M]** Calcd for C12H26N; 189.1392, found 189.1389.

2-(3,4-dimethylcyclohex-3-en-1-yl)pyrimidine (2.19)

—N

Sals
2-(3,4-dimethylcyclohex-3-en-1-yl)pyrimidine was prepared according to the general Diels-Alder
procedure using 2-vinylpyrimidine (212 pL, 2 mmol, 1 equiv), BFs-OEt, (132 pL, 1 mmol, 0.5
equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting
mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on a silica
flash column (5% to 15% EtOAc/hexanes) to give product 18 as a yellow oil (248.5 mg, 1.32
mmol, 66% yield).
TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.59.
IH NMR (600 MHz, CDCl3): & 8.62 (d, J = 4.9 Hz, 2H), 7.06 (t, J = 4.9 Hz, 1H), 3.06 (ddd, J =
12.3,11.1, 5.3 Hz, 1H), 2.42 — 2.31 (m, 1H), 2.22 — 2.12 (m, 2H), 2.02 (dd, J = 12.3, 5.3 Hz, 1H),
1.95-1.99 (m, 1H), 1.76 — 1.73 (m, 1H), 1.59 (s, 6H).
13C NMR (151 MHz, CDCls): § 174.2, 156.9, 125.3, 124.7, 118.4, 44.1, 36.6, 32.0, 28.7, 19.0,
18.8.

HRMS (EI/QTOF) m/z: [M]** Calcd for C12H26N2 189.1392, found 189.1387.
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4-(3,4-dimethylcyclohex-3-en-1-yl)-2-methylpyridine (2.20)

4-(3,4-dimethylcyclohex-3-en-1-yl)-2-methylpyridine was prepared according to the general
Diels-Alder procedure using 2-methyl-4-vinylpyridine (238 pL, 2 mmol, 1 equiv), BF3-OEt; (132
pL, 1 mmol, 0.5 equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4
mL). The resulting mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was
purified on a silica flash column (5% to 15% EtOAc/hexanes) to give product 2.20 as a colorless
oil (269.1 mg, 1.33 mmol, 67% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) R¢ = 0.30.

IH NMR (600 MHz, CDCl3): & 8.36 (d, J = 5.2 Hz, 1H), 6.99 (d, J = 1.7 Hz, 1H), 6.94 (dd, J =
5.2,1.7 Hz, 1H), 2.76 — 2.67 (m, 1H), 2.52 (s, 3H), 2.17 — 2.03 (m, 3H), 2.02 — 1.95 (m, 1H), 1.85
—1.88 (m, 1H), 1.70 — 1.64 (m, 1H), 1.63 (s, 6H).

13C NMR (151 MHz, CDCls):  157.9, 156.8, 148.6, 125.7, 124.7, 122.0, 119.6, 40.2, 38.8, 31.8,
31.8, 29.5, 24.2, 19.0, 18.8.

HRMS (EI/QTOF) m/z: [M]** Calcd for C1aH1eN 202.1596, found 202.1591.

2-(3,4-dimethylcyclohex-3-en-1-yl)quinoline (2.21)

N\
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2-(3,4-dimethylcyclohex-3-en-1-yl)quinoline was prepared according to the general Diels-Alder
procedure using 2-vinylquinoline (301 puL/mg, 2 mmol, 1 equiv), BF3-OEt; (132 pL, 1 mmol, 0.5
equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting
mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on a silica
flash column (5% to 15% EtOAc/hexanes) to give product 2.21 as an orange oil (422.2 mg, 1.78
mmol, 89% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) Rt = 0.80.

IH NMR (600 MHz, CDCls): § 8.12 (dt, J = 8.5, 0.9 Hz, 1H), 8.07 (dd, J = 8.5, 0.9 Hz, 1H), 7.72
(dd, J = 8.1, 1.4 Hz, 1H), 7.64 (ddd, J = 8.5, 6.8, 1.4 Hz, 1H), 7.43 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H),
7.29 (d, J =8.5 Hz, 1H), 3.21 (ddd, J = 12.1, 10.9, 5.4 Hz, 1H), 2.38 — 2.31 (m, 1H), 2.29 — 2.16
(m, 2H), 2.08 — 1.94 (m, 2H), 1.91 — 1.81 (m, 1H), 1.63 (s, 6H).

13C NMR (151 MHz, CDCls): 6 166.1, 146.7, 137.4, 130.5, 129.8, 128.1, 127.5, 127.0, 126.0,
125.5,124.7, 119.7, 43.4, 37.7, 31.9, 29.2, 18.9.

HRMS (EI/QTOF) m/z: [M]* Calcd for C17H19N 238.1596, found 238.1592.

4-(3,4-dimethylcyclohex-3-en-1-yl)quinoline (2.22)

~N

4-(3,4-dimethylcyclohex-3-en-1-yl)quinoline was prepared according to the general Diels-Alder
procedure using 4-vinylquinoline (282 pL, 2 mmol, 1 equiv), BFs-OEt, (132 uL, 1 mmol, 0.5
equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting

mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was purified on a silica
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flash column (5% to 15% EtOAc/hexanes) to give product 2.22 as a yellow oil (360.4 mg, 1.52
mmol, 76% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) Rt = 0.58.

IH NMR (600 MHz, CDCls): § 8.78 (d, J = 4.7 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H), 8.04 (d, J = 6.7
Hz, 1H), 7.62 (dd, J = 8.4, 6.7 Hz, 1H), 7.48 (dd, J = 8.4, 6.7Hz, 1H), 7.22 (s, 1H), 3.55 (ddd, J =
11.0, 8.0, 5.3 Hz, 1H), 2.13 — 2.20 (m, 2H), 2.14 — 2.05 (m, 1H), 1.93 — 1.96 (m, 1H), 1.91 (d, J =
12.5 Hz, 1H), 1.80 (ddd, J = 12.5, 11.0, 5.3 Hz, 1H), 1.63 (s, 3H), 1.60 (s, 3H).

13C NMR (151 MHz, CDCls): 6 153.9, 149.6, 147.4, 129.6, 129.2, 127.1, 126.5, 125.7, 124.8,
123.1, 117.6, 38.9, 35.3, 31.9, 29.2, 19.0, 18.9.

HRMS (EI/QTOF) m/z: [M]* Calcd for C17H19N 238.1596, found 238.1592.

4-(3,4-dimethylcyclohex-3-en-1-yl)-6-fluoroquinoline (2.23)

~N

4-(3,4-dimethylcyclohex-3-en-1-yl)-6-fluoroquinoline was prepared according to the general
Diels-Alder procedure using 6-fluoro-4-vinylquinoline (346 mg, 2 mmol, 1 equiv), BF3-OEt; (132
pL, 1 mmol, 0.5 equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4
mL). The resulting mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was
purified on a silica flash column (5% to 15% EtOAc/hexanes) to give product 2.23 as a yellow
solid (390.3 mg, 1.62 mmol, 81% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.57.
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IH NMR (600 MHz, CDCl3): 8 8.72 (d, J = 4.7 Hz, 1H), 8.08 (dd, J = 9.2, 5.6 Hz, 1H), 7.60 (dd,
J=10.4, 2.8 Hz, 1H), 7.36 (ddd, J = 9.2, 7.9, 2.8 Hz, 1H), 7.19 (d, J = 4.7 Hz, 1H), 3.36 (ddd, J =
10.7, 5.1, 2.8 Hz, 1H), 2.23 — 2.10 (m, 2H), 2.09 — 2.01 (m, 1H), 1.96 — 1.92 (m, 1H), 1.91 — 1.84
(m, 1H), 1.75 (ddd, J = 12.6, 11.0, 5.4 Hz, 1H), 1.59 (s, 3H), 1.57 (s, 3H).

13C NMR (151 MHz, CDCls): § 161.4, 159.7, 153.1, 153.1, 149.0, 148.9, 144.6, 132.2, 132.1,
127.9, 127.9, 125.7, 124.7, 119.3, 119.2, 118.1, 106.9, 106.7, 38.6, 38.6, 35.5, 31.7, 29.1, 18.9,
18.8.

HRMS (EI/QTOF) m/z: [M]"* Calcd for C1sH1sNF 242.1346, found 242.1346.

5-chloro-2-(3,4-dimethylcyclohex-3-en-1-yl)pyridine (2.25)

Cl \

2

5-chloro-2-(3,4-dimethylcyclohex-3-en-1-yl)pyridine was prepared according to the general
Diels-Alder procedure using 5-chloro-2-vinylpyridine (252 uL, 2 mmol, 1 equiv), BF3-OEt> (132
pL, 1 mmol, 0.5 equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4
mL). The resulting mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was
purified on a silica flash column (5% to 15% EtOAc/hexanes) to give product 2.25 as a colorless
oil (380.0 mg, 1.72 mmol, 86% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.44.

IH NMR (800 MHz, CDCl3): & 8.51 (d, J = 5.9 Hz, 1H), 7.60 (d, J = 7.2 Hz, 1H), 7.15 (dd, J =
7.2,5.9 Hz, 1H), 2.97 (s, 1H), 2.19 — 2.25 (m, 3H), 2.01 (s, 2H), 1.78 (dd, J = 11.9, 5.9 Hz, 1H),

1.68 (s, 6H).
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13C NMR (201 MHz, CDCls): 6 164.2, 147.9, 136.1, 129.3, 125.5, 124.8, 122.0, 42.4, 37.9, 31.3,
29.3,19.1, 18.9.

HRMS (EI/QTOF) m/z: [M]* Calcd for C13H16NCI 222.1050, found 222.1051.

4-bromo-2-(3,4-dimethylcyclohex-3-en-1-yl)pyridine (2.26)

Br

4-bromo-2-(3,4-dimethylcyclohex-3-en-1-yl)pyridine was prepared according to the general
Diels-Alder procedure using 4-bromo-2-vinylpyridine (368 mg, 2 mmol, 1 equiv), BFs-OEt, (132
pL, 1 mmol, 0.5 equiv), and 2,3-dimethylbutadiene (456 pL, 4 mmol, 2 equiv) in acetonitrile (4
mL). The resulting mixture was stirred at 70 °C for 24 hr. After workup, the reaction mixture was
purified on a silica flash column (5% to 15% EtOAc/hexanes) to give product 2.26 as a colorless
oil (418.9 mg, 1.58 mmol, 79% vyield).

TLC (Vanillin, 25% EtOAc/Hexanes) Rs = 0.45.

IH NMR (800 MHz, CDCl3): 6 8.36 (s, 1H), 7.36 (s, 1H), 7.28 (d, J = 2.6 Hz, 1H), 2.97 — 2.90
(m, 1H), 2.28 — 2.23 (m, 1H), 2.22 — 2.15 (M, 2H), 2.06 — 2.00 (M, 1H), 2.01 — 1.94 (m, 1H), 1.74
—1.79 (m, 1H), 1.66 (s, 6H).

13C NMR (201 MHz, CDCls): 6 167.6, 149.9, 133.1, 125.4, 124.7, 124.6, 124.5, 42.9, 38.0, 32.0,
29.1,19.1, 18.9.

HRMS (EI/QTOF) m/z: [M]* Calcd for C13H16NBr 266.0545, found 266.0547.

130



2-bromo-6-(3,4-dimethylcyclohex-3-en-1-yl)pyridine (2.24)

Br
—N

N\ /

2-bromo-6-(3,4-dimethylcyclohex-3-en-1-yl)pyridine was prepared according to the general
Diels-Alder procedure using 2-bromo-6-vinylpyridine (368 mg, 2 mmol, 1 equiv), BFs-OEt;
(132 pL, 1 mmol, 0.5 equiv), and 2,3-dimethylbutadiene (456 uL, 4 mmol, 2 equiv) in
acetonitrile (4 mL). The resulting mixture was stirred at 70 °C for 48 hr. After workup, the
reaction mixture was purified on a silica flash column (2% to 5% EtOAc/hexanes) to give

product 2.24 as a colorless oil (244.7 mg, 0.92 mmol, 46% yield).

TLC (Vanillin, 25% EtOAc/Hexanes) R = 0.88.

