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ABSTRACT

Rapid and efficient chemical synthesis of complex molecules is critical for enabling
studies of their biological function and therapeutic potential. Complexity generation can
be achieved by: (1) the development of selective transformations that rapidly construct
complex scaffolds from simple precursors, and (2) the application of strategic
retrosynthetic disconnections that maximize the efficiency of a synthesis ie., via
convergent fragment coupling strategies. We disclose efforts to address these aims by
combining reaction design with the identification of strategic disconnections.

Toward the first aim, a diastereoselective dearomative pyridine cyclization that
forges the tetracyclic core of the matrine-type lupin alkaloids in a single step from
commodity feedstocks was developed. This reaction, paired with a C15-selective oxidation
cascade and late-stage isomerization, enabled the first total synthesis of (—)-sophoridine
and the shortest syntheses to date of (+)-matrine, (+)-isomatrine, (+)-allomatrine, and (+)-
isosophoridine.

To address the second aim, a convergent strategy for the synthesis of 6,7-seco-ent-
kauranoids via strategic, transition metal-catalyzed C-C bond formation was developed.
Both a Ni-catalyzed sp?>—sp* and a dual Ni/Pd-catalyzed sp>-sp? coupling were developed
and enabled efficient union of complex fragments, the latter yielding 1,3 dienes that
underwent divergent annulation reactions to form various complex ring systems. These
transformations provided the complete skeleton of isorosthin A and advanced

intermediates en route to isodocarpin and secoexertifolin A.
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Chapter 1

A Pyridine Dearomatization Approach to the Matrine-type Lupin

Alkaloidst

1.1 INTRODUCTION: LUPIN ALKALOIDS

Lupin alkaloids are a structurally versatile class of natural products which have
gathered significant interest due to their rich bioactivity that includes cytotoxic, antiviral,
antimicrobial and insecticidal properties and their applications in synthetic organic
chemistry.? Frequently found in Fabaceae (or legumeous plants) family, the alkaloids are
especially present in many plants of the Lupinus genus, from which their name is derived
and almost 400 naturally occurring lupin alkaloids have been isolated to this date.>$

Structurally, these compounds are classified as quinolizidine alkaloids which are
characterized by the presence of a 1-azabicyclo[4.4.0]decane moiety (see Figure 1.2). A
common classification, based on the number of rings, divides lupine alkaloids into bicyclic
(lupinine (1)), tricyclic alkaloids (angustifoline (2)), and tetracyclic compounds (sparteine
(3) and matrine (4)), the matrine/sparteine-type subclass (Figure 1.1).3 The latter contains

the well-known compound sparteine (2) which has been shown to have interesting

Portions of this chapter have been reproduced from a published manuscript.! ¥ National
Institutes of Health (NIH) (F32 to A. T.). S.E.R. acknowledges financial support from the
NIH (R35GM118191), and K. N. H.acknowledges the National Science Foundation
(CHE-1764328).



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 2
bioactivity (e.g. as antiarrythmic agent) and it is frequently employed as a useful auxiliary
in asymmetric reactions, i.e. to facilitate asymmetric deprotonations in combination with
alkyl lithium bases.>’® Another member of this class, Matrine (4) and its N-oxide
oxymatrine, exhibit rich pharmacological activity, including potency against notoriously

difficult-to-treat diseases such as cancer and neurological conditions.”!!

Figure 1.1: Selected lupine alkaloids.

(=)-lupinine (1) (-)-angustifoline (2) (-)-sparteine (3) (+)-matrine (4)
accetylcholin inhibitor antimicrobic antiarrhythmic and anti-cancer and
chiral ligand Kk-opioid receptor

H
OH NH H
H N
v N X
N H
N (0]

3D represenation

Matrine (4) is a lupine alkaloid isolated from Sophora flavescens and the main
compound found in the traditional Chinese medicine Kushen which has been put into
clinical application in the treatment of lung, breast and various other types of cancer.!%!213
It’s rich bioactivity has also elevated it to a desirable target for total synthesis'*!°, and
previous approaches have relied mostly on the sequential build-up of the tetracycle; In
contrast, we anticipated that a bio-inspired strategy which mimics the biosynthetic
condensation of Al-piperidine units, could enable rapid formation of the tetracyclic core
from a simple precursor such as pyridine. A dearomative cyclization strategy was

envisioned to enable a rapid complexity-gaining annulation and facilitate the formation of

the tetracyclic core in just one step from simple stockfeed chemicals. To undergird our
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efforts to explore this approach in the total synthesis of matrine and related compounds,
the following sections will discuss the key structural and biological considerations of

matrine and its derivatives.

1.1.1 Structural Variety and Biosynthesis

Figure 1.2: Subclasses of lupine alkaloids.

HO.

N

N lupinine-type N
N T N

0 T _—

matrine-type

quinolizidine (5) sparteine-type

(e}

NH © .
tetrahydrocystisine-type | N Q@Q anagyrine-type
N
N
© o

cystisine-type lupanine-type

Structurally, lupine natural products are classified as quinolizidine alkaloids which
are characterized by the presence of one or more 1-azabicyclo[4.4.0]decane bicycles (see
Figure 1.2, quinolizidine (5)). Seven major categories are known; Bicyclic lupinine-type
and bridged tricyclic (tetrahydro-)cysteine-type alkaloids possess one quinolizidine unit,
while the tetracyclic types contain two such subunits. Further classification of the

tetracyclic types into bridged (i.e. lupanine-type and sparteine-type) and fused, places
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matrine into the latter category. Matrine-type alkaloids are the most frequently isolated —
especially from the Sophora genus which constitutes about 96% of reports — and over 50
compounds have been isolated accounting for about 13.6% of reported quinolizidine

alkaloids.?2°

Figure 1.3: Matrine-type lupin alkaloids.

(+)-isomatrine (6) (+)-matrine (4) (+)-allomatrine (7) (—)-sophoridine (8) (+)-isosophoridine (9)

Structurally, they consist of two condensed quinolizidine motifs and their 6/6/6/6
diazatetracyclic core forms a non-linear, fused bisquinolizidine which possesses four
continuous stereogenic centers.? Isomers, which result from differences in the relative
configuration of these chiral centers, can also be isolated from natural sources; Isomatrine
(6), allomatrine (7), sophoridine (8) and isosophoridine (9) only differ in the configuration
of one or two stereocenters and share matrines intriguing bioactivity as evidenced i.e. by
sophoridines application as approved chemotherapeutic in China.?! Besides isomers,
unsaturated derivatives specifically with double bonds in the D-ring and various
substitution patterns have been reported for matrine-type alkaloids. N-oxidation, as found
in oxymatrine is also a relatively common structural modification.?

Although the detailed enzymatic pathway has not been fully annotated, the
biosynthesis of matrine is proposed to initiate with the enzymatic conversion of (—)-lysine

10) to Al-piperidine (17). After oxidative decarboxylation mediated by lysine
p1p
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decarboxylase, cadaverine (11) is obtained, which can be oxidized and eventually yield
A'-piperidine iminium ion 13 upon Schiff base formation.?>2* Addition of a A%-piperidine
unit (14), is followed by a sequence of hydrolysis, oxidative amination and re-cyclization

to give quinolizidine aldehyde 16, a common precursor for several lupine-type alkaloids.

Figure 1.4: Biosynthesis of the lupine alkaloids.

o)

HoN N 10 CHO ‘\Q\JH HI
2 oH —> o e (| v —
i -CO, NH, NHz  _H,0 NH*

2

(+)-lysine (10) cadaverine (11) 12 13 14

y SHo

A [Ox]
N _N C@

- -H,0

N& 2
N 17 S
. common N*
O matrine-type intermediate (16) -
| N
N

A

A

Y

late-stage C-H oxidation [H] 17
C-C bond
14 formation
[O] HO NH ring
| N cleavage i
N < N
N
(+)-matridine (18) ~ o ,
lupinine-type cystisine-type sparteine-type

Lupinine-type alkaloids can be directly derived from this precursor, and addition of
another Al-piperidine equivalent leads to the formation of the tetracyclic core for the
sparteine- and matrine-types.?>?¢ The tricyclic lupine alkaloids are derived from the
tetracyclic precursors by subsequent ring cleavage. Late-stage functionalization of the
undecorated skeletons has been shown operative to further diverge the core structures into
the broad array of compounds belonging to the lupine alkaloids. Seminal studies by
Abdusalamov for example demonstrated that feeding !“C-labeled (+)-18 to Goebelia

Pachycarpa resulted in the isolation of radio-labelled (+)-4, suggesting that the final step



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 6

in the biosynthesis of 4 is a site-selective C—H oxidation.?6-”

1.1.2 Bioactivity and Medicinal Properties

Quinolizidine alkaloids exhibit a range of biological activities which enable their
broad use as therapeutics in various applications and are covered multiple reviews.?%10:28
A recent chemoinformatic analysis of their physicochemical profile — specifically,
properties that determine absorption, distribution, and bioavailability, collectively referred
to as "drug-likeness", revealed that 62.7% exhibit favorable profiles for the use as
pharmaceuticals. The highest-scoring clusters included the matrine-, and the monoamides
of sparteine (lupanine-type), many of which contain a (3-hydroxy)piperidin-2-one
substructure — a feature associated with drug-like behavior. Most compounds also showed
hydrophilicity and solubility values (cLogP and cLogS) within ranges typical of approved
drugs, supported by the presence of several hydrogen bond acceptors per molecule. While
some subclasses — like dimeric quinolizidine alkaloids and alkenyl-substituted
lupinines—exhibited poor drug-likeness scores, they were in the minority. These findings
support the notion that quinolizidine alkaloids are not only biologically active but also
chemically well-positioned for drug development. Their favorable profiles, combined with
rich structural diversity and bioactivity, make them valuable scaffolds for further
exploration through synthetic modification and medicinal chemistry efforts. Matrine-type
alkaloids are primarily known for their cytotoxic and anticancer properties, while lupanine-

29-32

and sparteine-types have shown insecticidal and antimicrobial activity. Cytisine- and

tetrahydrocytisine-type lupine alkaloids possess both cytotoxic and antiviral effects, and
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lupinine- and macrocyclic-type compounds have demonstrated antiviral and anticancer

potential 333

Figure 1.4: Summary of signal pathways and diseases related to the actions of
matrine 4. Adapted from Guo et. al."
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Among these, matrine-type alkaloids are considered the most biologically active,
displaying various pharmacological effects, including antitumor, antiviral, and anti-
inflammatory effects (Figure 1.4).3¢ Their anticancer activity is particularly well
established. Matrine induces apoptosis and inhibits proliferation in multiple cancer cell
types, including lung, liver, cervical, and melanoma, often through modulation of the
PI3K/AKT, MAPK, and NF-kB pathways.!*373 For example, matrine suppressed
melanoma cell growth by increasing levels of PTEN, a tumor suppressor that helps regulate
cell survival, and by blocking PI3K signaling, a pathway commonly overactive in cancer

that promotes uncontrolled growth.?* Similar growth-inhibitory and cell death—inducing
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effects have been observed in esophageal cancer cells through the generation of reactive
oxygen species (ROS), which cause cellular damage, and through disruption of
mitochondrial function.*’ In cervical cancer cells, matrine exerts its effects by inhibiting
the p38 and AKT pathways, both of which help cancer cells resist stress and avoid
programmed cell death.*!

In the nervous system, matrine shows promise for treating Alzheimer’s disease by
preventing the buildup of amyloid-beta plaques — protein aggregates that disrupt brain
function — and by modulating the RAGE signaling

pathway, which is involved in inflammation and

neurodegeneration. In APP/PS1 transgenic mice, which

Figure 1.5: Oxymatrine.
are genetically modified to develop Alzheimer-like
symptoms, matrine improved cognitive performance and reduced inflammation in the
brain.!! It also enhanced learning and memory in rats injected with amyloid-beta (Api-42)
by restoring the balance between Thl7 and Treg cytokines—two immune signaling
pathways that influence neuroinflammation. *?

Matrine can also protect the cardiorespiratory system. It reduces airway
inflammation in both airway cells and asthmatic mice by blocking NF-kB signaling and
lowering levels of the inflammation-related protein cytokine signaling 3 (SOCS3). In
asthma models, it also helps improve breathing by reducing airway hyperresponsiveness,
limiting mucus-producing cell growth, and decreasing the number of inflammatory cells in
the lungs.!®* In rats with heart injury caused by restricted and restored blood flow, it

activated the JAK2/STAT3 pathway, increased levels of the protective protein HSP70, and

reduced cell death in small blood vessels of the heart.** In autoimmune conditions like
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rheumatoid arthritis, matrine reduced the growth of synoviocytes—cells that contribute to
joint inflammation—and triggered their death by suppressing the JAK/STAT pathway.* It
also helped restore immune balance by inhibiting NF-xB, decreasing proinflammatory
cytokines like TNF-a and IFN-y, and increasing anti-inflammatory cytokines such as I1L-4
and IL-10.%

Matrines N-oxide, oxymatrine (19) helps improve memory in Alzheimer’s disease
models by reducing brain inflammation and blocking harmful proteins like amyloid-beta
(Figure 1.5).”4748 Oxymatrine can also extends lifespan of mice suffering from ALS and
reduces seizures and brain damage in epilepsy by balancing brain chemicals and lowering
inflammation.”*

The C6 epimer of matrine, (—)-sophoridine (8) is an approved chemotherapeutic in
China, which has also demonstrated antibiotic activity.* In lung cancer, it boosts tumor-
suppressing proteins like p53 and makes chemotherapy more effective.®® It slows
pancreatic tumor growth by triggering cancer cell death and blocking inflammation.’! In
gastric and colon cancers, it helps the immune system fight tumors and reduces their ability
to grow and spread.’>> Little is known about the pharmacological properties of other
isomers such as (+)-isomatrine (6) and (+)-isosophoridine (9), which likely reflects their

limited accessibility from commercial vendors.?
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1.1.3 Previous Synthetic Studies

Figure 1.6: Mandell’s synthesis of matrine (1965).

o) CO,CoH5 ~c

z N
CoHsO — — ° H:i o
: C5: Hs0,C b N N ¢ i CN
252 0 \/\COZCZHs N . )
‘“v
o (0]
20 21 22 O 23 (+)-matrine (4)
prepared in 2 steps tetracycle in 8 steps

Lupine alkaloids have also been targets for total synthesis and to date four total
syntheses of matrine (4) have been reported. The first synthesis was completed by Mandell
and coworkers in 1965 (Figure 1.6).!> Diester 20 could be prepared in two steps and was
elaborated to bicycle 22 via alanine condensation, hydrogenation, formation of the C ring
by Dieckman cyclization and subsequent decarboxylation in four steps. Biscyanoethylation
with acrylonitrile gave dinitrile 23 which underwent spontaneous cyclization to forge the
remaining A and B ring yielding matrine upon hydrogenation. The synthesis of the

tetracyclic framework and the natural product matrine was completed in eight steps total.

Figure 1.7: Tsuda’s synthesis of (+)-matrine (1966).

Me

N N. _Me chiral
COLH COLH | AN resolution
— = — 5 (+)4
A B
0 N
rac-24 rac-25
prepared in 6 steps tetracycle in 13 steps

In 1966 Tsuda and coworkers completed the first and only synthesis of (+)-matrine

((+)-4) by employing a classic resolution to access a chiral intermediate (Figure 1.7).!6:17-54

Diacid rac-24 was accessed in six steps and advanced to tetracycle 26 in a total of 13 steps
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utilizing subsequential annulative condensations. Reductive opening of the D ring gave
rac-27 and was followed by a classic resolution to access enantioenriched alcohol 27.
Subsequent chromium trioxide oxidation followed by cyclization in acetic acid then gave
(+)-matrine in a total of 21 steps.

Figure 1.8: Chen’s synthesis of matrine (1986).
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30 31 32

28 29

prepared in 3 steps tetracycle in 10 steps
A biomimetic synthesis was reported by Chen and coworkers in 1986 which
featured a Mannich-cyclization to form the C ring (Figure 1.8)./% Quinolizidine 30 was
accessed from nicotinonitrile 28 in 7 steps. Subsequent deacetylation under acidic
conditions gave an enol iminium ion intermediate 31 which could undergo cyclization to
forge the C ring and give tetracycle 32 in 10 steps. Four steps were required to remove the

ketal and yield ()-matrine (4) in a total of 14 steps.

Figure 1.9: Zard’s synthesis of matrine (1998).

CO2tBu MeO;C CO,Me
MeO,C_ CO,Me | O i
O, N
¥ ] N
N = fe) CO,Bu
EtO_ _S :
/J i g
S
33 34 - 35 36
prepared in 3 steps tetracycle in 4 steps (LLS)

MeO,C, CO,Me
o )

Zard and coworkers in 1998 employed a radical cascade to simultaneously
construct the A and C ring (Figure 1.9).!* Xanthate ester 34 and allylamine 33 were

prepared in three steps each and could undergo radical cyclization to yield tetracycle 37.
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The tetracyclic matrine framework was obtained in a total of four steps, benchmarking the
most efficient route to the tetracycle prior to our report. Removal of the ester groups, which
were required to enable the radical cyclization strategy, was achieved in five steps yielding
(¥)-matrine (4) in nine steps total.

Concurrent with the publication of our synthetic approach, Sherburn and coworkers
have published a divergent strategy towards matrine (4), isomatrine (6) and allomatrine (7)
featuring two hetero intramolecular Diels-Alder reactions (hetero-IMDA) to forge the
tetracycle.!® After the synthesis of acyclic dendralene 38, treatment with TFA initiated a
hetero-IMDA forming the D and C-ring and yielding bicycle 39. Treatment with TFA,
followed by the addition of formaldehyde triggered another hetero-IMDA which
completed the tetracycle and gave alkene 41. In analogy to our approach, late-stage
hydrogenation led to isomerization as previously reported by Okuda,’” to yield matrine (4),

isomatrine (6) and allomatrine (7).

Figure 1.10: Sherburn’s synthesis of matrine (4), isomatrine (6) and allomatrine (7)

(2022).
5% Pd/C, H,
hetero DA hetero DA or Pt,0, H, (£)-4
—_— —_— —_— —> (3)-6
CF3CO,H CF3CO,H HCHO (+)-7
NHBoc
38 a1
prepared in 5 steps tetracycle in 9 steps (LLS)

Synthetically, most of the work prior to 2022 had focused on matrine (2), and
synthetic access to the minor congeners is far more limited: until Sherburn’s concurrent

report a single total synthesis each of allomatrine (3) and isosophoridine (5), and no total
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syntheses of isomatrine or sophoridine (4) were reported.!”!8

1.2 CONCEPTUAL DESIGN AND RETROSYNTHESIS

Inspired by the proposed biosynthesis, we envisioned that pyridine (46) could serve
as a stable, inexpensive synthon for Al-piperidine (17), and the remaining five carbons of

the tetracyclic matrine framework could derive from glutaryl chloride (47, Fig. 1.11B).

Figure 1.11: (A) Proposed biosynthesis of matrine (4). (B) Retrosynthetic analysis of
isomatrine (6). (C) Late-stage isomerization to access matrine (4), allomatrine (7),
sophoridine (8) and isosophoridine (9).

(A) matrine biosynthesis
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(B) bioinspired synthetic strategy
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Z =@ YeF | 4 + O
N N
X 1 X e 6 CIY\;/r
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(+)-isomatrine (6) (+)-isomatridine (43) 44 45 o a7

(+)-isomatrine (6) (+)-matrine (4) (+)-allomatrine (7) (—)-sophoridine (8) (+)-isosophoridine (9)

In the key step, we proposed a dearomative annulation via bis-acyl pyridinium salt

45 to form tetracycle 44, a molecule that contains all the carbon and nitrogen atoms of 4.



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 14
Tetracycle 44 could be elaborated to 6 by global reduction followed by a site-selective
oxidation of isomatridine 43) reminiscent of the proposed biosynthesis of matrine (4).
Isomatrine (6) is the least thermodynamically stable lupin alkaloid and its
isomerization to both matrine (4) and allomatrine (7) has been previously reported and was
also deployed in the 2022 Sherburn synthesis of several matrine alkaloids.!6.?° We
therefore anticipated that access to 6 could enable the synthesis of additional lupin
alkaloids.?! In contrast to previous syntheses that construct the tetracyclic framework in a
linear, stepwise manner, this approach enables the early generation of molecular
complexity and provides streamlined access to the core carbocyclic structure of matrine-
type alkaloids — an intermediate that could be valuable beyond natural product synthesis,

i.e. as starting point for SAR studies.

1.3 DEAROMATIVE PYRIDINE CYCLIZATION
1.3.1 Tetracycle Formation

Figure 1.12: Diastereoselective pyridine dearomatization with glutaryl chloride.

X
)OJ\/\/I?\ HlHNO
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46 160 g scale (+)-44

Our studies commenced with the investigation of the dearomative annulation
(Figure 1.12). Addition of glutaryl chloride (47) to pyridine (46) in dichloromethane at —
50 °C followed by warming to 21 °C resulted in clean formation of a (+)-tetracycle 44 in

62% yield and as a single diastereomer (10 g scale). The reaction was highly robust and
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could be carried out on one mole scale to produce over 160 grams (67% yield) of (%)-
tetracycle 44 in a single batch. The product was isolated by precipitation from the crude
reaction mixture, alleviating the need for a workup or column chromatography. Given the
cost of pyridine ($7/mol), glutaryl chloride ($211/mol), and all solvents ($31/mol), the raw
materials cost $398/mol of product formed.>® Recrystallization of (+)-44 enabled single

crystal X-ray diffraction, which confirmed the syn-syn relative stereochemistry.

1.3.2 Mechanistic Investigation

To elucidate the reaction pathway, mechanistic and computational studies were
undertaken. Monitoring the reaction between glutaryl chloride 47 and pyridine 46 by 'H
NMR determined that the major species at 40 °C was bis-acyl pyridinium salt 48 (Figure
1.13). After warming to 25 °C, acid chloride 49 resulting from mono-cyclization was
observed. Presumably the acyl pyridinium salt Intla and acyl chloride 49 are in
equilibrium, but the acyl chloride is the major species at 25 °C. A second, minor species
assigned as the acid chloride resulting from Intlb (vide infra) was also observed; this
species was consumed as the reaction progressed to full conversion. Although
deprotonation of acyl pyridinium salts or acyl chlorides can give rise to ketene
intermediates,>” no such species was detected by 'H NMR or by reactIR. Attempts to
calculate a pathway involving ketene intermediates failed to locate a transition state (TS)
for a concerted [2+2] cycloaddition. Similarly, no TS for the concerted [4+2] cycloaddition
of bis-acyl pyridinium salt 45 could be located. Investigation of a stepwise pathway
determined that the lowest-energy TS for the first cyclization involves a boat-like

conformation to form the syn product (TS1a, AGzs= 7.3 kcal/mol) (Figure 1.14). Attempts
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to find the analogous chair-like TS were unsuccessful and led instead to conversion to the
boat-like TS. The pathways leading to the anti mono-cyclization product (Intlb) are higher
in energy (see TS1b and TS1e¢). The preference for the syn boat compared to the anti boat
TS is likely due to favorable dispersive interactions between the heteroaryl ring and the
oxygen-bearing carbon of the enolate, as well as minimization of the dipole moment in the

syn TS.

Figure 1.13: Proposed mechanism for the diastereoselective cyclization.
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To test the importance of dispersive interactions in these TSs, the TSs were
recomputed with B3LYP, a functional known to lack dispersion. Indeed, with this
functional, the difference between the two transition states was only 0.1 kcal/mol.
Inclusion of dispersion with Grimme’s D3 correction restored the energy difference to 1.4
kcal/mol in favor of the syn boat transition state. These TSs lead to two intermediates: syn
intermediate Intla (—12.6 kcal/mol) and anti intermediate Intlb (—10.7 kcal/mol). The TS
for the second C—C bond formation (TS2a) is most favorable for the syn-syn inter-mediate

(Int2a), with a barrier of 20.2 kcal/mol. The second lowest-energy pathway proceeds via



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 17
TS2b leading to Int2b, which gives rise to the anti-syn-anti configuration at the ring
fusions. The transition states leading to the other four potential diastereomers are higher in

energy.

Figure 1.14: Reaction coordinate diagram.
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Formation of Int2a and Int2b is followed by deprotonation by pyridine. While
Int2b is lower in energy than Int2a, the deprotonation of Int2a to give syn-syn (+)-44
follows the lowest-energy pathway. Thus, the selectivity-determining step is the final
deprotonation (TS3a) and syn-syn (+)-44 is favored, even though it is thermodynamically

less stable than anti-anti 50. These results are consistent with the experimentally observed
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formation of product (+)-44 as a single diastereomer, despite the initial mixture of

monocyclization products.

1.3.3 Studies on the Enantioselective Cyclization

Attempts to induce enantioselectivity in the cyclization reaction between pyridine and
glutaryl chloride were unsuccessful. A range of additives—including PyBOX ligands,
chiral bases, and anion-binding catalysts—were evaluated, but none had a discernible
effect on the reaction outcome. When enantiopure (R)-2-methylpentandioyl chloride (52)
was employed, C3-methyl tetracycle (+)-51 was obtained in 66% yield as a single
diastereomer and in >99% ee (Figure 1.15). This stereochemical outcome is consistent with
the calculations, where the pathway initiating with a syn boat transition state bearing the
methyl group in a pseudo-equatorial position is favored. When (S)-2-phthaloyl glutaryl
chloride 53 was used, the product was obtained with a 27% yield, but there was a significant
loss of enantiomeric excess. Efforts to use methoxyprolinol to ring-open glutaric anhydride
(55) in situ, followed by amide and carboxylic acid activation with triflic anhydride, and
subsequent reduction achieved cyclization with 94% enantiomeric excess. However,
despite extensive optimization, the yield of compound 56 could not be improved beyond
12%. Since classical resolution of isomatridine (43) (vide infra) gave 24% material

recovery we opted for this approach.
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Figure 1.15: Studies towards formation of an enantioenriched tetracycle.
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1.4 REDUCTION OF THE DIAMIDE

1.4.1 Investigations on Catalytic Reductions

Enabled by the complexity-building dearomative annulation reaction, we
established access to large quantities of cyclization product 44 which enabled the
investigation of the subsequent reduction to isomatridine (43). To access compound 43
from 44, global hydrogenation of the alkenes and reduction of both amides to the
corresponding amines were required. It was envisioned that both transformations could
potentially be achieved in a one-pot global reduction to access isomatridine 43 directly
from tetracycle 44. Initially investigations found that hydrogenation of 44 with 5% Rh/C

gave saturated diamide 57 cleanly in 97% yield with the desired diastereoselectivity.
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Figure 1.16: Rh-catalyzed hydrogenation of cyclization product 57.
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1.4.1.1 Global Reduction via Hydrogenation

Given that the alkene reduction of 44 proceeds smoothly and with the correct
diastereoselectivity, concurrent amide reduction under hydrogenation conditions would be
ideal. However, amide hydrogenations are generally considered challenging and usually
requires high pressures and temperatures which can be only accessed with specialized set
ups.’® A recent report from Kaneda and coworkers found that a Pt/V coated hydroxy apatite
(HAP) catalyst (Pt/V/HAP) was able to catalyze the hydrogenation of tertiary amines at
room temperature under only 30 bar of hydrogen.’® However, evaluation of this catalyst as
well as other well-known hydrogenation catalysts under elevated temperatures did not lead
to formation of significant amounts of amine 43 (Table 1.1, entry 1-5). Attempts to reduce
the saturated diamide 43 using the Pt/V/hydroxyapatite catalyst gave only recovered
starting material. It became obvious that amide hydrogenation would require further
increase in temperatures and pressure, which led us to investigate alternative options for a

global reduction protocol.
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Table 1.1: Investigation of one-pot alkene and amid hydrogenation catalysts.

A
Y l v N (0] Catalyst, H, (60 bar)
Y , Ha .
SN EtOH, 60°C, 24h
H
o}
44 43
Entry Catalyst % Yield 57 % Yield 43
1 5% Rh/C (10 mol%) 62 2
2 10% Pd/C (10 mol%) 91 11
3 PtO, (10 mol%) 66 3
4 Raney Ni (10 mol%) 0 0
5 Pt/V/hydroxyapatite? 66 3

arun in DME with 4 A molsieves.

1.4.1.2 Silane-mediated Transition Metal-catalyzed Reductions

Transition metal-catalyzed silane reductions have been proven to be powerful
reactions for the reduction of amides.®*-% It was envisioned that similar conditions could
be employed for a silane-mediated alkene reductions, therefore enabling a streamlined

reduction protocol.®

Table 1.2: Investigation of Ir-catalyzed silane reductions of cyclization product 44.

A
H | H 10 mol% [Ir(COE),Cl],
= N 0} Et,SiH, (16 equiv)
conditions
x-N 12h
H
O
44 43
Entry Conditions Results
1 neat in silane, 21°C complex mixture
2 DCM (0.1M), 21°C complex mixture
3 neat in silane, 80°C complex mixture

Initial attempts to reduce the unsaturated cyclization product 44 gave complex

mixtures of the partially reduced structures which complicated the development of an
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efficient assay for reaction optimization (Table 1.2). Therefore, subsequent studies focused

on the reduction of saturated diamide 57. It was found that nickel and iron®*¢>

catalysts
were unable to facilitate amide reduction and gave complex mixtures or decomposition
(Table 1.3, entry 1 and 2). In contrast, rhodium® and iridium®' catalysts gave diamine 43
in a 16% and 37% yield, respectively (Table 1.3, entry 3 and 4) and were selected for
further optimization efforts. Unfortunately, neither an increase in temperature nor changing

the silane identity improved the reaction outcome under rhodium catalysis (Table 1.4, entry

3). In most cases, enamine 58 was found to be the major side product.

Table 1.3: Transition metal-catalyzed amide reductions.

conditions

solvent, T °C, 24 h

43
Entry Conditions % Yield
1 NiCly*dme (10 mol %), PhSiH; (4.0 equiv), toluene, 115 °C complex mixture
2 Fe3CO4, (10 mol %), PMHS (5.0 equiv), toluene, 100 °C complex mixture
3 HRh(PPhj), (5 mol %), Ph,SiH, (5.0 equiv), DCM, 50 °C 16
4 [I(COE),Cl], (0.5 mol %), PhSiH, (8.0 equiv), DCM, 21 °C 4

Subsequent evaluation of iridium loadings from 0.5 to 10 mol% showed that a
loading of 5 mol% [Ir(COE),Cl]> resulted in the best reaction profile and gave product 43
in 59% yield (Table 1.5 entry 3). As observed in the rhodium catalyzed reaction, enamine

58 was identified as major side product. Attempts to improve the reaction by raising the
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temperature from 21°C to 110°C as had been previously reported did not improve the yield

significantly and only lead to a more complex reaction profile (entry 6 and 7).5!

Table 1.4: Investigation of the rhodium-catalyzed silane reduction.

HRh(PPhg), (5 mol %) H [ H

silane (5.0 equiv) ‘ N
DCM, T °C, 21 h - N +
58
Entry Silane Temperature % Yield 58 % Yield 43 Ratio 58 : 43

1 Ph,SiH, 20 °C 0 0 /
2 Ph,SiH, 50 °C 46 16 29:1.0
3 Ph,SiH, 80 °C 46 17 27:1.0
4 Ph,SiH, 110 °C 38 22 15:1.0
5 PhSiH3 20°C 5 18 1.0:3.6
6 (Et0)5SiH 20°C 0 0 /

At low iridium catalyst loadings of 0.5 mol% selective monoreduction of the C2
amide 59 was observed in 73% yield (Table 1.5, entry 1). At these lower catalyst loadings,
reduction of the second amide was no longer observed. While full conversion could be
achieved at higher loadings, we aimed to optimize the reaction under more efficient
conditions to gain insight into the factors governing reactivity and selectivity. We
hypothesized that the identity of the silane or inclusion of specific additives might restore
reactivity, especially given the unexpected selectivity observed under these conditions.
Increasing the silane loading from 8.0 to 70 equivalents did not increase the efficiency of

the first reduction significantly or reduced the second amide (Table 1.6, entry 1-4).
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Table 1.5: Influence of the [Ir(COE)Cl], loading and temperature.

[I(COE),Cl, (5 mol %) H | H
Et,SiH, (70 equiv) N
neat, 21 °C, 24 h + N H/ +
59 58 43
Devitation % Yield 59 % Yield 58 % Yield 43 Ratio 58 : 43

1 0.5 mol % [I(COE),Cl], 73 2 0 /
2 1 mol % [If(COE),Cl], 0 55 37 15:1.0
3 5 mol % [IF(COE),Cl], 0 43 59 1.0:1.4
4 7.5 mol % [I(COE),Cl], 0 64 29 22:1.0
5 10 mol % [Ir(COE),Cl]» 0 43 40 1.1:1.0
6 60 °C 0 49 682 1.0:1.4
7 110 °C 0 45 672 1.0:1.5

3Inflated to to formation of unidentified product.

It was also found that neither phenyl silane, tetramethyldisiloxane (TMDS) nor
polymethylhydrosiloxane (PMHS) could initiate the second reduction or outperform
diethyl silane (Table 1.6, entry 5-7). Further attempts to activate the amide towards
reduction by employing triflic anhydride or BF3¢Et>O led to decomposition (entry 8-10).

While these conditions demonstrated that global amide reduction is feasible, they
consistently produced significant amounts of partially reduced intermediates, such as
monoamide 59 and enamine 58. We therefore investigated alternative strategies aimed at

achieving complete reduction more selectively and efficiently.
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Table 1.6: Influence of the silane loading and various silanes on the iridium-
catalyzed amide reduction.

[I(COE),Cl], (0.5 mol%) H H
Et,SiH, (8.0 equiv) N
DCM, 21°C, 24h + N H/ +
58 43
Entry Devitation % Yield 59 % Yield 58 % Yield 43 Comments
1 Et,SiH, (8 equiv) 66 4 0 /
2 Et,SiH, (16 equiv) 63 4 0 /
3 Et,SiH, (32 equiv) 63 3 0 /
4 Et,SiH, (70 equiv) 73 2 0 /
5 PhSiHz? 51 0 4 /
6 TMDS? 0 0 0 /
7 PMHS? 0 0 0 /
8 Tf,0 (1.0 equiv)** 51 0 4 decomposition
9 Tf,0, 2-Cl-pyridine 0 0 0 decomposition

21 %mol [Ir(COE),Cl],, 70 equiv silane.
brun neat in Et,SiH, (70 equiv).