IH NMR (600 MHz, CDCls):) & 7.44 (t, J = 7.7 Hz, 1H), 7.28 (dd, J = 7.7, 0.9 Hz, 1H), 7.10 (dd,
J=7.7,0.9 Hz, 1H), 2.92 (ddd, J = 12.2, 9.5, 6.2 Hz, 1H), 2.25 — 2.17 (m, 2H), 2.12 — 2.14 (m,
1H), 2.01 - 1.91 (m, 2H), 1.78 — 1.69 (m, 1H), 1.63 (s, 6H).

13C NMR (151 MHz, CDCls): 6 167.8, 141.5, 138.6, 125.4, 125.3, 124.6, 119.7, 42.6, 37.7, 31.8,
29.1, 19.0, 18.9.

HRMS (EI/QTOF) m/z: [M]** Calcd for C1sH1sNBr 266.0545, found 266.0548.

6-fluoro-4-(4-methylcyclohex-3-en-1-yl)quinoline (2.38a) and

6-fluoro-4-(3-methylcyclohex-3-en-1-yl)quinoline (2.38b)
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6-fluoro-4-(4-methylcyclohex-3-en-1-yl) quinoline and 6-fluoro-4-(3-methylcyclohex-3-en-1-yl)
quinoline were prepared according to the general Diels-Alder procedure using 6-fluoro-4-
vinylquinoline (346 mg, 2 mmol, 1 equiv), BF3-OEt, (132 pL, 1 mmol, 0.5 equiv), and isoprene
(398 pL, 4 mmol, 2 equiv) in acetonitrile (4 mL). The resulting mixture was stirred at 70 °C for
24 hr. After workup, the reaction mixture was purified on a silica flash column (5% to 15%
EtOAc/hexanes) to give products 2.38a and 2.38b as a yellow oil (354.8 mg, 1.39 mmol, 70%

yield). Regioselectivity determined as 3:1 based on NMR integration of 2.38a:2.38b.

TLC (Vanillin, 25% EtOAc/Hexanes) Rs = 0.53.

IH NMR (2.38a and 2.38b) 1H NMR (600 MHz, cdcl3) § 8.77 (dd, J = 5.8, 4.5 Hz, 1H), 8.12 —
8.05 (m, 1H), 7.66 (dd, J = 10.5, 3.0 Hz, 1H), 7.42 (ddd, J = 9.2, 7.9, 3.0 Hz, 1H), 7.25 (d, J = 7.9
Hz, H), 5.54 — 5.46 (m, 1H), 3.52 — 3.36 (M, 1H), 2.36 — 2.40 (m, 1H), 2.24 — 2.08 (m, 2H), 2.01
—2.04, (m, 1H), 1.99 (s, 1H), 1.86 — 1.92 (m 1H), 1.71 (s, 3H).

13C NMR (2.38a and 2.38b) (151 MHz, CDCls): 6 161.3, 159.7, 152.2, 152.2, 149.6, 149.6, 149.6,
1454, 134.2, 133.2, 132.8, 132.8, 132.7, 132.7, 127.9, 127.8, 121.1, 120.3, 120.2, 119.1, 119.0,
119.0, 118.9, 118.2, 118.1, 106.8, 106.8, 106.7, 106.6, 37.0, 35.0, 34.6, 32.4, 30.3, 28.9, 28.4, 25.4,
23.5, 23.4.

HRMS (EI/QTOF) m/z: [M]™ Calcd for C17H16NF 256.1502, found 256.1499.
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B — Appendix 2:
Chapter 3 Experimental Data

B.1 General methods

Materials and Methods: All reagents were obtained commercially in the highest available
purity and used without further purification unless otherwise mentioned. Anhydrous solvents
were obtained from a solvent purification system utilizing activated alumina columns under a
positive pressure of argon. Reactions carried out at temperatures above room temperature (23 °C)
were conducted in a pre-heated oil bath or on a pre-heated aluminum block. Cyclization
reactions were performed inside a glovebox or using Schlenk techniques under N2 atmosphere in
2-dram vials equipped with a magnetic stir bar unless otherwise noted. Flash column
chromatography was performed using silica (400 mesh) or purchased pre-packaged for auto-
column elution from Teledeyne Isco. Elution of compounds was monitored by UV and
anisaldehyde stain on TLC.

Instrumentation: *H and *3C NMR spectra were measured on a Varian Inova 600 (600 MHz) or
Bruker Avance 111 800 (800 MHz) spectrometer and acquired at 300 K. Chemical shifts are
reported in parts per million (ppm &) referenced to the residual *H or *C resonance of the
solvent. The following abbreviations are used singularly or in combination to indicate the
multiplicity of signals: s - singlet, d - doublet, t - triplet, g - quartet, m — multiplet, br — broad,
and ap — apparent. High-resolution mass spectrometry was obtained using an Agilent Q-TOF

APCI spectrometer.
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B.2 Screening and Reaction Optimization

Reaction conditions were screened with the cyclization of styrene and 1-phenyl-1-propyne using
the following general procedure: To a 1 dr vial equipped with a PTFE stir bar and charged with
styrene (11 pL, 0.1 mmol, 1 equiv) in dichloromethane (500 pL) was added 1-phenyl-1-propyne
(36 pL, 0.3 mmol, 3 equiv), TMI-NBs (75 mg, 0.15 mmol, 1.5 equiv), and iminium catalyst (6.3
mg, 20 umol, 0.2 equiv) unless otherwise noted. The vial was placed in an aluminum heating
block pre-heated to the specified temperature or on a stir plate at room temperature and allowed
to stir for the specified time. Upon reaction completion, the mixture was cooled to room
temperature, filtered through a silica plug with 20 mL dichloromethane, and NMR yield was

obtained with 3-methyl nitrobenzoate as an internal standard.

Me Me
©BF,
A S-D
Me R
Me CF !
X 3 N
@A ' ~ -
nitrene source, temperature,
time, solvent Ph Me
eq. nitrene eq. nitrene solvent catalyst reaction reaction NMR yield
alkyne source source loading | temperature | time (h) (%)
(mol %) (°C)
1 1 PhINTs 1 DCM 20 23 18 5
2 2 PhINTs 1 DCM 20 23 18 9
3 3 PhINTs 1 DCM 20 23 18 14
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4 PhINTs 15 DCM 20 23 18 21
5 PhINTSs 2 DCM 20 23 18 19
6 TMI-NBs 1.5 DCM 20 23 18 54
7 PhINBs 15 DCM 20 23 18 3
8 TMI-NTs 15 DCM 20 23 18 11
9 TMI-Tces 15 DCM 20 23 18 16
10 PhINTces 15 DCM 20 23 18 15
11 PhINTSs 1.5 MeCN 20 23 18 20
12 PhINTSs 1.5 DCE 20 23 18 5
13 PhINTs 15 THF 20 23 18 0
14 PhINTs 15 DMF 20 23 18 3
15 PhINTSs 1.5 9:1 20 23 18 9
DCM:hexanes
16 PhINTs 1.5 DCM 10 23 18 0
17 PhINTs 15 DCM 15 23 18 16
18 PhINTs 15 DCM 30 23 18 22
19 TMI-NBs 1.5 DCM 0 23 18 0
20 TMI-NBs 1.5 DCM 20 4 18 trace
21 TMI-NBs 15 DCM 20 30 18 13
22 TMI-NBs 15 DCM 20 40 18 trace
23 PhINTs 15 DCM 20 23 24 30
24 TMI-NBs 15 DCM 20 23 24 62
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B.3 Reagent and Substrate Synthesis

Substrates B.1 — B.5 were prepared according to literature procedure.
1-iodo-2,3-dimethoxy-5-vinylbenzene (B.1)

OMe
| OMe

IH NMR (600 MHz, CDCls) & 7.45 (d, 1H, J = 2.0 Hz), 7.17 (d, 1H, J = 2.0 Hz), 6.67 (dd, 1H, J
=10.8, 17.5 Hz), 5.79 (d, 1H, J = 17.5 Hz), 5.21 (d, 1H, J = 10.8 Hz), 3.92 (s, 3H), 3.79 (s, 3H)

ppm.

13C NMR (151 MHz, CDCls) 6 154.1, 149.4, 136.0, 135.3, 128.4, 114.2, 111.8, 92.6, 60.3, 56.1
ppm.

NMR spectra are consistent with literature reports.

1-(prop-1-yn-1-ylcyclohex-1-ene (B.2)

e

Me
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IH NMR (600 MHz, CDCls): § 6.02 — 5.98 (m, 1H), 2.13 — 2.01 (m, 4H), 1.94 (s, 3H), 1.68 —
1.52 (m, 4H).
13C NMR (151 MHz, CDCls): § 133.0, 121.1, 83.0, 81.9, 29.8, 25.7, 22.7, 21.5, 4.3.

NMR spectra are consistent with literature reports.?

(cyclohexylethynyl)benzene (B.3)

AN

IH NMR (600 MHz, CDCl3): § 7.39 — 7.41 (m, 1H), 7.25 -7.29 (m, 4H), 2.59 — 2.61 (m, 1H),
1.88 —2.90 (m, 2H), 1.74 — 1.77 (m, 2H), 1.52 — 1.55 (m, 3H), 1.34 — 1.36 (m, 3H).
13C NMR (151 MHz, CDCls): § 131.8, 128.4, 127.6, 124.3, 94.7, 80.7, 32.9, 29.9, 26.2, 25.1.

NMR spectra are consistent with literature reports.>

1-(tert-butyl)-4-(prop-1-yn-1-yl)benzene (B.4)

Me

IH NMR (600 MHz, CDCls): § 7.35-7.28 (m, 4H), 2.04 (s, 3H), 1.30 (s, 9H).

13C NMR (151 MHz, CDCls): 6 152.8, 131.8, 125.7, 122.4, 92.5, 79.2, 34.7, 31.1, 3.8.
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NMR spectra are consistent with literature reports.*
dimethyl 2-(2-phenylallyl)-2-(3-phenylprop-2-yn-1-yl)malonate (B.5)

Ph
CO,Me

CO,Me
Ph

IH NMR (600 MHz, CDCls): & 7.85 (d, J = 8.3 Hz, 1H), 7.49 — 7.15 (m, 10H), 5.32 (s, 1H), 4.94
(s, 1H), 3.45 (s, 6H), 2.96 (s, 2H), 2.38 (s, 2H).

13C NMR (151 MHz, CDCls): § 170.9, 146.6, 141.0, 131.8, 128.4, 127.8, 127.5, 122.2, 112.8,
87.0, 80.8, 56.5, 52.2, 38.6, 22.6.

NMR spectra are consistent with literature reports.®

B.4 Nitrene Precursor Synthesis

Nitrene precursors B.6 - B.9 were prepared according to literature procedure.

(B.6) 4-methyl-N-(phenyl-A3-iodaneylidene)benzenesulfonamide (PhINTS)

O,
SARO!
Me
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IH NMR (600 MHz, DMSO-ds): & 7.71 (d, J = 7.8 Hz, 2H), 7.48-7.44 (m, 3H), 7.30-7.28 (m,
2H), 7.07 (d, J = 7.8 Hz, 2H), 2.23 (s, 3H).
13C NMR (151 MHz, DMSO-ds):  148.2, 131.7, 131.0, 128.3, 127.8, 127.1, 123.5, 110.2, 31.3

ppm.

NMR spectra are consistent with literature reports.®

(B.7) 4-bromo-N-(phenyl-A3-iodaneylidene)benzenesulfonamide (PhINBS)

O,
SARS!
Br

IH NMR (600 MHz, DMSO-ds): § 7.74 — 7.72 (m, 2H), 7.53 — 7.41 (m, 5H), 7.27 — 7.23 (m,
2H).
13C NMR (151 MHz, DMSO-de): & 145.6, 132.9, 130.9, 130.1, 128.7, 127.1, 122.9, 119.0 ppm.

NMR spectra are consistent with literature reports.’

(B.8) 2,2,2-trichloroethyl (phenyl-A3-iodaneylidene)sulfamate (PhINTces)

0O,

Ix .S«
©/ N“T>0">ccl,

IH NMR (600 MHz, DMSO-ds): & 8.10 (dd, J = 7.7, 1.2 Hz, 2H), 7.64 — 7.60 (m, 1H), 7.51 (t, J

=7.7 Hz, 2H), 4.22 (s, 2H) ppm.
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NMR spectra are consistent with literature reports.®
(B.9) 4-(tert-butyl)-2-iodo-1-methoxybenzene
OMe

tBu

4-(tert-butyl)-2-iodo-1-methoxybenzene

'H NMR (600 MHz, CDCls): 6 7.76 (d, J = 2.4 Hz, 1H), 7.30 (dd, J = 8.5, 2.4 Hz, 1H), 6.77 (d, J
= 8.5 Hz, 1H), 3.89 (s, 3H), 1.22 (s, 9H) ppm.
13C NMR (151 MHz, CDCls): 6 155.8, 145.8, 135.7, 125.4, 109.5, 84.2, 54.7, 34.1, 30.8.

NMR spectra are consistent with literature reports.’

(B.10) (5-(tert-butyl)-2-methoxyphenyl)-A3-iodanediyl bis(3-chlorobenzoate)

tBu
0]

Cl
I
OMe O ol
)
(5-(tert-butyl)-2-methoxyphenyl)-A3-iodanediyl bis(3-chlorobenzoate) was prepared by
adding meta-Chloroperoxybenzoic acid (2 equiv) portionwise to a solution of B.9 (1 equiv) in

anhydrous dichloromethane (0.10 M) cooled to 0°C under magnetic stirring. After addition, the

solution was warmed to rt and stirred for 3 hours. Upon completion, the mixture was cooled to
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0°C and quenched with 2x solvent volume of cold DI water. The resulting biphasic mixture was
extracted 3x with DCM, washed with brine, dried over MgSQOs, and concentrated at room
temperature in vacuo (product is thermally unstable) to yield an off-white oil. The oil was
precipitated into an off-white solid upon addition of hexanes, then washed with a solution of
10% EtOH in hexanes to yield pure product B.10 as off-white crystals (87% yield).

IH NMR (600 MHz, CDCls) & 8.25 (s, 1H), 7.84 (s, 2H), 7.78 (d, J = 7.8 Hz, 2H), 7.65 (d, J =
8.6 Hz, 1H), 7.43 (d, J = 7.8 Hz, 2H), 7.28 (t, J = 7.8 Hz, 2H), 7.14 (d, J = 8.6 Hz, 1H), 3.95 (s,
3H), 1.37 (s, 9H) ppm.

13C NMR (151 MHz, CDCls) § 170.1, 154.3, 146.2, 134.7, 134.1, 132.3, 132.3, 131.7, 130.1,
1295, 128.2, 113.8, 111.7, 57.2, 57.0, 34.6, 31.3 ppm.

Elemental Analysis: Calcd for C2sH230sClol: C 49.94, H 3.86, N 0.00; found C 49.77 H3.78 N

0.05.

(3.17) N-((5-(tert-butyl)-2-methoxyphenyl)-A3-iodaneylidene)-4-methylbenzenesulfonamide

(TMI-NTS)

tBu
Me
?Ng” :
OMe O,

N-((5-(tert-butyl)-2-methoxyphenyl)-A3-iodaneylidene)-4-methylbenzenesulfonamide was
prepared according to modified literature procedure.>® P-toluenesulfonamide (1 equiv) and KOH
(2.5 equiv) were dissolved in MeOH (0.30 M) and cooled to 0°C under magnetic stirring.
Product B.10 (1 equiv) was then added portionwise and stirred for 30 minutes. The resulting

mixture was warmed to rt and stirred 3 hours under N2. Upon completion, the mixture was
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cooled to 0°C and quenched with 2x solvent volume of ice chips. The resulting precipitate was
collected over vacuum filtration and washed with cold hexanes to yield pure product 3.17 as a
white powder (54% vyield).

IH NMR (600 MHz, CDCl3) § 7.81 (d, J = 7.9 Hz, 2H), 7.64 (d, J = 2.2 Hz, 1H), 7.40 (dd, J =
8.5, 2.2 Hz, 1H), 7.14 (d, J = 7.9 Hz, 2H), 6.81 (d, J = 8.5 Hz, 1H), 3.86 (s, 3H), 2.33 (s, 3H),
1.26 (s, 9H) ppm.

13C NMR (151 MHz, CDCls) 6 152.9, 147.9, 141.7, 140.2, 129.5, 129.2, 127.0, 126.5, 111.1,
102.6, 56.8, 35.0, 31.3, 21.4 ppm.

Elemental Analysis: Calcd for C1gH22NOsSI: C 47.07, H 4.83, N 3.05; found C 46.74, H 4.81, N

2.89.

(3.18) 2,2,2-trichloroethyl ((5-(tert-butyl)-2-methoxyphenyl)-A3-iodaneylidene)sulfamate
(TMI-NTces)
tBu

#N1g O CCls

OMe Oz

2,2,2-trichloroethyl ((5-(tert-butyl)-2-methoxyphenyl)-A3-iodaneylidene) sulfamate was
prepared according to modified literature procedure.’® 2,2,2-trichloroethyl sulfamate (HoNTces)
(1 equiv) and KOH (2.5 equiv) were dissolved in MeOH (0.25 M) and cooled to 0°C under
magnetic stirring. Product B.10 (1 equiv) was then added portionwise and stirred for 30 minutes.
The resulting mixture was warmed to rt and stirred 3 hours under N2. Upon completion, the

mixture was cooled to 0°C and quenched with 2x solvent volume of ice chips. The resulting
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precipitate was collected over vacuum filtration and washed with cold hexanes and diethyl ether
to yield pure product 3.18 as off-white crystals (62% yield).

IH NMR (600 MHz, CDCls) & 7.88 (s, 1H), 7.52 (d, J = 8.5 Hz, 1H), 6.93 (d, J = 8.5 Hz, 1H),
4.57 (s, 2H), 3.94 (s, 3H), 1.34 (s, 9H) ppm.

13C NMR (151 MHz, CDCls) & 153.1, 148.4, 130.5, 127.3, 111.5, 103.2,94.7, 78.1, 57.1, 35.1,
31.3 ppm.

Elemental Analysis: Calcd for C13H17NO4SClzl: C 30.23, H 3.32, N 2.71; found C 30.52, H

3.22, N 2.61.

(3.19) N-((5-(tert-butyl)-2-methoxyphenyl)-A3-iodaneylidene)-4-bromobenzenesulfonamide

(TMI-NBSs)
tBu
e
#Ng
OMe 0z

N-((5-(tert-butyl)-2-methoxyphenyl)-A3-iodaneylidene)-4-bromobenzenesulfonamide was
prepared according to modified literature procedure.> 4-bromobenzenesulfonamide (1 equiv)
and KOH (2.5 equiv) were dissolved in MeOH (0.30 M) and cooled to 0°C under magnetic
stirring. Product B.10 (1 equiv) was then added portionwise and stirred for 30 minutes. The
resulting mixture was warmed to rt and stirred 3 hours under N2. Upon completion, the mixture
was cooled to 0°C and quenched with 2x solvent volume of ice chips. The resulting precipitate
was collected over vacuum filtration and washed with cold hexanes to yield pure product 3.19 as

an off-white powder (64% yield).
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'H NMR (600 MHz, CDCl3) 8 7.76 (d, J = 8.5 Hz, 1H), 7.61 (d, J = 2.2 Hz, 1H), 7.47 — 7.40 (m,
2H), 6.82 (d, J = 8.5 Hz, 1H), 3.87 (s, 3H), 1.26 (s, 9H) ppm.
13C NMR (151 MHz, CDCls) § 153.0, 147.9, 142.2, 131.7, 129.9, 128.6, 127.0, 125.9, 111.2,

102.5, 56.8, 34.9, 31.2 ppm.

Elemental Analysis: Calcd for C17H1eNO3SBrl: C 38.95, H 3.65, N 2.67; found C 38.90, H 3.60,

N 2.77

B.5 General [2+2+1] reaction procedure

To a 2 dr vial equipped with a PTFE stir bar and charged with alkene (1.0 mmol, 1 equiv) in
dichloromethane (5 mL) was added alkyne (3.0 mmol, 3 equiv), TMI-NBs (786 mg, 1.5 mmol,
1.5 equiv), and iminium catalyst (65.6 mg, 200 umol, 0.2 equiv). The vial was placed on a stir
plate at room temperature under an inert environment and allowed to stir for 24 hours. Upon
reaction completion, the mixture was quenched with water, washed with brine, dried over
MgSOa, and concentrated in vacuo. The crude mixture was then purified by flash
chromatography on silica deactivated with 5% triethylamine in 6.25% ethyl acetate in hexanes,

or neutral alumina.

B.6 Characterization of [2+2+1] Products

(3.11) 1-((4-bromophenyl)sulfonyl)-4-methyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole

Bs

Ph
pR

Me Ph
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1-((4-bromophenyl)sulfonyl)-4-methyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole was prepared
according to the general procedure using styrene (115 uL, 1.00 mmol, 1 equiv) and 1-phenyl-1-
propyne (366 pL, 3.00 mmol, 3 equiv). After workup, the reaction mixture was purified on a
neutral alumina flash column (0% to 10% EtOAc/hexanes) to give product 3.11 as a white solid
(282 mg, 620 umol, 62% yield).

TLC (20% EtOAc/Hexanes) Rf = 0.46, stains orange on anisaldehyde.

IH NMR (600 MHz, CDCls) & 7.55 (dd, J = 9.0 Hz, 3.6 Hz, 2H), 7.38 — 7.42 (m, 7H), 7.19 —
7.21 (m, 3H), 6.76 (t, J = 2.4 Hz, 2H), 4.36 (td, J = 10.8 Hz, 2.4 Hz, 1H), 3.73 — 3.76 (m, 1H),
3.66 — 3.69 (m, 1H), 1.43 (s, 3H) ppm.

13C NMR (151 MHz, CDCls) 6 141.8, 132.1, 132.1, 129.8, 129.6, 129.0, 128.4, 128.0, 127.8,
127.4,127.0, 57.5, 51.5, 12.7 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C23H20NO2SBr 454.0471, found 454.0463.

(3.20a + 3.20b) 1-((4-bromophenyl)sulfonyl)-2,4-dimethyl-3,5-diphenyl-2,3-dihydro-1H-

pyrrole
Bs Bs
PheorNaaMe  Pha N\ _Me
V . W
M Ph Me  Ph

1-((4-bromophenyl)sulfonyl)-2,4-dimethyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole was prepared
according to the general procedure using trans-p-methylstyrene (118 uL, 1.00 mmol, 1 equiv)
and 1-phenyl-1-propyne (366 pL, 3.00 mmol, 3 equiv). After workup, the reaction mixture was
purified on a deactivated silica flash column (0% to 15% EtOAc/hexanes) to give products 3.20a
and 3.20b as a yellow solid (357 mg, 763 umol, 76% yield). Diastereoselectivity determined as

3:1 favoring the trans product based on NMR integration of 3.20a:3.20b.
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TLC (20% EtOAc/Hexanes) Rf = 0.65, stains yellow on anisaldehyde.

IH NMR (3.20a, major) (600 MHz, CDCls) & 7.47 (d, J = 9.0 Hz, 2H), 7.38 — 7.43 (m, 6H), 7.30
(d, J=9.0 Hz, 2H), 7.10 (t, J = 6.6 Hz, 2H), 6.45 (d, J = 5.4 Hz, 2H), 3.82 — 3.84 (m, 1H), 3.21
(d, 3.0 Hz, 1H), 1.61 (d, J = 6.6 Hz, 3H), 1.51 (s, 3H) ppm.

'H NMR (3.20b, minor) (600 MHz, CDClz) § 7.63 (d, J = 9.0 Hz, 2H), 7.54 (d, J = 9.0 Hz, 2H),
7.26 — 7.36 (M, 5H), 7.16 (t, J = 6.6 Hz, 3H), 6.94 (d, J = 7.2 Hz, 2H), 4.49 (dg, J = 9.6 Hz, 7.8
Hz, 1H), 3.82 — 3.84 (m, 1H), 1.50 (s, 3H), 1.03 (d, J = 7.8 Hz, 3H) ppm.

13C NMR (mixture) (151 MHz, CDCI3) 6 141.8, 139.0, 136.8, 136.6, 135.9, 132.8, 132.4, 132.1,
132.0, 129.8, 129.8, 129.5, 129.4, 129.3, 128.9, 128.7, 128.7, 128.4, 128.2, 128.1, 127.8, 127.8,
127.7,127.2, 126.8, 126.7, 123.3, 122.4, 65.5, 61.0, 60.5, 55.8, 24.3, 19.1, 13.3, 12.4 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C24H22NO2SBr 468.0628, found 468.0619.