1.4.1.3 Attempted Enamine Reductions

To mitigate issues of enamine formation, methods to reduce the enamine in situ
were explored. Attempts to activate enamine 58 towards silane reduction using
trifluoroacetic acid (TFA) or boron trifluoride etherate (BF3¢Et;0) led to decomposition
(Table 8). Employing [Ir(COE):Cl], as a dual catalyst for the silane reduction and
subsequent hydrogenation failed to give product (Figure 1.17, entry 4). Furthermore, a one
pot silane sodium borohydride reduction reduced enamine 58, however no increase in the
yield of the desired product could be observed due to a messy reaction profile (Figure 1.17,
entry 2). Reduction of isolated enamine 58 with sodium borohydride proceeded readily but
predominantly yielded the undesired diastereomer 60. The difficulty in achieving full

reduction to diamine 43 prompted us to investigate the origin of the observed partial
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reduction at the C17 amide, especially given that complete reduction of the C2 amide

proceeds readily.

Figure 1.17: Enamine reduction studies.

[ICOE),Cll, (5 mol%) H [ w

Et,SiH, (70 equiv) N
neat, 21°C, 24h H +
then conditions N A
58 43
Entry Conditions % Yield 58 % Yield 43 Ratio 58 : 43

1 BF3+Et,0 0 0 /
2 TFA 35 7 5.0:1.0
3 NaBH3CN, AcOH, MeOH 0 33 /
4 BF3°Et,0 0 8 /
5 rac-BINAP, H, (1 atm), MeOH 28 / /

enamine reduction

N NaBH, (2.0 equiv) _
No AcOH, 21°C, 20 min
82% yield
58 oY

1.4.1.4 Investigations on the Observed Selectivity

Previous results had shown that reduction of diamide 57 to monoamide 59
proceeded readily in a 73% yield with loadings as low as 0.5 mol% [Ir(COE).Cl]. (Table
1.5, entry 4) showcasing that the first reduction is more facile than the second one. Before
continuing our studies, we found that diluting the reaction mixture with toluene was
preferable to using neat silane, as the starting material was not soluble in the silane alone.
Performing the reaction in toluene using 8 equivalents of diethylsilane gave a 28% and
50 % yield for enamine 58 and diamine 43, respectively (Figure 1.18, top). Furthermore,

we could observe that reduction of the carbonyl at C2 proceeded smoothly to give
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monoamide 59 in a 67% yield after 5 minutes with only minor formation of the C9/C8

enamine 61 (Figure 1.18, bottom).

Figure 1.18: Reduction studies.

[ICOE),Cll, (5 mol %) N
Et,SiH, (8.0 equiv)
H +
toluene, 21 °C, 24 h N~

58 a3 H
50%vyield 1.8:1.0  28% yield

[I(COE),Cl], (5 mol %) MM
Et,SiH, (8.0 equiv)
- + H
toluene, 21 °C, 5 min N =
61 59 58
6% yield 67% yield 10% yield

We hypothesized that successful reduction of the C2 amide generates a basic amine,
and that the resulting monoamide 59 or diamine 43 could coordinate to iridium, potentially
leading to catalyst poisoning. Diamine 43 was expected to be a strong ligand, as previous
studies demonstrated its ability to form isolable copper and palladium complexes,
highlighting its propensity to coordinate metal centers (Figure 1.19, top). However, when
a 2:1 mixture of diamide 57 and diamine 43 was subjected to the reaction conditions only
an insignificant decrease to a 55% and 20% yield for enamine 58 and amine 43,

respectively was observed (Figure 1.19, bottom).
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Figure 1.19: Product poisoning study.

(A) Cu-complex

H
—7
HH N CuCl, H 7
. H ~cl

HN MeOH, reflux ‘N‘C‘u.
72% yield H cl

43 62

[X-Ray]

(B) product poisoning

[Ir(COE),Cl], (5 mol %) H H
Et,SiH, (8.0 equiv) N
o H +
toluene, 21 °C, 24 h No
58 43

55% yield 2.8:1.0 20% yield
(excess)

Intrigued by this result, we ought to identify if the variance in reactivity is caused by steric
and electronic differences of between the two amides. To influence the reactivity,
understanding of the modified Chalk-Harrod cycle which is believed to be the operative
catalytic cycle for transition metal-catalyzed hydrosilations is crucial (Figure 1.20).67
Nagashima proposed®® that iridium-catalyzed hydrosilylations of amides to enamines (see
Figure 1.21A) proceed via initial oxidative addition of the silanes Si—H bond (64) to the Ir-
metal center (63) to generate an H-Ir—Si intermediate 65 (Figure 1.20). The amide carbonyl
is activated by said complex and subsequent amide insertion into the Ir—Si bond gives
intermediate 68, which undergoes reductive elimination to yield the silylhemiaminal
product 69. These intermediates can eliminate silanol under thermal or acidic conditions to
form an iminium ion (70), which can either be further reduced to the amine or undergo E1-

type elimination to yield an enamine.
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Figure 1.20: Proposed mechanism (Chalk-Harrod cycle) for the transition metal-
catalyzed reduction of amides.*
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The nature of the in oxidative addition complex 65 and the amide influence the
feasibility of the reduction. The amide’s reactivity toward the oxidative addition complex
i1s enhanced when the zwitterionic resonance form 66b is favored, as this increases the
partial negative charge on the oxygen atom, promoting stronger coordination to the iridium
center (Figure 1.21C). N,N-dialkylamides, which favor such resonance form, are highly
reactive and undergo efficient conversion even with less electrophilic catalysts like Vaska’s
complex (74). In contrast, amides with adjacent aryl groups favor the neutral resonance
form 66a due to delocalization of the nitrogen lone pair into the n-system, reducing their
reactivity under the same conditions. For less intuitive systems the contribution the

zwitterionic structure — and hence their reactivity — can be estimated by determining the
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amide carbonyl stretching frequency (vco(amide)) via IR. Due to the decreased bond order
in zwitterionic resonance structure 66b, lower vco indicate higher contribution of the

zwitterionic form and therefore enhanced activation towards reduction.

Figure 1.21: Mechanistic considerations. (A) Nagashima’s studies on Ir-catalyzed
reduction of amides to enamines.®® (B) Carbonyl stretching frequencies (vco) of 57

and 59. (C) Trends in amide reactivity. (D) Reactivity regimes of Ir-catalyzed amide
reductions.

(A) Nagashima, 2015 (B) IR absorbtion
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The electronics of Ir-complex 65 also affects the reaction. The Si—Ir bonds in
oxidative addition complex 65 are polarized, with silicon carrying partial positive charge
(Si%) and iridium partial negative charge (Ir), due to their difference in electronegativity.
In some cases, this bond can fully dissociate, generating a highly electrophilic silyl cation
(RsSi*) and a nucleophilic iridium hydride ([Ir—H]"). Electron-withdrawing phosphine
ligands—such as P(NCasHa)3, P(OCeFs)s, and P[O(CHCF:):]s—stabilize the hydride and

further enhance the electrophilicity of the silyl cation which activates the complex for
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reduction. Mechanistic studies on the silane-mediated reduction of amides to enamines
with derivatives of Vaska’s complex showed that electron-deficient iridium center were
more active towards amide reduction (Figure 1.21D).%> While Nagashima studied amide
reductions to the enamine, overreduction to the amine was observed when highly electron-
deficient catalysts were used for the reduction of activated amides.®?

For carbonyl Ir-complexes which are common catalysts for silane-mediated amide
reductions, vco(Ir-CO) can be used to estimate their reactivity since it inversely correlates
with the electron density of the Ir-center. The degree of reduction (i.e. enamine vs amine)
can therefore be influenced by matching the reactivity of the amide/catalyst pair which is
estimated by the carbonyl stretching frequencies of the Ir-complex and amide (Figure
1.21D). Nagashima classified the pairs into high (overreduction to amine) and low
reactivity regimes (no/sluggish reduction) and defined vco(amide) of 1650 cm™ as
threshold for activated amides. The IR spectra of diamide 57 revealed that both carbonyls
gave the same signal at 1636 cm™! and were therefore considered as “activated” substrates
by Nagashima’s definition (Figure 1.21C).%? Surprisingly, difficult to reduce monoamide
59 exhibits an even lower vco of 1626 cm™ which would suggest that reduction by Ir-
catalysis should be even more facile.

This contrasts with the previously observed reactivity and hinted that the origin of
the sluggish second reduction is potentially not grounded in the inherent reducibility of the
second amide. Despite this, we anticipated a more electron-deficient catalyst should
promote full reduction to diamine 43. Replacement of triphenyl phosphine with phosphite
ligands gave a more electrophilic derivative of Vaska’s complex [[rCOCI(OPPhs),] which

was synthesized in 2 steps.®? Previous results had revealed that 10 mol % Vaska’s complex
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(74) gave the diamine 43 in a 14% yield (Figure 1.22, top). As expected, the more electron
rich catalyst 75 gave diamine 43 in a 31% yield and 1.0:1.4 selectivity at a lower silane and
catalyst loading compared to Vaska’s complex (Figure 1.22, bottom). However, 75 was

not able to outperform previous results with [Ir(COE)>Cl]».

Figure 1.22: Reaction of electron deficient Ir-catalysts.

Vaska’s complex (74) (10 mol %) H H

TMHS (20 equiv) N
then TFA
- H .
DCM, 21 °C, 24 h N =
58
nd
H H
[IrCOCI(OPPhg), (75) (5 mol %) N
TMDS (6.0 equiv)
- H +
toluene, 21 °C, 24 h N ~
58 43
46% yield 1.4:1.0 31% vyield

Given the inconsistency of the observed sluggish reduction of C10 amide 59 and
its predicted increased reducibility we wondered if the observed enamine formation does
not stem from differences in the amide activation process but rather arises from the fate of
the resulting iminium ion. It has been shown that transition metal-catalyzed hydrosilane
reductions of amides to amines proceeds via transition metal-catalyzed reduction to the
iminium ion followed by an off-cycle reduction by silane.’! However — if a base is present
— the iminium ion could also undergo base-mediated elimination to give the enamine 42.
As the first, facile amide reduction of 57 generates a basic amine, we wondered if
monoreduction product 59 could promote elimination of the iminium intermediate of the

second reduction causing the undesired enamine formation.
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Figure 1.23: Reduction studies on the monoamide. (A) Reduction of the
ammonium salt of monoamide 59. (B) In situ formation and reduction of
ammonium BF; salt 76.

(A) reduction of ammonium salt

[I(COE),Cl], (5 mol %) ML H
Et,SiH, (8.0 equiv)
- H +
toluene, 21 °C, 24 h N_ .~
58 43t
17% yield 1.0:2.4 40% yield

(B) in situ ammonium formation

HBF4+Et,0 (1.0 equiv)

then [Ir(COE),Cl], (5 mol %) MY
Et,SiH, (8.0 equiv)
Y H +
toluene, 21 °C, 24 h N =
58 43H

36% yield 10:1.4 50% yield

To test this hypothesis, monoamide 59 was prepared by LiAlH4 reduction and
reacted with HBF4 to generate ammonium tetrafluoroborate salt 76. Masking the basic
amine as an ammonium salt was anticipated to prevent deprotonation of the iminium ion
and increase the selectivity for reduction. When the ammonium salt 76 was subjected to
the reaction conditions it was observed that the selectivity increased to 2.4:1.0 in favor for
desired product giving diamine 29 in a 40% yield (Figure 1.23A). Pleasingly, the reaction
could be performed without preformation of the conjugated acid by in situ preparation of
the ammonium salt. Addition of HBF4 to the reaction mixture before the catalyst was added
gave diamine 29 in a 50% yield, however a reduced selectivity of 1.4:1.0 was observed
(Figure 1.23B). Schreiner’s thiourea catalyst 77, which had been reported to assist iminium
ion formation from hemiaminals by anion binding was evaluated, but the desired product

43 was not observed (Scheme 14A).%°
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Figure 1.24: Amide reduction with Schreiner’s thiourea catalyst 77.

5 mol% [Ir(COE),Cl],
Et,SiH, (8 equiv) H H

77 (0.5 equiv) N
> H .
toluene, 21°C, 24h N =
58 43H HoH
0% yield 0% yield 77

Intrigued by the increase in selectivity upon addition of acid for the reduction of
monoamide 59, the influence of acid additives on the reduction of diamide 57 was
investigated. In contrast to previous results, addition of HBFs did not result in an
improvement of the reaction but prevented the formation of diamine 43 (Table 1.7, entries
2-4). Gas evolution was observed upon addition of the acid to the reaction mixture leading
to the conclusion that strong acids can quench the silane under the reaction conditions. A
similar behavior was observed when the reaction was performed with AcOH and formation
of the product could not be detected (Table 1.7, entries 5 and 6). It was noted that the
ammonium tetrafluoroborate salt 76 performed well under the reaction conditions and thus,
ammonium acids were investigated next. However, even a catalytic amount of
triethylammonium chloride completely shut down reactivity (Table 1.7, entries 7 and 8).
Switching the counterion to non-coordinating tetrafluoroborate suppressed the formation
of enamine 58 and gave diamine 43 in a 37% yield with a 12:1.0 selectivity (Table 1.7,
entry 10). While we were able to improve the selectivity of the reaction, yields were still

only moderate, which prompted us to investigate alternative reduction protocols in parallel.
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Table 1.7: Influence of acid additives on the reduction of the diamide.

[I(COE),Cl], (5 mol %)

Et,SiH, (8.0 equiv) H H
acid N
toluene, 21 °C, 24h N *
58 43
Entry Acid Equivalents % Yield 58 % Yield 43 Ratio 58 : 43

1 none / 50 28 1.8:1.0
2 HBF-Et,0 0.9 13 0 /
3 HBF 4*Et,0 1.8 3 0 /
4 HBF,~Et,0 36 0 0 /
5 AcOH 2.0 4 0 /
6 AcOH? 2.0 4 0 /
7 HNEt;CI 0.2 3 0 /
8 HNEt,Cla 0.2 2 0 /
9 HNEt,BF, 1.0 43 39 1.1:1.0
10 HNEt,BF, 2.0 3 37 1.0:12

3HRhCO(PPhy)3 (5 % mol), Ph,SiH, (5.0 equiv).

1.4.1.5 Investigation of Stoichiometric Reductants

Table 1.8: Attempts towards triflic acid-mediated amid reduction.

conditions

>

THF,0°C, 30 min

43
Entry Conditions Results
1 Tf,0 (2.2 equiv), then NaBH, no reaction
2 Tf,0 (2.2 equiv), LiAIH, complex mixture
3 Tf,0 (2.2 equiv), TMDS? complex mixture
4 Tf,0 (2.2 equiv), Hantzsch ester? complex mixture
2run in DCM.

During our optimization campaign, several canonical reducing agents such as metal
hydrides were explored. Initial attempts to reduce bis-amide 57 using lithium aluminum

hydride (LAH) led only to partial reduction, yielding the monoamide 59 in 36% yield.
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Refluxing the reaction in LAH gave isomatridine (43) in a modest 42% yield. Huang and
coworkers had previously reported that treatment with triflic acid can activate amides for
the reduction with various reductants.”® Unfortunately, attempts to reduce diamide 57 with
metal hydride, TMDS and Hantschz ester after activation with triflic acid only gave
decomposition (Table 1.8). However, addition of AICI3; to LAH (to generate alane (AlHs))
significantly improved the outcome, affording isomatridine in 68% yield in a single step,
or 60% over two step alkene hydrogenation-amide reduction protocol without requiring
purification of intermediate 57. Purification of isomatridine 43 was conveniently achieved
by forming its hydrogen oxalate salt, followed by trituration in acetone—eliminating the
need for column chromatography. Enantiomeric resolution of racemic isomatridine (+)-43
was accomplished via recrystallization of the di-p-toluoyl tartaric acid salt, delivering (+)-

isomatridine 43 in 90% ee and a 24% recovery (46% of theoretical yield).

Figure 1.25: Stepwise reduction sequence towards the diamine 43.

A
Bl N. o 5%RhC (1 mol %) o LiAH, (3.0 equiv)
=z H, (60 bar) AICl3 (1.0 equiv)
N EtOH, 21 °C,24h THF, 0 °C, 30 min
H
(0] 97% yield 39% yield

This sequence provided short reaction times, enabled the use of cost-effective reductants,
offered a practicable purification protocol and facilitated the synthesis of 43 on multigram
scale which led us to favor this approach over the previously discussed Ir-catalyzed

conditions.
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1.5 DEVELOPMENT OF A SELECTIVE C15 OXIDATION

The developed sequence enabled access to diamine 43 on multigram scale, paving
the road for the development of the late-stage oxidation of C15. The major challenge of the
transformation was anticipated to be selectivity, as diamine 43 possesses four potential
sites for a-oxidation which are chemically equivalent. Several strategies to address this

challenge are discussed in the following section.

1.5.1 Bioinspired Enzymatic Oxidation

Cytochrome P450 enzymes (P450s or CYPs) are a superfamily of heme-containing
monooxygenases that catalyze the oxidation of a wide array of substrates, including
steroids, fatty acids, and xenobiotics. They function primarily by introducing an oxygen
atom into non-activated hydrocarbons, facilitating reactions such as hydroxylation,
epoxidation, and oxidation of a-amine CH oxidations.”’”> Given their broad substrate
scope and regioselectivity, P450s have been extensively studied for their potential in
selective C—H bond oxidation. Notably, certain P450 enzymes have demonstrated the
ability to hydroxylate specific positions on steroid frameworks. For instance, CYP106A2
is known to catalyze 15B-hydroxylation of progesterone, and through targeted mutagenesis,
its activity was redirected to achieve hydroxylation at the C11 position.”?

Inspired by these precedents and the proposed biosynthetic pathway of our target
molecule, we initially explored the enzymatic oxidation of (+)-43 to synthesize (+)-6,
focusing on achieving selective oxidation at the C15 position. In collaboration with the

Arnold group, over 180 bacterially derived P450 enzymes were screened, encompassing
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both wild-type and engineered variants known for their diverse regioselective oxidation
capabilities. Despite this extensive screening, liquid chromatography-mass spectrometry
(LC-MS) analysis did not detect any C15 oxidation products. Consequently, we redirected
our efforts toward developing non-enzymatic methodologies to achieve the desired C15

oxidation.

1.5.2 Structural Analysis of the Diamine

Figure 1.26: Structural analysis of diamine 43.

Il
(¢
s

Developing a method for the selective oxidation of C15, in preference to other
chemically similar amine-adjacent methylene positions, was expected to be a significant
challenge. It was hypothesized that steric factors—rather than electronic differences—
could be exploited to achieve site-selectivity. Based on the X-ray crystal structure of
diamine 43, it was observed that the D-ring region, which includes C15, is the most
sterically accessible, suggesting that oxidation at this site should be favored (Figure 1.26).
The crystal structure also revealed a key distinction: the lone pair on N16 is exposed and
accessible, while the lone pair on N1 is positioned within the molecule’s concave interior,
making it more sterically hindered. This spatial arrangement supported the conclusion that
chemical oxidation—guided by steric accessibility—would be more suitable than

enzymatic methods for achieving selective C15 functionalization.
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1.5.3 Alternative Approaches

Exposure of compound 43 to singlet oxygen in the presence of trimethylsilyl
cyanide furnished a-aminonitrile 95, though in only 20% yield (Scheme 2.4).77. Attempts
to selectively functionalize the less hindered nitrogen using photoredox conditions instead
resulted in epimerization at neighboring stereocenters, producing diastereomers 96 and
97.%2% Direct oxidation of isomatridine with molecular iodine under basic conditions
provided the conjugated iminium ion 98 in 29% yield.? Furthermore, recently reported
protocols for C-N bond cleavage proved ineffective in this context, delivering a poorly

separable mixture of 99 and 100 in low yield.*

Figure 1.27: Attempted C-H oxidations.

[Ir(dF(Me)ppy)(dtbbpy)]PFg
Rose Bengal (3 mol %) (2 mol %)

0,, TMSCN i-Pr3SiSH, H,0
- 43 -
ACN, 21 °C NMP (0.25 M), 21 °C
Blue LEDs Blue LEDs
20% yield 59% yield 26% yield
95 96 97
[X-Ray] [X-Ray] [X-Ray]
TMSCF,Br
X N B I, NaHCO4 " NH,OAc R
NI THF, H,0, 21 °C DCE, 60 °C -
©® 7 on 29% yield 13% yield
(aNMR) 1:1.2 ratio

[X-Ray]

1.5.4 Selectivity via N-Oxidation: N-Oxide Rearrangements

Based on our conformational analysis, it was expected that more accessible nitrogen would

be preferentially functionalized. Oxidation to the N-oxide was anticipated to occur at N16.
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Figure 1.28: Imminium ion formation by Polonovski reaction.

B

H H
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o CoAc
antiperiplanar
101 102 Int-101 103

It was envisioned that oxidative functionalization of C15 could be achieved by Polonovski
reaction of such N-oxide. Successful iminium ion formation could be followed by
elimination to form the enamine or addition of a nucleophile (Figure 1.28). Excitingly, in
agreement with our conformational analysis, N16 was selectively oxidized with peracetic
acid, which proved superior compared to other peroxides, to yield N-oxide 104 in a 54%
yield. A slight excess of oxidant was required; higher amounts of oxidant, however, gave

lower yields of 104 due to double oxidation of N16 and N1.

Figure 1.29: Oxidation to the N-oxide 104.

AcOOH (1.1 equiv)
_——
MeOH, 0 °C, 15 mins

54% yield

With access to the N-oxide 104 in hand we investigated Polonovski conditions to achieve

C15 oxidation (Figure 1.30).
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Figure 1.30: Attempts towards a Polonovski reaction.

Ac,0
DTBMP VO(acac), o
DCM, 21 °C, 18 h DCM,0°C, 2h H
N =

20% yield 12% yield

58

Conditions employing acetic anhydride were unsuccessful, instead isomeric enamine 58
was isolated. Subsequent reduction with NaBHj4 led to formation of a previously detected
reduced syn-syn-syn-anti isomer. Additional attempts to use Burgess reagent to facilitate
elimination towards the desired regioisomer failed.

In the crystal structure of N-oxide 104 the measured dihedral angle of the C-17 C-
H bond is 177°, which is the required anti-periplanar alignment relative to the the N-O

bond to undergo elimination and was observed experimentally.

Figure 1.31: Conformational considerations for the Polonovski reaction of 104.

antiperiplanar

direction
of view

In contrast, the two hydrogen atoms on C15, and the hydrogen atom on C11 have dihedral
angles of 51°, 65°, and 53° respectively relative to the N—O bond which precludes their
elimination under Polonovski conditions. To circumvent the issue of C—H bond geometry,
a complementary approach inspired by Okazaki and coworkers was explored (Figure

1.32)7*
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Figure 1.32: Siloxyammonium rearrangement upon treatment with methyl lithium.
O Meot-BuSIOT! O MeLi O
—_— [C] EEEE—— N
N DCM, 21 °C N THF, 0 °C

I .
Me Me’ OSiMe,t-Bu OSiMe,t-Bu

105 106 107
Okazaki and coworkers reported in 1984 that siloxyammonium salt 106 rearranges to o.-
siloxyamine 107 under basic conditions. It was hypothesized that the regioselectivity of
this reaction could be controlled by the base identity exploiting selectivity for the sterically

most accessible hydrogens on C15.

Figure 1.33: Attempts towards a base-mediated siloxyammonium rearrangement.

TBSOTf MeLi
. +104
DCM, 0°C, 3 h N THF 0 °C
incomplete OTBSH decomposition OTBS
conversion 108 109

unstable

Silylation of N-oxide 104 proved to be challenging. An NMR study showed that the
reaction stalled at incomplete conversion; Longer reaction times however led to
decomposition of product 108 under the reaction conditions. Subjecting a mixture of
starting material 104 and silyl ammonium triflate 108 to the required solvent switch for the
base-mediated rearrangement led to decomposition. Given the unfavored orbital alignment
and the sensitivity of N-oxide 108, it was decided to investigate alternative approaches to

activate the amine towards oxidation.
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1.5.5 Selectivity via a-Amine Deprotonation

Our previous studies confirmed that N16 is more activated towards reaction and
functionalization of N16 can occur with high selectivity. It was anticipated that site-
selective reaction of the desired amine, i.e., by a lewis acid, could activate said amine for
subsequent reactions. Subsequently, sterics could be used to distinguish the two a-
positions (C15 and C16) to establish the desired selectivity towards C15-oxidation. We
became interested in a report by Kessar and coworkers demonstrating that amine—BF;
adducts could undergo deprotonation using mixtures of tert-butyl lithium (z-BuLi) and
potassium zert-butoxide (+-BuOK).?” Furthermore, Singh and coworkers had reported a
protocol for the a-lithiation of amine BF3*Et;O complexes and subsequent trapping with
electrophiles to access a-functionalized substrates.” It was hypothesized that formation of
the BF3-complex of would activate diamine 43 for lithiation at C15 upon treatment with a
strong base. Upon treatment with BF3*Et;0O N16 would preferably react as it was observed
for the oxidation with peroxides. The selectivity of the subsequent lithiation could then be
steered with a bulky base favoring deprotonation of the more accessible C15 methylene
group.

To evaluate this hypothesis, the complexation-deprotonation sequence was studied
via a 'TH-NMR assay. Consistent with the selectivity in the N-oxide formation, treatment of
diamine (+)-43 with BF3-OEt; quantitatively formed the Lewis acid-base complex.
Diamine 43 was first subjected to BF3*Et;0O, then base, and was subsequently quenched
with deuterated methanol to investigate the selectivity of the deprotonation (Table 1.9).
Whereas Hauser base derivatives and -BuLi were unable to facilitate the deprotonation

(Table 11, entries 1-4), Schlosser’s base was successful (Table 1.9, entry 5). The selectivity
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of the reaction is influenced by the steric demand of the base. If less sterically demanding
n-BuLi/t-BuOK was employed the undesired product was favored (Table 1.9, entry 5).
However, use of #~BuLi/~-BuOK favors the desired deuteration product in a 26% yield

(Table 1.9, entry 7).

Table 1.9: Influence of base identity on the selectivity of the deprotonation.

BF3+OEt,
then addition to
base (12 equiv)

THF, =78 °C, 2h
then MeOD
43 15p.43 10p.43
Entry Base Ratio C15:C10 % Yield °D-43 % Conversion
1 Zn(TMP),+LiCl / 0 0
2 (Pr),NMgCI-LiCl 0 0
3 TMPMgCI-LiCl / 0 0
4 +-BuLi / 0 0
5 n-BuLi/t-BuOK 1.0:25 21 75
6 s-BuLi/t-BuOK 15:1.0 25 42
7 t-BuLi/t-BuOK 20:1.0 26 39
8 Npl/t-BuOK 15:1.0 6 10

Next, the influence of the solvent was investigated. Hexanes, a non-coordinating
solvent, was found to be unsuitable for the reaction (Table 1.10, entry 2). The reaction in
ethereal solvents gave the desired product, however with low selectivity and low
conversion (Table 1.10, entries 1, 3 and 4). A literature review revealed that ethereal

solvents can decompose under strongly basic conditions.”®
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Table 1.10: Influence of the solvent.

BF3°OEt,
then addition to
t-BuLi/t-BuOK (12/12 equiv)

Solvent, -78 °C, 2 h

then MeOD
D
43 15p-43 10p.43
Entry Solvent Ratio C15:C10 % Yield 1°D-43 % Yield 19D-43
1 Et,0 1.0:25 26 88
2 Hexane / 0 0
3 2-Me-THF 1.0:13 4 9
4 THF 20:15 26 39
5 THF-dg 20:1.0 44 81
6 THP?2 24:1.0 31 44
7 THF/TMEDA (12 equiv) 1.8:1.0 39 61
8 Et,O/TMEDA (12 equiv) 1.3:1.0 50 90
9 TMEDA nd 0 0
10 TMEDA® 50:1.0 45 54

It was hypothesized that base-mediated decomposition would be slowed in
deuterated tetrahydrofuran (d-THF) due to a kinetic isotope effect for the deprotonation,
and pleasingly, higher conversions were observed (Table 1.9, entry 5). Tetrahydropyran
(THP) is known to extend the half-life for alkyl lithium species compared to THF.
Tetramethyldiamine (TMEDA) has also been used as an additive to allow for longer half-
lifes.””-’® Furthermore, it has been reported to reduce the degree of aggregation for alkyl
lithium increasing the reactivity and enhancing reaction rates.”” 8! As expected, running
the reaction in THP gave better selectivity and conversion comparable to those observed
in d3-THF (Table 1.10, entry 6). Furthermore, addition of TMEDA proved to be highly
beneficial for yield and selectivity. This can be seen most drastically when TMEDA is used
as a cosolvent with ether, completely reversing the ratio in favor of the desired product
(Table 1.10, entries 7-8). Running the reaction in neat TMEDA as solvent gave initially no

reaction, however it was hypothesized that a large excess of TMEDA outcompetes the
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substrate in BF3 complexation (Table 1.10, entry 9). Hence, it was concluded that
preformation of the amine BF3; complex (110) could be beneficial (Table 1.11). Reaction
of diamine 43 with BF3*Et;0 in ether gave amine BF3 complex (110) in a quantitative yield
without the need for purification. Subjection of the complex to the reaction conditions in

TMEDA increased the yield to 55% and selectivity to 5.0 : 1.0 (Table 1.11, entry 10).

Table 1.11: Influence of the t-Buli/t-BuOK ratio.

t-BuLi/t-BuOK (X equiv)
TMEDA, -78°C, 2 h

then MeOD
15p.43
Entry Base Ratio C15:C10 % Yield °D-43 % Yield °D-43
1 t-BuLi/t-BuOK (6/12 equiv) 10.0:1.0 80 88
2 t-BuLi/t-BuOK (12/24 equiv) 3.7:1.0 70 89

The concentration of alkoxide salts was also reported to have a large impact on the
formation of alkyl lithium aggregates in ethereal solution.®?> Hence, the influence of the #-
BuLi to +-BuOK ratio was investigated. It was found that an increased ratio of ~BuOK
toalkyl lithium (12 to 6 equivalents) increased the selectivity to 10 : 1 with conversion of
88% (Table 1.11, entry 1). Notably, this result enables lowering the amount of alkyl lithium

base to 6 equivalents and at the same time achieving higher conversions.
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1.5.6 Development of an Electrophile Trapping-Oxidation Sequence

Table 1.12: Electrophile trapping of different electrophiles.

1
2
3
4
5
6
7
8
9

Having established a highly selective deprotonation protocol, the subsequent

BF3+OEt,
then addition to
+BuLi/t-BuOK

\

THF, -55°C, 2 h
then electrophile

Electrophile
TBSOOTBS
BzOOBz
Davis reagent (111)
112
0,

BzCl
CIP(O)(OEty)
BrCN
BzCl then O,

Result

complex mixture
complex mixture
complex mixture
complex mixture
unidentified product
complex mixture
complex mixture
complex mixture
complex mixture

0. :
Ph-L-N-s0,Ph |
Davis reagent (111}

trapping of oxygen electrophiles was then investigated (Table 1.12). Neither silyl peroxides

nor other peroxides gave detectable amounts of product but only gave complex mixtures

(Table 1.12, entry 1 and 2). Reaction with other oxygen electrophiles such as oxaziridines

and molecular oxygen did not give rise to the desired product (Table 1.12, entry 3,4 and

3).

Figure 1.34: Successful electrophiles for the trapping of the lithiated intermediate.

*qNMR Yield

BF3-OEt,, Et,0 then
t-BuOK, t-BuLi
TMEDA, -55 °C

then electrophile

™S
B(OMe);
D0 TMSCI then H,0, then HCN
5p-43 113 114
80% yield* 35% yield* 55% vyield

MeOBz

15
27% yield*
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Reaction with non-oxygen electrophiles such as chlorophosphite and BrCN only gave
complex mixtures (Table 1.12, entry 7-10), while quenching with TMSCI provided
silylated diamine 113 in only 35% yield. Eventually, it was found that reaction with methyl
benzoate gave unstable phenyl ketone 115 in 27% yield with methyl benzoate (115)

proceeded in a 27% yield (Figure 1.34).

Figure 1.35: Additionally investigated electrophiles.

t-BuLi/t-BuOK (3/6 equiv)
then E*

e

TMEDA, -55 °C, 30 min

Below 10% yield

o) o o 9 q 0 i
N/\ Ph g C 1 C
_OMe i [\ o]
Me NMGZ N Me N N Me Me
I\I/Ie X Me Me Me Me
Me Me Me Me Me
116 117 118 119 120 121 122
0% yield 0% yield 0% yield 0% yield 0% yield 0% yield 0% yield
F
o} o o
Lo b, X
0=C=0 CN OMe
Cl)l\OEt F F Ph)l\o)l\ Ph H NMe, HJJ\OEt F3C OMe
F3C
123 124 F 125 126 127 128 129 130 131
0% yield 6% vyield 0% yield 1% yield 3% vyield 3% yield 5% yield 7% yield 8% vyield

Above 10% yield

o o} o} o o)
MeO 133 134 OMe 135 115

132
11% yield 16% yield 15% yield 19% yield 23% yield

Subsequently, other carbonyl electrophiles were also evaluated, however none was
able to outperform methyl benzoate (Figure 1.35). Vicente and coworkers previously
reported that a-aminoketones can be oxidized with molecular oxygen.®* Excitingly, the
oxidation of a-amino ketone 63 with molecular oxygen proceeded smoothly to give

isomatrine (6) in a 48% yield (Scheme 17). The best yield of C15-functionalized product
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was obtained when 11 was deprotonated and then trapped with trimethyl borate; oxidation
with hydrogen peroxide and trapping of the resultant enamine with HCN gave aminonitrile
114 in 55% yield. Aerobic oxidation of 115 provided isomatrine in 46% yield (25% yield
over three steps from 43). Additionally, it was found that isomatrine (7) could be obtained
from BF3-complex 110 in a one pot procedure featuring a deprotonation, electrophile
trapping and oxidation sequence. Further optimization showed that the amount of -BuLi
and methyl benzoate could be lowered to 3.0 and 8.0 equivalents, respectively (Table 1.13,
entry 6). Furthermore, it was found that addition of methyl benzoate in CPME instead of
TMEDA gave the best result obtaining isomatrine in a 32% yield and a 61% yield based

on remaining starting material (Table 1.13, entry 1, 5 and 6).

Table 1.13: Final optimization of the one-pot oxidation.

tBuLi/t-BuOK
(3/6 equiv)
TMEDA, -55 °C, 30 min

then MeOBz (8.0 equiv)

-BF, H then O, (1 atm), 21 °C, 1 h
110 (+)-Isomatrine (6)
Entry MeOBz Equiv Solvent % Yield % Yield BRSM
1 25 TMEDA 15 43
2 4 Hexanes 26 45
3 4 Et,O 26 49
4 4 PhMe 29 50
5 4 CPME 28 50
6 8 CPME 32 61
7 12 CPME 28 43

To date, >1 gram of (+)-isomatrine has been prepared with this protocol, to give
(+)-6 directly in 18-26% yield, depending on the scale. This route provides access to (+)-
isomatrine in four steps, and (+)-isomatrine can be easily accessed by incorporating the

resolution of diamine 43.
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1.6 Divergent Isomerization

Having a route to isomatrine in hand, the previously published isomerization to
matrine and allomatrine was tested (Figure 1.36).% Initial attempts to reproduce Okuda’s
Pt-catalyzed isomerization of (+)-isomatrine failed to provide the reported yields of (+)-

matrine (4) and (+)-allomatrine (7), and instead produced a mixture of five compounds.?’

Figure 1.36: Time dependent product distribution of the divergent isomerization with
different catalysts.

[cat], Hp
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° 7 O 137
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To improve the yield of 4 and 7, while also broadening the synthetic access to other
congeners, an investigation of several isomerization catalysts was carried out (Figure 1.36).
The optimized results are summarized in Figure 1.37. After 15 min, use of 5% Rh/C with
a 10 mol% loading provided the best yields of (+)-4 (32% yield), while (+)-3 could be
obtained in 83% yield when Pd/C was used. Isomerization with 10 % Pt/C provided (+)-
isosophoridine (5) in 55% yield. Finally, use of PtO; at 98 °C for 15 minutes furnished (—
)-sophoridine (4) in 10% yield, together with the other isomers. When the reaction with
PtO; was conducted at 80 °C for 24 hours, (—)-isomer 137 was isolated in 40% yield. To
our knowledge, 137 has not yet been isolated from natural sources. In all cases, the mass

balance consisted of other isomers in varying ratios.

Figure 1.37: Optimized conditions for the synthesis of matrine and related lupin
alkaloids.

H.

2
(1 atm)
conditions
H,0O
H
HoWT ol B N
[e) N ) (0]
N ault he=0y AN
& H N NE
N H
H
6 4 7 8 9 137
(+)-isomatrine conditions (+)-matrine (+)-allomatrine (=)-sophoridine (+)-isosophoridine (—)-unnatural product
10 mol% Rh/C, 98 °C, 1 h 32% 60% 0% 0% 0%
10 mol% Pd/C, 98 °C, 2 h 15% 83% 0% 0% 0%
110 mol% PtO,, 98 °C, 15 min 6% 10% 10% 29% 14%
10 mol% Pt/C, 98 °C, 15 min 0% 1% 0% 55% 19%
110 mol% PtO,, 80 °C, 24 h 0% 18% 0% 33% 40%

The proposed mechanism proceeds through a series of metal-catalyzed

dehydrogenation and hydrogenation steps, guided by the relative thermodynamic stabilities
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of the lupin alkaloid products.' The sequence begins with coordination of (+)-isomatrine
to the metal catalyst, forming intermediate Int4. Subsequent dehydrogenation generates
iminium ion IntS. Direct hydrogenation of IntS leads to the unnatural diastereomer (—)-
137. Alternatively, Int5 can isomerize to enamine Int6, which upon hydrogenation yields
(-)-sophoridine (137). Further dehydrogenation of Int6 produces intermediate Int7, which
can undergo hydrogenation from either face to afford either (+)-isosophoridine (9) or (+)-
matrine (4). A final dehydrogenation produces Int8, and subsequent hydrogenation

furnishes the most thermodynamically stable product, (+)-allomatrine (7).

Figure 1.38: Proposed mechanism of the divergent isomerization.

—_—
—1/2 H,
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(+)-allomatrine (7)
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1.7 CONCLUDING REMARKS

The bioinspired dearomative annulation between pyridine and glutaryl chloride
developed in this work has enabled the first total synthesis of (—)-sophoridine and the
shortest reported syntheses of (+)-isomatrine, (+)-matrine, (+)-allomatrine, and (+)-
isosophoridine. Central to the conciseness of these routes is a pyridine dearomative cascade
that rapidly constructs the core carbocyclic framework of the lupin alkaloids in a single
step. The initial annulation product can be subjected to hydrogenation and subsequent
alane-mediated reduction to furnish isomatridine, a scaffold of interest not only as a
synthetic intermediate but also as a gram-scale-accessible, structurally novel ligand.

Efforts to achieve Cl5-selective oxidation of isomatridine have led to the
development of conditions capable of functionalizing multiple positions on the framework,
thereby opening avenues for structure—activity relationship (SAR) studies that were
previously inaccessible using the natural product directly. A regioselective deprotonation—
electrophile trapping—oxidation cascade enabled the total synthesis of (+)-isomatrine in just
four steps from pyridine, with more than a gram of material produced to date.

This dearomative platform has also been extended to the total syntheses of lupinine
and sparteine.®* Mechanistic studies revealed that the annulation proceeds via two
kinetically distinct cyclization events. Quenching the monocyclized intermediate (Figure
1.14, Intla) with methanol allows selective access to an isolable quinolizidine
intermediate, which can be globally reduced to provide lupinine in three steps and 35%
overall yield. Transformation of the same quinolizidine intermediate into sparteine has
been achieved in five steps on gram scale, delivering a practical route to this synthetically

and biologically significant natural product.



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 54
The ability to generate diverse lupin alkaloids and analogs from simple commodity
starting materials highlights the broad utility of this methodology and its potential to

support future pharmacological investigations.

1.8 EXPERIMENTAL SECTION

Unless otherwise stated, reactions were performed under an inert atmosphere (dry
N2) using freshly dried solvents and standard Schlenk techniques. Glassware was oven-
dried at 120 °C for a minimum of four hours. Tetrahydrofuran (THF), methylene chloride
(DCM), acetonitrile (ACN), methanol (MeOH), benzene (PhH), and toluene (PhMe) were
dried by passing through activated alumina columns. CH>Cl, (D150-4), benzene (PhH,
OmniSolv, BX0212-1), acetonitrile (A998-4), pentane (P399-4), acetone (A18-20),
hexanes (H292-20), and n-butanol (A399-4) were purchased from Fisher and used as
received. Anhydrous N,N-dimethylformamide (DMF) was purchased from VWR (EM-
DX1727-6) and used as received. All reactions were monitored by thin-layer
chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and
were visualized by UV or by staining with p-anisaldehyde or potassium permanganate
(KMnOy). Flash column chromatography was performed as described by Still et al.*® using
silica gel (particle size 0.032-0.063) purchased from MilliporeSigma. 'H and '*C NMR
spectra were recorded on a Bruker Avance III HD with Prodigy cryoprobe (at 400 MHz
and 101 MHz, respectively), a Varian Inova 500 (at 500 MHz and 126 MHz, respectively),
a Bruker 400 MHz Spectrometer with broadband iProbe, or a Varian Inova 600 (at 600

MHz and 150 MHz, respectively), and are reported relative to internal CDCl3 ('H, 8 = 7.26;

13C, 8 =77.16) or CD:Cl> 'H, § = 5.32; 1*C, § = 53.84). CDCl; was stored over anhydrous
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potassium carbonate (K2CO3). Data for 'H NMR spectra are reported as follows: chemical
shift (6 ppm) (multiplicity, coupling constant (Hz), integration). Multiplicity and qualifier
abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
br = broad. IR spectra were recorded on a Perkin Elmer Paragon 1000 spectrometer and
are reported in frequency of absorption (cm™). HRMS data were acquired using an Agilent
6230 Series time-of-flight (TOF) mass spectrometer with an Agilent G1978A ion trap or
by LC-MS using a Waters LCT Premier XE Electrospray TOF mass spectrometer
interfaced with Waters UPLC chromatography, or by GC-MS interfaced with a JEOL JMS-
T2000 GC AccuTOF GC-Alpha with Field Ionization. Molecular formulas of the
compounds [M] are given, with the observed ion fragment in brackets, e.g. [M+H]".
Optical rotations were measured on a Jasco P-2000 polarimeter using a 100 mm path-length
cell at 589 nm. Melting points were determined using a Biichi B-545 capillary melting
point apparatus, and the values reported are uncorrected. Photochemical experiments were
performed using a 34 W Kessil H150 Blue LED light. Unless otherwise stated, chemicals
and reagents were used as received. Reagents were purchased from commercial vendors as
follows: Solid potassium zert-butoxide was purchased from STREM Chemicals Inc., stored
in a glovebox, and used as received. TMEDA and trimethylborate were purchased from
MilliporeSigma and were distilled over CaHz under N prior to use. Glutaryl chloride was
purchased from Oakwood Chemicals Inc. and was used as received. Anhydrous pyridine,
rhodium on carbon (5%), palladium on carbon (10%), platinum dioxide, platinum on
carbon (5%), trimethylsilyl cyanide, lithium aluminum hydride, aluminum trichloride, fer?-
butyl lithium solution in pentanes, rose bengal, peracetic acid, hydrogen peroxide, oxalyl

chloride, Rh(PPh3);(CO)(H), sodium borohydride, [Ir(dF(Me)ppy)2(dtbbpy)]PFs,
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triisopropylsilanethiol, (fluorodibromo)trimethylsilane, and N-phthaloyl-L-glutamic acid
were purchased from MilliporeSigma and were used as received. Di-p-toluoyl-L-tartaric
acid was purchased from Ambeed Inc. and was used as received. (R)-2-methylglutaric acid
and racemic 2-methylglutaric acid were purchased from Combi-Blocks Inc. and were used
as received. "H qNMR standards trimethylphenyl silane (99% purity) and pyrazine (>99%

purity) were purchased from MilliporeSigma and were used as received.

Preparation of (¥)-tetracycle 44:

O (0]

X
C|)J\/\/U\C| H ([ H
@ (47) = N._O
N7 DCM, —50 °C to 21 °C N
oH
67% yield
46 (+)-44

Large-Scale Procedure:

A 12 L oven-dried, N»-flushed 3-neck flask equipped with an overhead stirrer,
thermocouple, and rubber septum was charged with anhydrous DCM (8.0 L, 0.12 M)
followed by glutaryl chloride (47) (126 mL, 980 mmol, 1.0 equiv). The solution was cooled
to —50 °C on an acetone/dry ice bath. Pyridine (46) (396 mL, 4.90 mol, 5.0 equiv) was
added via cannula at such a rate as to prevent the temperature from rising above —40 °C
(ca. 1 hour). Following pyridine addition, the reaction was stirred at —50 °C for 15 minutes
and then at 21 °C until complete, as judged by 'H NMR in CD:Cl; (ca. 24-36 hours). Upon
completion, the reaction was concentrated under reduced pressure to yield a brown solid
which was suspended in MeOH (800 mL). The solids were isolated via suction filtration,
washed with MeOH (3 x 150 mL), and dried in vacuo to yield (£)-tetracycle 44 as a tan

crystalline solid (165.9 g, 67% yield).
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Medium-Scale Procedure:

A 3 L oven-dried, N>-flushed 3-neck flask equipped with an overhead stirrer,
thermocouple, and rubber septum was charged with anhydrous DCM (1.8 L, 0.1 M)
followed by glutaryl chloride (47) (23 mL, 179 mmol, 1.0 equiv). The solution was cooled
to —50 °C on an acetone/dry ice bath. Pyridine (46) (72 mL, 895 mmol, 5.0 equiv) was
added via cannula at such a rate as to prevent the temperature from rising above —40 °C
(ca. 30 minutes). Following pyridine addition, the reaction was stirred at —50 °C for 15
minutes then at 21 °C until complete, as judged by 'H NMR in CD>Cl: (ca. 24-36 hours).
Upon completion, the reaction was concentrated under reduced pressure to yield a brown
solid which was suspended in MeOH (200 mL). The solids were isolated via suction
filtration, washed with MeOH (3 x 100 mL), and dried in vacuo to yield (£)-tetracycle 44

as a tan crystalline solid (31.1 g, 68% yield).

Small-Scale Procedure:

A 1 L oven-dried, N>-flushed flask with a 36 mm x 18 mm x 18 mm egg-shaped
stir bar was charged with anhydrous DCM (296 mL, 0.1 M) followed by glutaryl chloride
(47) (3.78 mL, 29.6 mmol, 1.0 equiv). The solution was cooled to —50 °C on an acetone/dry
ice bath. Pyridine (46) (12 mL, 148 mmol, 5.0 equiv) was added dropwise via syringe over
the course of 10 minutes. Following pyridine addition, the reaction was stirred at —50 °C
for 15 minutes then at 21 °C until complete, as judged by 'H NMR in CD,Cl: (ca. 24-36
hours). Upon completion, the reaction was concentrated under reduced pressure to yield a

brown solid which was suspended in MeOH (40 mL). The solids were isolated via suction
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filtration, washed with MeOH (3 x 50 mL), and dried in vacuo to yield (£)-tetracycle 44 as
a tan crystalline solid (4.67 g, 62% yield).

(£)-Tetracycle 44:

'"H NMR (500 MHz, CDCls):  7.15 (d, J= 7.7 Hz, 1H), 7.03 (dq, J = 8.0, 1.0 Hz, 1H),
6.00 (dddd, J=10.1, 5.8, 2.2, 1.0 Hz, 1H), 5.87 (dddd, /= 5.0, 2.4, 1.5, 0.6 Hz, 1H), 5.67
(dd, J=17.7,5.4 Hz, 1H), 5.61 (ddt, J = 10.1, 3.3, 1.2 Hz, 1H), 5.39 (t, J = 2.8 Hz, 1H),
5.15(ddd, J=8.0,5.7, 1.1 Hz, 1H), 4.72 — 4.66 (m, 1H), 2.94 (ddd, J=18.7, 13.3, 6.0 Hz,
1H), 2.86 (dt, J = 6.7, 3.4 Hz, 1H), 2.63 (ddt, J = 13.7, 5.8, 2.7 Hz, 1H), 2.47 (dddd, J =
18.1,5.3,2.4, 1.3 Hz, 1H), 2.00 (dddt, /= 18.5, 13.4, 9.9, 5.2 Hz, 1H).

13C NMR (126 MHz, CDCl;): § 168.2, 168.0, 130.8, 126.1, 123.3, 122.4, 121.2, 118.0,
109.7, 102.8, 53.7, 53.2, 36.9, 28.6, 19.5.

FTIR (NaCl, thin film): 3087, 2960, 2365, 1668, 1655, 1583, 1407, 1287, 1266, 1244,
1184, 733 cm’!.

HRMS: (ESI-TOF) calc’d for C1sH14N202 [M']* 254.1050, found 254.1038.

TLC (10% MeOH/90% PhH), Ry: 0.32 (KMnOsy).

M.P. 184.2 °C - 186.9 °C.

Figure 1.39. X-Ray structure of (+)-44.
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Preparation of (+)-3-methyltetracycle 51:

HO Y OH Cl Cl
Me Me
(-)-141 (-)-52
(e} (¢}
C.)J\/\)I\C|
A Me
| >
N DCM, 55 °C to 21 °C
46 66% yield (+)-51

A 25 mL oven-dried, N> flushed flask was charged with (R)-2-methyl glutaric acid
(1.00 g, 6.84 mmol, 1.0 equiv) and thionyl chloride (4.0 mL, 54.7 mmol, 8.0 equiv). The
suspension was stirred for 24 hours at 21 °C under N, after which point it became a
homogenous solution. The thionyl chloride was removed under vacuum (0.3 torr) on a
Schlenk line at 21 °C to yield (R)-2-methylglutaryl chloride (77) as a clear, colorless liquid,
which was used directly in the subsequent cyclization reaction.

A 100 mL oven-dried, N»-flushed flask with a 36 mm x 18 mm x 18 mm egg-shaped
stir bar was charged with DCM (26.4 mL, 0.125 M) and (R)-2-methylglutaryl chloride (605
mg, 3.31 mmol, 1.0 equiv). The solution was cooled to —50 °C, then pyridine (1.34 mL,
16.5 mmol, 5.0 equiv) was added dropwise over the course of 5 minutes. The reaction was
allowed to warm to 21 °C and was stirred for 24 hours. The reaction was concentrated
under reduced pressure and diluted in MeOH (20 mL). The solids were isolated by suction
filtration, washed with MeOH (2 x 10 mL), and dried in vacuo to yield (+)-3-

methyltetracycle 51 as a light orange crystalline solid (0.589 g, 66% yield).
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(+)-3-methyltetracycle 51:

'"H NMR (500 MHz, CDCl3): § 7.17 (dt, J = 8.0, 1.0 Hz, 1H), 6.99 (dq, /= 8.1, 0.9 Hz,
1H), 6.04 (dddd, J=10.1, 5.8, 2.2, 1.0 Hz, 1H), 5.78 (ddt, J = 5.8, 2.8, 1.0 Hz, 1H), 5.50
(ddt,J=10.1,3.4, 1.2 Hz, 1H), 532 (dd, J=7.9, 5.7 Hz, 1H), 5.14 (ddd, /= 8.1, 5.7, 1.1
Hz, 1H), 5.09 (t, J=2.9 Hz, 1H), 4.95 (ddt, J=9.5, 2.6, 1.2 Hz, 1H), 2.96 (q, J = 9.5 Hz,
1H), 2.31 — 2.19 (m, 1H), 2.16 (dt, J = 9.3, 4.6 Hz, 1H), 2.03 (td, J = 13.8, 9.9 Hz, 1H),
1.29 (d, J= 6.6 Hz, 3H).

13C NMR (126 MHz, CDCls): § 173.9, 168.9, 129.6, 124.4, 123.7, 122.2, 120.9, 117.9,
103.7,102.7, 54.0, 51.9, 41.5, 34.8, 25.5, 15.4.

FTIR (NaCl, thin film): 2946, 2835, 1652, 1456, 1113, 1033 cm™!.

HRMS: (ESI-TOF) calc’d for Ci6Hi7N20, [M+H]" 269.1290, found 269.1278.

TLC (50% EtOAc /50% hexanes), Ry 0.37 (KMnOy).

M.P. 192.5-196.4 °C.
Specific Optical Rotation: [«] 20_1 =—1115 (c 1.0, CHCI3).

Figure 1.40. X-Ray structure of (+)-51.
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Chiral SFC: (IC, 2.5 mL/min, 45% IPA in CO2, A =210 nm): tr (major) = 7.6 min, tr
(minor) = 12.5 min.

Figure 1.41. SFC trace of racemic 51

DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK2-111-XS-2.D)
mAU

60
40

Signal 1: DAD1 A, Sig=210,16 Ref=370,60

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU] %

SRR EEEEEEE e | == | —=-mm - |-~ |
1 7.557 BB 0.3214 2030.30872  93.47500 49.3078
2 12.527 BB 0.5080 2087.31201 61.50079 50.6922

Figure 1.42 SFC trace of enantiopure 51.

DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK2-129-XS.D)
mAU
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Signal 1: DAD1l A, Sig=210,16 Ref=370, 60

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e BEEEEES | === = | —=mm - | ==mm - | ==—m - |
1 8.178 BB 0.2207 2161.24438 153.12198 100.0000

Preparation of tetracycle (-)-56:
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(S)-methoxyprolinol
pyridine, DCM, 21 °C

OO~ 0 then, TH,0 0 °C to 21 °C
U thenNaBH,

MeOH, 0 °C to 21 °C

55 12% yield
96% ee

To a 100 mL flask in a glovebox was added the glutaric anhydride (100 mg, 876
umol, 1.0 equiv), pyridine (496 uL, 6.13 mmol, 7.0 equiv), DCM (8.76 mL, 0.1 M),
and (S)-(+)-2-(methoxymethyl)pyrrolidine (108 uL, 876 umol, 1.0 equiv). The reaction
was stirred for 30 minutes at 21 °C, then cooled to —78 °C. To the solution was
added trifluoromethanesulfonic anhydride (302 uL, 1.80 mmol, 2.05 equiv). The reaction
was then allowed to warm to 21 °C, and stirred for 4 hours. Then, the MeOH (8.76 mL,
0.1 M) was added and the solution cooled to 0 °C. The sodium borohydride (497 mg,
13.1 mmol, 15 equiv) was added next in portions. Once the addition was finished, the
reaction was warmed to 21 °C and stirred for 30 minutes. The crude reaction mixture was
concentrated under reduced pressure, made basic with sat. Na,COs3 (20 mL) and water
(20 mL). The reaction mixture was extracted with DCM (3 x 30 mL). The combined
organic layers were dried over anhydrous Na>SOs, filtered, and concentrated under
reduced pressure. In a glovebox the crude material was treated with Et,O (20 mL), which
caused the product to crash out as an tan solid. The product was isolated via suction
filtration in the glovebox to yield the product (—)-56 as a light tan crystalline solid (25.5

mg, 12% yield, 96% ee).

(+)-tetracycle 56:
TH NMR (600 MHz, CDCl3): § 7.11 (dd, J= 7.9, 1.3 Hz, 1H), 6.02 (ddt, J=10.5, 5.7,

2.3 Hz, 1H), 5.94 (dddd, J=10.0, 5.7, 2.3, 1.1 Hz, 1H), 5.90 (dtd, /= 10.2, 2.9, 0.9 Hz,
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1H), 5.50 (ddt, J=10.0, 3.5, 1.2 Hz, 1H), 5.01 (ddd, J="7.9, 5.7, 1.1 Hz, 1H), 4.84 (dt, J
=5.8,2.8 Hz, 1H), 3.09 (dd, /= 15.9, 5.9 Hz, 1H), 2.93 (ddt, J=11.1, 3.8, 1.7 Hz, 1H),
2.83 (dd, J=8.6,3.6 Hz, 1H), 2.71 (dtd, J = 8.6, 4.5, 4.1, 1.8 Hz, 1H), 2.58 (ddt, J =
15.9,3.9,2.1 Hz, 1H), 2.42 (dtd, J=12.6, 4.2, 2.3 Hz, 1H), 2.33 (q, /= 3.6 Hz, 1H), 2.24
—2.05 (m, 2H), 1.55 — 1.45 (m, 2H).

13C NMR (104 MHz, CDCl3): 5 170.8, 128.5, 123.7, 123.4, 122.3, 121.3, 101.8, 58.1,
56.8,55.7,52.3,41.0,39.7,24.2, 21 4.

FTIR (NaCl, thin film): 3054, 2986, 2339, 1675, 1655, 1420, 1265, 896, 738 cm™!.
HRMS: (ESI-TOF) calc’d for CisHisN>O [M+H]* 243.1497, found 243.1509.

TLC (3% MeOH/97% CHCIl; with 0.75% EtOH stabilizer), Ry 0.27 (KMnOg).

M.P. 175.7 °C —-178.1 °C.
Specific Optical Rotation: [«] 2D—1 =-94.0 (¢ 1.0, CHCI5).

Figure 1.43. X-Ray structure of (+)-56.

X-Ray ID placeholder: D21063.
Chiral SFC: (IC, 2.5 mL/min, 30% IPA in CO,, A = 280 nm): tr (major) = 8.829 min, tr
(minor) = 9.437 min.

Figure 1.44. SFC trace of racemic 56.
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DAD1 D, Sig=280,16 Ref=370,60 (JKERKOVI\JKK3-264-A3.D)
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

il R R | ==mmm - | == | ===
1 8.829 BV 0.2651 1182.97705 65.99975 51.8590

2 9.437 VB 0.2855 1098.16357 55.83330 48.1410

Figure 1.45. SFC trace of enantioenriched 56.
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Signal 3: DAD1 D, Sig=280,16 Ref=370,60

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

eI EESEEEE | === == | —mm - R |- |
1 8.695 MM  0.2889 2906.81177 167.67546 98.1708
2 9.674 MM 0.2538 54.16077 3.55604 1.8292

Preparation of 8-phthaloyltetracycle 54:

N-phthaloyl-L-glutamic acid

X (COCl),, DMF (5 mol %) Z
® -

N DCM, 5 °C to 21 °C

46 38% yield

A 500 mL oven dried flask was charged with N-phthaloyl-L-glutamic acid (5.00

g, 18.0 mmol, 1.0 equiv), DMF (70 pL, 0.90 mmol, 5 mol %) and DCM (18 mL, 1 M).
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The flask was equipped with a scrubber to remove HCI vapors, and to the suspension in
the flask was added oxalyl chloride (3.36 mL, 39.7 mmol, 2.2 equiv). The reaction was
stirred at ambient temperature for 5 hours which resulted in the formation of a clear
colorless solution, progress of the reaction was monitored by NMR aliquots. The solution
was diluted in DCM (180 mL, 0.1 M) and was cooled to —50 °C. To the solution was
added pyridine (7.29 mL, 90.2 mmol, 5 equiv) over the course of 5 minutes. The slurry
was stirred at —50 °C for 15 minutes then at ambient temperature for 15 hours. The
reaction was concentrated under reduced pressure and suspended in MeOH (50 mL). The
solids were isolated by suction filtration and dried in vacuo to yield the product as a
brown powder (2.72 g, 38% yield). Using enantiopure N-phthaloyl-L-glutamic acid
provided the product 54 with 16% ee.

8-phthaloyltetracycle 54:

'H NMR (600 MHz, CDCl3): 6 7.89 — 7.85 (m, 2H), 7.76 — 7.70 (m, 2H), 7.14 (d, J =
7.9 Hz, 1H), 7.01 (dt, J="7.9, 1.0 Hz, 1H), 6.06 (dddd, /= 10.0, 5.8, 2.2, 0.9 Hz, 1H),
5.83 (ddt,J=5.7,2.7,0.9 Hz, 1H), 5.53 (ddt, J=10.1, 3.4, 1.2 Hz, 1H), 5.43 (dd, J =
7.9,5.8 Hz, 1H), 5.17 (dd, /= 8.0, 5.8 Hz, 1H), 5.14 (t, J=2.3 Hz, 1H), 5.12 (dd, J=9.9,
2.8 Hz, 1H), 4.78 (dd, J=13.7, 4.6 Hz, 1H), 3.33 (td, /= 13.7, 10.2 Hz, 1H), 3.12 (q, J =
9.6 Hz, 1H), 2.33 (ddd, J=13.8, 9.1, 4.7 Hz, 1H).

13C NMR (104 MHz, CDCl3): 8 167.7, 166.9, 134.4, 134.0, 131.7, 129.3, 124.0, 123.7,
123.6, 122.2, 120.6, 117.5, 105.0, 102.8, 53.7, 51.6, 48.8, 40.3, 22.0.

FTIR (NaCl, thin film): 3053, 2986, 1720, 1672, 1610, 1421, 1390, 1266 cm™'.

HRMS: (ESI-TOF) calc’d for C23H17N304 [M+H]" 400.1297, found 400.1292

TLC (60% EtOAc /40% ACN), Ry 0.50 (KMnOy).
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M.P. decomposed at 180 °C.

Figure 1.46. X-Ray structure of (+)-54.

X-Ray ID: V19479.
Chiral SFC: (AD-H, 2.5 mL/min, 45% IPA in CO2, A =210 nm): tR (major) = 7.8 min,
tR (minor) = 8.7 min.

Figure 1.47. SFC trace of racemic 54.

DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK4-019-ENANT.D)
mAU ) N
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o C 2 . s s 10 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
|- | === === | === | === | —======- |
1 7.759 BB 0.2153 1390.96790 101.88776 50.9158

2 8.670 BB 0.2316 1340.93018 91.18265 49.0842
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Figure 1.48. SFC trace of scalemic 54.

DADT A, Sig=210,16 Ref=370,60 (JKERKOVI\PHL1-105-X.D)
mAU i :b,\q,
150 = AY /\(,JQ
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Signal 1: DAD1 A, Sig=210,16 Ref=370, 60

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
—mm | R | =mm - | == - | ==
1 7.812 BB 0.2122 2275.86987 165.71790 57.3807
2 8.750 BB 0.2364 1690.39539 111.81298 42.6193

Cyclization NMR Study:

o o | A | B
H H [ #H
I AN Cl)l\/\)j\m N (6] = N (0]
. >
7
N DCM, —35 °C to 25 °C c SN
H H
o}
46 (£)-49 (+)-57

In a glovebox, an NMR tube was charged with CD,Cl, (0.75 mL, 0.045 M),
pyridine (34 pL, 0.42 mmol, 12.0 equiv), and PhSiMes (5.1 mg, 0.034 mmol, 0.97 equiv).
The solution was cooled in the glovebox freezer (=25 °C) for 15 minutes. To the cold
solution was rapidly added glutaryl chloride (4.5 pL, 0.035 mmol, 1.0 equiv). The tube was
capped and inverted to mix. Initially, a precipitate formed which dissolved after one minute
of mixing. The reaction was then monitored by 'H gNMR over the course of 24 hours

(PhSiMes internal standard).
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Figure 1.49. Cyclization of glutaryl chloride and pyridine "H NMR time-course study.
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(¥)-Acid chloride 73:

IH NMR (600 MHz, CDCl3): 5 7.08 (dt, J=8.1, 0.9 Hz, 1H), 5.98 (dddd, J=9.7, 5.6, 2.6,

1.0 Hz, 1H), 5.49 (ddt, /=9.7, 2.9, 1.1 Hz, 1H), 5.28 (ddd, J= 7.7, 4.9, 1.0 Hz, 1H), 4.85

(dt,J=5.0,2.8 Hz, 1H), 3.59 (dt, J= 6.5, 4.8 Hz, 1H), 2.76 (td, J= 7.5, 4.8 Hz, 1H), 2.55

(dt,J=17.1, 7.0 Hz, 1H), 2.40 (dt, J=17.2, 7.2 Hz, 1H), 2.27 - 2.19 (m, 1H).
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Figure 1.50. Cyclization of glutaryl chloride and pyridine 'H NMR time-course study
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Preparation of alkenyl ester 141:

» -
P >
N DCM, -50 °C to 21 °C N
then MeOH, Et5SiH, TFA

72% yield 1M
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A 500 mL oven dried N> flushed flask was charged with glutaryl chloride (0.76
mL, 5.92 mmol, 1 equiv) and DCM (59 mL, 0.1 M). The solution was cooled to —50 °C,
then pyridine (2.4 mL, 29.6 mmol, 5 equiv) was added dropwise. The thick slurry was
stirred at =50 °C for 15 minutes and was then allowed to warm to ambient temperature.
Once the reaction become homogenous (ca. 30-60 minutes) the methanol (0.48 mL, 11.8
mmol, 2 equiv) was added. The solution was cooled to 0 °C then triethylsilane (14.2 mL,
88.8 mmol, 15 equiv) was added followed by a dropwise addition trifluoroacetic acid (6.8
mL, 88.8 mmol, 15 equiv). The reaction was allowed to warm to ambient temperature
and stir for 18 hours. Once complete, the reaction was made basic with sat. Na>CO3, and
the aqueous layer was extracted with DCM (3 x 50 mL). The combined organic layers
were dried over anhydrous Na>SOg, filtered, and concentrated under reduced pressure.
The crude product was purified via SiO2 column chromatography [160 g SiO2, 55 mm
diameter column, eluted with 60% Acetone/40% Hexanes] to yield the alkenyl methyl
ester 141 as a pale yellow crystalline solid (895 mg, 72% yield).
Alkenyl Ester 141:
TH NMR (500 MHz, CDCl3): 6 6.04 — 5.89 (m, 1H), 5.50 (ddt, J=10.1, 2.9, 1.4 Hz,
1H), 4.76 (ddt, J=12.8, 5.8, 1.3 Hz, 1H), 4.37 (ddt, J = 6.9, 4.9, 2.4 Hz, 1H), 3.69 (s,
3H), 3.01 (dt, J= 6.6, 4.9 Hz, 1H), 2.73 (td, /= 12.2, 4.2 Hz, 1H), 2.61 (ddd, J=17.7,
7.8, 6.7 Hz, 1H), 2.43 (dt,J=17.6, 6.5 Hz, 1H), 2.33 (ddtd, J=20.3, 11.9, 6.0, 2.5 Hz,
1H), 2.10 — 1.96 (m, 3H).
13C NMR (104 MHz, CDCl3): 5 172.0, 169.1, 129.1, 125.9, 55.8, 52.0, 43.1, 39.8, 30.4,

24.7,21.6.
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FTIR (NaCl, thin film): 3031, 2951, 2841, 1736, 1642, 1459, 1436, 1417, 1280, 1263,
1233, 1193, 1163, 1014, 988,917 cm™!.

HRMS: (FI-TOF) calc’d for C11HisNO3s [M]* 209.10464, found 209.10482.

TLC (50% acetone/50% hexanes), Ry 0.23 (KMnOs).

M.P. 38.4 —40.6 °C.

Preparation of (+)-bis-amide 57:

X
H|H Rh/C (1 mol %)
= N O H, (60 atm)
-

N EtOH, 21 °C

H

o
(x)-44 (x)-57 (x)-138

87% gNMR Yield 4% qNMR Yield

A Parr Instrument Company pressure vessel (600 mL volume, model 4760)
containing a 50 mm x 6 mm x 6 mm rectangular stir bar was charged with (£)-tetracycle
44, (22.0 g, 39.7 mmol, 1.0 equiv), 5% rhodium on carbon (817 mg, 0.397 mmol, 1 mol
%), and EtOH (200 mL, 0.4 M). The vessel was flushed with argon then pressurized and
vented with H> (3 x 7 atm). The vessel was pressurized with H to 60 atm and was stirred
at 1200 rpm at 21 °C for 20 hours. Upon completion, the reaction was carefully
depressurized and filtered through celite that was subsequently washed with DCM. The
solution was concentrated under reduced pressure to yield a yellow oil that solidified
slowly on standing. (+)-Bis-amide 57 was obtained as a pale yellow, crystalline solid and
was used directly in the next step without additional purification. Purity was measured via
'"H gNMR against pyrazine as an internal standard. An analytically pure sample was

prepared via SiO2 column chromatography [1 g of crude material, 120 g SiO2, 50 mm
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column diameter, 10% MeOH/90% ACN] to yield (+)-bis-amide 57 as a white crystalline
solid.