(3.21) 1-((4-bromophenyl)sulfonyl)-4-methyl-5-phenyl-3-(p-tolyl)-2,3-dihydro-1H-pyrrole

Bs
PhN

\

Me

Me
1 - ((4-bromophenyl)sulfonyl) — 4 — methyl — 5 — phenyl — 3 - (p-tolyl) - 2,3 — dihydro - 1H-
pyrrole was prepared according to the general procedure using 4-methylstyrene (132 uL, 1.00
mmol, 1 equiv) and 1-phenyl-1-propyne (366 L, 3.00 mmol, 3 equiv). After workup, the
reaction mixture was purified on a neutral alumina flash column (0% to 10% EtOAc/hexanes) to
give product 3.21 as a pink oil (329 mg, 704 umol, 70% yield).

TLC (20% EtOAc/Hexanes) Rs = 0.66, stains orange on anisaldehyde.
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IH NMR (600 MHz, CDCl3) & 7.48 (d, J = 9.0 Hz, 2H), 7.30 — 7.37 (m, 7H), 6.94 (d, J = 9.0 Hz,
2H), 6.58 (d, J = 9.0 Hz, 2H), 4.28 (dd, J = 12.0 Hz, 11.6 Hz, 1H), 3.65 (dd, J = 12.0 Hz, 6.6 Hz,
1H), 3.57 (dd, J = 11.6 Hz, 6.6 Hz, 1H), 2.25 (s, 3H), 1.38 (d, J = 1.8 Hz, 3H) ppm.

13C NMR (151 MHz, CDCl3) § 138.8, 137.4, 136.6, 132.1, 132.0, 129.8, 129.6, 129.4, 129.3,
128.4,127.9,127.7, 127.3, 126.3, 57.6, 51.1, 21.0, 12.8 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C24H22NO2SBr 468.0628, found 468.0621.

(3.22) 3-([1,1'-biphenyl]-4-yD)-1-((4-bromophenyl)sulfonyl)-4-methyl-5-phenyl-2,3-dihydro-
1H-pyrrole

Bs
Ph—eN

0
&

3-([1,1'-biphenyl]-4-yl)-1-((4-bromophenyl)sulfonyl)-4-methyl-5-phenyl-2,3-dihydro-1H-pyrrole
was prepared according to the general procedure using 4-phenylstyrene (118 pL, 1.00 mmol, 1
equiv) and 1-phenyl-1-propyne (366 pL, 3.00 mmol, 3 equiv). After workup, the reaction
mixture was purified on a deactivated silica flash column (0% to 15% EtOAc/hexanes) to give
product 3.22 as a white solid (272 mg, 513 umol, 51% vyield).

TLC (20% EtOAc/Hexanes) Rs = 0.40, stains brown on anisaldehyde.

IH NMR (600 MHz, CDCls) & 7.57 — 7.58 (m, 4H), 7.41 — 7.45 (m, 10H), 7.35 (t, J = 7.8 Hz,
2H), 6.83 (d, J = 7.8 Hz, 2H), 4.39 (dd, J = 12.0 Hz, 9.6 Hz, 1H), 3.79 (dd, J = 12.0 Hz, 6.6 Hz,

1H), 3.73 (dd, J = 9.6 Hz, 6.6 Hz, 1H), 1.48 (d, J = 1.8 Hz, 3H) ppm.
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13C NMR (151 MHz, CDCls) 6 140.8, 140.5. 140.0, 137.7, 135.9, 132.3, 132.1, 132.0, 130.0,
129.8, 129.6, 128.8, 128.5, 127.8, 127.4, 127.4, 127.0, 126.0, 57.5, 51.1, 12.8 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C29H22NO2SBr 530.0784, found 530.0777.

(3.24) 1-((4-bromophenyl)sulfonyl)-3-(3-iodo-4,5-dimethoxyphenyl)-4-methyl-5-phenyl-2,3-
dihydro-1H-pyrrole

Bs

OMe

/  OMe
1-((4-bromophenyl)sulfonyl)-3-(3-iodo-4,5-dimethoxyphenyl)-4-methyl-5-phenyl-2,3-dihydro-
1H-pyrrole was prepared according to the general procedure using 3-iodo-4,5-dimethoxystyrene
(186 pL, 1.00 mmol, 1 equiv) and 1-phenyl-1-propyne (366 pL, 3.00 mmol, 3 equiv). After
workup, the reaction mixture was purified on a deactivated silica flash column (0% to 50%
EtOAc/hexanes) to give product 3.24 as a colorless oil (443 mg, 695 umol, 70% yield).
TLC (20% EtOAc/Hexanes) R¢ = 0.37, stains brown on anisaldehyde.
IH NMR (600 MHz, CDCls) & 7.57 (d, J = 9.0 Hz, 2H), 7.35 — 7.39 (m, 8H), 6.85 (s, 1H), 6.55
(s, 1H), 4.30 (t, J = 11.8 Hz, 1H), 3.77 — 3.79 (m, 7H), 3.61 (t, J = 10.2 Hz, 1H), 1.42 (s, 3H)
ppm.
13C NMR (151 MHz, CDCls) § 152.9, 148.1, 139.7, 137.9, 136.2, 132.1, 132.1, 131.6, 129.9,
129.6, 129.5, 128.3, 127.8, 125.4, 56.1, 56.0, 50.9, 29.7, 12.6 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C2sH23NO4SBrl 639.9649, found 639.9638.
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(3.25) 4-(1-((4-bromophenyl)sulfonyl)-4-methyl-5-phenyl-2,3-dihydro-1H-pyrrol-3-
yDphenyl acetate

Bs
Phe™

\

Me

OAc
4-(1-((4-bromophenyl)sulfonyl)-4-methyl-5-phenyl-2,3-dihydro-1H-pyrrol-3-yl)phenyl acetate
was prepared according to the general procedure using 4-acetoxystyrene (153 uL, 1.00 mmol, 1
equiv) and 1-phenyl-1-propyne (366 pL, 3.00 mmol, 3 equiv). After workup, the reaction
mixture was purified on a deactivated silica flash column (0% to 30% EtOAc/hexanes) to give
product 3.25 as a yellow oil (295 mg, 577 umol, 58% yield).

TLC (20% EtOAc/Hexanes) Rf = 0.39, stains orange on anisaldehyde.

IH NMR (600 MHz, CDCl3) & 7.56 (d, J = 9.0 Hz, 2H), 7.38 — 7.42 (m, 7H), 6.92 (d, J = 9.0 Hz,
2H), 6.77 (d, J = 9.0 Hz, 2H), 4.36 (dd, J = 12.6 Hz, 10.8 Hz, 1H), 3.75 (dd, J = 12.6 Hz, 6.0 Hz,
1H), 3.70 (dd, J = 10.8 Hz, 6.0 Hz, 1H), 2.30 (s, 3H), 1.46 (s, 3H) ppm.

13C NMR (151 MHz, CDCls) § 169.4, 149.6, 139.4, 139.4, 139.4, 137.9, 135.9, 132.2, 131.9,
129.9, 129.6, 128.6, 128.3, 127.8, 125.7, 121.9, 57.5, 21.2, 12.8 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C25H22NO4SBr 512.0526, found 512.0526.

(3.26) 3-(2-bromo-4-methoxyphenyl)-1-((4-bromophenyl)sulfonyl)-4-methyl-5-phenyl-2,3-
dihydro-1H-pyrrole

Ph E'S

\ Br
Me

OMe
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3-(2-bromo-4-methoxyphenyl)-1-((4-bromophenyl)sulfonyl)-4-methyl-5-phenyl-2,3-dihydro-
1H-pyrrole was prepared according to the general procedure using 2-bromo-4-methoxystyrene
(156 pL, 1.00 mmol, 1 equiv) and 1-phenyl-1-propyne (366 pL, 3.00 mmol, 3 equiv). After
workup, the reaction mixture was purified on a neutral alumina flash column (0% to 20%
EtOAc/hexanes) to give product 3.26 as a white solid (269 mg, 479 umol, 48% vyield).

TLC (20% EtOAc/Hexanes) Rf = 0.69, stains yellow on anisaldehyde.

IH NMR (600 MHz, CDCls) & 7.41 — 7.47 (m, 7H), 7.39 (d, J = 9.0 Hz, 3H), 7.07 (d, J = 1.8 Hz,
1H), 6.56 (dd, J = 9.6 Hz, 1.8 Hz, 1H), 6.24 (d, J = 9.6 Hz, 1H), 4.39 (dd, J = 13.6 Hz, 7.2 Hz,
1H), 4.00 (dd, J = 7.2 Hz, 5.4 Hz, 1H), 3.79 (s, 3H), 3.69 (dd, J = 13.6 Hz, 5.4 Hz, 1H), 1.53 (s,
3H) ppm.

13C NMR (151 MHz, CDCls) § 158.7, 132.1, 132.0, 131.7, 129.7, 129.5, 129.4, 128.6, 128.3,
127.9,127.8, 125.2, 118.5, 113.2, 64.8, 56.8, 55.6, 13.1 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C24H21NO3SBr2 561.9682, found 561.9672.

(3.27) 1-((4-bromophenyl)sulfonyl)-3,5-diphenyl-2,3-dihydro-1H-pyrrole

1-((4-bromophenyl)sulfonyl)-3,5-diphenyl-2,3-dihydro-1H-pyrrole was prepared according to
the general procedure using styrene (115 pL, 1.00 mmol, 1 equiv) and phenylacetylene (329 pL,
3.00 mmol, 3 equiv). After workup, the reaction mixture was purified on a deactivated silica
flash column (0% to 15% EtOAc/hexanes) to give product 3.27 as a white solid (198 mg, 450

umol, 45% yield).
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TLC (20% EtOAc/Hexanes) Rf = 0.49, stains purple on anisaldehyde.

IH NMR (600 MHz, CDCl3) & 7.59 — 7.60 (m, 2H), 7.51 (d, J = 7.8 Hz, 2H), 7.38 — 7.40 (m,
5H), 7.18 — 7.19 (m, 3H), 6.81 — 6.83 (m, 2H), 5.47 (d, J = 2.4 Hz, 1H), 4.47 (dd, J = 12.6 Hz,
10.2 Hz, 1H), 3.87 (dd, J = 12.6 Hz, 10.2 Hz, 1H), 3.77 (td, J = 10.2 Hz, 2.4 Hz) ppm.

13C NMR (151 MHz, CDCls) 145.7, 142.3, 135.4, 132.3, 132.1, 129.2, 128.7, 128.3, 128.2,
128.2,128.0, 127.0, 126.9, 119.8, 59.8, 45.9 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C22H1sNO2SBr 440.0315, found 440.0314.

(3.28) 1-((4-bromophenyl)sulfonyl)-5-(3-chlorophenyl)-4-methyl-3-phenyl-2,3-dihydro-1H-
pyrrole

Cl

Bs
N

\

Mé Ph
1-((4-bromophenyl)sulfonyl)-5-(3-chlorophenyl)-4-methyl-3-phenyl-2,3-dihydro-1H-pyrrole was
prepared according to the general procedure using styrene (115 pL, 1.00 mmol, 1 equiv) and
3’chloro-1-phenyl-1-propyne (403 uL, 3.00 mmol, 3 equiv). After workup, the reaction mixture
was purified on a deactivated silica flash column (0% to 15% EtOAc/hexanes) to give product
3.28 as a white solid (237 mg, 487 umol, 49% vyield).

TLC (20% EtOAc/Hexanes) R¢ = 0.54, stains red on anisaldehyde.

IH NMR (600 MHz, CDCl3) & 7.57 (d, J = 9.0 Hz, 2H), 7.40 (d, J = 9.0 Hz, 2H), 7.34 — 7.35 (m,
4H), 7.20 — 7.21 (m, 3H), 6.75 — 6.76 (m, 2H), 4.36 (dd, J = 12.0 Hz, 9.6 Hz, 1H), 3.75 (dd, J =

12.0 Hz, 7.8 Hz, 1H), 3.68 — 3.70 (m, 1H), 1.44 (d, J = 1.2 Hz, 3H) ppm.
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13C NMR (151 MHz, CDCls) 6 141.4, 136.3, 135.8, 133.9, 132.2, 129.5, 129.1, 128.8, 128.5,
128.2, 128.0, 127.4, 127.1, 57.4, 51.6, 12.7 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C23H10NO2SCIBr 488.0081, found 488.0075.