(¥)-Enamide 138 was produced in 4% qNMR yield (against pyrazine) during the
reaction and an analytically pure sample was obtained via SiO2 column chromatography of
the crude reaction mixture [1 g of crude material, 120 g SiO2, 50 mm column diameter,
10% MeOH/90% ACN] to yield (+)-enamide 138 as a white crystalline solid.
(¥)-Bis-amide 57:

'H NMR (500 MHz, CDCl;): § 4.81 (ddt, J = 12.8, 4.2, 2.1 Hz, 1H), 4.71 (dq, J = 12.3,
24,1.4Hz 1H),3.74 (dd, J=7.6, 3.5 Hz, 1H), 3.39 (ddd, J = 12.5, 6.6, 2.4 Hz, 1H), 2.83
(qt, J=4.1,2.0 Hz, 1H), 2.64 (ddt, /= 13.1, 5.2, 2.7 Hz, 1H), 2.55 (td, /= 11.9, 3.3 Hz,
1H), 2.42 (td, J=12.5, 2.3 Hz, 1H), 2.38 — 2.30 (m, 2H), 2.07 (ddd, /= 17.8, 14.2, 4.6 Hz,
1H), 1.92 (ddt, /= 15.1, 5.3, 2.9 Hz, 1H), 1.89 — 1.75 (m, 4H), 1.73 — 1.59 (m, 3H), 1.42
(qt,J=12.4,3.6 Hz, 1H), 1.37 — 1.25.

13C NMR (125 MHz, CDCl3): § 169.7, 167.2,61.5, 56.8,45.6,42.1, 38.1, 34.0, 32.1, 29.9,
26.1,25.9,25.1,22.3, 21.6.

FTIR (NaCl, thin film): 2932, 2855, 1636, 1472, 750 cm'.

HRMS: (ESI-TOF) calc’d for CisH22N>0,Na [M+Na]*" 285.1573, found 285.1573

TLC (15% MeOH/85% ACN), Ry: 0.26 (KMnOy).

M.P. 147.1 °C - 150.5 °C.

Figure 1.51. X-Ray structure of (+)-57.
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(¥)-Enamide 138:

'"H NMR (400 MHz, CDCl3): 4 4.93 (td, J=4.1, 1.9 Hz, 1H), 4.76 (ddt, J=13.3,4.9, 1.9
Hz, 1H), 4.34 —4.25 (m, 1H), 3.71 (dd, J = 6.1, 3.1 Hz, 1H), 3.21 (dddd, J = 13.1, 10.5,
3.2, 1.0 Hz, 1H), 2.92 (qd, J = 5.2, 4.6, 2.3 Hz, 1H), 2.65 (dh, J = 5.4, 2.7 Hz, 1H), 2.57
(dddd, J=13.1,5.4,3.3,2.2 Hz, 1H), 2.48 (td, /= 13.1, 3.5 Hz, 1H), 2.32 (ddtd, /= 17.5,
4.2,2.1,0.7 Hz, 1H), 2.23 (ddd, /= 16.9, 5.3, 2.8 Hz, 1H), 2.17 (dd, /= 13.9, 4.9 Hz, 1H),
2.11 (dddd, J=9.5, 7.1, 6.1, 3.3 Hz, 2H), 1.91 — 1.79 (m, 2H), 1.79 — 1.63 (m, 4H), 1.53
(dq, J=13.3,3.0 Hz, 1H).

13C NMR (104 MHz, CDCls): 4 170.2, 166.8, 133.1, 106.8, 57.0, 42.3, 41.0, 39.8, 36.5,
29.4,25.9,22.6,22.6,21.6,20.1.

FTIR (NaCl, thin film): 3052, 2985, 2974, 2954, 2874, 1633, 1414, 1264 cm™.

HRMS: (ESI-TOF) calc’d for CisH21N2O, [M+H]"261.1603, found 261.1593.

TLC (15% MeOH/85% ACN), Rz 0.37 (KMnOs).

M.P. 76.6 °C —83.1 °C.
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General procedure for the optimization of the transition metal-catalyzed

hydrosilylation reaction:

catalyst
silane

g

-
solvent, temperature

58 43

In a nitrogen-filled glovebox, catalyst, silane and solvent were combined in a 1-
dram vial equipped with a magnetic stir bar. The resulting solution was stirred for 15 min
at room temperature, after which 57 was added to give a yellow solution. Subsequently,
any additional reagents were added before the vial was sealed with a PTFE-lined septum
cap, reinforced with Teflon tape, and removed from the glovebox. The reaction mixture
was stirred at the specified temperature and for the specified time, then opened to air, and
the solvent was removed under reduced pressure.

The resulting residue was dissolved in CDCls containing 1,2,4,5-tetrachloro-3-
nitrobenzene (TCNB) as an internal standard and analyzed by quantitative 'H NMR
spectroscopy.

The crude material could be purified by flash column chromatography on silica gel

using chloroform with 2—5% ammonia in methanol as the eluent.
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Figure 1.52. NMR assignments for QNMR studies on the reduction of bisamide 57.
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Preparation of mono-amide 59:

LiAIH,

THF, 21 °C
36% yield

A 100 mL N3 flushed flask was charged with bis-amide 57 (498 mg, 1.90 mmol,
1.0 equiv.), and THF (9.5 mL, 0.2 M). The solution was cooled to 0 °C, then LiAIH4 (144
mg, 3.80 mmol, 2.0 equiv) was added to the flask in a single portion. The reaction was
stirred at 0 °C for 5 minutes, then at ambient temperature until complete by TLC (ca. 18

hours). Upon completion the reaction was quenched with sat. Rochelles salt (20 mL). The
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reaction mixture was extracted with DCM (3 x 20 mL). The combined organic layers
were dried over anhydrous Na>SOg, filtered, and concentrated under reduced pressure.
The crude product was purified via SiO2 column chromatography [40 g SiO2, 30 mm
column diameter, eluted with 20% MeOH/80% ACN] to yield mono amide 59 as a white
crystalline solid (171 mg, 36% yield).

Mono-amide 59:

TH NMR (600 MHz, CDCl3): 6 4.81 (ddq, J=12.7, 3.6, 2.1 Hz, 1H), 3.39 (ddd, J =
11.3,7.9,2.5 Hz, 1H), 2.86 — 2.74 (m, 2H), 2.66 (ddt, J = 13.1, 4.0, 2.1 Hz, 1H), 2.43 —
2.29 (m, 2H), 2.27 — 2.16 (m, 2H), 2.07 (qd, J = 12.5, 3.7 Hz, 1H), 2.00 — 1.88 (m, 3H),
1.81-1.62 (m, 4H), 1.62 — 1.56 (m, 1H), 1.50 — 1.35 (m, 5H), 1.20 (dddd, J=19.9, 8.1,
6.6, 3.6 Hz, 1H).

13C NMR (104 MHz, CDCl3): 5 168.9, 63.4, 62.5, 57.5, 57.0, 45.2, 40.8, 34.9, 33.1,
26.5,25.9,25.8,25.7,22.9, 22.6.

FTIR (NaCl, thin film): 2921, 2854, 2762, 2805, 1634, 1434, 1243, 1134 cm’".

HRMS: (ESI-TOF) calc’d for CisH24N>O [M+H]* 249.1961, found 249.1958.

TLC (10% 2 M NH; in MeOH/90% CHCI; with 0.75% EtOH stabilizer), Rye 0.42
(KMnOy).

M.P. 97.6 — 103.3 °C.

Figure 1.53. X-Ray structure of (+)-59.

X-Ray ID placeholder: V20006.
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@)

LiAlH,, AICl (PN HLS N
_—
THF, 0 °C nH * N
H : A
OH

(x)-43 (x)-139
60% yield over 2 steps 12% yield

A 3 L oven-dried, N»-flushed flask equipped with a thermocouple and a mechanical
stirrer was charged with THF (856 mL, 0.1 M). The THF was cooled to 0 °C on an ice
bath, then AICl; (29.7 g, 223 mmol, 2.6 equiv) was added in a single portion, causing the
solution to heat up to 30 °C. Upon dissolution of AICI3, lithium aluminum hydride (25.6 g,
642 mmol, 7.5 equiv) was added in portions at such a rate as to keep the internal

temperature below 21 °C. Upon completion of the addition (ca. 10 minutes), the reaction
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was allowed to stir for 30 minutes while cooling to 0 °C on an ice bath. A solution of
unpurified (+)-bis-amide 57 (ca. 22.5 g, 85.6 mmol, 1.0 equiv) in THF (449 mL, 0.2
M) was added via cannula into the reaction flask at such a rate as to keep the internal
temperature below 10 °C (ca. 30 minutes). Upon completion, the reaction was stirred for 1
hour at 0 °C. A 6 L Erlenmeyer flask in an ice bath was equipped with a mechanical stirrer
and was charged with ice (1500 g), water (500 mL), and Rochelle’s salt (200 g). The
reaction was quenched by addition via cannula into the ice slurry (ca. 10 minutes). Liquid
nitrogen was periodically added to purge hydrogen gas from the Erlenmeyer flask. Upon
completion of the quench, 3 M NaOH (1 L) was added to the reaction mixture, which was
then stirred at 21 °C until the aluminum salts transformed from a grey sediment into a white
slurry (ca. 30 minutes). The organic layer was separated, and the aqueous layer was
extracted with DCM (5 x 400 mL). The combined organic layers were concentrated under
reduced pressure without drying. To the crude residue was added enough 12 M HCI (ca.
20-30 mL) to make the mixture acidic followed by enough 3 M NaOH (ca. 200 mL) to
make the mixture basic. The resulting milky white suspension was extracted with DCM (5
x 120 mL). The combined organic layers were dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure. The crude product was dissolved in Et;O (400 mL)
and was concentrated under reduced pressure until crystallization of (+)-hemi-aminal 89
began. The mixture was diluted in Et;O (total volume ca. 200300 mL), and the solids
were isolated via suction filtration. The solids were washed with Et,0 (3 x 30 mL) to yield
(¥)-hemi-aminal 139 as a white crystalline solid (2.49 g, 12% yield). The filtrate was
concentrated under reduced pressure to yield crude (£)-diamine 43 as a yellow oil, which

was allowed to crystallize under vacuum (0.3 torr) on a Schlenk line (13.55 g). To crude
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(+)-diamine 43 was added anhydrous oxalic acid (6.76 g, 75.1 mmol, 1.0 equiv based on
the mass of the obtained crude diamine) and MeOH (214 mL, 0.4 M). The mixture was
heated to boiling, cooled to 21 °C, and concentrated under reduced pressure. The obtained
solids were concentrated under reduced pressure from acetone (2 x 100 mL) and dried
under vacuum (0.3 torr) on a Schlenk line on a warm water bath (40 °C). The solids were
suspended in acetone with the aid of sonication and were isolated by suction filtration. The
solids were washed with acetone (3 x 60 mL) and dried by pulling air through. The obtained
crystals were dissolved in water (100 mL) and made basic with 3 M NaOH (ca. 50 mL),
and the aqueous layer was extracted with DCM (5 x 100 mL). The combined organic layers
were dried over anhydrous Na,SOs, filtered, and concentrated under reduced pressure. The
resulting oil was concentrated under reduced pressure from Et;O (3 x 100 mL) and suction
filtered to remove precipitates. The obtained solution was concentrated under reduced
pressure and was allowed to crystallize under vacuum (0.3 torr) on a Schlenk line to yield

(¥)-diamine 43 as a white crystalline solid (11.97 g, 60%).

Sodium borohydride reduction of hemi-aminal 139:

N NaBH, N
H > H
N o AcOH, 21 *C N
:H A
OH 99% yield
139 60

To a 250 mL flask was added the hemi-aminal 139 (500 mg, 2.00 mmol, 1.0
equiv), sodium borohydride (151 mg, 3.99 mmol, 2.0 equiv) and AcOH (10 mL, 0.2
M) at 21 °C. The reaction was stirred for 24 hours at 21 °C and was quenched with 3 M

NaOH until basic by pH paper. The crude reaction mixture was extracted with DCM (3 x
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50 mL), dried over anhydrous Na>SOg, filtered, and concentrated under reduced pressure.
The crude product was allowed to crystallize under vacuum on a Schlenk line (0.3 torr,
30 minutes). The solids were dissolved in Et20 (30 mL) and the cloudy suspension was
vacuum filtered. The clear colorless solution was concentrated under reduced pressure to
yield the product diamine 60 as a white crystalline solid (468 mg, 99% yield) which did
not require additional purification.

(¥)-Diamine 60:

'H NMR (600 MHz, CDCl3): §2.99 —2.91 (m, 3H), 2.83 (ddt, J=11.5, 4.2, 2.0 Hz, 1H),
2.61 (dd,J=11.3,3.9 Hz, 1H), 2.52 (dd, J=11.0, 4.7 Hz, 1H), 2.46 (dddd, J = 11.3, 4.0,
2.5,1.2 Hz, 1H), 2.16 (qt,J=11.3, 3.8 Hz, 1H), 1.87 — 1.79 (m, 3H), 1.79 — 1.70 (m, 2H),
1.70 — 1.53 (m, 5H), 1.54 — 1.40 (m, 4H), 1.37 (ddq, J=13.0, 5.5, 2.8 Hz, 1H), 1.27 - 1.17
(m, 2H), 1.05 (tdd, J=13.0, 11.7, 4.2 Hz, 1H).

13C NMR (104 MHz, CDCl):  66.2, 64.0, 63.3, 57.2, 54.7,45.8, 41.2, 30.2, 29.7, 26.3,
26.2,26.0,24.8,20.1, 19.1.

FTIR (NaCl, thin film): 2927, 2850, 2750, 1440, 1131, 1110 cm™.

HRMS: (ESI-TOF) calc’d for CisH27N2 [M+H]* 235.2169, found 235.2167.

TLC (40% 2 M NH3 in MeOH/60% ACN), Ry 0.32 (KMnOy).

M.P. 82.3 —83.3 °C.

Figure 1.54. X-Ray structure of (+)-60..
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v
w
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v e e
Preparation of copper complex 62:
H\ﬂ H
M AN " N Cucl, H 7
= H
H = ¥ “oeon -Cu' C
N N MeOH N i
H 72% yield H Cl
43 43 62
(X-Ray]

A 1-dram vial in a glovebox was charged anhydrous copper (II) chloride (57.7
mg, 429 umol, 1.0 equiv) and anhydrous MeOH (0.85 mL, 0.5 M) and was stirred until a
homogenous solution was obtained. A separate 2-dram vial in a glovebox was charged
with isomatridine (43) and MeOH (0.85 mL, 0.5 M) and was stirred until a homogenous
solution was obtained. The two solutions were mixed, which initially produced a mixed
blue/yellow precipitate. The mixture was heated to reflux for one minute, and then cooled
to 21 °C at which point green crystals formed in a cloudy suspension. The supernatant
was decanted, and the crystals were washed with MeOH (2 x 0.3 mL) and dried under
vacuum (0.3 torr, 30 minutes) to yield the product 62 as a bright green crystalline solid
(114 mg, 72% yield). The copper complex was found to be air stable but decomposed in
aqueous solution. The copper complex could also be reduced to a copper (I) complex

with zinc dust. The obtained crystals were directly used to obtain an X-ray structure.
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X-ray placeholder: D19147

Figure 1.55. X-Ray structure of (+)-62.

Resolution of (+)-diamine 43

Me HO\:&O o
Me

0 A
B[ H 0™ "OH HH
N (()-140) N
H H
N s-BUOH (0.15 M) N
H H
(x)-43 (+)-43

24% recovery
(46% theoretical yield)

A 500 mL flask equipped with a 40 mm x 15 mm x 15 mm egg-shaped stir bar was
charged with (+)-diamine 43 (11.97 g, 51.1 mmol, 1.0 equiv), (-)-di-O,O'-p-toluyl-L-
tartaric acid (126) (19.7 g, 51.1 mmol, 1.0 equiv), and s-BuOH (341 mL, 0.15 M). The
mixture was heated, with stirring, under N> until a homogenous solution was obtained. The
mixture was cooled to 21 °C and was stirred at 300 rpm. Crystallization progress was
monitored by 'H NMR. Aliquots of the supernatant (250 uL), obtained by stopping stirring

and allowing the solids to settle out of solution (ca. 10 minutes), were concentrated under
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vacuum (0.3 torr) on a Schlenk line and then dissolved in CDCIls. Crystallization was
allowed to progress until 45% of diamine 43 had crystallized (ca. 25-45 hours), as
measured relative to an aliquot taken before crystallization had begun. The crystals were
isolated via suction filtration and were washed with s-BuOH (3 x 20 mL) then acetone (1
x 20 mL). The obtained crystalline solid was transferred into a separatory funnel with water
(500 mL) and DCM (100 mL). The suspension was made basic with 3 M NaOH (ca. 50
mL) then the aqueous layer was extracted with DCM (4 x 150 mL). The combined organic
layers were dried over anhydrous Na»SOs, filtered, and concentrated under reduced
pressure. The residue was concentrated under reduced pressure from Et;O (3 x 50 mL),
suction filtered, and concentrated under reduced pressure. The resolution procedure was
repeated a second time on the obtained diamine 43 (ca. 50-70% ee) to yield enantioenriched
(+)-diamine 43 (2.82 g, 46% recovery of (+)-43, >90% ee) as a white to pale yellow
crystalline solid. The optical activity of (+)-diamine 43 was assessed via 'H NMR of its
mono-(—)-di-O,0"-p-toluyl-L-tartaric acid salt (prepared in MeOH followed by

concentration under vacuum (0.3 torr) on a Schlenk line for 30 minutes) in CDCls.

(+)-Diamine 43:

TH NMR (600 MHz, CDCl3): 6 3.40 (t,J=11.5 Hz, 1H), 3.01 —2.91 (m, 2H), 2.83 (ddd,
J=124,5.7,2.8 Hz, 1H), 2.80 —2.70 (m, 2H), 2.10 (qd, J = 13.5, 3.3 Hz, 1H), 2.04 (dd, J
=11.0,4.2 Hz, 1H), 1.96 — 1.78 (m, 6H), 1.78 — 1.66 (m, 3H), 1.65 — 1.48 (m, 4H), 1.44 —
1.31 (m, 4H), 1.11 (d, /= 14.5 Hz, 1H).

13C NMR (104 MHz, CDCl3): § 63.1, 61.1, 58.0, 57.7, 55.5, 46.1, 38.6, 36.9, 29.0, 27.0,

26.3,24.3,23.0,22.4, 19.2.
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FTIR (NaCl, thin film): 2922, 2848, 2806, 2765, 2745, 2693, 2674, 2612, 2550, 2442,
1441, 1353, 1165, 1122, 1091, 1054 cm’!.

HRMS: (ESI-TOF) calc’d for CisH27N2 [M+H]* 235.2169, found 235.2164.

TLC (40% 2 M NH3 in MeOH/60% ACN), Ry: 0.37 (KMnOy).

M.P. 64.1 °C - 66.7 °C.
Specific Optical Rotation: [«] ZD—l = +22.3 (¢ 1.0, CHCI3).

Figure 1.56. X-Ray structure of (+)-43.

(¥)-Hemi-aminal 89:

'"H NMR (400 MHz, CDCl;): 6 4.83 (d, J=11.8 Hz, 1H), 3.72 (d, J=11.3 Hz, 1H), 3.01
(dd, /=114, 8.8 Hz, 1H), 2.95 - 2.85 (m, 3H), 2.66 (dd, J=11.3, 4.3 Hz, 1H), 2.49 (dt, J
=10.6, 2.9 Hz, 1H), 2.28 (dq, J = 13.2, 3.5 Hz, 1H), 2.07 (dt, J = 10.8, 3.0 Hz, 1H), 1.99
(s, 1H), 1.87 (tdd, J=11.9, 8.9, 3.6 Hz, 1H), 1.81 — 1.36 (m, 11H), 1.35 — 1.21 (m, 2H),
1.14 (tdd, J=13.2, 11.5, 4.1 Hz, 1H).

3C NMR (104 MHz, CDCL3): 3 92.8, 63.2, 60.8, 54.2, 52.9, 45.9, 40.8, 33.9, 29.8, 29.1,
26.1,25.0,25.0, 19.8, 18.8.

FTIR (NaCl, thin film): 2941, 2861, 2832, 1456, 1436, 1118, 1032 cm™.

HRMS: (ESI-TOF) calc’d for C1sH27N20 [M+H]" 251.2123, found 251.2122.



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 85
TLC (40% 2 M NH3 in MeOH/60% ACN), Rz 0.35 (KMnOg).
M.P. 149.5 °C—-151.1 °C.

Figure 1.56. X-Ray structure of (+)-89.

Figure 1.57. 'H NMR assay for determining enantiomeric excess.
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Figure 1.57. 'H NMR assay for determining enantiomeric excess close up.
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Preparation of a-aminonitrile 114:
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H | H
N KCN, TFA
H —_—
N o MeOH, 21 °C
= H
OH 94% yield CN
139 114

[X-Ray]

A 10 mL flask was charged with potassium cyanide (91.0 mg, 1.40 mmol, 7.0
equiv), hemi-aminal 89 (50.0 mg, 200 umol, 1.0 equiv), and MeOH (2.00 mL, 0.1 M).
The flask was capped with a septa, then trifluoroacetic acid (153 uL, 2.00 mmol, 10
equiv) was added. The reaction was stirred while sealed at 21 °C for 1 hour. Upon
completion the reaction was made basic with 3 M NaOH. The reaction mixture was
extracted with DCM (3 x 20 mL), dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure. The product 114 was obtained as a white crystalline
solid (48.7 mg, 94% yield) and did not require additional purification.
o-aminonitrile 114:

TH NMR (600 MHz, CDCl3): 6 3.60 (d, J = 4.5 Hz, 1H), 3.02 - 2.91 (m, 3H), 2.89 (td, J
=12.0,2.9 Hz, 1H), 2.71 (d, J=11.0 Hz, 1H), 2.51 — 2.40 (m, 3H), 2.38 (tt, /= 11.9, 4.7
Hz, 1H), 1.88 (qt, J=13.2,4.3 Hz, 1H), 1.80 — 1.57 (m, 7H), 1.57 — 1.40 (m, 4H), 1.35
(qd, J=13.9,13.5,4.3 Hz, 1H), 1.31 — 1.21 (m, 2H).

13C NMR (104 MHz, CDCl3): 5 115.9, 62.5, 59.8, 59.1, 54.3, 54.2, 45.6, 40.3, 29.3,
28.7,27.7,25.9,25.8, 24.0, 19.8, 18.4.

FTIR (NaCl, thin film): 3052, 2984, 2941, 2304, 1420, 1268, 895 cm!.

HRMS: (ESI-TOF) calc’d for CisH2sN3 [M+H]* 260.2121, found 260.2120.

TLC (10% 2 M NH;3 in MeOH /90% CHCI; stabilized with 0.75% EtOH), Ry 0.35

(KMnOy).
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M.P. 180.2 °C—-181.1 °C
X-ray placeholder: V22045

Figure 1.58. X-Ray structure of (+)-114.

Preparation of conjugated iminium ion 98:

H
N I, NaHCO; - A N
N THF, H,0, 21 °C N
®
H 9% yield 19 OH
43 98

A 100 mL flask was charged with diamine 43 (200 mg, 0.85 mmol, 1 equiv),
sodium bicarbonate (717 mg, 8.53 mmol, 10 equiv), THF (24 mL, 0.025 M), water (10
mL, 0.025 M), and iodine (1.62 g, 6.40 mmol, 7.5 equiv) and was stirred at ambient
temperature for 20 hours. Upon completion the reaction was diluted in water (200 mL),
and the reaction mixture was extracted with DCM (3 x 50 mL). The combined organic
layers were dried over anhydrous Na>SOs, filtered, and concentrated under reduced
pressure. A QNMR of the crude reaction revealed a 29% yield of iminium ion xx. An
analytically pure sample was prepared by purification of the crude reaction mixture by

Si0; column chromatography [20 g SiO2, 20 mm column diameter, 10% 2 M NH3 in
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MeOH/90% CHCl;s containing 0.75% EtOH as a stabilizer to 20% 2 M NH3z in
MeOH/90% CHCI3 containing 0.75% EtOH in 2% increments] to yield a yellow oil.
Trituration of the yellow oil from acetone yielded the iminium ion 98 as a pale yellow
crystalline solid (18.7 mg, 9% yield). X-ray quality crystals were grown by slow
evaporation from acetone under an atmosphere of No.

'H NMR (400 MHz, CDCl3): 6 4.85 (s, 1H), 3.93 (dt, J=13.1, 6.1 Hz, 1H), 3.77 (d, J =
14.5 Hz, 1H), 3.52 — 3.34 (m, 5H), 3.24 (ddd, J=13.4, 6.6, 4.3 Hz, 1H), 2.80 (dt, J =
18.8, 6.1 Hz, 1H), 2.65 — 2.39 (m, 3H), 2.27 — 1.70 (m, 9H), 1.51 (td, J = 13.6, 3.9 Hz,
1H).

13C NMR (104 MHz, CDCl3): 8 165.4, 157.3, 95.5, 63.7, 60.1, 52.2, 51.3, 50.5, 29.1,
28.0,21.8,21.1,20.4, 18.5, 17.2.

FTIR (NaCl, thin film): 3053, 2986, 2685, 1605, 1554, 1422, 1273, 1261 cm™'.

HRMS: (ESI-TOF) calc’d for C1sH23N20 [M]* 247.1805, found 247.1805.

TLC (10% 2 M NH; in MeOH/90% CHCI; with 0.75% EtOH stabilizer), Re 0.19
(KMnOy).

M.P. 178.9 - 181.6 °C.

X-Ray ID placeholder: V22009.

Figure 1.59. X-Ray structure of (+)-98.
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Preparation of a-aminonitrile 43:

H H Rose Bengal (3 mol%) H CN
N O,, TMSCN H
H - H
ACN, 21 °C
N Blue LEDs N
H H
20% yield
43 95

To a 4 mL vial was added the diamine 43 (50.5 mg, 0.22 mmol, 1.0 equiv), rose
bengal (6.58 mg, 6.46 umol, 3 mol %), trimethylsilyl cyanide 98 % (108 uL, 0.86 mmol,
4.0 equiv), and acetonitrile (2.15 mL, 0.1 M) The reaction was stirred vigorously under
dry air while being The reaction was irradiated with a 34 W Kessil H150 Blue LED setup
for 3 hours. Once the reaction was complete, K2COs3 was added, and the reaction was
stirred for 10 minutes. The crude product was purified via SiO2 column chromatography
[5 g SiO2, 10 mm column, 18% 2 M NH; in MeOH acetonitrile] to yield 95 as a light
pink oil (11.0 mg, 20% yield).
o-aminonitrile 43:

TH NMR (600 MHz, CDCl3): 6 3.10 (t, J = 11.8 Hz, 1H), 3.01 —2.91 (m, 3H), 2.67
(ddd, J=12.2,5.2,2.1 Hz, 2H), 2.49 — 2.34 (m, 3H), 2.15 (qd, J = 13.2, 3.9 Hz, 1H),

1.97 (ddd, J=12.5, 5.4, 3.3 Hz, 1H), 1.93 — 1.87 (m, 1H), 1.85 (dt, /= 11.8, 3.4 Hz, 1H),
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1.76 — 1.60 (m, 4H), 1.60 — 1.51 (m, 2H), 1.51 — 1.41 (m, 2H), 1.35 (tt,J=12.7, 3.7 Hz,
1H), 1.32 - 1.24 (m, 2H), 1.19 (d, J=13.7 Hz, 1H).

13C NMR (104 MHz, CDCl3): 5 117.4, 64.2, 60.8, 54.9, 52.1, 51.5, 49.0, 45.5, 43.3,
25.5,25.0, 25.0, 24.9, 24.5, 20.3, 20.0.

FTIR (NaCl, thin film): 2984, 2930, 2852, 2304, 1459, 1441, 1421, 1266 cm™'.

HRMS: (ESI-TOF) calc’d for CisH2sN3 [M+H]* 260.2121, found 260.2120.

TLC (40% 2 M NH3 in MeOH/60% ACN), Rz 0.20 (KMnOs).

M.P. 66.8 — 67.9 °C.

X-Ray ID placeholder: V21361.

Figure 1.60. X-Ray structure of the dihydrate of (+)-95.

Preparation of diamine 96 and diamine 97:

H H [Ir(dF(Me)ppy).(dtbbpy)]PFg (2 mol %) H H H H
N i-Pr3SiSH (30 mol%), H,O T _N 5 T _N
H H + H
N NMP 20 °C Blue LEDs N N
H
43 96 97
59% yield 26% yield

A one dram vial was charged with [Ir(dF(Me)ppy)2(dtbbpy)]PFs (8.7 mg, 8.53
umol, 2 mol %), diamine 43 (100 mg, 427 pmol, 1 equiv), NMP (1.7 mL, 0.25 M),

triisopropylsilanethiol (27.5 puL, 128 umol, 30 mol %), and water (77 pL, 50 equiv)



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 92
sequentially, then the vial was sparged with N> for 20 minutes. The reaction was
irradiated with a 34 W Kessil H150 Blue LED setup for 24 hours. The reaction mixture
was passed through a SiO; plug with DCM to elute the NMP, then 2 M NH3 in MeOH to
elute the products. The crude product mixture was purified via SiO2 column
chromatography [5 g SiO2, 10 mm column, eluted with 40% 2 M NH3 in MeOH/60%
ACN] to yield the diamine 96 as a white crystalline solid (58.6 mg, 59% yield) and
diamine 97 as a white crystalline solid (26.2 mg, 26% yield). X-Ray quality crystals were
grown from slow evaporation of a solution of each diamine in ACN.

Diamine 96:

'H NMR (400 MHz, CDCl3): 6 3.06 — 2.73 (m, 6H), 2.38 (dd, J=11.4, 3.9 Hz, 1H),
1.99 (td, J=11.7,3.3 Hz, 1H), 1.95 - 1.88 (m, 1H), 1.88 — 1.82 (m, 1H), 1.79 — 1.52 (m,
9H), 1.51 — 1.32 (m, 3H), 1.27 - 1.18 (m, 1H), 1.17 - 1.07 (m, 2H), 1.02 (qd, J = 12.9,
4.5 Hz, 1H).

13C NMR (104 MHz, CDCl3): 8 65.7, 60.6, 56.8, 56.5, 54.8, 51.0, 43.2, 41.3, 29.0, 27.7,
26.0,25.5,25.2,19.2, 18.8.

FTIR (NaCl, thin film): 2930, 2856, 2802, 2750, 1265 cm’!.

HRMS: (FI-TOF) calc’d for CisHasN2 [M]* 234.20905, found 234.20943.

TLC (40% 2 M NH3 in MeOH/60% ACN), Rz 0.11 (KMnOs).

M.P. 57.1 — 58.8 °C.

X-Ray ID placeholder: V20120.

Figure 1.61. X-Ray structure of (+)-96.



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 93

iR

Diamine 97:

'"H NMR (400 MHz, CDCl3): § 2.89 —2.75 (m, 3H), 2.68 (dd, /= 11.3, 3.5 Hz, 1H),
2.02-1.89 (m, 3H), 1.90 — 1.80 (m, 3H), 1.80 — 1.54 (m, 6H), 1.51 (td, J=10.1, 2.2 Hz,
1H), 1.23 — 1.04 (m, 5H), 0.94 (qd, J = 12.5, 4.5 Hz, 1H), 0.88 — 0.74 (m, 3H).

13C NMR (104 MHz, CDCl3): 5 71.3, 66.7, 61.8, 56.8, 56.6, 56.2, 44.6, 39.3, 29.9, 29.5,
29.1,27.0,25.7, 25.1, 24.6.

FTIR (NaCl, thin film): 2935, 2854, 2802, 2754, 1264 cm!.

HRMS: (FI-TOF) calc’d for CisH2N2 [M]" 234.20905, found 234.20976.

TLC (40% 2 M NH3 in MeOH/60% ACN), Rz 0.32 (KMnOs).

M.P. 46.8 —49.1 °C.

X-Ray ID placeholder: V20119.

Figure 1.62. X-Ray structure of (+)-97.
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Preparation of alkyl bromides 99 and 100:

TMSCF,Br
M M N NH,OAc
—»
N DCE, 60 °C
H 13% yield
1:1.2 ratio

43

A 1-dram vial in a glovebox was charged with diamine 43 (46.9 mg, 200 umol, 1
equiv), ammonium acetate (61.7 mg, 800 umol, 4 equiv), dichloroethane (0.5 mL, 0.4 M)
and lastly (bromodifluoromethyl)trimethylsilane (124 pL, 800 umol, 4 equiv). The
reaction was sealed and stirred at 60 °C for 12 hours. Upon completion the mixture was
filtered through a pad of celite which was washed with EtOAc (3 x 10 mL). The solution
was concentrated under reduced pressure and was purified via SiO2 column
chromatography on SiO: [5 g SiO2, 10 mm column diameter, eluted with 5% 2 M NHj3 in
MeOH/95% CHCl; containing 0.75% EtOH] to yield the mixture of products 99 and 100
as a clear colorless oil (11.8 mg, 13% yield).
alkyl bromides 99 and 100:

'H NMR (400 MHz, CDCl3): 6 8.07 (s, 1H), 8.03 (s, 1H), 4.39 (dt, J=12.3, 5.1 Hz,
1H), 3.90 (dd, /= 12.7,4.3 Hz, 1H), 3.49 (t, /= 12.8 Hz, 1H), 3.45 - 3.31 (m, 6H), 2.98
—2.89 (m, 2H), 2.81 —2.73 (m, 5H), 2.37 (dtd, J = 13.6, 11.4, 4.8 Hz, 1H), 2.29 (dddd, J
=13.8,12.5,10.2,4.9 Hz, 1H), 2.08 (q, J = 3.3 Hz, 2H), 2.01 — 1.93 (m, 1H), 1.93 - 1.79
(m, 10H), 1.76 (ddt, J=14.5, 11.4, 3.0 Hz, 3H), 1.72 — 1.58 (m, 10H), 1.58 — 1.49 (m,
3H), 1.45 (dddd, J=13.1,9.9, 5.1, 2.6 Hz, 4H), 1.41 — 1.31 (m, 2H), 1.31 — 1.23 (m, 2H),

1.23 — 1.14 (m, 1H).
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13C NMR (104 MHz, CDCl3): 6 161.2, 160.8, 63.9, 63.8, 59.3, 57.7, 57.6, 57.5, 57.5,
51.6,42.3,39.1,37.8,37.2,35.9, 35.8, 34.1, 33.6, 32.7, 32.7, 30.2, 30.0, 28.1, 28.1, 26.6,

26.5,25.9,25.3,22.7,22.6,21.7, 21.6.