(3.30) 1-((4-bromophenyl)sulfonyl)-5-(3-fluorophenyl)-4-methyl-3-phenyl-2,3-dihydro-1H-

pyrrole

Mé Ph
1-((4-bromophenyl)sulfonyl)-5-(3-fluorophenyl)-4-methyl-3-phenyl-2,3-dihydro-1H-pyrrole was
prepared according to the general procedure using styrene (115 pL, 1.00 mmol, 1 equiv) and 3’-
fluoro-1-phenyl-1-propyne (383 pL, 3.00 mmol, 3 equiv). After workup, the reaction mixture
was purified on a deactivated silica flash column (0% to 20% EtOAc/hexanes) to give product
3.30 as a colorless oil (183 mg, 388 umol, 39% yield).

TLC (20% EtOAc/Hexanes) Rs = 0.38, stains red on anisaldehyde.

IH NMR (600 MHz, CDCls) & 7.58 (d, J = 12.4 Hz, 2H), 7.42 (d, J = 12.4 Hz, 2H), 7.37 (q, J =
6.6 Hz, 1H), 7.19 — 7.23 (m, 4H), 7.12 — 7.14 (m, 1H), 7.07 (td, J = 9.6 Hz, 3.0 Hz, 1H), 6.73 -
6.74 (m, 2H), 4.35 (dd, J = 13.8 Hz, 7.8 Hz, 1H), 3.74 (dd, H = 12.0 Hz, 7.8 Hz, 1H), 3.65 — 3.68
(m, 1H), 1.44 (d, J = 1.2 Hz, 3H) ppm.

13C NMR (151 MHz, CDCl3) § 161.4, 141.4, 134.3, 132.2, 129.5, 129.3, 129.3, 128.8, 128.2,
127.4,127.3,127.1, 125.5, 125.5, 57.5, 51.6, 12.7 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C2sH10NO2SFBr 472.0377, found 472.0385.
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(3.31) 1-((4-bromophenyl)sulfonyl)-5-(4-(tert-butyl)phenyl)-4-methyl-3-phenyl-2,3-dihydro-

1H-pyrrole

Me Ph

1-((4-bromophenyl)sulfonyl)-5-(4-(tert-butyl)phenyl)-4-methyl-3-phenyl-2,3-dihydro-1H-
pyrrole was prepared according to the general procedure using styrene (115 pL, 1.00 mmol, 1
equiv) and 4’-tert-butyl-1-phenyl-1-propyne (517 pL, 3.00 mmol, 3 equiv). After workup, the
reaction mixture was purified on a deactivated silica flash column (0% to 15% EtOAc/hexanes)
to give product 3.31 as a yellow solid (348 mg, 684 umol, 68% yield).

TLC (20% EtOAc/Hexanes) Rf = 0.64, stains purple on anisaldehyde.

IH NMR (600 MHz, CDCl3) § 7.51 — 7.54 (m, 4H), 7.41 — 7.43 (m, 4H), 7.18 — 7.20 (m, 3H),
6.83 — 6.85 (M, 2H), 4.47 (dd, J = 12.0 Hz, 7.8 Hz, 1H), 3.87 (dd, J = 7.8 Hz, 7.2 Hz, 1H), 3.74 —
3.77 (m, 1H), 1.59 (s, 3H), 1.37 (s, 9H) ppm.

13C NMR (151 MHz, CDCls) § 145.6, 142.4, 135.5, 132.1, 129.5, 129.4, 128.7, 128.2, 127.8,
127.0,126.9, 124.9, 119.4, 119.4, 59.8, 59.8, 45.9, 34.8, 31.3 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C27H28NO2SBr calcd 510.1097, found 510.1083.

(3.32) 1-((4-bromophenyl)sulfonyl)-4-cyclohexyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole

Bs
N

\

Ph

180



1-((4-bromophenyl)sulfonyl)-4-cyclohexyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole was prepared
according to the general procedure using styrene (115 uL, 1.00 mmol, 1 equiv) and
(cyclohexylethynyl)benzene (564 pL, 3.00 mmol, 3 equiv). After workup, the reaction mixture
was purified on a deactivated silica flash column (0% to 15% EtOAc/hexanes) to give product
3.32 as a colorless oil (251 mg, 481 umol, 48% yield).

TLC (20% EtOAc/Hexanes) Rf = 0.69, stains orange on anisaldehyde.

IH NMR (600 MHz, CDCls) & 7.55 (d, J = 9.6 Hz, 2H), 7.34 — 7. 38 (m, 7H), 7.12 — 7.17 (m,
3H), 6.71 (d, J = 5.4 Hz, 2H), 4.30 (t, J = 12.0 Hz, 1H), 3.88 (dd, J = 7.8 Hz, 5.4 Hz, 1H), 3.72
(dd, J = 12.0 Hz, 5.4 Hz, 1H), 2.03 (tt, J = 12.0 Hz, 3.6 Hz, 1H), 1.54 (s, 3H), 1.35 — 1.39 (m,
3H), 1.12 — 1.34 (m, 3H), 0.73 — 0.99 (m, 3H), 0.38 (qd, J = 13.2 Hz, 2.4 Hz, 1H) ppm.

13C NMR (151 MHz, CDCls) 143.6, 137.2, 133,4, 132.1, 132.0, 130.1, 129.6, 128.5, 128.5,
127.7,127.7, 127.5, 126.8, 125.6, 58.0, 47.1, 37.8, 33.5, 31.6, 26.4, 26.2, 25.6 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C2sH2sNO2SBr 522.1097, found 522.1094.

IH NMR (Xb) (600 MHz, CDCl3) & 7.54 (d, J = 8.4 Hz, 2H), 7.38 — 7.43 (m, 4 H), 7.06 — 7.08
(m, 6H), 6.65 (d, J = 8.4 Hz, 2H), 4.32 (t, J = 10.2 Hz, 1H), 3.72 (dd, J = 10.2 Hz, 3.6 Hz, 1H),
3.56 (dd, J = 10.2 Hz, 3.6 Hz, 1H), 1.34 — 1.38 (m, 1H), 0.23 — 0.40 (m, 3H), -0.12 — -0.13 (m,
1H) ppm.

13C NMR (mixture) (151 MHz, CDCls) § 142.9, 142.5, 140.3, 138.8, 137.1, 136.1, 134.1, 132.4,
132.3,132.2, 132.1, 130.3, 129.6, 129.5, 129.1, 129.1, 128.9, 128.8, 128.7, 128.6, 127.9, 127.8,
127.6,127.3, 127.2,127.0, 58.1, 58.1, 57.0, 48.6, 48.5, 47.3, 10.1, 9.9, 9.7, 9.7 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C2sH22NO2SBr 480.0628, found 480.0619.
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(3.33) 1-((4-bromophenyl)sulfonyl)-3,4,5-triphenyl-2,3-dihydro-1H-pyrrole

%
O Ph

1-((4-bromophenyl)sulfonyl)-3,4,5-triphenyl-2,3-dihydro-1H-pyrrole was prepared according to
the general procedure using styrene (115 pL, 1.00 mmol, 1 equiv) and diphenylacetylene (534
mg, 3.00 mmol, 3 equiv). After workup, the reaction mixture was purified on a deactivated silica
flash column (0% to 15% EtOAc/hexanes) to give product 3.33 as a white solid (268 mg, 520
umol, 52% vyield).

TLC (20% EtOAc/Hexanes) Rt = 0.60, stains red-orange on anisaldehyde.

IH NMR (600 MHz, CDCls) & 7.51 (d, J = 9.0 Hz, 2H), 7.35 — 7.38 (m, 5H), 7.31 (t, J = 7.8 Hz,
2H), 7.14 — 7.16 (m, 3H), 6.92 — 6.95 (M, 5H), 6.65 — 6.66 (M, 2H), 4.51 (dd, J = 14.4 Hz, 7.8
Hz, 1H), 4.12 (dd, J = 7.8 Hz, 6.6 Hz, 1H), 4.00 (dd, J = 14.4 Hz, 6.6 Hz, 1H) ppm.

13C NMR (151 MHz, CDCls) & 142.3, 139.4, 137.2, 134.3, 132.1, 131.7, 130.7, 129.3, 129.0,
128.8,128.1, 128.0, 127.8, 127.7, 127.5, 126.9, 126.6, 58.6, 50.6 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C2sH22NO,SBr 516.0638, found 516.0631.

(3.34a and 3.34b) 1-((4-bromophenyl)sulfonyl)-4-cyclopropyl-3,5-diphenyl-2,3-dihydro-1H-
pyrrole and 1-((4-bromophenyl)sulfonyl)-5-cyclopropyl-3,4-diphenyl-2,3-dihydro-1H-

pyrrole
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Ph
Ph

1-((4-bromophenyl)sulfonyl)-4-cyclopropyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole and 1-((4-
bromophenyl)sulfonyl)-5-cyclopropyl-3,4-diphenyl-2,3-dihydro-1H-pyrrole were prepared
according to the general procedure using styrene (115 uL, 1.00 mmol, 1 equiv) and
(cyclopropylethynyl)benzene (366 L, 3.00 mmol, 3 equiv). After workup, the reaction mixture
was purified on a deactivated silica flash column (0% to 25% EtOAc/hexanes) to give products
3.34a and Xb as a yellow oil (231 mg, 481 umol, 48% vyield). Regioselectivity determined as 2:1
based on NMR integration of 3.34a:3.34b.

TLC (20% EtOAc/Hexanes) Rf = 0.35, stains brown on anisaldehyde.

IH NMR (Xa) (600 MHz, CDCl3) & 7.67 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H), 7.48 (d, J
= 7.8 Hz, 1H), 7.31 (d, J = 7.8 Hz, 1H), 7.12 — 7.15 (m, 6H), 6.69 — 6.70 (M, 2H), 4.18 (t, J =
12.0, 1H), 4.16 — 4.17 (m, 1H), 3.68 (dd, J = 12.0 Hz, 3.6 Hz, 1H), 1.84 — 1.89 (m, 1H), 0.78 —

0.89 (m, 2H), 0.45 — 0.50 (m, 1H), 0.12 — 0.16 (m, 1H) ppm.

(3.36) 1-((4-bromophenyl)sulfonyl)-5-(cyclohex-1-en-1-yl)-4-methyl-3-phenyl-2,3-dihydro-
1H-pyrrole

Bs
N

\

M¢ Ph
1-((4-bromophenyl)sulfonyl)-5-(cyclohex-1-en-1-yl)-4-methyl-3-phenyl-2,3-dihydro-1H-pyrrole

was prepared according to the general procedure using styrene (115 pL, 1.00 mmol, 1 equiv) and
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1-cyclohexenyl-1-propyne (419 pL, 3.00 mmol, 3 equiv). After workup, the reaction mixture
was purified on a deactivated silica flash column (0% to 15% EtOAc/hexanes) to give product
3.36 as a yellow oil (92.3 mg, 202 umol, 20% yield).

TLC (20% EtOAc/Hexanes) R¢ = 0.66, stains yellow on anisaldehyde.

'H NMR (600 MHz, CDCls) & 7.58 (d, J = 3.0 Hz, 4H), 7.12 — 7.16 (m, 3H), 6.62 (dd, J = 9.0
Hz, 3.0 Hz, 2H), 5.64 — 5.65 (m, 1H), 4.12 — 4.17 (m, 1H), 3.50 — 3.53 (M, 2H), 2.43 — 2.45 (m,
1H), 2.21 - 2.23 (m, 3H), 1.64 — 1.77 (m, 4H), 1.40 (d, J = 1.8 Hz, 3H) ppm.

13C NMR (151 MHz, CDCls) 6 142.2, 140.1, 135.7, 132.0, 131.8, 129.7, 129.7, 129.5, 128.7,
128.6, 127.9, 127.8, 127.3, 126.8, 123.9, 57.0, 50.9, 27.9, 25.5, 22.5, 22.2, 12.8 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C23H2sNO2SBr 458.0784, found 458.0784.

(3.38) 1-dimethyl 2-((4-bromophenyl)sulfonyl)-3,6a-diphenyl-2,4,6,6a-tetrahydrocyclopenta
[c]pyrrole-5,5(1H)-dicarboxylate

Bs
Ph_N

\

Ph

MeO,C CO,Me

1- dimethyl 2- ((4-bromophenyl)sulfonyl)- 3,6a- diphenyl- 2,4,6,6a- tetrahydrocyclopenta
[c] pyrrole-5,5 (1H)-dicarboxylate was prepared according to the general procedure using
dimethyl 2-(2-phenylallyl)-2-(3-phenylprop-2-yn-1-yl)malonate (362 mg, 1.00 mmol, 1 equiv).
After workup, the reaction mixture was purified on a deactivated silica flash column (0% to 10%
EtOAc/hexanes) to give product 3.38 as a white solid (172 mg, 289 umol, 29% yield).

TLC (20% EtOAc/Hexanes) Rs = 0.62, stains chartreuse on anisaldehyde.
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IH NMR (600 MHz, CDCl3) & 7.75 (d, J = 9.0 Hz, 2H), 7.61 (d, J = 9.0 Hz, 2H), 7.27 — 7.30 (m,
7H), 7.20 — 7.23 (m, 3H), 4.15 (d, J = 18.0 Hz, 1H), 3.84 (s, 3H), 3.77 — 3.81 (m, 5H), 3.72 (d, J
= 9.6 Hz, 1H), 3.26 (d, J = 16.8 Hz, 1H), 3.20 (d, J = 16.8 Hz, 1H) ppm.

13C NMR (151 MHz, CDCl3) § 170.1, 169.3, 132.0, 131.6, 131.6, 129.6, 128.7, 128.2, 128.2,
128.0,128.0, 128.0, 127.6, 127.2, 127.1, 126.9, 57.1, 55.4, 53.1, 52.5, 49.5, 45.9, 26.4 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C2sH24NOgSBr 596.0737, found 596.0733.

(3.41) 3-(benzo[d][1,3]dioxol-4-yl)-1-((4-bromophenyl)sulfonyl)-5-(4-methoxyphenyl)-4-

methyl-2,3-dihydro-1H-pyrrole

MeO Q \Es
Me O S

0
3-(benzo[d][1,3]dioxol-4-yl)-1-((4-bromophenyl)sulfonyl)-5-(4-methoxyphenyl)-4-methyl-2,3-
dihydro-1H-pyrrole was prepared according to general procedure using 5-vinylbenzo[d][1,3]
dioxole (148 mg, 1.00 mmol, 1 equiv) and 1-methoxy-4-(prop-1-yn-1-yl)benzene (438 mg, 3.00
mmol, 3 equiv). After workup, the reaction mixture was purified on a deactivated silica flash
column (0% to 20% EtOAc/hexanes) to give product 3.41 as a yellow solid (417 mg, 791 umol,
79% yield).

TLC (20% EtOAc/Hexanes) Rs = 0.51, stains orange on anisaldehyde.
IH NMR (600 MHz, CDCls) & 7.55 (d, J = 9.0 Hz, 2H), 7.38 (d, J = 9.0 Hz, 2H), 7.32 (d, J = 9.0
Hz, 2H), 6.92 (d, J = 9.0 Hz, 2H), 6.63 (d, J = 8.4 Hz, 1H), 6.27 (dd, J = 8.4 Hz, 1.8 Hz, 1H),

6.15 (d, J = 1.8 Hz, 1H), 5.95 (d, J = 1.8 Hz, 1H), 5.92 (d, 1.8 Hz, 1H), 4.30 (dd, J = 13.2 Hz, 8.4
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Hz, 1H), 3.85 (s, 3H), 3.68 (dd, J = 13.2 Hz, 4.8 Hz, 1H), 3.59 (dd, J = 8.4 Hz, 4.8 Hz, 1H), 1.42
(d, J=1.2 Hz, 3H) ppm.

13C NMR (151 MHz, CDCls) 6 135.9, 132.5, 132.0, 131.2, 130.7, 129.6, 128.0, 124.8, 124.1,
120.7,113.2, 108.3, 107.3, 101.1, 57.5, 55.2, 51.0, 30.9, 12.7 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for C2sH22NOsSBr 528.0475, found 528.0465.

(B.11) 4-methyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole

Ph\gﬁz

Me Ph

4-methyl-3,5-diphenyl-2,3-dihydro-1H-pyrrole was prepared according to literature procedure’
combining product 3.11 (80.0 mg, 176 umol, 1 equiv), 33% hydrochloric acid (92.3 uL, 880
mmol, 5 equiv), and zinc chloride (120 mg, 880 mmol 5 equiv) in 2.0 mL acetic acid. After
workup, the reaction mixture was concentrated in vacuo and purified on a basic alumina flash
column (0% to 10% EtOAc/hexanes) to give product B.11 as a pink oil (35 mg, 176 umol, 85%
yield).

TLC (20% EtOAc/Hexanes) Rf = 0.29, stains orange on anisaldehyde.

IH NMR (600 MHz, CDCl3) & 7.80 — 7.81 (m, 2H), 7.40 — 7.43 (m, 3H), 7.28 (t, J = 7.8 Hz, 2H),
7.16 — 7.21 (m, 2H), 4.46 (ddd, J = 15.0 Hz, 7.2 Hz, 1.8 Hz, 1H), 4.13 (dd, J = 15.0 Hz, 5.4 Hz,
1H), 3.43 — 3.47 (m, 1H), 3.14 — 3.17 (m, 1H), 1.31 (d, J = 7.2 Hz, 3H) ppm.

13C NMR (151 MHz, CDCls) § 145.3, 133.8, 130.3, 128.8, 128.6, 128.0, 126.7, 126.5, 67.3,
52.2, 18.5 ppm.

HRMS (APCI/QTOF) m/z: [M+H]* Calcd for Ci7H17N 236.1434, found 246.1438.
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(B.12) 1-((4-bromophenyl)sulfonyl)-3-methyl-2,4-diphenyl-1H-pyrrole
Bs

Phe
1

Mé Ph
1-((4-bromophenyl)sulfonyl)-3-methyl-2,4-diphenyl-1H-pyrrole was prepared according to
literature procedure'® combining product 3.11 (25.0 mg, 55 umol, 1 equiv) and 2,3-Dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) (31.0 mg, 140 umol, 2.5 equiv) in 1.0 mL toluene at 150°C
for 36h. Upon completion, the crude reaction mixture was concentrated in vacuo and purified on
a deactivated silica flash column (10% to 20% EtOAc/hexanes) to give product B.12 as a pink
solid (22.0 mg, 48.4 umol, 88% yield).
TLC (20% EtOAc/Hexanes) Rf = 0.87, stains white on anisaldehyde.
IH NMR (600 MHz, CDCls) & 7.48 (s, 1H), 7.45 (d, J = 14.4 Hz, 2H), 7.38 — 7.43 (m, 7H), 7.35
—7.36 (m, 3H), 7.31 (tt, J = 6.6 Hz, 1.8 Hz, 1H), 7.20 (d, J = 14.4 Hz, 2H), 7.14 — 7.15 (m, 2H),
3.19 (s, 3H) ppm.
13C NMR (151 MHz, CDCls) § 137.5, 134.0, 132.1, 132.0, 130.4, 129.9, 129.2, 128.8, 128.6,
128.5,128.1, 127.6, 127.1, 125.6, 122.9, 119.7, 11.2 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for C23sH1sNO2SBr 452.0315, found 452.0309

(B.12a — d) 1-((4-bromophenyl)sulfonyl)-3-methyl-2,4-diphenylpyrrolidine

Phj—z Ph Ph\(—z Php

e

187



1-((4-bromophenyl)sulfonyl)-3-methyl-2,4-diphenylpyrrolidine was prepared according to
literature procedure!! combining product 3.11 (250 mg, 0.55 mmol, 1 equiv) with triethylsilane
(439 uL, 2.75 mmol, 5 equiv), trifluoroacetic acid (211 mL, 2.75 mmol, 5 equiv), and
trifluoroacetic anhydride (382 mL, 2.75 mmol, 5 equiv) in 3.0 mL DCM with stirring at 0°C. The
reaction mixture was then warmed to rt and stirred 36h. Upon completion, the crude reaction
mixture was concentrated in vacuo and purified a on deactivated silica flash column (0% to 5%
EtOAc/hexanes) to give products B.12a, B.12b, and B.12c as a white solid (22.0 mg, 48.4 umol,
88% yield). Diastereoselectivity determined as 90:6:4:0 of Xa:Xb:Xc:Xd based on NMR
integration.

TLC (20% EtOAc/Hexanes) Rf = 0.61, stains white on anisaldehyde.

IH NMR (B.12a, major) (600 MHz, CDCl3) 6 7.52 (d, J = 8.6 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H),
7.31(t, J = 7.9 Hz, 2H), 7.27 — 7.23 (m, 6H), 7.17 (d, J = 7.9 Hz, 2H), 4.24 (d, J = 9.5 Hz, 1H),
4.17 (dd, J = 11.4, 7.8 Hz, 1H), 3.57 (t, J = 11.4 Hz, 1H), 2.70 (td, J = 11.4, 7.8 Hz, 1H), 2.26
(ddg, J =114, 9.5, 6.5 Hz, 1H), 0.84 (d, J = 6.5 Hz, 3H).

13C NMR (B.12a, major) (151 MHz, CDCls) & 140.6, 138.4, 138.0, 132.0, 128.8, 128.8, 128.5,
127.7,127.6, 127.5, 127.3, 127.2, 71.7, 56.0, 51.7, 51.6, 14.3 ppm.

HRMS (APCI/QTOF) m/z: [M+H]" Calcd for CasH1sNO2SBr 455.0555, found 455.0564.
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B.7 Computational details

Computational Method

Calculations were carried out with the Gaussian 16 program, Revision B.01. Geometry
optimizations were performed with the B3LYP functional with the 6-311G(p,d) basis set. The
conductor-like polarizable continuum (CPCM) solvation model was used with solvent
parameters for chloroform.

Full Gaussian Reference

Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian,
J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F.
Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao,
N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery,
Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.
Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C.
Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W.
Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc.,

Wallingford CT, 2016.
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Optimized Coordinates

3.20a (trans pyrroline)

C 0.77862700 -1.45348000 0.15589100
C 2.01824800 -0.98270100 -0.04381100
C 0.66848200 0.87900700 0.59933300
H 0.55788300 1.39784000 1.54945300
C 2.14833400 0.48119200 0.30310800
H 2.49018300 1.04730000 -0.57027700
N -0.10111500 -0.40926100 0.61291500
S -1.07907800 -0.70115800 1.97666400
0 -0.48325400 -1.71613100 2.86224500
0 -1.41424700 0.61978400 2.52803200
C 3.11343300 0.77496900 1.44747900
C 4.13384200 1.72314600 1.29279700
C 2.98078100 0.12335400 2.68164200
C 4.99755100 2.02211500 2.34835700
H 4.25189300 2.22748800 0.33699500
C 3.83845300 0.42517200 3.74058400
H 2.20231800 -0.62442600 2.80900200
C 4.84912800 1.37558900 3.57756400
H 5.78449500 2.75853100 2.21254900
H 3.72085900 -0.08659000 4.69152100

H 5.51920500 1.60731300 4.40021900
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C -2.56189400 -1.40809900 1.26383300