Preparation of (+)-V-oxide 104:

H[H Hh
N AcOOH N
__ AcOOH _
n MeOH, 0 °C w1
H 54% yield & H
(2)-43 ()-104

A 1 L flask was charged with (£)-diamine 43 (2.50 g, 10.7 mmol, 1.0 equiv) and
methanol (323 mL, 0.033 M). The solution was cooled to 0 °C, then peracetic acid (32%
wt. % in dilute acetic acid, 2.42 mL, 11.7 mmol, 1.1 equiv) was added dropwise. The
reaction was stirred for 15 minutes at 0 °C followed by removal of the solvent under
reduced pressure. The residue was diluted in DCM (200 mL) and the organic layer washed
with 3 M NaOH (50 mL). The aqueous layer was extracted with DCM (3 x 100 mL). The
combined organic layers were dried over anhydrous Na>SQg, filtered, and concentrated
under reduced pressure. The crude product was purified by crystallization from boiling
hexanes (15 mL) and enough chloroform to ensure complete dissolution. The solution was
allowed to cool to 21 °C then to —20 °C. The solution was decanted from the crystals, and
the crystals were washed with a 5:1 mixture of hexanes/chloroform followed by drying in
vacuo to yield (+)-N-oxide 104 as a white crystalline solid (1.44 g, 54% yield).
(£)-N-oxide 104:

'H NMR (400 MHz, CDCl;): 6 3.87 (dd, J=12.7, 11.0 Hz, 1H), 3.47 (ddtd, J= 13.2, 4.0,

2.3,0.3 Hz, 1H), 3.37 (td, /= 13.2, 4.4 Hz, 1H), 3.17 (dtd, J = 7.8, 6.0, 4.9, 2.8 Hz, 1H),
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3.14 - 3.06 (m, 1H), 3.02 (dddd, /= 13.2, 5.4, 3.8, 1.3 Hz, 1H), 2.81 — 2.66 (m, 2H), 2.40
—2.26 (m, 2H), 2.01 (t, /= 3.9 Hz, 1H), 1.98 — 1.32 (m, 15H).

13C NMR (104 MHz, CDCl3): & 77.0, 72.2, 61.0, 57.6, 57.5, 57.4, 31.1, 29.2, 29.1, 27.3,
25.5,23.8,23.1,22.6,22.2.

FTIR (NaCl, thin film): 2985, 1420, 1268 cm™'.

HRMS: (ESI-TOF) calc’d for CisH27N>O [M+H]* 251.2118, found 251.2116.

TLC (40% 2 M NH3 in MeOH/60% ACN), Rz 0.31 (KMnOy).

M.P. 202.9 — 208.1 °C.

Figure 1.63. X-Ray structure of the mono-chloroform adduct of (+)-104.

Preparation of (+)-diamine 60:

H|H Ac0 H|H
N DTBMP H|H N NaBH,4 N
—_—— —
H o o H
+ DCM, 35 °C H AcOH, 21 °C
N N Nz
O H 20% yield 82% yield A
(2)-104 (+)-58 ()-60

N-oxide elimination:
A 25 mL oven-dried, N>-flushed flask was charged with (+)-N-oxide 104 (100 mg,
0.399 mmol, 1.0 equiv), 2,6-di-tert-butyl-4-methylpyridine (147 mg, 0.718 mmol, 1.8

equiv), DCM (10 mL, 0.04 M), and acetic anhydride (0.38 mL, 3.99 mmol, 10.0 equiv).
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The reaction was stirred at 35 °C until complete consumption of the starting material, as
judged by TLC (ca. 24 hours). The reaction was concentrated under reduced pressure and
then the crude product was partially purified via SiO> column chromatography (20 g SiO»,
20 mm column diameter, 40% 2 M NH3 in MeOH/60% can) to yield (+)-enamine 58 as a
brown oil (18.4 mg, 20% yield) which was unstable to storage and was immediately
subjected to reduction.

Sodium borohydride reduction:

A 25 mL flask was charged with partially purified (+)-enamine 58 (107 mg, 0.46
mmol, 1.0 equiv), sodium borohydride (34.8 mg, 0.92 mmol, 2.0 equiv), and acetic acid
(4.6 mL, 0.1 M). The reaction was stirred at 21 °C until complete consumption of the
starting material, as judged by TLC (ca. 20 minutes). Upon completion, the reaction was
diluted in DCM (50 mL) and was neutralized with 3 M NaOH (50 mL). The aqueous layer
was extracted with DCM (3 x 30 mL). The combined organic layers were dried over
anhydrous NaySOs, filtered, and concentrated under reduced pressure. The crude product
was purified via SiO2 column chromatography (20 g SiOz, 20 mm column diameter, 40%
2 M NHj3 in MeOH/60% can) to yield (+)-diamine 60 as a white crystalline solid (88.3 mg,
82% yield). X-ray-quality crystals were grown by allowing a solution of 60 in acetonitrile

to slowly evaporate at 21 °C. See above for full characterization data.
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Preparation of (+)-isomatrine (6) and (+)-isomatrine (6):

BF4-OEt,, Et,0 then

HI|H +-BuOK, t-BuLi
N TMEDA, —5 °C _
N H then MeOBz, 55 °C

then O, (1 atm), 21 °C

From (+)-43: 26% yield (600 mg scale)
(x)-43 From (+)-43: 18% yield (3.12 g scale) (x)-6
or or
(+)-43 (+)-6

H

Small scale racemic procedure:

A 250 mL oven-dried flask equipped with a 40 mm x 15 mm x 15 mm egg-shaped
stir bar was charged with (£)-diamine 43 (600 mg, 2.56 mmol, 1.0 equiv), then the flask
was evacuated and backfilled three times with N». Diethyl ether (2.6 mL, 1 M) was added,
resulting in a clear, colorless solution. To the solution at 21 °C was added boron trifluoride
diethyl etherate (319 uL, 2.59 mmol, 1.01 equiv). The resulting white slurry was stirred at
21 °C for five minutes followed by removal of the diethyl ether under vacuum (0.3 torr) on
a Schlenk line; the solids were allowed to dry for an additional 30 minutes. After backfilling
the flask with N», a thermocouple was introduced into the flask through the rubber septum.
The flask was cooled to —60 °C and maintained at this temperature using an acetone/dry
ice bath. A solution of potassium fert-butoxide (1.72 g, 15.4 mmol, 6.0 equiv) in
tetramethylethylenediamine (TMEDA) (12.8 mL, 0.2 M), prepared by dissolving
potassium fert-butoxide in TMEDA in an inert atmosphere followed by clarification of the
suspension via syringe filtration, was added via syringe, allowing the solution to flow down
the side of the flask to pre-cool it before it encountered the solids. To the resulting
suspension between —55 °C to —60 °C was added tert-butyl lithium (1.6 M in pentane, 4.8
mL, 7.68 mmol, 3.0 equiv) via syringe at such a rate as to prevent the internal reaction

temperature from increasing above —40 °C (ca. 2 to 4 minutes). Once the addition was
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complete, the reaction was stirred for 30 minutes at —55 °C to —60 °C. Subsequently, a
solution of methyl benzoate (2.56 mL, 20.5 mmol, 8.0 equiv) in cyclopentyl methyl ether
(10.2 mL, 0.25 M) was added at such a rate as to prevent the internal reaction temperature
from increasing above —40 °C (ca. 4 to 8 minutes). Once the addition was complete, the
reaction was allowed to stir at =55 °C to —60 °C for 30 minutes, then methanol (311 uL,
7.68 mmol, 3.0 equiv) was added. The thermocouple was removed, and the rubber septum
was replaced with a new rubber septum. Caution! Traces of solid zers-butyl lithium tend
to get stuck on the inside of the rubber septum, and it should be replaced before oxygen is
introduced into the flask. The flask was purged with O> (balloon) at —55 °C then was
allowed to warm to 21 °C. The resulting orange suspension was stirred vigorously (1500
rpm) for 2 hours. Upon completion, the yellow suspension was diluted in water (50 mL)
and treated with sat. ag. Na>S;03 (15 mL) and 3 M NaOH (15 mL). The reaction mixture
was extracted with DCM (4 x 50 mL). The combined organic layers were dried over
anhydrous Na,SOs, filtered, and concentrated under reduced pressure. The crude product
was purified via SiO2 column chromatography (30 g SiO2, 30 mm column diameter, 3% 2
M NH3 in MeOH/97% CHCIl; containing 0.75% EtOH as a stabilizer). The obtained
product underwent a final purification by crystallization from boiling hexanes (ca. 5 mL).
After dissolution in boiling hexanes, the solution was allowed to slowly cool to 21 °C then
to —20 °C. The supernatant was decanted and the crystals washed with cold hexanes (3 x 1
mL). The obtained crystals were dried in vacuo to yield (+)-isomatrine (6) as white

crystalline needles (167 mg, 26% yield).
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Large Scale Enantiopure Procedure:

A 1 L oven-dried, N>-flushed flask equipped with a 40 mm x 15 mm x 15 mm egg-
shaped stir bar was charged with (+)-diamine 43 (3.12 g, 13.3 mmol, 1.0 equiv), then the
flask was evacuated and backfilled three times with N. Diethyl ether (14 mL, 1 M) was
added, which created a clear pale yellow solution. To the solution at 21 °C was added boron
trifluoride diethyl etherate (1.66 mL, 13.4 mmol, 1.01 equiv). The resulting white slurry
was stirred at 21 °C for five minutes followed by removal of the diethyl ether under vacuum
(0.3 torr) on a Schlenk line; the solids were allowed to dry for an additional 30 minutes.
After backfilling the flask with N2, a thermocouple was introduced into the flask through
the rubber septum. The flask was cooled to —60 °C and maintained at this temperature using
an acetone/dry ice bath. A solution of potassium fert-butoxide (8.96 g, 79.9 mmol, 6.0
equiv) in TMEDA (67 mL, 0.2 M), prepared by dissolving potassium fert-butoxide in
TMEDA in an inert atmosphere followed by clarification of the suspension via syringe
filtration, was added via syringe, allowing the solution to flow down the side of the flask
to pre-cool it before it encountered the solids. To the resulting suspension at —55 °C to —60
°C was added tert-butyl lithium (1.6 M in pentane, 25 mL, 39.9 mmol, 3.0 equiv) via
cannula at such a rate as to prevent the reaction temperature from increasing above —40 °C
(ca. 5 to 10 minutes). Once the addition was complete, the reaction was stirred for 30
minutes at —55 °C to —60 °C. Subsequently, a solution of methyl benzoate (13.3 mL, 106
mmol, 8.0 equiv) in cyclopentyl methyl ether (53 mL, 0.25 M) was added at such a rate as
to prevent the reaction temperature from increasing above —40 °C (ca. 5 to 12 minutes).
Once the addition was complete, the reaction was allowed to stir at =55 °C for 30 minutes,

then methanol (1.62 mL, 39.9 mmol, 3.0 equiv) was added. The thermocouple was
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removed, and the rubber septum was replaced with a new rubber septum. Caution! Traces
of solid zert-butyl lithium tend to get stuck on the inside of the rubber septum, and it should
be replaced before oxygen is introduced. The flask was purged with O (balloon) at —55 °C
then was allowed to warm to 21 °C. The resulting orange suspension was stirred vigorously
(1500 rpm) for 2 hours. Upon completion, the yellow suspension was diluted in water (150
mL) and treated with sat. ag. Na>S>03 (50 mL) and 3 M NaOH (50 mL). The reaction
mixture was extracted with DCM (4 x 150 mL). The combined organic layers were dried
over anhydrous Na;SQOs, filtered, and concentrated under reduced pressure. The crude
product was purified via SiO2 column chromatography (120 g SiO2, 50 mm column
diameter, eluting with 3% 2 M NH3 in MeOH/97% CHCI; containing 0.75% EtOH as a
stabilizer). The product underwent a final purification by crystallization from boiling
hexanes (ca. 15 mL). After dissolution in boiling hexanes, the solution was allowed to
slowly cool to 21 °C then to —20 °C. The supernatant was decanted and the crystals washed
with cold hexanes (3 x 2 mL). The obtained crystals were dried in vacuo to yield (+)-
isomatrine (6) as white crystalline needles (589 mg, 18% yield, >99% ee). An X-ray
structure was acquired directly from the obtained crystals.

(+)-Isomatrine (6):

TH NMR (600 MHz, CDCl): 5 3.77 (p, J = 4.4 Hz, 1H), 3.62 (t, J = 13.0 Hz, 1H), 3.52
(dd,J=12.8,4.1 Hz, 1H), 2.71 (d, J=9.2 Hz, 1H), 2.67 (td, J=11.2, 2.6 Hz, 1H), 2.45 —
2.39 (m, 1H), 2.35 — 2.26 (m, 2H), 2.22 — 2.15 (m, 1H), 2.05 (dt, J = 11.5, 8.0 Hz, 1H),
1.99 — 1.90 (m, 2H), 1.90 — 1.81 (m, 2H), 1.75 — 1.59 (m, SH), 1.56 (dt, J = 13.4, 5.4 Hz,

1H), 1.53 — 1.47 (m, 1H), 1.47 — 1.36 (m, 3H).



Chapter 1 — A Pyridine Dearomatization Approach to the Matrine-type Lupin Alkaloids 102
13C NMR (104 MHz, CDCl3): 5 170.5, 61.3,55.9, 52.8, 52.1,43.2, 39.3, 32.8, 30.8, 27.4,
26.8,21.6,21.4,20.3, 18.2.

FTIR (NaCl, thin film): 2983, 2952, 2887, 2795, 2684, 1618, 1421, 1276, 1265, 1170 cm
1

HRMS: (FI-TOF) calc’d for C1sH24N20 [M]" 248.1883, found 248.1886.

TLC (10% 2 M NH; in MeOH/90% CHCl3 with 0.75% EtOH stabilizer), Ry 0.36
(KMnOg).

M.P. 99.1 °C -100.3 °C.

Specific Optical Rotation: [a] = = +35.5 (c 1.0, CHCL).

Literature Specific Optical Rotation: [«] 2D—1 = +44 (¢ 1.0, CHCl;).%

Chiral SFC: (OB-H, 2.5 mL/min, 15% IPA in CO2, A =210 nm): tr (major) = 3.388 min,
tr (minor) = 4.523 min.

Figure 1.64. SFC trace of racemic isomatrine.

DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVI\JKK4-108-XS-S2C6-15.D)

mAU > >
] o ?;\«

] %
150
100
50

03— . — — S

0 2 4 6 8 10

Signal 1: DADl1 A, Sig=210,16 Ref=370,60

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
=== | -] === | -——=======- | === | —======- |
1 3.388 BV 0.3695 5387.90967 195.53056 47.3900
2 4.523 VB 0.4174 5981.39648 190.98810 52.6100

Figure 1.65. SFC trace of enantiopure isomatrine.
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DAD1 A, Sig=210,16 Ref=370,60 (JKERKOVIJKK4-112-XS D)
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75—
50 =
25
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Signal 1: DAD1 A, Sig=210,16 Ref=370, 60

Peak RetTime Type

#
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Width
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Area
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1 3.490 MM

0.5466 4676.07227

Figure 1.66. X-Ray structure of (+)-isomatrine ((+)-6).
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Table 2.13. 'H NMR data for authentic vs synthetic (+)-isomatrine.

The X-ray structure of (+)-isomatrine has been previously published.?’

Isomatrine Literature
'H 6 ppm (220 MHz, CDCl3)8”

Isomatrine Recorded
H 6 ppm (600 MHz, CDCI3)

3.78 (m, 1H)

3.77, (p,] = 4.4 Hz, 1H)

3.63 (dd,/ = 13.5, 12.8 Hz, 1 H)

3.62 (t,] = 13.0 Hz, 1H)

3.51 (dd, 13.5, 4.6 Hz, 1H)

3.52 (dd,/ = 12.8, 4.1 Hz, 1H)

2.93 - 2.64 (m, 2H)

2.71(d,] = 9.2 Hz, 1H)

2.67 (td,] = 11.2, 2.6 Hz, 1H)

2.50 - 1.30 (m, 19H)

2.45 - 2.39 (m, 1H)

2.35 - 2.26 (m, 2H)

2.22 - 2.15 (m, 1H)

2.05 (dt, ] = 11.5, 8.0 Hz, 1H)

1.99 - 1.90 (m, 2H)

1.90 - 1.81 (m, 2H)

1.75 - 1.59 (m, 5H)

1.56 (dt,/ = 13.4, 5.4 Hz, 1H)

1.53 - 1.45 (m, 1H)

1.45 - 1.36 (m, 3H)
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Table 2.14. ”C NMR data for authentic vs synthetic (+)-isomatrine.

17H4

Carbon No. [somatrine Isomatrine Recorded AS
isomatrine Literature 13C 6 ppm (101 MHz, CDCl3)
13C 6 ppm (75
MHz, CDCl3)8”
2 55.7 55.9 0.2
3 21.2 21.4 0.2
4 21.2 21.6 0.3
5 30.6 30.8 0.2
6 61.0 61.3 0.3
7 39.1 39.3 0.2
8 26.7 26.8 0.1
9 20.2 20.3 0.1
10 51.9 52.1 0.2
11 52.6 52.8 0.2
12 27.1 27.4 0.3
13 18.2 18.2 0.0
14 32.6 32.8 0.2
15 170.4 170.6 0.2
17 43.1 43.2 0.1

105
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Preparation of (¥)-aminonitrile 114:

1) BF5-OEt,, Et,0
H H t-BuOK, t-BuLi
N TMEDA, —55 °C
—_—

N then B(OMe)3
H then H,0O, N
2) KCN, TFA, MeOH

55% vyield over 2 steps

A 50 mL flask was charged with (+)-diamine 43 (200 mg, 0.66 mmol, 1.0 equiv).
The flask was evacuated and backfilled three times with N». Diethyl ether (0.9 mL, 1 M)
was added, resulting in a clear, colorless solution. To the solution at 21 °C was added boron
trifluoride diethyl etherate (106 uL, 0.86 mmol, 1.01 equiv). The resulting white suspension
was stirred at 21 °C for five minutes followed by removal of the diethyl ether under vacuum
(0.3 torr) on a Schlenk line; the solids were allowed to dry for an additional 30 minutes.
The flask was backfilled with N2, and a thermocouple was introduced into the flask through
the septum. The flask was cooled to —60 °C and maintained at this temperature using an
acetone/dry ice bath. A solution of potassium tert-butoxide (446 mg, 3.97 mmol, 6.0 equiv)
in TMEDA (3.3 mL, 0.2 M), prepared by dissolving potassium fert-butoxide in TMEDA
in an inert atmosphere followed by clarification of the suspension via syringe filtration,
was added via syringe by allowing the solution to flow down the side of the flask to pre-
cool it before it encountered the solids. To the resulting suspension at —55 °C to —60 °C
was added tert-butyl lithium (1.6 M in pentane, 1.24 mL, 1.99 mmol, 3.0 equiv) via syringe
at such a rate as to prevent the reaction temperature from increasing above —40 °C (ca. 1
to 2 minutes). Once the addition was complete, the reaction was stirred for 30 minutes at —
55 °C to —60 °C. After 30 minutes, trimethylborate (0.59 mL, 5.29 mmol, 8.0 equiv) was

added at such a rate as to prevent the reaction temperature from increasing above —40 °C
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(ca. 5 to 8 minutes). Once the addition was complete, the reaction was allowed to stir at —
55 °C for 30 minutes. Subsequently, 30% aqueous hydrogen peroxide (0.68 mL, 6.62
mmol, 10.0 equiv) was added at —55 °C, then the reaction was allowed to warm to 21 °C
and stir for one hour. After one hour, the reaction was treated with 3 M NaOH (10 mL) and
sat. aq. Na2S>03 (10 mL). The aqueous layer was extracted with DCM (3 x 25 mL). The
combined organic layers were dried over anhydrous Na>SQg, filtered, and concentrated
under reduced pressure to yield a yellow oil. A 25 mL flask was charged with the crude
reaction mixture, potassium cyanide (302 mg, 4.63 mmol, 7.0 equiv), and methanol (6.6
mL, 0.1 M). The flask was capped with a rubber septum, and trifluoroacetic acid (1.0 mL,
13.2 mmol, 20.0 equiv) was added (Caution! HCN vapors are produced!) The reaction
was stirred until complete consumption of the starting material, as judged by TLC (ca. 2
hours). Upon completion, the reaction was quenched with 3 M NaOH (50 mL). The
aqueous layer was extracted with DCM (3 x 25 mL). The combined organic layers were
dried over anhydrous Na;SOy, filtered, and concentrated under reduced pressure. The crude
reaction was purified via SiO; column chromatography (20 g SiO2, 20 mm column
diameter, 4% 2 M NH3z in MeOH/96% CHCI; containing 0.75% EtOH) to yield (%)-
aminonitrile 114 as a white crystalline solid (94.5 mg, 55% yield). X-ray-quality crystals
were grown by allowing a solution of (+)-aminonitrile 114 in diethyl ether to slowly
evaporate at 21 °C.

(£)-Aminonitrile 114:

'H NMR (600 MHz, CDCl3): 6 3.93 (dt, J=3.5, 1.7 Hz, 1H), 3.34 (dd, /= 11.9, 10.6 Hz,
1H), 3.19 (ddd, J=12.5, 5.6, 2.9 Hz, 1H), 2.73 (ddd, /=9.3, 7.4, 4.9 Hz, 2H), 2.10 (qd, J

= 13.1, 4.1 Hz, 1H), 2.03 (dd, J = 10.5, 4.3 Hz, 1H), 1.97 (dt, J= 13.7, 4.5 Hz, 1H), 1.94 —
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1.90 (m, 2H), 1.90 — 1.83 (m, 2H), 1.82 — 1.71 (m, 3H), 1.70 — 1.58 (m, 3H), 1.53 (dt, J =
12.9, 4.5 Hz, 2H), 1.49 (h, J= 1.4 Hz, 1H), 1.48 — 1.45 (m, 1H), 1.45 — 1.38 (m, 3H).

13C NMR (104 MHz, CDCl3): 5 120.0, 62.8, 57.8, 57.6, 57.1, 54.7, 46.9, 38.0, 36.4, 28.6,
26.7,23.5,22.9,22.3,22.2,21.8.

FTIR (NaCl, thin film): 2928, 2858, 2804, 2762, 2676, 2240, 1462, 1359, 1123 cm™.
HRMS: (ESI-TOF) calc’d for C1sHa6N3 [M+H]* 260.2121, found 260.2122.

TLC (10% 2 M NH3 in MeOH/90% CHCI; containing 0.75% EtOH), Ry 0.42 (KMnOy).

M.P. 134.5 - 138.3 °C.

Table 2.20. X-Ray structure of (+)-114.

KHMDS
0, (1 atm)

—_—
THF, -78 °Cto 21 °C

46% qNMR yield 0
(#)-114 (+)-isomatrine (6)

An oven-dried, N>-flushed 10 mL flask was charged with (+)-aminonitrile 114 (20
mg, 77 umol, 1.0 equiv), and THF (0.77 mL, 0.1 M). The solution was cooled to —78 °C,
then potassium hexamethyldisilazide (0.5 M in PhMe, 278 uL, 139 umol, 1.8 equiv) was

added dropwise. The yellow solution was stirred at —78 °C for 30 minutes, then the flask
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was purged with dry O (balloon) at —78 °C. The solution was stirred vigorously (1500
rpm) and was allowed to warm to 21 °C then stirred for an additional 30 minutes. Upon
completion, the reaction was treated with 3 M NaOH (10 mL) and sat. ag. Na»S,0s3 (10
mL). The aqueous phase was extracted with DCM (3 x 15 mL). The combined organic
layers were dried over anhydrous Na»SOs, filtered, and concentrated under reduced
pressure. The yield of (+)-isomatrine (6) was measured by 'H gNMR (46% yield, pyazine

internal standard).

Preparation of (+)-matrine (4):

Rh/C (10 mol %)
Ha (1 atm)
7 .
Hz0, 98 °C, 1 h

(+)-isomatrine (+)-matrine (+)-allomatrine

4 7
32% yield 60% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (50.0 mg, 201 pmol, 1.0 equiv), 5% rhodium on carbon (41.4 mg, 20.1
umol, 10 mol %), and water (5 mL, 0.04 M). The reaction was purged with N> (balloon)
followed by Hz (balloon). The reaction was not stirred during the gas purge. Once the flask
was under an atmosphere of Ha, it was placed into a preheated oil bath at 98 °C, and the
mixture was stirred at 1500 rpm for 1 hour. Upon completion, the flask was removed from
the oil bath and was cooled to 21 °C. The catalyst was removed via filtration through a
syringe filter, then the filter was washed with water (3 x 5 mL). The obtained aqueous
solution was concentrated under reduced pressure. The crude product was purified by SiO»

column chromatography (20 g SiO2, 20 mm column diameter, 3% 2 M NH3 in MeOH/97%
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CHCI; containing 0.75% EtOH as a stabilizer) to yield (+)-matrine (4) as a white crystalline
solid (16.1 mg, 32% yield) along with (+)-allomatrine (7) as a white crystalline solid (29.8
mg, 60% yield).

(+)-Matrine (4):

'H NMR (600 MHz, CDCls): 6 4.40 (dd, J=12.8, 4.4 Hz, 1H), 3.81 (td, /= 9.8, 5.8 Hz,
1H), 3.04 (t,J=12.7 Hz, 1H), 2.83 (ddt, J=11.4, 4.3, 2.2 Hz, 1H), 2.78 (dp, J=11.6, 2.1
Hz, 1H), 2.42 (dtd, J=17.1, 4.7, 1.8 Hz, 1H), 2.24 (ddd, /= 16.9, 11.0, 5.5 Hz, 1H), 2.12
—2.04 (m, 2H), 1.99 — 1.91 (m, 2H), 1.89 (dt, J = 14.3, 2.5 Hz, 1H), 1.84 — 1.77 (m, 1H),
1.77 - 1.55 (m, 5H), 1.51 (tt, J=13.6, 4.9 Hz, 1H), 1.47 — 1.34 (m, 5H).

'"H NMR (600 MHz, C¢Ds): 8 4.76 (dd, J = 12.5, 4.4 Hz, 1H), 3.57 (q, J = 7.8 Hz, 1H),
3.05 (t,J=12.6 Hz, 1H), 2.58 (d, /= 10.9 Hz, 1H), 2.52 (d, /= 11.3 Hz, 1H), 2.39 (dtd, J
=16.8,4.7, 1.9 Hz, 1H), 2.09 (ddd, J = 16.6, 10.9, 5.5 Hz, 1H), 1.74 — 1.61 (m, 3H), 1.61
—1.45 (m, 4H), 1.45 - 1.31 (m, 2H), 1.33 - 1.19 (m, 2H), 1.18 — 0.97 (m, 5H), 0.88 (q, J =
11.6 Hz, 1H).

13C NMR (104 MHz, CDCls): § 169.5, 63.9, 57.5,57.4, 53.3,43.4, 41.6, 35.5, 33.0, 27.9,
27.3,26.6,21.3,20.9, 19.2.

13C NMR (104 MHz, C¢Ds): 8 168.0, 63.9, 57.5, 57.5 53.0, 43.5, 41.6, 35.9, 33.3, 28.2,
27.3,26.7,21.5,21.0, 19.3.

FTIR (NaCl, thin film): 2985, 2944, 2683, 1624, 1464, 1420, 1263, 1168 cm™'.

HRMS: (ESI-TOF) calc’d for CisH2sN>O [M+H]* 249.1961, found 249.1961.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Re 0.46
(KMnOy).

M.P. 69.6 —71.4 °C.
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Specific Optical Rotation: [«] ZD—l = +42.8 (¢ 1.0, CHCI3).

Literature Specific Optical Rotation: [«] 2D—1 = +38(c 1.0, H2O).Error! Bookmark not d

efined.

Figure 1.67. X-Ray structure of the monohydrate of (+)-matrine ((+)-4).
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Table 2.15. 'H NMR data for authentic vs synthetic (+)-matrine.

112

The X-ray structure of matrine has been previously published (CCDC: 1209643).%8

Matrine Literature
'H 8 ppm (400 MHz, CDCI3)*

Matrine Recorded
'H 8 ppm (600 MHz CDCl5)

4.40 (dd, J = 12.7, 4.3 Hz, 1H)

4.40 (dd,J=12.8,4.4 Hz, 1H)

3.82 (dt,J=10.1, 7.7 Hz, 1H)

3.81 (td, J=9.8, 5.8 Hz, 1H)

3.05 (t,J=12.7 Hz, 1H)

3.04 (t, J = 12.7 Hz, 1H)

2.83 (ddt, J=11.4,4.3,2.2 Hz, 1H)

2.80 (m, 2H)
2.78 (dp,J=11.6, 2.1 Hz)

2.43 (m, 1H) 242 (dtd, J=17.1,4.7, 1.8 Hz, 1H)
2.25 (m, 1H) 2.24 (ddd, J=16.9, 11.0, 5.5 Hz, 1H)
2,09 (m. 3H) 2.12 —2.04 (m, 2H)

1.99 — 1.91 (m, 2H)
1.94 (m, 4H) 1.89 (dt,J=17.1,4.7, 1.8 Hz, 1H)
1.87 (m, 1H) 1.84 — 1.77 (m, 1H)

1.85 — 1.50 (m, 9H)

1.77 - 1.55 (m, 5 H)

1.51 (tt, J = 13.6, 4.9 Hz, 1H)

1.47 — 1.34 (m, 5H)
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Table 2.16. C NMR data for authentic vs synthetic (+)-matrine.
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Carbon No. Matrine Literature Matrine Recorded
matrine BC 8 ppm (101 MHz, CDCI3) | 3C & ppm (101 MHz, CDCl3) Ad
2 57.6 57.5 —0.1
3 21.4 21.3 —0.1
4 27.9 27.9 0.0
5 35.6 35.5 —0.1
6 64.0 63.9 —0.1
7 43.4 43.4 0.0
8 26.6 26.6 0.0
9 21.0 20.9 —0.1
10 57.4 57.4 0.0
11 53.4 53.3 —0.1
12 27.4 27.3 —0.1
13 19.2 19.2 0.0
14 33.0 33.0 0.0
15 169.7 169.5 —0.2
17 41.7 41.6 —0.1
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Table 2.17. '"H NMR data for authentic vs synthetic (+)-matrine in CsDs.

Matrine Literature
"H § ppm (500 MHz, CsDe)*""

Matrine Recorded
'H 8 ppm (600 MHz, CsDs)

4.73 (dd, J=12.6, 4.4 Hz, 1H)

4.76 (dd, J=12.5,4.4 Hz, 1H)

3.57(ddd, J=9.5,9.2, 5.8 Hz, 1H)

3.57 (q,J=7.8 Hz, 1H)

3.03 (dd, J=12.6, 12.4 Hz, 1H)

3.05(t,J=12.6 Hz, IH)

2.57 (ddd, J=11.1, 4.2, 2.1 Hz, 1H)

2.58 (d,J=10.9 Hz, 1H)

2.52 (dd, J=11.0, 4.0, 2.1 Hz, 1H)

2.52 (d,J=11.3 Hz, 1H)

2.38 (ddd, J = 17.0, 4.8, 2.0 Hz, 1H)

2.39 (dtd, J = 16.8, 4.7, 1.9 Hz, 1H)

2.08 (dd, J=17.0, 10.7, 5.5 Hz, 1H)

2.09 (ddd, J = 16.6, 10.9, 5.5 Hz, 1H)

1.71 (m, 1H)

1.70 (ddd, J=11.9, 11.1, 2.8, 1H)

1.67 (ddd, J=12.9, 11.0, 2.8 Hz, 1H)

1.74 — 1.61 (m, 3H)

1.55 (dddt, J = 13.6, 13.3, 12.9, 4.0 4.0 Hz, 1H)

1.50 (d, /= 11.4 Hz, 1H)

1.49 (ddd, J = 12.4,4.9, 4.4 Hz, 1H)

1.49 (m, 1H)

1.61 — 1.45 (m, 4H)

1.42 (d, J=13.7 Hz, 1H)

1.36 (dtt, J=12.7, 11.9, 4.3, 4.2 Hz, 1H)

1.45—1.31 (m, 2H)

1.28 (d,J = 12.7 Hz, 1H)

1.22 (dddd, J = 13.7, 13.6, 4.9, 4.7 Hz, 1H)

1.33 - 1.19 (m, 2H)

1.13 (ddddd, J=13.4,12.7, 10.7, 4.8, 3.0 Hz, 1H)

1.09 (d, J= 13.3 Hz, 1H)

1.07 (d, J = 12.7 Hz, 1H)

1.02 (m, 1H)

1.02 (m, 1H)

1.18 — 0.97 (m, SH)

0.88 (dddd, J=13.4,11.4,9.2,3.2 Hz, 1H)

0.88 (q, J= 11.6 Hz, 1H)

*The literature report of the "H NMR of matrine in CsDs utilized HMQC, HMQC-
TOCSY and MAXY to measure the coupling constants of overlapping multiplets.
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Table 2.18. C NMR data for authentic vs synthetic (+)-matrine in CsDe.
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Carbon No. Matrine Literature Matrine Recorded
matrine | 3C & ppm (126 MHz, CsDs) | '*C 8 ppm (101 MHz, CsDs) Ad
2 57.0 57.5 0.5
3 21.0 21.5 0.5
4 27.7 28.2 0.5
5 35.4 35.9 0.5
6 63.4 63.9 0.5
7 43.0 43.5 0.5
8 26.2 26.7 0.5
9 20.5 21.0 0.5
10 57.0 57.5 0.5
11 52.5 53.0 0.5
12 26.7 26.7 0.0
13 18.8 19.3 0.5
14 32.8 33.3 0.5
15 167.6 168.0 0.4
17 41.1 41.6 0.5
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Preparation of (+)-allomatrine (7):

Pd/C (10 mol %)
H, (1 atm)
_—
H,0,98 °C, 2 h

(+)-isomatrine (+)-matrine (+)-allomatrine
6 7

4
15% yield 83% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (50.0 mg, 201 umol, 1.0 equiv), 10% palladium on carbon (21.4 mg, 20.1
umol, 10 mol %), and water (5 mL, 0.04 M). The reaction was purged with N> (balloon)
followed by Hz (balloon). The reaction was not stirred during the gas purge. Once the flask
was under an atmosphere of Ha, it was placed into a preheated oil bath at 98 °C, and the
mixture was stirred at 1500 rpm for 2 hours. Upon completion, the flask was removed from
the oil bath and cooled to 21 °C. The catalyst was removed via filtration through a syringe
filter, then the filter was washed with water (3 x 5 mL). The obtained aqueous solution was
concentrated under reduced pressure. The crude product was purified by SiO> column
chromatography (20 g SiOz, 20 mm column diameter, 3% 2 M NH3 in MeOH/97% CHCl;
containing 0.75% EtOH as a stabilizer) to yield (+)-allomatrine (7) as a white crystalline
solid (41.5 mg, 83% yield) along with (+)-matrine (4) as a white crystalline solid (7.3 mg,
15% yield).

(+)-Allomatrine (7):

'H NMR (600 MHz, CDCls): 6 4.68 (dd, J=13.3, 3.9 Hz, 1H), 2.98 (td, /=9.5, 5.4 Hz,
1H), 2.87 — 2.77 (m, 2H), 2.40 (dtd, J = 17.3, 4.6, 1.9 Hz, 1H), 2.26 (ddd, J=17.1, 11.3,
5.6 Hz, 1H), 2.15 (t,J=12.4 Hz, 1H), 2.06 (dtt, /= 13.6, 5.4, 2.5 Hz, 1H), 2.00 — 1.90 (m,

2H), 1.86 — 1.77 (m, 2H), 1.73 — 1.61 (m, 5H), 1.57 (dddd, J = 23.5, 11.9, 4.8, 2.8 Hz, 1H),
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1.49 — 1.37 (m, 2H), 1.42 — 1.36 (m, 1H), 1.32 (t, J = 9.6 Hz, 1H), 1.27 — 1.19 (m, 1H),
0.98 — 0.82 (m, 2H).

13C NMR (126 MHz, CDCl3): 169.3, 70.8, 60.3, 56.6, 55.9, 46.3, 46.2, 39.1, 32.9, 28 4,
27.5,26.9,24.8,24.8, 19.4.

FTIR (NaCl, thin film): 2986, 1628, 1422, 1260 cm™.

HRMS: (ESI-TOF) calc’d for C1sH2sN2O [M+H]" 249.1961, found 249.1961.

TLC (10% 2 M NH; in MeOH/90% CHCl3 with 0.75% EtOH stabilizer), Ry 0.34
(KMnOg).

M.P. 88.5-94.8 °C.

Specific Optical Rotation: [«] ZD—l = +40.5 (c 1.0, CHCI3).

Literature Specific Optical Rotation: [«] ZD—l =+51.2 (¢ 1.07, CHCl3).*!

Figure 1.68. X-Ray structure of (+)-allomatrine ((+)-7).
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Table 2.19. 'H NMR data for authentic vs synthetic (+)-allomatrine.

The X-ray structure of allomatrine has been previously published (CCDC:

11022140).2

Allomatrine Literature
'H & ppm (400 MHz, CDCl3)**

Allomatrine Recorded
'H § ppm (600 MHz, CDCl5)

4.69 (dd, J=12.9, 3.9 Hz, 1H)

4.68 (dd, J=13.3,3.9 Hz, 1H)

3.00 (td, J= 9.4, 5.4 Hz, 1H)

2.98 (td, J=9.5, 5.4 Hz, 1H)

2.85 (m, 2H)

2.87 —2.77 (m, 2H)

2.42 (m, 1H)

2.40 (dtd, J = 17.3, 4.6, 1.9 Hz, 1H)

2.27 (ddd, J=17.0, 11.1, 5.5 Hz, 1H)

2.26 (ddd, J=17.1,11.3, 5.6 Hz, 1H)

2.17 (t,J = 12.9 Hz, 1H)

2.15 (t, J = 12.4 Hz, 1H)

2.11 - 1.92 (m, 3H)

2.06 (dtt, J = 13.6, 5.4, 2.5 Hz, 1H)

2.00 — 1.90 (m, 2H)

1.89 — 1.78 (m, 2H)

1.86 — 1.77 (m, 2H)

1.75 — 1.58 (m, SH)

1.73 — 1.61 (m, SH)

1.58 (m, 1H)

1.57 (dddd, J = 23.5, 11.9, 4.8, 2.8 Hz, 1H)

1.52 — 1.39 (m, 2H)

1.49 — 1.37 (m, 2H)

1.35 (t, J= 9.4 Hz, 1H)

1.32 (t, J= 9.6 Hz, 1H)

1.27 (m, 1H)

1.27 - 1.19 (m, 1H)

1.03 — 0.83 (m, 2H)

0.98 — 0.82 (m, 2H)
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Table 2.20. ”C NMR data for authentic vs synthetic (+)-allomatrine.
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Carbon No. Allomatrine Literature Allomatrine Recorded

allomatrine 3C 8 ppm (101 MHz, CDCl3)*? 3C 8 ppm (101 MHz, CDCl3) Ad
2 55.8 55.9 0.1
3 24.5 24.8 0.3
4 27.4 27.6 0.2
5 38.9 39.1 0.2
6 70.7 70.9 0.2
7 46.0 46.3 0.3
8 26.7 26.9 0.2
9 24.5 24.8 0.3
10 56.4 56.6 0.2
11 60.1 60.3 0.2
12 28.2 28.4 0.2
13 19.3 19.5 0.2
14 32.7 32.9 0.2
15 169.1 169.3 0.2
17 46.1 46.3 0.2

Preparation of (—)-sophoridine (8):

(+)-isomatrine
4

PtO, (10 mol %)
H, (1 atm)
——————
H,0, 98 °C, 15 min

(-)-sophoridine
8

10% yield

(+)-matrine
4

6% yield

(+)-isosophoridine  (+)-allomatrine  (—)-unnatural product
9 7 137
29% yield 10% yield 14% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with

(+)-isomatrine (50.0 mg, 201 pumol, 1.0 equiv), PtO; (4.6 mg, 20.1 pmol, 10 mol %) and

water (5 mL, 0.04 M). The reaction was purged with N (balloon) followed by H> (balloon).
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The reaction was not stirred during the gas purge. Once the flask was under an atmosphere
of Ha, it was put into a preheated oil bath at 98 °C, and the mixture was stirred at 1500 rpm
for 15 minutes. Upon completion, the flask was removed from the oil bath and cooled to
21 °C. The catalyst was removed via filtration through a syringe filter, then the filter was
washed with water (3 x 5 mL). The obtained aqueous solution was concentrated under
reduced pressure. The crude product was purified by SiO> column chromatography (20 g
Si02, 20 mm column diameter, 3% 2 M NH3 in MeOH/97% CHCI; containing 0.75%
EtOH as a stabilizer to 15% 2 M NH3 in MeOH/85% CHCIls containing 0.75% EtOH as a
stabilizer in 2% increments) to yield (—)-sophoridine (8) as a white crystalline solid (5.0
mg, 10% yield); (+)-isosophoridine (9) as a white crystalline solid (14.6 mg, 29% yield); a
mixture of (+)-allomatrine (7) and (—)-unnatural product 137 in a 40:60 ratio (12.1 mg,
24% combined yield) as a clear, colorless oil; and a mixture of (+)-isomatrine (6) and (+)-
matrine (4) in a 80:20 ratio (15.5 mg, 31% combined yield) as a white crystalline solid.
(-)-Sophoridine (8):

'H NMR (400 MHz, CDCl3): 6 3.42 (t,J=11.6 Hz, 1H), 3.34 (t, /= 10.0 Hz, 1H), 3.26
(t,J=12.6 Hz, 1H), 2.86 (d, J=12.1 Hz, 1H), 2.76 (t, /= 10.8 Hz, 1H), 2.39 (dt, J=17.6,
5.6 Hz, 1H), 2.31 (ddd, J = 17.5, 9.2, 5.7 Hz, 1H), 2.25 — 2.09 (m, 2H), 2.08 — 1.37 (m,
14H), 1.05 (qd, J=12.8, 3.8 Hz, 1H).

13C NMR (104 MHz, CDCl3): § 170.1, 63.5, 56.0, 55.8, 50.4, 47.7, 41.1, 32.6, 30.9, 30.3,
28.2,23.8,21.9,21.6, 19.0.

FTIR (NaCl, thin film): 2986, 2938, 1622, 1420, 1272, 1263 cm™!.

HRMS: (ESI-TOF) calc’d for CisH2sN>O [M+H]* 249.1961, found 249.1960.
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TLC (10% 2 M NH; in MeOH/90% CHCI; with 0.75% EtOH stabilizer), Rye 0.24
(KMnOy).

M.P. 61.2 —64.2 °C.

Specific Optical Rotation: [a] = = —57.3 (c 1.0, CHCLy).

Specific Optical Rotation: [«] 20_1 =-60.9 (c 1.0, H0).
Literature Specific Optical Rotation: [«] 2D—1 =64 (c 1.0, H,0).%¢

Table 2.46. 'H NMR data for authentic vs synthetic (+)-sophoridine.

The X-ray structure of sophoridine has been previously published (CCDC:
1261174).°

Sophoridine Literature Sophoridine Recorded
'H 8 ppm 'H 8 ppm (600 MHz, CDCls)

3.42 (dd, J=11.6 Hz, 1H)
3.34 (brt,J=10.0 Hz, 1H)
3.26 (t,J= 12.6 Hz, 1H)

2.86 (d, J= 12.1 Hz, 1H)

2.76 (t,J = 10.8 Hz, 1H)

2.39 (dt, J = 17.6, 5.6 Hz, 1H)
2.31(ddd, J=17.5,9.2, 5.7 Hz, 1H)
2.25 - 2.09 (m, 2H)

2.08 — 1.37 (m, 14H)

1.05 (qd, J= 12.8, 3.8 Hz, 1H)

unpublished
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Table 2.47. ”C NMR data for authentic vs synthetic (+)-sophoridine.

Carbon No. Sophoridine Literature Sophoridine Recorded

sohporidine | '*C § ppm (101 MHz, CDCL3)** | BC § ppm (101 MHz, CDCl3) Ad
2 50.2 50.4 0.2
3 21.6 21.9 0.3
4 23.5 23.8 0.3
5 30.6 31.0 0.4
6 63.2 63.5 0.3
7 40.8 41.1 0.3
8 30.1 30.3 0.2
9 21.5 21.6 0.1
10 55.8 56.0 0.2
11 55.7 55.8 0.1
12 28.0 28.2 0.2
13 18.8 19.0 0.2
14 32.5 32.6 0.1
15 169.9 170.1 0.2
17 47.4 47.7 0.3
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Preparation of (+)-isosophoridine (9):

Pt/C (10 mol %)
Hy (1 atm)

H,0, 98 °C, 15 min

(+)-isomatrine (+)-isosophoridine (+)-allomatrine (-)-unnatural product
137

9 7
55% yield 19% yield 11% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (50.0 mg, 201 pmol, 1.0 equiv), 10% platinum on carbon (78.5 mg, 20.1
umol, 10 mol %), and water (5 mL, 0.04 M). The reaction was purged with N> (balloon)
followed by Hz (balloon). The reaction was not stirred during the gas purge. Once the flask
was under an atmosphere of Ha, it was put into a preheated oil bath at 98 °C, and the mixture
was stirred at 1500 rpm for 15 minutes. Upon completion, the flask was removed from the
oil bath and cooled to 21 °C. The catalyst was removed via filtration through a syringe
filter, then the filter was washed with water (3 x 5 mL). The obtained aqueous solution was
concentrated under reduced pressure. The crude product was purified by SiO> column
chromatography (20 g SiO2, 20 mm column diameter, 3% 2 M NH3 in MeOH/97% CHCl;
with 0.75% EtOH stabilizer to 15% 2 M NH3 in MeOH/85% CHCIl; with 0.75% EtOH
stabilizer as a gradient in 2% increments) to yield (+)-isosophoridine (9) as a white
crystalline solid (27.5 mg, 55% yield) along with a mixture of (+)-allomatrine (7) and (-)-
unnatural product 137 in a 36:64 ratio (14.9 mg, 30% combined yield).
(+)-Isosophoridine (9):

'H NMR (600 MHz, CDCl3): 5 4.67 (dd, J=13.3, 1.9 Hz, 1H), 3.00 — 2.82 (m, 4H), 2.75
(dd, J=10.8,4.7 Hz, 1H), 2.63 (dd, J=13.4, 3.6 Hz, 1H), 2.46 (dt, /= 11.6, 3.6 Hz, 1H),

2.40 (dtd, J = 17.3, 5.2, 1.7 Hz, 1H), 2.28 (ddd, J = 17.2, 9.8, 5.4 Hz, 1H), 2.07 — 1.95 (m,
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1H), 1.93 — 1.70 (m, 5H), 1.86 — 1.75 (m, 3H), 1.73 (ddt, /= 15.9, 6.1, 3.6 Hz, 1H), 1.66 —
1.55 (m, 2H), 1.55 — 1.48 (m, 2H), 1.38 — 1.28 (m, 2H), 1.04 (qd, /= 12.7, 4.2 Hz, 1H).
13C NMR (104 MHz, CDCl3): § 169.9, 62.4, 60.1, 54.2, 46.9, 45.2, 36.1, 33.4, 33.0, 28.1,
26.7,26.0,23.1, 19.3, 19.2.

FTIR (NaCl, thin film): 2934, 2856, 1632, 1265, 1168 cm’!.

HRMS: (ESI-TOF) calc’d for CisH2sN>O [M+H]* 249.1961, found 249.1963.

TLC (10% 2 M NH; in MeOH/90% CHCI3 with 0.75% EtOH stabilizer), Rye 0.24
(KMnOg).

M.P.111.0-114.1 °C.

Specific Optical Rotation: [«] ZD—l = +94.0 (c 1.0, CHCI3).

Specific Optical Rotation: [«] ZD—l = +98.7 (¢ 1.0, EtOH).
Literature Specific Optical Rotation: [«] 2D—1 = +101 (c 1.0, EtOH).%¢

Figure 1.69. X-Ray structure of (+)-isosophoridine ((£)-9).
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Table 2.44. 'H NMR data for authentic vs synthetic (+)-isosophoridine.
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The X-ray structure of isosophoridine has been previously published (CCDC:

1180978 and 1180979).%>-%

Isosophoridine Literature
'H § ppm (400 MHz, CDCl5)"’

Isosophoridine Recorded
'H & ppm (600 MHz, CDCls)

4.69 (dd, J = 13.4, 1.9 Hz, 1H)

4.67 (dd, J=13.3, 1.9 Hz, 1H)

3.02 — 2.85 (m, 4H)

3.00 — 2.82 (m, 4H)

2.77 (dd, J = 10.6, 4.7, Hz, 1H)

2.75, (dd, J=10.8, 4.7 Hz, 1H)

2.65 (dd, J= 13.4, 3.5 Hz, 1H)

2.63 (dd, J= 13.4, 3.6 Hz, 1H)

2.52 - 2.37 (m, 2H)

2.46 (dt, J=11.6, 3.6 Hz, 1H)

2.40 (dtd, J=17.3, 5.2, 1.7 Hz, 1H)

2.35-2.24 (m, 1H)

2.28 (ddd, J=17.2, 9.8, 5.4 Hz, 1H)

2.09 — 1.99 (m, 1H)

2.07 — 1.95 (m, 1H)

1.95— 1.71 (m, SH)

1.93 — 1.70 (m, 6H)

1.71 — 1.49 (m, 4H)

1.66 — 1.47 (m, 4H)

1.41 — 1.23 (m, 3H)

1.38 — 1.29 (m, 2H)

1.05 (qd, J= 12.4, 4.2 Hz, 1H)

1.04 (qd, J= 12.7, 4.2 Hz, 1H)
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Table 2.43. ”C NMR data for authentic vs synthetic (+)-isosophoridine.
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Isosophoridine Literature

Carbon No. 13C 8 ppm (101 MHz, Isosophoridine Recorded
isosohporidine CDCl3)"’ B3C 8 ppm (101 MHz, CDCl3) | A S
2 45.0 45.2 0.2
3 25.6 26.0 0.4
4 22.7 23.1 0.4
5 35.8 36.1 0.3
6 62.1 62.4 0.3
7 333 334 0.1
8 26.6 26.7 0.1
9 19.0 19.3 0.3
10 53.9 54.2 0.3
11 59.9 60.2 0.3
12 27.8 28.1 0.3
13 18.9 19.2 0.3
14 32.8 33.0 0.2
15 169.9 169.9 0.0
17 46.6 46.9 0.3
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Preparation of (-)-unnatural product 137:

PtO, (110 mol %)
Hy (1 atm)

H,0, 80 °C, 24 h

(+)-isomatrine (—)-unnatural product (+)-allomatrine (+)-isosophoridine
6 137

7 9
40% yield 18% yield 33% yield

A 50 mL flask with a 20 mm x 8 mm x 8 mm egg-shaped stir bar was charged with
(+)-isomatrine (30.0 mg, 121 pmol, 1.0 equiv.), PtO> (30.2 mg, 133 umol, 110 mol %), and
water (3 mL, 0.04 M). The reaction was purged with N (balloon) followed by H> (balloon).
The reaction was not stirred during the gas purge. Once the flask was under an atmosphere
of Ha, it was put into a preheated oil bath at 80 °C, and the mixture was stirred at 1500 rpm
for 24 hours. Upon completion, the flask was removed from the oil bath and cooled to 21
°C. The catalyst was removed via filtration through a syringe filter, then the filter was
washed with water (3 x 5 mL). The obtained aqueous solution was concentrated under
reduced pressure. The crude product was purified by SiO2 column chromatography (5 g
Si02, 10 mm column diameter, 5% 2 M NH3 in MeOH/95% CHCI; containing 0.75%
EtOH to 10% 2 M NH3 in MeOH/90% CHCI; containing 0.75% EtOH as a gradient in 1%
increments) to yield (+)-isosophoridine (9) as a white crystalline solid (9.9 mg, 33% yield)
along with a mixture of (+)-allomatrine (3) and (—)-unnatural product 137. The separation
of the (—)-unnatural product was carried out via HPLC reverse phase chromatography
(Eclipse XDB-C8 — 9.4 mm x 250 mm column, 8% ACN/92% H>O with 0.2% TFA, flow
rate: 5 mL/min, t; ((-)-unnatural product 137) = 5.06 min, t; ((+)-allomatrine (7)) = 6.29
min) to yield (—)-unnatural product 137 as a white crystalline solid (12.0 mg, 40% yield)

along with (+)-allomatrine (7) as a white crystalline solid (5.4 mg, 18% yield). X-ray-
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quality crystals of (—)-unnatural product 137 were prepared via slow evaporation of a
hexanes solution at —20 °C open to air.

(-)-Unnatural Product 137:

'H NMR (400 MHz, CDCl3): § 3.75 (ddd, J = 9.5, 8.2, 4.6 Hz, 1H), 3.47 (dd, J = 13.5,
6.9 Hz, 1H), 3.35 (dd, J = 13.6, 10.0 Hz, 1H), 2.83 (d, J = 10.6 Hz, 2H), 2.45 — 2.24 (m,
2H), 2.10 — 1.96 (m, 2H), 1.88 — 1.52 (m, 11H), 1.38 (t, /= 10.2 Hz, 1H), 1.30 (dd, J =
12.7,5.1 Hz, 1H), 1.24 (dd, J=12.5, 3.4 Hz, 1H), 1.13 - 0.98 (m, 1H).

13C NMR (104 MHz, CDCl3): § 172.7, 65.4, 56.1, 55.9, 54.5, 46.7, 42.4, 35.8, 32.1, 30.3,
27.3,25.8,24.8,24.4,19.3.

FTIR (NaCl, thin film): 2922, 2798, 2740, 1638, 1179, 1142, 1126 cm’".

HRMS: (ESI-TOF) calc’d for CisH2sN>O [M+H]* 249.1961, found 249.1960.

TLC (10% 2 M NH; in MeOH/90% CHCl; with 0.75% EtOH stabilizer), Re 0.34
(KMnOg).

M.P. 63.2 - 66.5 °C.

Specific Optical Rotation: [a] = = —53.0 (c 1.0, CHCLy).

Figure 1.70. X-Ray structure of (—-)-unnatural product ((-)-137).
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Table 2.6. /somatrine isomerization optimization.

Hy (1 atm)

H,0 98 °C
1500 rpm

(+)-isomatrine (+)-allomatrine
5 7

(+)-isosophoridine
9

i

(+)-matrine
4

129

(—)-unnatural product

(-)-sophoridine
8

Entry Catalyst (loading)  Time  Recovered SM allomatrine isosophoridine matrine unnatural isomer sophoridine
1 PtO, (10 mol%) 0.25h 57% 6% 15% 3% 9% 10%
22 PtO, (10 mol %) 0.25h 100% 0% 0% 0% 0% 0%
3 PtO, (10 mol %)  0.25h 87% 3% 5% 2% 0% 2%
4° PtO, (10 mol%) 0.25h 95% 1% 1% 0% 1% 1%
5 Rh/C (10 mol%) 0.25h 35% 30% 5% 26% 2% 1%
6 Pd/C (10 mol%) 0.25h 10% 42% 6% 28% 12% 2%
7 Ru/C (10 mol%) 0.25h 100% 0% 0% 0% 0% 0%
8 Ir/C (10 mol%) 0.25h 7% 10% 59% 2% 1% 1%
9 RuO, (10 mol%) 0.25h 100% 0% 0% 0% 0% 0%
10 Pt/C (10 mol%) 0.25h 0% 12% 67% 0% 21% 0%
11d PtO, (10mol%)  0.25h 100% 0% 0% 0% 0% 0%
12 PtO, (5 mol%) 24 h 100% 0% 0% 0% 0% 0%
13¢ PtO, (5 mol%) 24 h 73% 10% 5% 1% 0% 0%
146 PtO, (110 mol%) 24 h 5% 36% 9% 3% 48% 0%
15¢ PtO, (5 mol%) 0.25h 99% 0% 1% 0% 0% 0%
16 PtO, (110 mol%) 0.25h 0% 20% 55% 2% 21% 1%

reported yields are qNMR yields against a pyrazine internal standard

Table 2.4. Isomatrine isomerization optimization with Rh/C.

Rh/C (10 mol %)
Hy (1 atm)

H,0, 98 °C A
H

(+)-isomatrine
6

(+)-matrine
4

(+)-allomatrine
7

(+)-isosophoridine
9

Entry Time Recovered SM allomatrine isosophoridine matrine  unnatural product sophoridine
1 0.5h 35 30% 5% 26% 2% 1%
2 0.75h 39 23% 10% 28% 0% 0%
3 1h 18 30% 10% 42% 0% 0%
4 15h 8 35% 9% 48% 0% 0%
5 2h 0 57% 0% 42% 0% 0%
6 6h 0 70% 0% 30% 0% 0%
7 24h 0 76% 0% 24% 0% 0%

all yields are qNMR yields against pyrazine internal standard
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Table 2.7. Isomatrine isomerization optimization with Pd/C.

Pd/C (10 mol %)

H, (1 atm)
-
H,0, 98 °C
(+)-isomatrine (+)-matrine (+)-allomatrine
6 4 7
Entry Time Recovered SM allomatrine isosophoridine matrine  unnatural product sophoridine

1 0.25h 10 42% 6% 28% 0% 2%
2 0.75h 0 64% 6% 36% 0% 2%
3 1h 0 87% 0% 13% 0% 0%
4 1.5h 0 78% 0% 22% 0% 0%
5 2h 0 82% 0% 18% 0% 0%
6 6h 0 92% 0% 8% 0% 0%
7 24 h 0 88% 0% 12% 0% 0%

all yields are qNMR yields against pyrazine internal standard

1.8.1 X-RAY CRYSTALLOGRAPHY REPORTS

Low-temperature diffraction data (¢- and m-scans) were collected on a Bruker AXS
D8 VENTURE KAPPA diffractometer coupled to either a PHOTON 100 CMOS detector
with Mo-Ka radiation (A = 0.71073 A) or a PHOTON II CPAD detector with either Mo-
Ka radiation (A = 0.71073 A) or Cu-Ka radiation (A = 1.54178 A) from a fine-focus sealed
X-ray tube. All diffractometer manipulations, including data collection integration, and
scaling were carried out using the Bruker APEXII software.”® Absorption corrections were
applied using SADABS.? The structure was solved by intrinsic phasing using SHELXT!%
and refined against F2 on all data by full-matrix least squares with SHELXL-2014!"! using
established refinement techniques.!®” All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included into the model at geometrically
calculated positions and refined using a riding model. The isotropic displacement

parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are
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linked to (1.5 times for methyl and hydroxyl groups). Absolute configuration was
determined by anomalous dispersion'®® and confirmed by Bayesian statistical analysis
using the program PLATON.!% Graphical representation of the structure with 50%

probability thermal ellipsoids was generated using Mercury visualization software.!%

Crystallographic Analysis of (£)-114.

Special Refinement Details

Compound (+)-114 crystallizes in the triclinic space group P-1 with two
molecules in the asymmetric unit. CCDC number: 2159774

Table 2.32. Crystal data and structure refinement for (+)-114.

Identification code V22048
Empirical formula Ci16HasN3
Formula weight 259.39
Temperature/K 200.0
Crystal system triclinic
Space group P-1

a/A 10.3418(10)
b/A 11.0488(9)
c/A 13.5340(12)
a/° 71.002(5)

B/ 75.301(7)
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v/° 89.676(5)
Volume/A3 1409.4(2)

4 4

Pealeg/cm? 1.222

wmm-! 0.560

F(000) 568.0

Crystal size/mm? 0.3x0.15x0.15
Radiation CuKoa (A =1.54178)
20 range for data collection/°7.166 to 150.084
Index ranges -12<h<12,-13<k<13,-16<1<16
Reflections collected 32777

Independent reflections 5743 [Rint = 0.0603, Rsigma = 0.0397]
Data/restraints/parameters ~ 5743/0/343

Goodness-of-fit on F? 1.051

Final R indexes [[>=2c (I)] Ri=0.0497, wR, =0.1416

Final R indexes [all data] R1=0.0579, wR, =0.1522

Largest diff. peak/hole / e A~ 0.34/-0.22

Crystallographic Analysis of (—)-137 monohydrate.

Special Refinement Details

Compound (-)-137 monohydrate crystallizes in the monoclinic space group P2,
with one molecule in the asymmetric unit. Absolute configuration was determined by

anomalous dispersion (Flack = 0.09(15). Bayesian statistics further confirm the absolute
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stereochemistry: P2(true) = 1.000, P3(true) = 0.992, P3(rac-twin) = 0.008, and P3(false)

=0.1x10"'°. CCDC number: 2163777

Table 2.33. Crystal data and structure refinement for (-)-137 monohydrate.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealcg/cm?

wmm-!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

Flack parameter

V22047

Ci15H2sN203

266.38

100.0

monoclinic

P2]

6.5987(12)

14.549(5)

7.3792(15)

90

99.85(2)

90

698.0(3)

2

1.267

0.665

292.0

0.15x 0.1 x0.05

CuKa (A= 1.54178)
12.166 to 148.87
-7<h<8§,-18<k<17,-9<1<9
10516

2832 [Rint = 0.0508, Rsigma = 0.0415]
2832/1/175

0.895

R;=0.0357, wR>=0.1073
R1=0.0396, wR, =0.1131
0.22/-0.18

0.09(15)
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Crystallographic Analysis of (+)-7.

Special Refinement Details

Compound (+)-7 crystallizes in the monoclinic space group P2; with one
molecule in the asymmetric unit. Absolute configuration was determined by anomalous
dispersion (Flack = -0.16(18). Bayesian statistics further confirm the absolute
stereochemistry: P2(true) = 1.000, P3(true) = 0.988, P3(rac-twin) = 0.012, and P3(false)
=0.2x10%. CCDC number: 2159773

Table 2.34. Crystal data and structure refinement for (+)-7.

Identification code V22044
Empirical formula CisH24N>0
Formula weight 248.36
Temperature/K 100.0
Crystal system monoclinic
Space group P2,

a/A 6.6233(8)
b/A 8.0886(11)
c/A 12.9022(19)
a/° 90

pB/e 103.235(9)
v/° 90
Volume/A3 672.85(16)
Z 2
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Pealcg/cm’ 1.226

wmm-! 0.599

F(000) 272.0

Crystal size/mm? 0.3x0.15%0.15

Radiation CuKoa (A =1.54178)

20 range for data collection/° 7.038 to 159.11

Index ranges -8<h<8 -10<k<10,-16<1<14
Reflections collected 11330

Independent reflections 2847 [Rint = 0.0738, Rsigma = 0.0617]
Data/restraints/parameters 2847/1/163

Goodness-of-fit on F? 1.056

Final R indexes [[>=2c (I)] R1=10.0485, wR> = 0.1361

Final R indexes [all data] R1=0.0527, wR, =0.1420

Largest diff. peak/hole / e A~ 0.36/-0.25

Flack parameter -0.16(18)

Crystallographic Analysis of (%)-9.

Special Refinement Details

Compound (+)-9 crystallizes in the monoclinic space group P21/n with one
molecule in the asymmetric unit. CCDC number: 2159772
Table 2.35. Crystal data and structure refinement for (+)-9.

Identification code V22037
Empirical formula CisH24N>0

135
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Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

[e]

o/
pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

248.36

100.0

monoclinic

P21/n

7.700(3)

22.52009)

8.384(2)

90

116.574(15)

90

1300.4(8)

4

1.269

0.620

544.0

0.3x0.2x0.1

CuKa (A= 1.54178)

7.852 to 148.692
-8<h<9,-22<k<27,-8<I1<10
9620

2589 [Rint = 0.0383, Rsigma = 0.0318]
2589/0/163

0.971

R1=0.0368, wR, =0.1194
R1=10.0462, wR> = 0.1291
0.25/-0.18

Crystallographic Analysis of (+)-6.

Special Refinement Details

136
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Compound (+)-6 crystallizes in the orthorhombic space group P2:2:2; with one

molecule in the asymmetric unit. Absolute configuration was determined by anomalous

dispersion (Flack = -0.11(11). Bayesian statistics further confirm the absolute

stereochemistry: P2(true) = 1.000, P3(true) = 1.000, P3(rac-twin) = 0.1x10%, and

P3(false) = 0.4x1073°. CCDC number: 2159771

Table 2.36. Crystal data and structure refinement for (+)-6.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

V22027
C15sH24N20
248.36
100.0
orthorhombic
P2 ]2 121
7.4690(6)
11.4564(13)
15.6304(13)
90

90

90
1337.5(2)

4

1.233

0.602

544.0
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Crystal size/mm? 0.4x0.15%0.15

Radiation CuKoa (A =1.54178)

20 range for data collection/° 9.572 to 149.208

Index ranges -8<h<9,-14<k<13,-19<1<19
Reflections collected 19281

Independent reflections 2724 [Rint = 0.0440, Rsigma = 0.0240]
Data/restraints/parameters 2724/0/163

Goodness-of-fit on F? 0.973

Final R indexes [[>=2c (I)] R1=0.0341, wR> = 0.1044

Final R indexes [all data] R1=0.0346, wR, =0.1052

Largest diff. peak/hole / e A~ 0.18/-0.24

Flack parameter -0.11(11)

Crystallographic Analysis of (+)-89.

Special Refinement Details

Compound (+)-89 crystallizes in the triclinic space group P-1 with two molecules
in the asymmetric unit. CCDC number: 2159770

Table 2.37. Crystal data and structure refinement for (+)-89.

Identification code V21098
Empirical formula CisH26N>0O
Formula weight 250.38
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Temperature/K 100.0

Crystal system triclinic

Space group P-1

a/A 10.6426(13)

b/A 10.6776(12)

c/A 13.7940(13)

a/° 107.937(7)

p/e 108.100(5)

v/° 101.232(6)
Volume/A3 1342.4(3)

Z 4

Pealeg/cm? 1.239

wmm-! 0.601

F(000) 552.0

Crystal size/mm? 0.2x0.15%0.15
Radiation CuKoa (A =1.54178)
20 range for data collection/°7.34 to 149.188
Index ranges -12<h<13,-13<k<13,-17<1<17
Reflections collected 14327

Independent reflections 5244 [Rint = 0.0274, Rsigma = 0.0317]
Data/restraints/parameters ~ 5244/0/327

Goodness-of-fit on F? 1.057

Final R indexes [[>=2c (I)] Ri=0.0379, wR> =0.1033

Final R indexes [all data] R1=0.0395, wR, =0.1047

Largest diff. peak/hole / e A 0.26/-0.26

Crystallographic Analysis of (+)-51.

Special Refinement Details
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Compound (+)-51 crystallizes in the orthorhombic space group P2:2:2; with one

molecule in the asymmetric unit. Absolute configuration was determined by anomalous

dispersion (Flack = 0.13(8). Bayesian statistics further confirm the absolute

stereochemistry: P2(true) = 1.000, P3(true) = 1.000, P3(rac-twin) = 0.7x10-, and

P3(false) = 0.4x103*. CCDC number: 2159768

Table 2.38. Crystal data and structure refinement for (+)-51.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

V19453
Ci6H16N202
268.31
100.0
orthorhombic
P2]2121
8.8059(15)
11.451(2)
12.474(3)
90

90

90
1257.9(4)

4

1.417

0.764

568.0
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Crystal size/mm? ?2x7x9

Radiation CuKoa (A =1.54178)

20 range for data collection/° 12.302 to 149.394

Index ranges -11<h<10,-14<k<14,-15<1<15
Reflections collected 23931

Independent reflections 2557 [Rint = 0.0554, Rsigma = 0.0245]
Data/restraints/parameters 2557/0/182

Goodness-of-fit on F? 1.027

Final R indexes [[>=2c (I)] R1=10.0329, wR>=0.1071

Final R indexes [all data] R1=0.0339, wR, =0.1113

Largest diff. peak/hole / e A~ 0.17/-0.20

Flack parameter 0.13(8)

Crystallographic Analysis of (+)-43.

Special Refinement Details

Compound (+)-43 crystallizes in the monoclinic space group P2i/c with two
molecules in the asymmetric unit. CCDC number: 2159767

Table. 2.39. Crystal data and structure refinement for (+)-43.