C -3.08921100 -0.88252200 0.07992000

C -3.18506500 -2.46369800 1.93124100

C -4.27013000 -1.41049400 -0.43411800

H -2.57654700 -0.08233800 -0.44141900

C -4.36981600 -2.99160300 1.41745000

H -2.75007000 -2.87101400 2.83630500

C -4.89851600 -2.45672500 0.24468900

H -4.69249500 -1.01975500 -1.35212800

H -4.86527100 -3.81220800 1.92229200

Br -6.52057800 -3.17709900 -0.46033600

C 0.21988759 -2.85707772 -0.14297974

C -0.36069525 -3.12733966 -1.38247701

C 0.29432783 -3.85819942 0.82540145

C -0.86730567 -4.39827467 -1.65320164

H -0.41992280 -2.33764238 -2.14543972

C -0.21150239 -5.12985280 0.55439710

H 0.75204548 -3.64541318 1.80230758

C -0.79238682 -5.39998937 -0.68460917

H -1.32550678 -4.61119612 -2.62993738

H -0.15230048 -5.91911181 1.31796737



H -1.19184593 -6.40201655 -0.89831527
C 3.18499431 -1.80584517 -0.62064436
H 3.48171148 -2.54976755 0.08888959
H 2.87220691 -2.28163915 -1.52656055
H 4.01172562 -1.15805340 -0.82504877
C 0.08754595 1.77175286 -0.51292512
H -0.85253720 2.17165341 -0.19476913
H 0.76562693 2.57388936 -0.71708981

H -0.05408912 1.18999999 -1.39971884

3.20b (cis pyrroline)

C 0.77862700 -1.45348000 0.15589100
C 2.01824800 -0.98270100 -0.04381100
C 0.66848200 0.87900700 0.59933300
C 2.14833400 0.48119200 0.30310800
H 2.49018300 1.04730000 -0.57027700
N -0.10111500 -0.40926100 0.61291500
S -1.07907800 -0.70115800 1.97666400
0 -0.48325400 -1.71613100 2.86224500
0 -1.41424700 0.61978400 2.52803200
C 3.11343300 0.77496900 1.44747900
C 4.13384200 1.72314600 1.29279700

C 2.98078100 0.12335400 2.68164200
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C 4.99755100 2.02211500 2.34835700

H 4.25189300 2.22748800 0.33699500

C 3.83845300 0.42517200 3.74058400

H 2.20231800 -0.62442600 2.80900200

C 4.84912800 1.37558900 3.57756400

H 5.78449500 2.75853100 2.21254900

H 3.72085900 -0.08659000 4.69152100

H 5.51920500 1.60731300 4.40021900

C -2.56189400 -1.40809900 1.26383300

C -3.08921100 -0.88252200 0.07992000

C -3.18506500 -2.46369800 1.93124100

C -4.27013000 -1.41049400 -0.43411800

H -2.57654700 -0.08233800 -0.44141900

C -4.36981600 -2.99160300 1.41745000

H -2.75007000 -2.87101400 2.83630500

C -4.89851600 -2.45672500 0.24468900

H -4.69249500 -1.01975500 -1.35212800

H -4.86527100 -3.81220800 1.92229200

Br -6.52057800 -3.17709900 -0.46033600

C 0.21988759 -2.85707772 -0.14297974

C -0.36069525 -3.12733966 -1.38247701

C 0.29432783 -3.85819942 0.82540145

C -0.86730567 -4.39827467 -1.65320164



H -0.41992280 -2.33764238 -2.14543972

C -0.21150239 -5.12985280 0.55439710

H 0.75204548 -3.64541318 1.80230758

C -0.79238682 -5.39998937 -0.68460917

H -1.32550678 -4.61119612 -2.62993738

H -0.15230048 -5.91911181 1.31796737

H -1.19184593 -6.40201655 -0.89831527

C 3.18499431 -1.80584517 -0.62064436

H 3.48171148 -2.54976755 0.08888959

H 2.87220691 -2.28163915 -1.52656055

H 4.01172562 -1.15805340 -0.82504877

C 0.51196232 1.61325936 1.94394263

H -0.46727569 2.04013487 2.00534469

H 0.64977923 0.91985947 2.74712574

H 1.24463280 2.38994589 2.01359883

H 0.26484461 1.49929146 -0.17346972
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B.8 Crystallographic Data

A colorless, block-like specimen of C23H20BrNO>S, approximate dimensions 0.097 mm x 0.134
mm x 0.382 mm, was coated with Paratone oil and mounted on a MiTeGen MicroLoop. The X-
ray intensity data were measured on a Bruker D8 Venture Kappa four-circle diffractometer
system equipped with an Incoatec IuS 3.0 micro-focus sealed X-ray tube (Mo Ka, A =0.71073
A) and a HEL10S double bounce multilayer mirror monochromator.

The total exposure time was 0.91 hours. The frames were integrated with the Bruker SAINT
software package! using a narrow-frame algorithm. The integration of the data using a
monoclinic unit cell yielded a total of 43918 reflections to a maximum 6 angle of 33.15° (0.65 A
resolution), of which 7580 were independent (average redundancy 5.794, completeness = 99.7%,
Rint = 6.67%), Rsig = 4.83%) and 5722 (75.49%) were greater than 2c(F?). The final cell constants
of a=20.7100(12) A, b = 6.9933(4) A, c = 14.4187(8) A, p = 107.623(2)°, volume = 1990.3(2)
A3, are based upon the refinement of the X'YZ-centroids of 9942 reflections above 20 o(I) with
5.657° < 20 < 65.38°. Data were corrected for absorption effects using the Multi-Scan method
(SADABS).? The ratio of minimum to maximum apparent transmission was 0.746. The
calculated minimum and maximum transmission coefficients (based on crystal size) are 0.4880

and 0.8160.

The structure was solved and refined using the Bruker SHELXTL Software Package® within

! Bruker (2012). Saint; SADABS; APEX3. Bruker AXS Inc., Madison, Wisconsin, USA.

2 Krause, L., Herbst-Irmer, R., Sheldrick, G. M., Stalke, D. "Comparison of silver and molybdenum microfocus X-
ray sources for single-crystal structure determination™J. Appl. Cryst. (2015) 48, 3-10. doi:10.1107/
S$1600576714022985

3 Sheldrick, G. M. (2015). Acta Cryst. A71, 3-8.
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APEX4 ! and OLEX2,* using the space group P 21/c, with Z = 4 for the formula unit,
C23H20BrNO2S. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed
in geometrically calculated positions with Uiso = 1.2Uequiv Of the parent atom (Uiso = 1.5Uequiv for
methyl). The final anisotropic full-matrix least-squares refinement on F? with 254 variables
converged at R1 = 3.80%, for the observed data and wR2 = 8.98% for all data. The goodness-of-
fit was 1.029. The largest peak in the final difference electron density synthesis was 0.613 e”/A3
and the largest hole was -0.439 /A3 with an RMS deviation of 0.080 e/A3. On the basis of the

final model, the calculated density was 1.516 g/cm?® and F(000), 928 ¢".

Table 1. Sample and crystal data for

Hilinski_AED_pyrroline_X2.

Identification code Hilinski_AED_pyrroline_X2
Chemical formula C23H20BrNO2S
Formula weight 454.37 g/mol

4 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl.
Cryst. (2009). 42, 339-341.
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Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.097 x 0.134 x 0.382 mm
Crystal habit colorless block

Crystal system monoclinic

Space group P 2i/c

Unit cell dimensions a=20.7100(12) A  «=90°

b =6.9933(4) A B =107.623(2)°

c=14.4187(8) A y=90°

Volume 1990.3(2) A®
Z 4

Density (calculated) 1.516 g/cm?®
Absorption coefficient 2.189 mm*
F(000) 928

Table 2. Data collection and structure
refinement for Hilinski_AED_pyrroline_X2.

Bruker D8 Venture Kappa four-circle
Diffractometer
diffractometer
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Radiation source

Theta range for data

collection

Index ranges

Reflections collected

Independent

reflections

Coverage of
independent

reflections

Absorption

correction

Max. and min.

transmission

Structure solution

technique

Structure solution

program

Refinement method

Refinement program

Function minimized

Incoatec IuS 3.0 micro-focus sealed X-ray tube

(Mo Ko, A =0.71073 A)

2.83 10 33.15°

-31<=h<=31, -10<=k<=6, -22<=I<=22

43918

7580 [R(int) = 0.0667]

99.7%

Multi-Scan

0.8160 and 0.4880

direct methods

SHELXT 2018/2 (Sheldrick, 2018)

Full-matrix least-squares on F?
SHELXL-2019/1 (Sheldrick, 2019)

= W(Fe? - Fe2)?
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Data / restraints /

parameters

Goodness-of-fit on F2

A/ O'max

Final R indices

Weighting scheme

Largest diff. peak

and hole

R.M.S. deviation

from mean

Table 3. Atomic coordinates

7580/0/254

1.029

0.001

5722 data; I>206(I)

all data

R1=0.0380, wR2 =
0.0812

R1=0.0611, wR2 =

0.0898

w=1/[c?(Fo?)+(0.0320P)?+1.2087P]

where P=(Fo*+2F¢?)/3

0.613 and -0.439 eA3

0.080 eA™

and equivalent isotropic

atomic displacement
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parameters (A?) for

Hilinski_AED_pyrroline X2.

U(eq) is defined as one third of the trace of the

orthogonalized Uj; tensor.

x/a y/b zlc U(eq)
Brl 0.03542(2) 0.15927(3) 0.43888(2) 0.02759(6)
S1 0.29909(2) 0.68690(5) 0.53146(3) 0.01562(8)
O1 0.27822(6) 0.88342(17) 0.51839(9) 0.0218(2)
02 0.34318(6) 0.61243(17) 0.48060(9) 0.0195(2)
N1 0.33754(7) 0.66165(18) 0.64898(10) 0.0162(2)
C1 0.30386(10) 0.7479(2) 0.71707(13) 0.0222(3)
C2 0.29163(9) 0.5805(3) 0.77937(12) 0.0206(3)
C3 0.34063(8) 0.4321(2) 0.76494(12) 0.0172(3)
C4 0.36288(8) 0.4766(2) 0.68943(11) 0.0153(3)
C5 0.41220(8) 0.3718(2) 0.65356(11) 0.0150(3)
C6 0.46795(8) 0.4644(2) 0.63852(12) 0.0187(3)
C7 0.51545(8) 0.3613(2) 0.60845(13) 0.0211(3)
C8 0.50835(9) 0.1651(2) 0.59493(13) 0.0215(3)

C9 0.45291(9) 0.0720(2) 0.60953(13) 0.0227(3)

198



x/a y/b
C10 0.40467(9) 0.1747(2)
C110.36437(9) 0.2713(3)
C120.21848(9) 0.5137(3)
C130.19767(10) 0.3329(3)
C14 0.13023(11) 0.2768(5)
C15 0.08324(11) 0.4030(6)
C16 0.10339(12) 0.5832(6)
C17 0.17052(11) 0.6389(4)
C18 0.22562(8) 0.5445(2)
C190.23081(8) 0.3511(2)
C200.17350(8) 0.2366(2)
C210.11260(8) 0.3178(2)
C220.10633(9) 0.5111(3)

C230.16370(8) 0.6253(2)

zlc U(eq)
0.63794(12) 0.0188(3)
0.83548(13) 0.0219(3)
0.75442(13) 0.0255(4)
0.71776(14) 0.0304(4)
0.69829(15) 0.0452(6)
0.71410(17) 0.0622(10)
0.75007(18) 0.0558(8)
0.77063(15) 0.0396(6)
0.50126(11) 0.0156(3)
0.48195(12) 0.0168(3)
0.46066(12) 0.0195(3)
0.46050(12) 0.0201(3)
0.47884(13) 0.0211(3)

0.49931(13) 0.0195(3)

Table 4. Bond lengths (A) for

Hilinski_AED_pyrroline X2.

Bri-C21

1.8919(16) S1-02

1.4311(12)
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S1-01

S1-C18

N1-C1

Cl-H1A

C2-C3

C2-H2

C3-Ci11

C5-C6

C6-C7

C7-C8

C8-C9

C9-C10

C10-H10

Cl1-Hi11B

C12-C13

C13-C14

C14-C15

C15-C16

C16-C17

C17-H17

C18-C23

1.4359(12) S1-N1

1.7592(16) N1-C4

1.493(2)
0.990000
1.509(2)
1.000000
1.496(2)
1.397(2)
1.391(2)
1.387(2)
1.390(3)
1.389(2)
0.950000
0.980000
1.388(3)
1.395(3)
1.383(4)
1.378(5)
1.387(4)
0.950000

1.394(2)

C1-C2

C1-H1B

C2-C12

C3-C4

C4-C5

C5-C10

C6-H6

C7-H7

C8-H8

C9-H9

1.6491(14)

1.451(2)
1.543(2)
0.990000
1.521(3)
1.341(2)
1.472(2)
1.398(2)
0.950000
0.950000
0.950000

0.950000

C11-H11A 0.980000

C11-H11C 0.980000

Cl12-C17

C13-H13

Cl4-Hi4

C15-H15

C16-H16

C18-C19

C19-C20

1.396(3)
0.950000
0.950000
0.950000
0.950000
1.392(2)

1.387(2)
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C19-H19 0.950000 C20-C21 1.382(2)
C20-H20 0.950000 C21-C22 1.391(2)
C22-C23 1.387(2) (C22-H22 0.950000

C23-H23 0.950000

Table 5. Bond angles (°) for

Hilinski_ AED_pyrroline X2.