Identification code V19355

Empirical formula CisHasNo
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Formula weight 234.38
Temperature/K 100

Crystal system monoclinic

Space group P2i/c

a/A 10.738(2)

b/A 17.591(4)

c/A 14.316(3)

a/° 90

/e 103.629(10)

v/° 90

Volume/A3 2627.8(9)

z 8

Pealeg/cm? 1.185

wmm-! 0.521

F(000) 1040.0

Crystal size/mm? 0.22 x 0.08 x 0.03
Radiation CuKoa (A =1.54178)
20 range for data collection/°8.102 to 161.38
Index ranges -13<h<12,-21<k<22,-17<1<17
Reflections collected 38183

Independent reflections 5498 [Rint = 0.0594, Rgigma = 0.0296]
Data/restraints/parameters ~ 5498/0/307

Goodness-of-fit on F? 1.029

Final R indexes [[>=2c (I)] Ri=0.0455, wR> =0.1109

Final R indexes [all data] R1=0.0542, wR, =0.1175

Largest diff. peak/hole / e A 0.27/-0.26

Crystallographic Analysis of (+)-44.

Special Refinement Details
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Compound (+)-44 crystallizes in the monoclinic space group P2i/c with two
molecules in the asymmetric unit. CCDC number: 2159766

Table 2.40. Crystal data and structure refinement for (+)-44.

Identification code V18405 a
Empirical formula CisH14N20;
Formula weight 254.24
Temperature/K 99.97
Crystal system monoclinic
Space group P2i/c

a/A 7.0167(3)
b/A 15.8509(6)
c/A 20.6888(9)
a/° 90

/e 91.261(2)
v/° 90
Volume/A3 2300.47(17)
z 46
Pealeg/cm? 1.468
wmm-! 0.099
F(000) 1072.5

Crystal size/mm?

Radiation

0.51 x 0.41 x 0.32
Mo Ka (L = 0.71073)

20 range for data collection/°4.7 to 55.02

Index ranges

9<h<9,-20<k<20,-26<1<26
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Reflections collected 40432

Independent reflections 5233 [Rint = 0.0603, Rsigma = 0.0348]
Data/restraints/parameters ~ 5233/0/343

Goodness-of-fit on F? 1.049

Final R indexes [[>=2c (I)] Ri=0.0463, wR> =0.0897

Final R indexes [all data] R1=0.0608, wR> =0.0929

Largest diff. peak/hole / e A 0.48/-0.51

Crystallographic Analysis of (+)-140.

Special Refinement Details

Compound (+)-140 crystallizes in the triclinic space group P-1 with one molecule
in the asymmetric unit. CCDC number: 2159765

Table 2.41. Crystal data and structure refinement for (+)-140.

Identification code d20015
Empirical formula CisHasNo
Formula weight 234.38
Temperature/K 100
Crystal system triclinic

Space group P-1
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a/lA
b/A
c/A

[e]

o/
pr°

v/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

5.129(5)

9.175(10)

14.500(7)

106.65(3)

93.82(3)

92.81(6)

650.7(10)

2

1.196

0.070

260.0

0.47 x 0.18 x 0.05

MoKa (A = 0.71073)
2.942 to 74.252

8<h<8, -15<k<15,-24<1<24
41718

6408 [Rint = 0.0428, Reigma = 0.0339]
6408/0/155

1.034

R = 0.0465, wR, = 0.1095
R; = 0.0753, wR, = 0.1238
0.41/-0.24

Crystallographic Analysis of (£)-104 mono-chloroform adduct.

Special Refinement Details

145
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Compound (+)-104 mono-chloroform adduct crystallizes in the monoclinic space

group P21/n with one molecule in the asymmetric unit. CCDC number: 2159764

Table 2.42. Crystal data and structure refinement for (+)-104 mono-chloroform

adduct.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

[e]

o/
pre

V/°

Volume/A3

Z

Pealeg/cm?
wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

D20014

C16H27CI3N20

369.74

100

monoclinic

P21/n

5.771(4)

13.008(10)

23.438(6)

90

96.271(16)

90

1748.9(17)

4

1.404

0.528

784.0

0.45 x 0.4 x0.32

MoKa (A =0.71073)

3.496 to 79.03
-10<h<10,-23 <k <23,-39<1<41
113231

10352 [Rint = 0.0335, Rsigma = 0.0183]
10352/0/199

1.042

R1=10.0342, wR> = 0.0843
R1=10.0442, wR> = 0.0886
0.95/-0.85
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Crystallographic Analysis of (+)-90.

Special Refinement Details

147

Compound (£)-90 mono-chloroform adduct crystallizes in the triclinic space group P-1

with one molecule in the asymmetric unit.

Table 2.43. Crystal data and structure refinement for (+)-90.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

[e]

o/
pre

V/°
Volume/A3
V4
Pealeg/cm?
wmm-!
F(000)

V22045
Ci6HasN3
259.39
100.0
triclinic
P-1
5.0835(7)
11.3220(13)
12.058(2)
94.182(7)
94.487(11)
95.227(12)
686.75(18)
2

1.254
0.575
284.0
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Crystal size/mm? 0.4 x0.1 x0.1

Radiation CuKoa (A =1.54178)

20 range for data collection/° 7.866 t0 99.416

Index ranges -4<h<2,-4<k<10,-2<1<11
Reflections collected 475

Independent reflections 474 [Rint = 0.0376, Rsigma = 0.0211]
Data/restraints/parameters 474/0/77

Goodness-of-fit on F? 1.113

Final R indexes [[>=2c (I)] R1=0.0377, wR2=0.1220

Final R indexes [all data] R1=0.0488, wR, =0.1389
Largest diff. peak/hole / e A~ 0.07/-0.08

Crystallographic Analysis of (—)-56.

Special Refinement Details

Compound (—)-56 crystallizes in the monoclinic space group Cc with one molecule in the
asymmetric unit. Absolute configuration was determined by anomalous dispersion (Flack
= -2.3(10). Bayesian statistics further supports the absolute stereochemistry: P2(true) = -
0.630, P3(true) = 0.422, P3(rac-twin) = 0.330, and P3(false) = 0.248.

Table 2.44. Crystal data and structure refinement for (-)-56.

Identification code D21063
Empirical formula C17H19N30
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Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

[e]

o/
pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

Flack parameter

281.35

296.15

monoclinic

Cc

5.201(3)

14.167(7)

16.404(18)

90

98.21(3)

90

1196.4(16)

4

1.562

0.100

600.0

0.4 x0.25 x 0.1

MoKa (A =0.71073)

5.018 to 53.262
-5<h<5,-15<k<15,-19<1<19
3029

1770 [Rint = 0.0862, Rsigma = 0.1507]
1770/2/163

0.978

R1=0.0563, wR> =0.0893
R1=10.1330, wR> = 0.1092
0.22/-0.26

-2.3(10)

Crystallographic Analysis of (+)-59.

Special Refinement Details
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150

Compound (£)-59 crystallizes in the monoclinic space group P21/n with one molecule in

the asymmetric unit.

Table 2.47. Crystal data and structure refinement for (£)-59.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°

V20006
Ci6H24NO
246.36

99.99
monoclinic
P21/n
5.4330(11)
13.383(4)
18.052(2)

90

90.171(11)

90

1312.6(5)

4

1.247

0.077

540.0

?7x7x?
MoKa (A =0.71073)
5.444 t0 72.732
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Index ranges -0<h<9,-22<k<22,-30<1<30
Reflections collected 34154

Independent reflections 6337 [Rint = 0.0685, Rsigma = 0.0544]
Data/restraints/parameters 6337/0/163

Goodness-of-fit on F? 1.123

Final R indexes [[>=2c (I)] R1=0.2513, wR> = 0.5841

Final R indexes [all data] R1=0.2577, wR2 = 0.5904

Largest diff. peak/hole / e A~ 1.01/-1.12

Crystallographic Analysis of (+)-62.

Special Refinement Details

Compound (+)-62 crystallizes in the monoclinic space group P2i/n with one molecule in
the asymmetric unit.

Table 2.48. Crystal data and structure refinement for (+)-62.

Identification code d19147
Empirical formula C15H26Cl2CuN;
Formula weight 368.82
Temperature/K 99.98

Crystal system monoclinic
Space group P2i/n

a/A 8.918(4)
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b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealcg/cm?

wmm-!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

13.094(9)
13.774(9)

90

105.34(5)

90

1551.1(17)

4

1.579

1.744

772.0

0.44 x 0.2 x 0.08

MoKa (A = 0.71073)

4.368 t0 75.22
15<h<15,-22<k<22,-23<1<23
69103

7997 [Rint = 0.0372, Reigma = 0.0240]
7997/0/182

1.013

R = 0.0244, wR, = 0.0512

Ri = 0.0361, wR, = 0.0543
0.49/-0.49

Crystallographic Analysis of (+)-98.

Special Refinement Details
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Compound (£)-98 crystallizes in the monoclinic space group P21/n with one molecule in

the asymmetric unit.

Table 2.49. Crystal data and structure refinement for (+)-98.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges

Reflections collected

V22009
C15H24N20I
280.42

100.0
monoclinic
P21/n
12.8228(19)
8.3093(12)
14.078(2)

90

95.136(13)

90

1494.0(4)

4

1.247

1.870

608.0
?7x7x0.15
CuKa (A= 1.54178)
8.938 to 148.562

-14<h<14,-10<k<9,-15<1<8

4460
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Independent reflections 1887 [Rint = 0.0649, Rsigma = 0.0726]
Data/restraints/parameters 1887/0/78

Goodness-of-fit on F? 1.075

Final R indexes [[>=2c (I)] R1=10.0738, wR2 = 0.2057

Final R indexes [all data] R1=0.0886, wR, =0.2214

Largest diff. peak/hole / e A~ 3.40/-4.19

Crystallographic Analysis of (£)-97.

Special Refinement Details

Compound (£)-97 crystallizes in the triclinic space group P1 with two molecules in the
asymmetric unit.

Table 2.50. Crystal data and structure refinement for (+)-97.

Identification code V20119
Empirical formula CisH2eN>
Formula weight 234.38
Temperature/K 100.0
Crystal system triclinic
Space group P1

a/A 4.6048(5)

b/A 10.8544(11)
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c/A

a/°

pr°

V/°

Volume/A3

Z

Pealcg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

Flack parameter

13.5496(16)
91.728(14)

90.179(10)

102.239(8)

661.52(13)

2

1.177

0.517

260.0

0.2 x 0.08 x 0.07

CuKa (A = 1.54178)

6.526 to 159.182
5<h<5,-13<k<13,-16<1<16
14702

4817 [Rint = 0.0688, Ryigma = 0.0680]
4817/3/134

3.790

Ri = 0.2362, wR, = 0.5409

R = 0.2639, wR, = 0.5655
2.67/-0.95

0.4(4)

Crystallographic Analysis of (£)-96 dihydrate.

Special Refinement Details
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Compound (£)-96 dihydrate crystallizes in the orthorhombic space group Pben with one

molecule in the asymmetric unit.

Table 2.51. Crystal data and structure refinement for (+£)-96 dihydrate.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges

Reflections collected

v20120
C15H26N200.13
236.38

100.0
orthorhombic
Pbcn
22.990(9)
6.991(2)
19.007(6)

90

90

90

3054.8(18)

8

1.028

0.458

1048.0
?7x?x7?

CuKoa (A =1.54178)
9.306 t0 99.616

-14<h<22,-2<k<6,-18<1<12

3454
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Independent reflections 1343 [Rint = 0.0459, Rgigma = 0.0553]
Data/restraints/parameters 1343/0/178

Goodness-of-fit on F? 1.239

Final R indexes [[>=2c (I)] Ri1=0.1127, wR> = 0.2674

Final R indexes [all data] Ri1=0.1385, wR>=0.2786

Largest diff. peak/hole / e A~ 0.33/-0.28

Crystallographic Analysis of (+)-133.

Special Refinement Details

Compound (+)-133 crystallizes in the monoclinic space group P21/n with one molecule in
the asymmetric unit.

Table 2.52. Crystal data and structure refinement for (+)-133.

Identification code V21317
Empirical formula C15H20N30;
Formula weight 274.34
Temperature/K 100.0
Crystal system monoclinic
Space group P2i/n

a/A 12.249(11)
b/A 8.778(6)

c/A 12.919(13)
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[e]

o/
pr°

V/°

Volume/A3

Z

Pealcg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

90
98.75(3)

90

1373(2)

4

1.327

0.090

588.0

0.2 % 0.15 x 0.1

MoKa (A = 0.71073)

4.976 t0 72.256
13<h<16,-11<k<14,-18<1<15
9867

3365 [Rint = 0.1918, Rejgma = 0.2293]
3365/0/176

1.682

R, = 0.2035, wRy = 0.5010

R, = 0.3340, wR; = 0.5603

4.93/-0.56

Crystallographic Analysis of (¥)-57.

Special Refinement Details
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Compound (£)-57 crystallizes in the monoclinic space group P21/c with one molecule in

the asymmetric unit.

Table 2.53. Crystal data and structure refinement for (+)-57.

Identification code V19018

Empirical formula CisH2N>0;
Formula weight 262.34
Temperature/K 99.99

Crystal system monoclinic

Space group P2i/c

a/A 13.8942(11)

b/A 9.0952(9)

c/A 10.4946(9)

a/° 90

/e 105.846(4)

v/° 90

Volume/A3 1275.8(2)

z 4

Pealcg/cm? 1.366

wmm-! 0.726

F(000) 568.0

Crystal size/mm? ?2x7x9

Radiation CuKoa (A =1.54178)
20 range for data collection/° 6.612 to 148.632
Index ranges -13<h<15,-10<k<11,-10<1<12
Reflections collected 4850

Independent reflections 2197 [Rint = 0.0557, Rsigma = 0.0566]
Data/restraints/parameters 2197/0/77
Goodness-of-fit on F? 1.054

Final R indexes [[>=2c (I)] R1=0.0745, wR> = 0.1975
Final R indexes [all data] R1=0.0771, wR2 = 0.2008
Largest diff. peak/hole / e A~ 0.51/-0.67
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Crystallographic Analysis of ()-4 monohydrate.

Special Refinement Details

Compound (+)-4 monohydrate crystallizes in the tetragonal space group P432,2 with one

molecule in the asymmetric unit.

Table 2.54. Crystal data and structure refinement for (+)-4 monohydrate.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

V22034
CisH24N>0
248.36
100.0
tetragonal
P432,2
11.6747(9)
11.6747(9)
21.878(5)
90

90

90
2981.9(8)
8
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Pealcg/cm’ 1.106

wmm-! 0.540

F(000) 1088.0

Crystal size/mm? 0.45x0.4x0.3

Radiation CuKoa (A =1.54178)

20 range for data collection/° 8.584 to 148.596

Index ranges -10<h<8,-7<k<13,-23<1<14
Reflections collected 7045

Independent reflections 2250 [Rint = 0.0371, Rsigma = 0.0286]
Data/restraints/parameters 2250/0/175

Goodness-of-fit on F? 2.458

Final R indexes [[>=2c (I)] R1=10.0896, wR>=0.2715

Final R indexes [all data] R1=10.0939, wR> =0.2742

Largest diff. peak/hole / e A~ 2.50/-0.40

Flack parameter 0.10(15)

Crystallographic Analysis of (£)-95 dihydrate.

Special Refinement Details

Compound (+)-95 dihydrate crystallizes in the monoclinic space group C2/c with one

molecule in the asymmetric unit.

161
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Table 2.55. Crystal data and structure refinement for (+£)-95 dihydrate.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

[e]

o/
pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

V21361

C16H25N300.13

261.39

100.0

monoclinic

C2/c

23.605(6)

7.0420(12)

19.453(5)

90

97.767(14)

90

3203.9(13)

8

1.084

0.502

1144.0

0.25 x 0.05 x 0.05

CuKa (A= 1.54178)

7.56 to 148.54
21<h<24,-6<k<8,-13<1<17
3621

1967 [Rint = 0.0441, Rsigma = 0.0533]
1967/0/196

1.214

R1=10.0638, wR> =0.1738
R1=10.0893, wR> = 0.1877
0.46/-0.25

Crystallographic Analysis of (+)-79.

Special Refinement Details
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Compound (+)-79 crystallizes in the monoclinic space group P21 with one molecule in the

asymmetric unit.

Table 2.56. Crystal data and structure refinement for (+)-79.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pr°

V/°

Volume/A3

Z

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°

V19479
C23H17N304
399.39

99.99
monoclinic

P2]

5.1166(7)
15.6750(16)
11.2761(15)

90

102.567(9)

90

882.71(19)

2

1.503

0.864

416.0

0.15x 0.1 x0.05
CuKa (A= 1.54178)
8.032 to 149.378
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Index ranges -6<h<6,-19<k<19,-14<1<14
Reflections collected 9371

Independent reflections 3529 [Rint = 0.0436, Rgigma = 0.0431]
Data/restraints/parameters 3529/1/271

Goodness-of-fit on F? 1.032

Final R indexes [[>=2c (I)] R1=10.0325, wR> = 0.0787

Final R indexes [all data] R1=10.0355, wR>=0.0804

Largest diff. peak/hole / e A~ 0.20/-0.17

Flack parameter 0.23(11)

1.8.2 COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were performed with Gaussian 16.%
A comprehensive conformer search was performed for each intermediate and transition
state using the CREST program.'®” Geometry optimizations, frequency calculations, and
energy calculations were performed using the ®B97XD!%® functional and def2-TZVP basis
set.!%% 19 Dichloromethane solvation was modeled using the SMD solvation model.!'! A
chloride anion was included when necessary to create a neutral species. Frequency
calculations confirmed the optimized structures as minima (zero imaginary frequencies) or
transition state structures (one imaginary frequency) on the potential energy surface. A
quasi-harmonic correction was applied using the GoodVibes program.''?PyMOL was used
to render visualizations of structures.!'!® Initial structures were made using GaussView.!'
For calculations analyzing the effects of dispersion on the transition states, the B3LYP-
D3/def2-TZVP/SMD(DCM) and B3LYP/def2-TZVP/SMD(DCM) levels of theory were

used.
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Figure 1.71. Second C-C Bond Formation Energies.

TS2a TS2b
AGig = 20.2 kcal/mol AGys = 21.8 kcal/mol

Figure 1.72. Deprotonation of Int2a with Pyridine Energies.

Int2a 23 TS3a
—2.5 kcal/mol —20.6 kcal/mol AGys = 10.1 kcal/mol

Figure 1.73. Initial C—C Bond Formation with an acyl-Cl/acyl-pyridinium Starting

TS
.3
Ai?;?}:iﬂ

Material.

TS1Cl-a: syn (boat) TS1Cl-b: anti (boat) TS1Cl-c: anti (chair)
AGys = 3.4 kcal/mol AGys = 3.7 keal/mol AGis = 8.6 kcal/mol
X A
I | H
~.N__O N.__O
® -
Cl Y Cl )
O@ (e}
SM-acylICl Int1Cl-a (syn) Int1CI-b (anti)

0 kcal/mol
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Figure 1.74. C—C Bond Formation with a Ketene Starting Material Resulting in the

Formation of a Cyclobutanone Intermediate.

) (%]
N P TStk TS2k Z 3 e
| I H =
//\@Njo AGys = 15.8 kcal/mol 5 AGy; = 19.8 kealimol N® o ©; 94}\&\
- >
27 2 © .)JTS1k '
o 0% H H
SM-Ketene Int1k Int2k

0 kcal/mol 10.9 keal/mol —8.0 kcal/mol

Figure 1.75. Relative Energy of Starting Material Species.

| N P @ P
25~ 26" | ®

/\j cl X AN

Z °

o? o c” 5
odkoamol 105 keamol 6.4 xealirno
Table 1.76. Summary of Energies.
Structure E gh-H qh-S qh-G(T) qh-G(T) AG relative
(au) (au) (au) (au) (kcal/mol) to SM

(kcal/mol)

Figure 2.

1.65 -1300.829 | -1300.542 | 0.064877 | -1300.606 | -816142.2 0.0

2.TS1a -1300.820 | -1300.532 | 0.062761 | -1300.595 | -816134.9 7.3

3.TS1b -1300.816 | -1300.529 | 0.063230 | -1300.592 | -816133.4 8.8

4.TS1c -1300.809 | -1300.519 | 0.066721 | -1300.586 | -816129.2 13.0

5.Intla -1300.853 | -1300.563 | 0.062907 | -1300.626 | -816154.8 -12.6

6.Intlb -1300.849 | -1300.560 | 0.063824 | -1300.623 | -816152.9 -10.7

7.TS2a -1300.823 | -1300.534 | 0.060381 | -1300.594 | -816134.6 7.6

8.TS2b -1300.820 | -1300.530 | 0.058511 | -1300.589 | -816131.1 11.1

9.Int2a -1300.851 | -1300.553 | 0.057899 | -1300.610 | -816144.7 -2.5

10. Int2b -1300.859 | -1300.567 | 0.058893 | -1300.626 | -816154.2 -12.0

11.TS3a -1549.130 | -1548.752 | 0.073312 | -1548.825 | -971901.5 10.1

12.TS3b -1549.125 | -1548.746 | 0.073075 | -1548.819 | -971897.9 13.7

13.Int3a -840.012 | -839.736 | 0.055476 | -839.791 | -526976.5 -20.6

14. Int3b -840.020 | -839.743 | 0.055101 | -839.798 | -526981.1 -25.2

15. Pyr -248.294 | -248.202 | 0.032670 | -248.235 | -155769.4

16. Pyr-HCl -709.151 | -709.044 | 0.039009 | -709.083 | -444955.7

SI

17. SM-acylCl -1052.506 | -1052.313 | 0.053085 | -1052.366 | -660369.2 0.0
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18. TS1Cl-a -1052.502 | -1052.310 | 0.051096 | -1052.361 -660365.8 3.4
19. TS1Cl-b -1052.501 | -1052.309 | 0.051295 | -1052.360 -660365.5 3.7
20. TS1Cl-c -1052.492 | -1052.301 | 0.051695 | -1052.352 -660360.6 8.6
4.6. SM-ketene -1052.514 | -1052.321 | 0.056199 | -1052.378 -660376.4 0.0
47.TS1k -1052.491 | -1052.300 | 0.052884 | -1052.352 -660360.7 15.8
44, Intlk -1052.499 | -1052.307 | 0.053175 | -1052.360 -660365.5 10.9
43.TS2k -1052.485 | -1052.294 | 0.052200 | -1052.346 -660356.6 19.8
6. Int2k -1052.537 | -1052.341 | 0.049466 | -1052.390 -660384.4 -8.0
SM species

4. di-acylPyr -2009.980 | -2009.586 | 0.084118 | -2009.670 | -1261086.0 6.4
7.acylCl/acylPyr | -2009.971 | -2009.579 | 0.085215 | -2009.664 | -1261082.1 10.3
8. ketene -2009.984 | -2009.592 | 0.087969 | -2009.680 | -1261092.4 0.0
Table 1.77. Coordinates.

1

C 4241804 -0.634410 0.109065

C 3.688490 -1.777624 -0.447706

C 2.395767 -1.735813 -0.913047

N 1.679201 -0.606082 -0.849794

C 2.187084  0.505890 -0.299249

C 3475550 0.516688  0.186345

H 3.855962 1.425019  0.631595

H 1.539952  1.375440 -0.225545

C 0.246192 -0.667665 -1.377307

C -0.198668  0.478885 -1.948167

C -1.602848  0.566770 -2.450576

H -1.673252  1.340472 -3.215910

H -1.910565 -0.374284 -2.914120

C -2.674652  0.939926 -1.385415

C -2.930778 -0.180457 -0.436496

0] -3.799951 -0.987369 -0.550315

N -2.016018 -0.344090 0.728848

C -1.133729  0.605773 1.086228

C -0.277851  0.395257  2.143310

C -0.331500 -0.801107  2.833221

C -1.255398 -1.768014  2.451870

C -2.083311 -1.516970 1.393619

H -2.811344 -2.222896  1.026827

H -1.326928 -2.716355 2.963574

H 0.336807 -0.984056  3.664458

H 0411799  1.187375 2.397192

H -1.103624  1.538158  0.542790
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0.564792
-2.389871
-3.627096

0.431524
-0.305276

1.883731

4.248509

5.255553

4.267561
3.568186
2.274329
1.685644
2.346432
3.640909
0.251226
-0.424308
-1.110646
-0.073093
-1.751713
-2.997817
-3.210914
-2.113019
-2.023818
-0.990557
0.002656
-4.156391
-0.168008
5.286523
4.008670
1.703333
1.785195
4.145154
0.097654
-1.348426
0.625436
-1.735420
-1.920081
-3.887324
-2.894426
-2.828592
-0.943717
0.797220

3.540088
1.858833
1.109665
1.351535
-1.769418
-2.583965
-2.698586
-0.645123

-0.697170
0.491891
0.569424

-0.498367

-1.661597

-1.788773

-0.489595
0.720658
0.461671
0.149509
0.827168
1.018098

-0.161917

-0.456669

-1.716474

-2.058491

-1.089550

-0.902702

-1.582892

-0.773905
1.368130
1.485636

-2.461989

-2.737292
1.644379
1.500150
0.939396
1.690928

-0.057705
1.117447
1.930635

-2.383756

-3.055128

-1.331050

0.616096
-0.877126
-1.885869
-2.021092
-1.200954
-1.342729
-0.522547

0.487474

0.058179
0.179673
-0.279421
-0.845175
-0.962186
-0.522173
-1.355875
-1.285486
0.866266
1.777280
-1.978595
-1.069379
-0.185934
0.693185
1.232741
2.028902
2.327196
-0.216378
-1.708201
0.414137
0.633325
-0.169012
-1.419214
-0.636660
-1.090643
0.713311
2.013768
-2.644661
-2.593480
-1.686940
-0.479691
0.966917
2.441984
3.021434
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0.710884

4.302610
4.056378
2.903867
2.015849
2.239670
3.379996
0.759246
-0.332857
-1.048406
-0.143437
-1.536193
-2.645547
-3.233296
-2.276064
-2.546957
-1.646907
-0.422485
-4.372583
0.832172
5.204394
4.749049
2.639366
1.507840
3.529611
-0.228453
-0.989427
0.770908
-1.232341
-1.993933
-3.455085
-2.238525
-3.509619
-1.878923
0.281270
0.145562

-4.205066
-2.969470
-1.925442
-2.096472

3.543824

0.418756
-0.902940
-1.503525
-0.829208

0.448457

1.094547
-1.590272
-0.811317
-0.494707

0.318341
-1.486154
-1.934500
-0.770273

0.024923

1.356006

2.173958

1.633784
-0.399635
-2.803807

0.913303
-1.470781
-2.527817

0.961247

2.122346

0.248654
-1.566909
-0.130938
-2.389812
-0.817563
-2.416124
-2.660116

1.681147

3.221213

2.266384

2.713079

-1.070480
-1.504960
-0.613877

0.674570

0.705226

-0.601979
-0.942663
-0.500635
0.248533
0.597732
0.178126
0.649824
0.996101
-1.159738
-1.874353
1.589505
0.595469
-0.121882
-0.852232
-1.031904
-1.620294
-2.077346
-0.059350
0.505707
-0.938503
-1.546793
-0.714284
1.215295
0.476766
1.176443
-1.250131
-2.235064
2.119761
2.320008
1.138818
-0.110635
-0.669379
-1.742754
-2.602271
2.115411

0.044850
0.494098
0.582838
0.239034
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-3.287750
-4.361273
-0.975128
0.245454
1.012873
0.062071
1.373269
2.747434
3.148278
2.106400
2.195901
1.245119
0.159566
4.271081
-1.271578
-5.036054
-2.796732
-0.956259
-3.322773
-5.306513
0.334449
1.153856
-0.738838
1.337737
1.275718
3.542024
2.846176
3.061487
1.333623
-0.583116
0.764392

-3.745491
-3.537248
-2.330493
-1.370984
-1.557791
-2.738064
-2.862686
-0.731012
-0.045302

0.496693

0.515801

1.111669
0.261652
1.710350
1.257766
0.576880
-0.105233
2.233396
1.561086
0.527943
-0.128466
-1.482296
-2.164876
-1.450486
0.135751
2.793599
-1.759529
-2.531931
-0.935435
2.159245
0.648031
0.324518
1.638272
0.471757
2.992939
2.779283
2.306907
0.999182
-1.946197
-3.234796
-1.972684
-2.016958

-1.648673
-0.299075

0.265979
-0.490876
-1.803463
-2.408771
-3.464660
-2.326016

0.075192
-0.409299

1.118199

-0.200170
-0.304878
0.277398
0.737967
-1.268333
-2.059039
0.906695
0.935995
-0.083422
-0.846344
-1.009507
-1.687703
-2.241231
-0.211430
-0.213295
-0.030652
0.782802
0.948737
-0.457047
-0.657511
1.278095
-1.405160
-2.499029
0.122022
1.849846
0.947791
1.873213
-0.563146
-1.799824
-2.830734
2.313895

0.203284
-0.023961
0.311767
0.875609
1.122063
0.783847
0.974027
1.578154
1.243725
2.185363
0.328335
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1.677239
1.527949
1.663989
3.056776
3.182849
4.107595
2.129990
2.024542
1.013510
-0.003651
0.011758
1.049293
1.473728
-0.723988
-0.768108
0.972384
2.826402
3.848808
3.239415
-0.262435
-2.127784
-4.297800
-4.685970
-1.922507

-4.857986
-4.677088
-3.410199
-2.347791
-2.499041
-3.755602
-1.003206
0.164845
1.485961
1.635276
0.129001
1.341110
2.612722
2.607085
3.646424
3.703633
2.651595
3.545411

1.878352
2.944501
1.709363
1.483141
0.012141
-0.681144
-0.496870
-1.867909
-2.410171
-1.548150
-0.237387
0.422651
1.246080
0.428264
-1.982354
-3.481010
-2.441047
1.761589
2.014629
1.820736
1.322645
0.328638
-2.109648
3.510219

0.466590
-0.894401
-1.378132
-0.546190

0.777098

1.303363
-1.161691
-0.358346
-0.991582
-0.881643
-0.250659
-0.933881
-0.389519
-0.353519

0.285390

0.357277
-0.256196

0.018976

0.991240
0.827807
2.066148
0.434746
0.147739
0.522706
-0.589330
-0.791571
-1.474451
-2.053937
-1.825036
-0.967662
-1.547119
-2.258602
-2.686281
-1.610105
-0.350725
1.125356
-0.504193
0.017201
0.138490
-0.465231
-0.068612
-0.675623

-0.175803
0.036356
0.218048
0.184096

-0.021578

-0.200653
0.393207

-0.071714
0.422116
1.913493

-1.624452

-2.256311

-1.667093

-0.290932
0.378266
1.707630
2.499781

-2.332271
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-0.981157
-5.852726
-5.511363
-3.191933
-1.619653
-3.851547
0.112977
1.469758
0.856748
-0.778636
0.121315
1.364021
1.300513
4.383909
4.522585
2.704983
-0.080278

-3.767925
-3.095201
-1.896272
-1.288982
-1.795519
-3.142264
0.001519
0.761564
0.857915
-0.459273
2.165855
3.291355
3.066263
1.762850
1.344626
0.118115
-0.722029
3.872459
0.423677
-4.781225
-3.552746
-1.345348
-1.531849
-3.611258
0.192859

-2.258065
0.868042
-1.580062
-2.420457
1.421969
2.368760
0.653788
-2.052890
-1.352071
-0.692828
0.806517
-0.764484
-2.014027
0.722423
0.877199
-0.203251
3.141767

-0.993200
-1.945482
-1.637303
-0.431096
0.399564
0.148615
-0.172682
0.892602
0.510899
0.283766
1.128569
0.800310
-0.513571
-0.648182
-1.851310
-2.051152
-0.947582
-1.405378
-0.843280
-1.188820
-2.893554
-2.283221
1.452399
0.905955
1.825624

0.853248
-0.318021
0.060844
0.391828
-0.012532
-0.352705
0.341556
0.155124
2.499792
-2.036127
-1.889706
-3.330263
-2.086686
-0.277663
2.182532
3.580114
0.256717

-0.038669
0.788089
1.316089
1.036466
0.050407

-0.383756
1.569234
0.828566

-0.684578

-1.409477
1.404634
0.412381

-0.268541

-0.790847

-1.235161

-1.795948

-1.982540

-0.362075
2.475012

-0.364528
1.030073
1.982063
0.132670

-0.996454
0.853399
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1.343536
-0.856697
2.263392
2.294342
4.255898
3.350467
2.071575
-0.152420
-1.625855
-0.963130

-3.964636
-4.417582
-3.543100
-2.189332
-1.673254
-2.670835
-1.312723
0.145805
0.546923
-0.438959
1.085299
2.403541
2.873033
1.897315
2.171996
1.289948
0.087190
4.003782
-1.713923
-4.683312
-5.458755
-3.808964
-0.942383
-2.302908
0.302599
0.629604
-1.161235
0.591113
1.299460
3.200574
2.271944
3.228154

1.360672
1.168183
2.170562
0.518585
0.761609
1.571577
-2.646085
-3.035417
-1.059561
3.682556

-1.480477
-0.109300
0.890485
0.658689
-0.676493
-1.738853
1.731762
1.350110
0.410920
-0.689620
2.557552
2.284102
0.859244
-0.078645
-1.429765
-2.397669
-2.030708
0.542605
2.874548
-2.286559
0.116439
1.933875
-0.836028
-2.750762
0.757476
1.035212
-0.377820
3.411936
2.828645
2.930703
2.490451
-1.623682

-1.161199
-1.893668

1.703318

2.297214

0.912309
-0.361587
-1.134409
-2.146030
-2.569625
-0.490044

0.080184
-0.026496
0.113174
0.355252
0.390688
0.294007
0.281415
0.303601
-0.875055
-1.194519
0.323561
-0.423033
-0.299474
-0.569206
-0.284959
-0.970360
-1.403513
0.013267
0.180973
0.005506
-0.206394
0.047978
1.177764
0.403236
1.207910
-1.766997
-1.942490
-0.135947
1.356971
-0.064576
-1.489080
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Chapter 2

Convergent Fragment Couplings in the Construction of Complex

Molecules

2.1 INTRODUCTION

The concept of convergency has long been known as powerful strategy to achieve
scalable and efficient syntheses of complex molecules. In the ideal convergent approaches,
the target molecule is disconnected in fragments of equal size and complexity that can be
independently prepared and coupled late in the synthesis.! Carrying out multiple
autonomous sequences reduces issues with cross-reactivity, increases material throughput
and allows for more flexibility in the synthesis of fragments.? Hence, the application of this
synthetic approach has been discussed in various reviews.”® Despite excellent
discussions>’~ it has proven challenging to agree on an universal and practical approach
that defines and evaluates complexity objectively through the lens of a chemist. Pioneered
by Bertz, Randic and others,!*"!? topology-based methods to assess the architectural, or
intrinsic complexity of molecules based on graph theory, have been developed. These

methods are mathematically accurate and practical tools are available;'® however, they
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often do not account for complexity as it is perceived by a chemist — the synthetic
accessibility. A topology-based complexity metric does not decipher the interplay between
structure and reactivity. For example, it detects increased complexity in terms of an
increased number of atoms, but not in terms of functional group complexity — an element
that is obvious for the experienced organic chemist. Recent work by Eastgate’ describes
current complexity as a time-depended metric for synthetic accessibility, which unifies
intrinsic (defined by graph theory, architectural) and extrinsic (perceived) complexity.
Extrinsic complexity takes the advancement of new synthetic tools into account and
therefore changes with time. For example, the synthesis of strychnine took Woodward 30
steps in 1954!* whereas a broader toolbox of reactions enabled MacMillan to complete the
same target in only 12 steps in 2011.15 Arguably, the intrinsic complexity of strychnine
remained the same over the years but the extrinsic complexity (synthetic accessibility)

changed with the state of the art.