02-51-01 119.64(7) 02-S1-N1

01-S1-N1 105.66(7) 02-S1-C18
01-S1-C18  107.80(7) N1-S1-C18
C4-N1-Cl  106.26(12) C4-N1-S1

C1-N1-S1 117.14(11) N1-C1-C2

N1-C1-H1A  110.600000 C2-C1-H1A
N1-C1-H1B  110.600000 C2-C1-H1B
H1A-C1-H1B 108.800000 C3-C2-C12
C3-C2-C1  101.86(13) C12-C2-Cl
C3-C2-H2  108.300000 C12-C2-H2
C1-C2-H2  108.300000 C4-C3-C11

C4-C3-C2  111.30(14) C11-C3-C2

107.64(7)
107.79(7)
107.82(7)
120.79(10)
105.56(13)
110.600000
110.600000
114.81(15)
115.01(15)
108.300000
127.12(15)

121.28(14)
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C3-C4-N1

N1-C4-C5

C6-C5-C4

C7-C6-C5

C5-C6-H6

C8-C7-H7

C7-C8-C9

C9-C8-H8

C10-C9-H9

C9-C10-C5

C5-C10-H10

C3-C11-H11B

C3-C11-H11C

H11B-C11-

H11C

C13-C12-C2

C12-C13-C14

C14-C13-H13

C15-C14-H14

111.21(14) C3-C4-C5
120.50(13) C6-C5-C10
121.20(14) C10-C5-C4
120.26(15) C7-C6-H6
119.900000 C8-C7-C6
119.900000 C6-C7-H7
119.95(15) C7-C8-H8
120.000000 C10-C9-C8
119.900000 C8-C9-H9
120.16(15) C9-C10-H10
119.900000 C3-C11-H11A

H11A-C11-
109.500000
H11B

H11A-C11-
109.500000
H11C

109.500000 C13-C12-C17

122.83(16) C17-C12-C2
120.6(2) C12-C13-H13
119.700000 C15-C14-C13

120.000000 C13-C14-H14

127.98(15)
119.29(14)
119.46(14)
119.900000
120.12(16)
119.900000
120.000000
120.21(15)
119.900000
119.900000

109.500000

109.500000

109.500000

118.7(2)

118.4(2)
119.700000
119.9(3)

120.000000
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C16-C15-C14

C14-C15-H15

C15-C16-H16

C16-C17-C12

Cl12-C17-H17

C19-C18-S1

C20-C19-C18

C18-C19-H19

C21-C20-H20

C20-C21-C22

C22-C21-Br1

C23-C22-H22

C22-C23-C18

C18-C23-H23

119.8(2) C16-C15-H15
120.100000 C15-C16-C17
119.800000 C17-C16-H16
120.4(3) C16-C17-H17
119.800000 C19-C18-C23
119.09(12) C23-C18-S1

119.50(15) C20-C19-H19
120.200000 C21-C20-C19
120.600000 C19-C20-H20
122.44(15) C20-C21-Brl
118.56(13) C23-C22-C21
120.800000 C21-C22-H22

119.63(15) C22-C23-H23

120.200000

120.100000
120.5(2)
119.800000
119.800000
121.08(15)
119.82(12)
120.200000
118.86(15)
120.600000
118.97(13)
118.48(15)
120.800000

120.200000

Table 6. Torsion angles (°) for

Hilinski_AED_pyrroline X2.

02-S1-N1-C4

-53.84(13) 0O1-S1-N1-C4

177.25(12)

C18-S1-N1-C4 62.19(13) 02-S1-N1-C1 173.95(12)
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01-S1-N1-C1

C4-N1-C1-C2

N1-C1-C2-C3

C12-C2-C3-C4

C12-C2-C3-

Cl1

C11-C3-C4-N1

C11-C3-C4-C5

C1-N1-C4-C3

C1-N1-C4-C5

C3-C4-C5-C6

C3-C4-C5-C10

C10-C5-C6-C7

C5-C6-C7-C8

C7-C8-C9-C10

45.04(13) C18-S1-N1-C1

-17.30(17) S1-N1-C1-C2

19.06(17) N1-C1-C2-C12

110.00(16) C1-C2-C3-C4
-75.9(2) C1-C2-C3-Cll
C2-C3-C4-N1
169.05(16)
4.6(3) C2-C3-C4-C5
8.35(18)  S1-N1-C4-C3
S1-N1-C4-C5
165.81(14)
N1-C4-C5-C6
128.33(18)
49.1(2)  N1-C4-C5-C10
0.1(2)  C4-C5-C6-C7
12(3)  C6-C7-C8-C9
-0.2(3)  C8-C9-C10-C5

-70.01(13)

121.19(13)

105.77(16)

-14.96(18)

159.15(15)

4.64(19)

178.24(15)

128.29(13)

57.56(18)

44.8(2)

137.84(15)
177.33(15)
1.3(3)

-1.1(3)
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C6-C5-C10-C9 1.2(2)

C3-C2-C12-

C13

C3-C2-C12-

C17

C17-C12-C13-

C14

C12-C13-C14-

C15

C14-C15-C16-

C17

C13-C12-C17-

C16

02-S1-C18-

C19

N1-S1-C18-

C19

01-S1-C18-

C23

C23-C18-C19-

C20

-2.3(2)

176.65(16)

-0.6(3)

1.0(3)

-0.1(4)

-0.2(3)

32.14(15)

-83.80(14)

-18.98(16)

-0.2(2)

C4-C5-C10-C9

C1-C2-Ci2-

C13

C1-C2-C12-

Cl7

C2-C12-C13-

Cl4

C13-C14-C15-

Cl6

C15-C16-C17-

C12

C2-C12-C17-

C16

01-51-C18-

C19

02-S1-C18-

C23

N1-S1-C18-

C23

S1-C18-C19-

C20

176.26(15)

115.44(19)

-65.6(2)

178.39(17)

-0.7(3)

0.5(3)

179.20(18)

162.56(13)

149.41(13)

94.65(14)

178.27(13)

205



C18-C19-C20- C19-C20-C21-

-0.9(2) 1.4(3)
c21 c22
C19-C20-C21- - C20-C21-C22-
-0.9(3)
Bri 176.40(12) C23
Br1-C21-C22- C21-C22-C23-
176.94(13) -0.2(3)
c23 Cc18
C19-C18-C23- S1-C18-C23- -
0.7(3)
C22 C22 177.72(13)

Table 7. Anisotropic atomic displacement
parameters (A?) for

Hilinski_AED_pyrroline X2.

The anisotropic atomic displacement factor exponent takes the form: -2x?[ h? a™

Un+..+2hka" b"Up]

Ui U22 Uss U2s U3 U1z
Brl 0.01917(8) 0.03337(10) 0.03080(10) -0.00069(8) 0.00843(7) -0.00829(7)
S1 0.01579(17) 0.01453(16) 0.01697(17) 0.00187(14) 0.00560(14) 0.00047(13)
O1 0.0239(6) 0.0146(5) 0.0261(6) 0.0032(5) 0.0067(5) 0.0008(5)
02 0.0178(5) 0.0235(5) 0.0192(6) 0.0019(5) 0.0084(4) 0.0000(5)

N1 0.0189(6) 0.0135(5) 0.0163(6) -0.0012(5) 0.0053(5) 0.0013(5)
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C1

C2

C3

C4

C5

Cé

C7

C8

C9

U1
0.0287(9)
0.0226(8)
0.0165(7)
0.0145(6)
0.0147(6)
0.0158(7)
0.0157(7)
0.0211(7)

0.0294(9)

C10 0.0218(7)

C11 0.0238(8)

C12 0.0203(8)

C13 0.0212(8)

C14 0.0263(10)
C15 0.0188(10)
C16 0.0278(11)

C17 0.0305(10)

C18 0.0152(7)

C19 0.0160(6)

C20 0.0197(7)

U2z
0.0193(7)
0.0244(8)
0.0182(7)
0.0145(6)
0.0149(6)
0.0175(7)
0.0244(8)
0.0232(8)
0.0168(7)
0.0155(6)
0.0224(7)
0.0428(10)
0.0498(12)
0.0847(19)
0.142(3)
0.115(3)
0.0690(16)
0.0166(6)
0.0175(7)

0.0184(7)

Us3
0.0203(8)
0.0155(7)
0.0161(7)
0.0161(7)
0.0144(7)
0.0223(8)
0.0238(8)
0.0191(7)
0.0222(8)
0.0199(7)
0.0202(8)
0.0157(7)
0.0197(8)
0.0217(9)
0.0250(11)
0.0288(11)
0.0218(9)
0.0156(7)
0.0174(7)

0.0201(8)

U23
-0.0032(7)
-0.0011(6)
0.0001(6)
-0.0009(6)
0.0008(5)
0.0000(6)
-0.0014(7)
-0.0022(7)
-0.0017(6)
-0.0003(6)
0.0036(7)
0.0067(8)
0.0062(8)
0.0124(11)
0.0222(16)
0.0194(15)
0.0106(10)
0.0008(6)
-0.0001(6)

-0.0005(6)

207

U1
0.0097(7)
0.0069(6)
0.0038(6)
0.0034(6)
0.0031(5)
0.0051(6)
0.0069(6)
0.0043(6)
0.0084(7)
0.0075(6)
0.0078(7)
0.0088(6)
0.0054(7)
0.0030(8)
0.0057(8)
0.0144(9)
0.0118(8)
0.0057(5)
0.0056(5)

0.0058(6)

U1z
0.0050(7)
0.0042(7)
-0.0003(6)
-0.0018(5)
0.0017(5)
-0.0010(6)
0.0003(6)
0.0077(7)
0.0034(7)
-0.0024(6)
0.0015(7)
0.0058(8)
-0.0062(8)
-0.0190(11)
-0.0043(14)
0.0272(14)
0.0214(11)
0.0001(6)
0.0013(6)

-0.0005(6)



U1 U2 Uss U2s Uis U
C210.0159(7) 0.0254(8) 0.0192(7) 0.0016(7) 0.0054(6) -0.0045(6)
C220.0166(7) 0.0246(8) 0.0234(8) 0.0022(7) 0.0080(6) 0.0037(6)

C230.0181(7) 0.0191(7) 0.0230(8) 0.0011(6) 0.0086(6) 0.0035(6)

Table 8. Hydrogen atomic
coordinates and isotropic
atomic displacement
parameters (A?) for
Hilinski_AED_pyrroline X2.

x/a y/b zlc U(eq)
H1A 0.2604 0.8085 0.6805 0.027000
H1B 0.3334 0.8458 0.7587 0.027000
H2 0.3069 0.6210 0.8491 0.025000
H6 0.4735 0.5984 0.6489 0.022000
H7 0.5528 0.4253 0.5971 0.025000
H8 0.5413 0.0944 0.5757 0.026000

H9 0.4480 -0.0623 0.6001 0.027000
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H10

H11A

H11B

H11C

H13

H14

H15

H16

H17

H19

H20

H22

H23

x/a

0.3665

0.3775

0.4035

0.3277

0.2297

0.1166

0.0372

0.0711

0.1839

0.2733

0.1760

0.0637

0.1608

y/b
0.1109
0.3215
0.2090
0.1781
0.2466
0.1520
0.3656
0.6698
0.7630
0.2979
0.1047
0.5637

0.7579

z/c

0.6468

0.9021

0.8235

0.8271

0.7058

0.6742

0.7002

0.7608

0.7959

0.4833

0.4464

0.4774

0.5119

U(eq)
0.023000
0.033000
0.033000
0.033000
0.037000
0.054000
0.075000
0.067000
0.047000
0.020000
0.023000
0.025000

0.023000
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