Figure 2.1: (A) Bar graphs represent the target complexity (light blue; white line if
exceeded by intermediates) and intermediate complexity (dark blue). Values denote
the percentage of target complexity. (B) Intermediates are shown in pink for
fragments, teal if at least one coupling step occurred, and blue after at least one
cyclization step.
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In this review, we aim to analyze the complexity patterns in recent convergent
syntheses and evaluate their convergency. We discuss the limitations of the current state of
art that prevent the achievement of what might be considered the ideal convergent
synthesis. We include metrics for the intrinsic and synthetic complexity of key compounds.
For this purpose, we determine the intrinsic complexity by an information theory-based
method established by Béttcher!'® which is sensitive to stereochemistry, heteroatoms and
symmetry. As estimate for the synthetic complexity we will use Coley’s SCScore!” which
uses a neural network trained on the Reaxys data base to correlate a target molecule’s
complexity with the estimated number of steps required to reach it. It needs to be said that
many other indices are available, and that complexity varies dependent on how it is defined
in each method. We found that the selected approaches best capture the complexity through
the eyes of an organic chemist and fit the purpose of this review best. In the following
discussion, intrinsic (Bottcher) and extrinsic (SCScore) complexities of intermediates are
reported relative to the corresponding target molecule. Accordingly, the bar graphs below
each substrate depict the relative complexity of intermediates (dark blue) compared to the
target (light blue or white line; see Figure 2.1A). For each synthesis, a schematic overview
summarizing the overall strategy and the number of steps connecting the key intermediates
is also provided (Figure 2.1B). We will determine both scores for each relevant
intermediate and analyze the syntheses with the following criteria:

1. How does the complexity of each fragment for the key coupling step differ
intrinsically, extrinsically, and overall? 1deal convergency would produce
fragments of equal size and complexity.

2. How does the combined complexity of fragments compare to the complexity of the
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target? ldeally the fragments complexity would exactly add up to the target’s
complexity. Under- or overshooting the targets complexity indicates inefficiencies
in the synthesis.

3. What is the ratio of complexity completed before and after the fragment coupling
step? An ideal convergent approach would feature a fragment coupling that directly
yields the target, and hence there would be no change in complexity after the

coupling.

2.2  SYNTHESIS OF VIRIDIN

(-)-Viridin (1) is a furanosteroid structurally related to wortmannin, a well-known,
potent phosphatidylinositol 3-kinase (PI3K) inhibitor.!2* While therapeutic use of
wortmannin has been limited by toxicity arising from high-affinity irreversible covalent
bonding to PI3Ks, viridin presents as a promising candidate for PI3K inhibition-based

chemotherapy.?!

Figure 2.2: Schematic route to viridin. Number in circles represent the
intermediate, numbers above the arrow indicate the step count.

7
o-—~0
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Based on the regions of wortmannin where structural modifications lead to noticeable
changes in potency,?>?3 the C and D rings of viridin are attractive areas for diversification.

In the first synthesis of 1, reported by Sorenson and coworkers in 2004,%* early-stage C/D
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ring formation was the foundation for a linear sequence used to construct the natural
product. The Guerrero group envisioned a convergent strategy guided by the goal of late-
stage installation of C/D-ring fragment derivatives would facilitate investigation of
structure-activity relationships (SAR) by increasing the ability to simultaneously prepare
differently substituted fragments.

Retrosynthetically, cleaving the pentacyclic natural product through the B ring
reveals ideal fragments 2 and 3 (Figure 2.3A). After coupling of the two achiral precursors
an enantioselective Heck cyclization could set the stereogenic quaternary center at C10,
which in turn could govern the stereoselectivity of late-stage redox adjustments required

on the A ring.

Figure 2.3: (A) Retrosynthetic analysis of (-)-viridin (1). Preparation of (B) fragment 6
and (C) fragment 10.

Me 4. Grubbs Il (2.5 mol %) Me
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In the forward direction, each achiral fragment was prepared in seven linear steps

from commercial material. Bicyclic 6 arose via ring-closing metathesis reaction of
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bisalkene 5 using Grubbs’s second-generation catalyst (Figure 2.3B). An intramolecular
Friedel-Crafts acylation of dihydrocinnamic acid 7 was used to forge the indanone
fragment (10, Figure 2.3C). The fragments were subjected to Liebeskind conditions; in the
presence of a Pd(0) catalyst and copper source, thioester 10 underwent selective oxidative
addition and coupling to furanyl stannane 6 to furnish ketone 16 in 83% yield (Figure
2.4A). Next, the key all-carbon quaternary stereocenter was established via
enantioselective Heck reaction. Intramolecular coupling of aryl triflate and trisubstituted
alkene occurred using a ‘Bu-PHOX-ligated Pd(0) complex. Ligand and base selection
proved critical to increasing conversion and minimizing alkene isomerization, producing

cyclized 12 in 75% yield and >99% ee.

Figure 2.4: (A) Convergent annulation sequence. (B) Completion of 1.

PdCl,-(MeCN), (5 mol %)
TFP (15 mol %)

Pd(OAc), (10 mol %)
(S)-Bu-Phox (30 mol %)

6 + 10
CuOP(O)Ph,, DMF PMP, PhMe, 175 °C
83% yield 75% yield, >99% ee
B [¢]
1. AcOOH, MeOH OH
2. TMSOTf, BHg-SMe, Me TEMPO
5 steps DCM, 30 °C MeO Phl(OAc),
12 — _— —_— ()1
then pyridine, AcCOH DCM
then Et;N-3HF HO™ X Y ©
o o o o
26% yield (over 2 steps) (©)-viridiol (14) 46% yield
[ 104

With the pentacycle thus constructed, the remaining complexity was introduced via

manipulation of C-ring oxidation (Figure 2.2G). From intermediate 12, subsequent steps
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served to address: (1) regioselectivity versus the D-ring ketone and (2) diastereoselectivity,
guided by the quaternary methyl group blocking one face of the flat carbon framework.
Having failed to oxidize C3 directly from alkene 12, the authors found an alternative route
through protected pentacycle 13. First, regio- and stereoselective reduction to alcohol 14
proceeded using a one-pot transient protection strategy. Then, transformation to (—)-viridiol
(15) was accomplished by epoxidation in the presence of methanol to generate an
intermediate hydroxy ketal which was diastereoselectively demethoxylated. In this case,
oxidation occurred with 1:2 dr favoring the undesired diastereomer at C3; however, either
diastereomer could be selectively oxidized to (—)-viridin (1) in 46—48% yield.

Multiple lessons can be learned from Guerrero’s synthesis: While each fragment is
of similar size and extrinsic complexity (i.e., synthesizability), indanone 10 possesses
greater intrinsic (i.e., structural) complexity (76% for 10 vs 53% for 6). As the intrinsic
complexity scales with number and diversity of atoms present, both the triflate and
thioester functionalities increase the intrinsic score. When comparing the coupling partners
with hypothetical, simplified fragments in which these functional groups are replaced by
hydrogen, it becomes obvious that the intrinsic complexity shows a sharp decrease, while
the trend for the extrinsic complexity is more ambiguous (Figure 2.5). The SCScore
correlates complexity with a step-count estimate given by a machine learning model and
aims to mimic an organic chemists perception of complexity. Therefore, the smaller impact
and the slightly lower extrinsic complexity of indanone 10 compared to stannane 6 (61%
vs 66%) can be explained by the recognition of ‘commonly synthesized’ functional groups,
lowering their complexity contribution (Figure 2.2A/B). Both groups and the stannane in

6 are required to perform the coupling and cyclization steps and the product of this
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annulation sequence (i.e., 12) is substantially less complex than the sum of the requisite
fragments (intrinsic: 129% vs 85% and extrinsic: 127% vs 84%); here, building ‘excessive’
intrinsic complexity into the fragments (in the form of reactive functional groups) was

required to enable the desired annulation tactics (Figure 2.2F).

Figure 2.5: (A) Complexity difference (A) between 6 and simplified fragments 16, 17
and 18. Negative signs denote a complexity loss compared to 6, while positive signs
indicate an complexity gain. (B) Complexity difference (A) between 10 with
simplified fragments 19 and 20.

A Me Me Me B (0]
Ny—SnMe: Ny—H Ny—H
\ ¢ \ \ Br H
o o o
Ho 16 TBS 47 H 18 HO” O HO", 0
AS(intrinsic): —16% AS(intrinsic): —11% AS(intrinsic): —27% Al%(intrinsic): ~35% A(intrinsic): —41%

AS(extrinsic): +4% AS(extrinsic): —3% A‘(extrinsic): +1% Al0(extrinsic): —11% Al9(extrinsic): —10%

It can be concluded that the extrinsic score better matches the chemical intuition (the
synthesizability both fragments is roughly the same), while the intrinsic score is a better
read out for metrics like atom economy of reactions.

Following annulation, an 8-step sequence of redox steps is required to access viridin.
(Figure 2.2G). The scores remain largely consistent over this sequence reflecting the need
for lateral tactics and unanticipated troubleshooting to install the desired functionality. It's
possible that use of a more fully functionalized A-ring in the Pd-catalyzed
coupling/cyclization reactions (reflected in a higher level of fragment complexity; e.g., 2),

could have avoided the challenges encountered in oxidizing C3 of intermediate 12.
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2.3  SYNTHESIS OF RUBRIFLORDILACTONE A

Rubriflordilactone A (20), a bisnortriterpenoid, was isolated in 2006 from the
medicinally relevant Schisandra rubriflora.® The Schisandraceae family, commonly
found in China, includes many species that exhibit pharmaceutical properties such as
antihepatitis, antitumor, and anti-HIV-1 activity.?6?” Despite this, syntheses of this class of
natural products are rare, with the total synthesis of schindilactone A by Yang in 2011

being the first report of a Schisandraceae triterpenoid.?®

Figure 2.6: Schematic route to rubriflordilactone A.
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Li and coworkers sought a convergent approach to Rubriflordilactone A 20 by first
removing the butanolide fragment from the heptacyclic framework, followed by
disconnetion through the central aryl ring, leading to the hypothetical fragments 21, 22 and
23 (Figure 2.7).%° The authors proposed using vinyl iodide 29 and vinylsilane 38 as
coupling partners in a Pd-catalyzed cross coupling reaction, followed by a 6m-
electrocyclization/aromatization to complete the central D ring (Figure 2.8 A/B). Furane 29

was expected to be coupled late-stage to install the butanolide.
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Figure 2.7:. Key disconnections of the central aryl D-ring and the idealized fragments 21,
22 and 23 for Li’s total synthesis of rubriflordilactone A. (20).

rubriflordilactone A (20) 21
541.62
4.5758

Fragment 29 was prepared from 2-iodo-2-cyclopentenone (Figure 2.4B). Corey-
Bakshi-Shibata reduction, followed by Sonogashira coupling gave alkyne 27 in high yield
and enantiomeric excess. A Johnson-Claisen rearrangement gave methyl ester 28 which
could subsequently be demethylated with LiOH. Eventually, desired E-vinyl iodide
coupling partner 29 was accessed in 52% yield and a total of 5 steps after undergoing a
stereospecific iodo-lactonization.

Vinylsilane 35 was synthesized in 15 steps from oxazolidinone 31 and inspired by a
route developed by Yang and co-workers in their synthesis of schindilactone A. The route
was rendered asymmetric via Cu-catalyzed Diels-Alder reaction which produced
enantioenriched ester 32 in 80% and 76% ee. After replacement of the oxazolidinone with
a methyl group Yang’s sequence was employed to access lactone 33. A one carbon ring
expansion to access the 7-membered ring was achieved via cyclopropanation to yield 34,
followed by Ag-mediated ring opening to give bromo alkene 35. Bromo enone 35 could be
resolved to 99% ee via recrystallization and elaborated to vinyl triflate 36 in 3 steps. An
intramolecular Dieckman condensation upon treatment with LIHMDS gave a hemiaminal,

which could deoxygenated with BF3;*OEt; and triethyl silane to yield lactone 37. Pd-
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catalyzed stannylation eventually gave the stannane coupling partner 38.

Figure 2.8: Preparation of (A) fragment 29 and (B) fragment 38.
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A mild Stille-Migita reaction using Pd(PPhsz)s and CuTC was employed to effectively
couple vinyl iodide 29 and vinylsilane 35 in 96% yield with selectivity for the E-olefin.
Triene 36 was heated to 145 °C under an atmosphere of air, resulting in a one-pot 67-
electrocyclization and aromatization to afford 37 in 73% yield. The olefin geometry was
essential for the success of the electrocyclization of the highly substituted enol ester-
containing triene. Regioselective reduction of the six-membered lactone was achieved

using sterically demanding LiAIH(O-7Bu)s to furnish a mixture of the lactol and ring-
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opened aldehyde form.

The internal strain of the 6/5/6 system and the leaving group ability of the phenoxy
group led to ring opening in attempts to directly couple the siloxy furan. Instead, the
lactol/aldehyde mixture was treated with DAST to access fluoroacetal 38 which underwent
a Mukaiyama aldol reaction to complete the synthesis. While other furans were not reactive
enough to participate, treatment of a mixture of stannane 38 and BF3-OEt, with fluoride 42
resulted in diastereoselective addition to give butenolide 20 in 66% yield and completed

the first and asymmetric synthesis of rubriflordilactone A.

Figure 2.9: Convergent fragment coupling and completion of 20.

20 Pd(PPhg), (10 mol%)

CuTC, NMP air, DMSO
+
38 NMP, 10 min 145°C
96% yield 73% yield
TIPSO—_-O~N,_-SnBu,
<
ve 42
1. LIAIH(O#-Bu),
O [0 |
20 2. DAST, DCM | 43 |
BF,-OEt,
CH,Cl,
62% yield over 66% vield Me" 5o H

2 steps

rubriflordilactone A (20)

Li’s strategy employs a fragment coupling approach of a higher degree, i.e., the
convergency in the key fragment coupling step is strategically reduced and a second
fragment coupling step (the installation of the butanolide) is required to complete the

synthesis. This approach has multiple consequences: First, as expected the convergency of



Chapter 2 — Convergent Fragment Couplings in the Construction of Complex Molecules 209

the key fragment coupling is lowered as reflected in the step count and complexity scores
for both fragments. Synthesis of stannane 38 requires 14 steps (54% intrinsic complexity)
while vinyl iodide fragment 29, lacking the butanolide motif is accessed in only 5 steps
(31% intrinsic complexity). After a coupling and annulation sequence the complexity
reaches 78%, slightly lower than the sum of its fragments. Intrinsic and extrinsic
complexity remain mostly constant over the two-step sequence which installs the fluoride
handle for the coupling. The requirement for an activated (stannyl) butanolide coupling
partner results in high complexity scores of 40% (intrinsic) and 43% (extrinsic) of the
fragment and, indicating inefficiencies due to the functional group requirements of the
coupling reaction, as discussed before.

Second, if feasible late-stage installation of a fragment can ease potential reactivity
or stability concerns by installing reactive motifs late in the synthesis and can enable SAR
studies by modifying the fragment. To remain convergent, this approach requires a suitable
disconnection which does not require extensive refunctionalization before and after the
second coupling step and coupling conditions which are tolerant of highly functionalized
fragments. The attached butanolide motif in rubriflordilactone A and the chosen
Mukayama aldol conditions accomplish both, and lead to a short endgame sequence that

has potential for the facile synthesis of other butanolide derivatives.

2.4 SYNTHESIS OF BISLACTONE LIMONOID ALKALOIDS

As methods emerge for exchanging (hetero)atoms embedded within a carbocyclic
skeleton, their potential impact on synthetic design is clear.’® Examples of single-atom

editing utilized in the context of a convergent annulation approach to natural product
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synthesis are rare but promising.3! The unified synthesis of bislactone limonoid alkaloids

by Newhouse and coworkers in 2019 is illustrative.>?

Figure 2.10: Schematic route to bislactone limonoid alkaloids.
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While limonoids of type 43 have demonstrated modest activity against protein
tyrosine phosphatase 1B — a target for treatment of diabetes and cancer, among others**
— questions of structural characterization have most recently motivated efforts toward the
chemical synthesis of these natural products. In particular, a series of related bislactone
limonoids vary only in the stereochemical arrangement of oxidation at C3, an observation
incongruent with the proposed biosynthetic pathway. The structure of (+)-granatumine A
(56, R' = OMe, R? = H) has been confirmed by X-ray crystallography; the proposed
opposite configuration at C3 of the xylogranatins remained uncertain.

With the synthesis of closely related xylogranatopyridines as guiding precedent,
the authors pursued a fragment coupling approach to 56, envisioning convergent annulation
of the central pyridine (Figure 2.11A). Initial studies®® revealed successful pyridine
formation from a CI1 ketone; however, subsequent heterobenzylic oxidation proved
challenging and necessitated pre-installation of C3 oxidation. The keyed 1,3-diketone (see
ideal fragment 45) could thus be advanced via an intermediate pyran (44), expected to serve

as a temporary protecting group to guide selective reaction at C3 before conversion to the

desired pyridine. Given the dearth of stereochemical control elements in the completed
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pentacyclic core, stereocenters on both enantioenriched fragments would be established

prior to annulation.

Figure 2.11: (A) Retrosynthetic analysis of bislactone limonoid alkaloids of type 43.
Preparation of fragments (B) 46 and (C) 45.
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The route to the eastern fragment (46) was inspired by a previous route to (+)-
azearalide (Figure 2.10B). Pd-catalyzed dehydrogenation, previously developed by the
authors,” provided enone 48 from ketone 47. Diastereoselective aldol and acylative chiral
resolution then afforded furan (+)-49 in 91:9 er, which could be advanced in three steps to
aldehyde 46. Toward western fragment 45, direct kinetic resolution of racemic a-ionone
afforded epoxide (—)-51 in 43% yield and 86:14 er in a single step (Figure 2.11C).

Hydrosilylation and ozonolysis were followed by oxidation under acidic conditions to give
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rise to 52; lactonization presumably occurs via epoxide opening and intramolecular
carbocation trapping by the pendant intermediate acid. A final three-step sequence was
used to access the complete fragment (45), requiring development of a Pd-catalyzed
epoxide opening reaction to reveal the requisite 1,3-diketone moiety.

Following preparation of 43 and 45, both fragments were joined via Knoevenagel
condensation in the presence of ethylenediammonium diacetate to generate presumed
intermediate 53. Subsequent tandem thermal oxa-6m electrocyclization afforded a single
product, 2H-pyran 54 (Figure 2.12A). In this key step, complete torquoselectivity was
observed, and experimental and computational investigation revealed a thermodynamic
preference for the desired regioisomer. Having effectively discriminated between the C1

and C3 ketones, selective Luche reduction was performed.

Figure 2.12: (A) Convergent annulation sequence and (B) completion of the synthesis of
56, 57, and 58.
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Subsequent treatment with hydroxylamine effected pyran/pyridine transmutation to
arrive at 55, presumably proceeding through a pyridine N-oxide that undergoes loss of
water. From 55, a short chlorination/methanolysis sequence afforded (+)-56 as a separable
1:1 mixture of diastereomers (Figure 2.11B). Alternatively, displacement with acetate and
deprotection gave (+)-xylogranatin G (57) and F (58), respectively, the X-ray crystal
structure of these limonoids being used to revise the originally proposed.

Newhouse’ synthesis highlights how increased fragment complexity — if compatible
with the coupling conditions — can avoid end game challenges and exemplifies the strategic
use of skeletal reorganization as an important component of synthetic design. After failing
to realize their previous late-stage benzylic oxidation strategy, it became eminent that C3
oxidation must be installed prior to the coupling. The Knoevenagel condensation/oxa-6n
electrocyclization sequence, proved not only compatible with the C3-oxidized fragment
but also proceeded with great regio- and stereoselectivity for the desired compound. The
intrinsic complexity increases slightly after cyclization (98%) compared to the sum of the
fragments (91%), indicating an efficient transfer of complexity through the coupling. In
contrast to the previously discussed syntheses, both fragments score similarly in
complexity and step count and do not require “extra” protecting or functional groups to
enable the coupling; “complexity loss” later in the synthesis upon interconversion/removal
of these groups is therefore avoided. Interestingly, the intrinsic complexity for 2H-pyran
54 and pyridine 55 are almost identical (98% vs 97%), but the extrinsic complexity slightly
increases from 92% to 99%, with the 2-H pyran being easier to synthesize. While the
difference is small, it could hint that the model recognizes that 2H-pyran 54 provides an

easier synthetic entry and potentially justifies the authors strategic decision to target the
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oxacycle first. Interestingly, although intermediate 55 is distinct from natural product 58
only in the configuration at C3, 55 is ranked as slightly easier to synthesize than its epimer
(i.e., 55 is 4% less extrinsically complex than 58). Derived from a machine learning model,
interpretation of these numbers should be done with caution, especially for small
differences; however it is interesting to speculate if the model picked up on the undesired
selectivity for the C3 ketone reduction, which requires inversion of the stereocenter to

access its epimer 58.

2.5 SYNTHESIS OF HAPERFORIN G

Haperforin G (59) is an limonoid tetranortriterpenoid natural product isolated from
Harrisonia perforata.’® Its sub-micromolar inhibition of human 11p-hydroxysteroid
dehydrogenase type 1 (11B-HSD1) makes it a desirable target against illnesses such as
Alzheimer’s disease, vascular inflammation, cardiovascular disease, and glaucoma,

however its low isolation efficiency (27 mg/kg) make biological studies impractical.>*4?

Figure 2.13: Schematic route to haperforin G.
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Yang and coworkers envisioned that a convergent approach could enable an efficient
synthetic route suitable to help supply haperforin G for biological studies.
Retrosynthetically, they dissect the novel limonoid 6/5/6 tricyclic carbon skeleton through

the six-membered C ring (Figure 2.14), yielding theoretical fragments 60 and 61. In a
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forward sense, initial joining of enone 60 with alkyl iodide 72 fragment via visible-light
photoredox-catalyzed radical coupling and subsequent, intramolecular aldol reaction

would close the C ring and yield haperforin G after elimination of the resulting alcohol.

Figure 2.14: Retrosynthetic analysis of haperforin G 59.
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The synthesis of the enone fragment proceeded via Zakarian’s enantioselective
alkylation protocol (Figure 2.15A),.*! In the presence of a chiral tetramine, which could be
recycled, the desired product 62 was formed in 77% yield and 91% ee, establishing the C3
stereogenic center. After advancing this intermediate through an 8 steps sequence, chiral
enyne 65 underwent Co-mediated Pauson-Khand reaction to give silyl enone 66 in 86%
yield and setting the bridgehead all-carbon quaternary center at C10. After deprotection
and regio- and diastereoselective epoxidation, 67 could be advanced in 4 steps to give
enone coupling partner 60 in a total of 16 steps.

In contrast, preparation of iodolactone fragment 72 was accomplished in only 4 steps
(Figure 2.15B). Enantioselective vinylation of 3-furaldehyde 68 via Nugents (+)-MIB-
mediated protocol*? gave allylic alcohol 70 in 93% yield with 99% ee. NIS-mediated
ketalization with tert-butyl vinyl ether set the stage for a Pd-catalyzed iodide atom transfer

cyclization (IATC) which gave the desired lactone 72 after Jones oxidation.
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Figure 2.15: Preparation of fragments (A) 60 and (B) 72.

A (6]

"BuLi J\/”\ Me,
tetramine A
m then HMPA, 63 OH 8 steps TMSge = OTBS 002(00
_— —_— —_—
I . THF, 78°C / Mé PhMe, 120°C MO
MS
C'/\ 77%yield 178 64 /) & 86% yield Me
63 TIPS 99% ee Ex a9 | _
El [ 62 | [ 69 |
1. TBAF, THF O
2. NaOH, H,0.
MeOH, 0°C - 4 steps Me. 2 _
66 —_— —_— Me o =
81% yield Me” N
over 2 steps Me H ) 60
| 68 |

B /O
o/ = o NIS 1. Pd(OAc)
- C)o
68 <;g1p;;?'_§},2%” \ 7 /\otBu W\G DPPF, Phie, 130°C y\c
*,
—_— “ —_— >
|44 |
| 73 |

. CH,Cly, —30°C OH CH20|2 -30°C 2, H20r04 Acetone
Me 0°C to 22°C
Me BuOt

93% yield 93% yield 60% yield
Me™ "Zn “Me 99.5% ee 70 11 dir

| |45 |
40 [ 43 | 66 |

In the fragment coupling step, the key bond formation was accomplished via
photoredox-catalyzed Giese addition of 72 into enone 60 and gave product 73
diastereoselectively in 64% yield (Figure 2.16). Annulation of the C ring was completed
by treatment with /BuOK, and aldol product 72 could be obtained as a single diasterecomer.
Advancement of the resulting alcohol to haperforin G was concluded after a short
elimination sequence employing SOCl,/py and DBU.

Yang’s haperforin G synthesis highlights how strategic derivation from ideal
convergency (i.e. non-equal sized fragments) can benefit the overall convergency of a route
(i.e. having less post-coupling modification steps). Comparing the two fragments in size
and step count reveals a drastic difference (16 steps for 60 vs. 4 steps for 72). While this

difference is also reflected in the complexity scores, it is less pronounced. The intrinsic
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complexity of the enone fragment is 60% (extrinsic: 90%), and 46% (extrinsic: 86%) for
the iodide coupling partner, respectively.
Figure 2.16: Completion of the synthesis of 59.
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While unequal fragments generally decrease the convergency, retrosynthetic analysis
of haperforin G reveals, that disconnection through the D ring is preferable over dissection
of the C ring as it avoids formation of the bridgehead all-carbon quaternary center during
the fragment coupling step. The cyclohexene in the D ring also enables “full utilization” of
the enone motif; First, it acts as Giese acceptor to couple the fragments, the remaining
carbonyl group then facilitates the aldol cyclization step after resulting in an alcohol, which
is eventually eliminated to give the desired alkene. In contrast to previously discussed
examples in which “extra” functional groups were required to facilitate couplings, this
approach leverages the instrinsic functionality of the target, and its efficiency is also
reflected in the conservation of intrinsic complexity during the fragment coupling step. The
sum of intrinsic complexity is 106%, very close to the ideal 100% to only slightly increases
after annulation (112%). As both fragments closely map on the natural product (i.e. no
adjustments required, no large protecting groups), lateral complexity changes are avoided
and a short endgame can be achieved. Despite the endgame efficiency, unequal step counts

decimate certain benefits of a convergent strategy, such as increased material throughput.
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Interestingly, the small difference in intrinsic and extrinsic complexity scores does not
correlate to the difference in step count. This is partially explained by the linear, sequential
build-up of bridged tricyle 60 from a simple five carbon precursor, while lactone 72
benefits from “buying” complexity in form of the 3-furaldehyde fragment. Overall,
intrinsic complexity gains per step are larger for the lactone fragment than the enone, which
experiences mostly lateral complexity changes (i.e. deprotection, functional group
interconversions) after the Pauson-Khand reaction. This potentially indicates inefficiencies
in the synthesis. Notably, the extrinsic complexity constantly increases in accordance with
the increasing perceived complexity or synthesizability of the bridged tetracycle.

The second half of this review is dedicated to natural products containing bridging
ring systems as they can be generally considered more complex and expected to require

more post-coupling modifications than similar sized fused compounds.

2.6 SYNTHESIS OF WELWITINDOLINONES

The welwitindolinone natural products possess a bridging ring system and have long
been the target of chemical synthesis due to their wide range of biological activities —

insecticidal, antimycotic, and anticancer,*** for example — and intriguing structural

features.® 72

Figure 2.17: Schematic route to N-methylwelwitindolinone D.
N-methylwelwitindolinone D isonitrile: Rawal N-methylwelwitindolinone D isonitrile: Garg
oo
®
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The first successful synthetic strategy to welwitindolinones 75, 76 and 77 was
independently published by the groups of Rawal’® and Garg®® in 2011 and established the
central bicyclo[4.3.1]decane core common to all but one welwitindolinone via convergent
joining of functionalized indole and cyclohexyl building blocks (Figure 2.18 A/B). In each
of these syntheses, assembly of the bicyclo[4.3.1]decane ring system establishes a common
intermediate (e.g., 80) that serves as a strategic branching point to access several members
of the natural product family.”!* Analysis of the two routes to N-methylwelwitindolinone
C and D reveals general challenges that arise in the design and implementation of

convergent annulation.

Figure 2.18: (A) Selected welwitindolinone natural products and (B) retrosynthetic
analysis.
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In the Rawal synthesis, an aldehyde (i.e., 80, R = CHO) was selected as the key
intermediate (Figure 2.18B). This substrate could be oxidized at C13 to give an alkenyl
chloride moiety and the functional group appended to C11 was expected to aid late-stage
transformation to the eponymous isonitrile of natural products 75 and 77 and/or the

isothiocyanate of related 76. Sequential a-functionalization reactions of cyclohexanone
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fragment 78 using partner indole 79 were envisioned to stitch together the bridging bicyclic
system.

To initiate the annulation sequence (Figure 2.19A), Friedel-Crafts-type alkylation
proceeded via silyl enol ether formation from fragment 78 followed by Lewis acid-
promoted reaction with electron-rich indole 79 to afford 83 in 78% yield. Completion of
the bicyclo[4.3.1]decane scaffold was achieved using a Pd-catalyzed intramolecular

enolate arylation installed a quaternary center vicinal to C11 (i.e., C12 of 84).

Figure 2.19: (A) Convergent annulation, (B) synthesis of the N-
methylwelwitindolinones by Rawal.
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A series of steps was required to reveal ketone 85, then to introduce the remaining
features. First, the alkenyl chloride was established in a five-step sequence, which required
the reduction and reoxidation of the aldehyde C13 to prevent an undesired Cope
rearrangement pathway (Figure 2.19B). Treatment of aldehyde 86 with hydroxyl amine

generates the oxime. The subsequent step treating with the sulfur reagent is then required



Chapter 2 — Convergent Fragment Couplings in the Construction of Complex Molecules 221

for the oxime-to-isothiocyanate rearrangement, furnishing (—)-N-methylwelwitinolinone C
isothiocyanate 76, and correcting the previously reported structural assignment;
desulfurization then gave (—)-N-methylwelwitinolinone C isonitrile 77. Alternatively,
divergent intermediate 85 was selectively a-brominated (Figure 2.21B). Subsequent indole
oxidation occurred with concomitant spirocyclic ether closure, and the aldehyde of product
89 was advanced to N-methylwelwitinolinone D isonitrile 75 via the developed 3-step

sequence.

Figure 2.20: (A) Convergent annulation, (B) synthesis of the N-
methylwelwitindolinones by Garg.
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Garg and coworkers implemented a conceptually related approach to
welwitindolinone synthesis that relied on transannular indolyne cyclization to access the
bicyclic framework of key intermediate 89 (Figure 2.18). Conjugate addition of

commercially available indole fragment 81 into enone partner 82, prepared in five steps
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from (S)-carvone, was catalyzed by I, then protection yielded coupled product 87.
Subsequent treatment of bromoindole 87 with a 3:1 NaNH>/BuOH complex base mixture
served to generate presumed electrophilic indolyne intermediate 88 which underwent
intramolecular enolate trapping to give cyclized 89 in 33% yield. With the
bicyclo[4.3.1]decane core completed, alkenyl chloride 90 was prepared from protected

alcohol 89 in seven steps via formation of the vinyl stannane (Figure 2.20).

Figure 2.21: (A) Rawal’s synthesis of N-methylwelwitindolinone D. (B) Garg’s
synthesis of N-methylwelwitindolinone D.
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Finally, functionalization of C11 was pursued via activation of the bridgehead C—H
bond. Intramolecular nitrene insertion proved to be a viable route; reduction and
carbamoylation preceded Ag-catalyzed formation of functionalized 93 in 60% yield over
the three steps. With the introduction of an additional ring, both the structural and the
synthetic complexity of the intermediate oxazolidinone were significantly increased; ‘hard-
to-synthesize’ 91 required deuterium incorporation to prevent competitive reaction at C10
and promote regioselective C—N bond formation. A series of refunctionalization reactions
were then used to access natural products 76 or 77 in three or four additional steps,

respectively. Alternatively, intermediate 89 could be advanced through the same C-H
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functionalization sequence (Figure 2.21). From the resulting pentacycle, spiroetherification
was possible via o-bromination. Oxidation in the presence of base and air was then
followed by spontaneous halide displacement to forge 93, and natural product 75 was
furnished after five steps of functional group manipulations.”

Application of convergent annulation to welwitindolinone synthesis highlights a
common strategic dilemma. Strategic disconnections allow to leverage the intrinsic
reactivity of each fragment (i.e. a-functionalization of the cyclohexanone, conjugate
addition of the indole) for the fragment coupling and minimize the requirement for
additional functional groups. In both syntheses there is little change of the intrinsic
complexity after annulation compared to the sum of both fragments (83% vs 85% for
Rawal and 70% vs 77% for Garg) highlighting the efficiency of the approach. The
fragments score overall low on intrinsic complexity and are commercial or rapidly
accessible from known compounds. This strategically reduces the risk as the fragment
coupling key step can be tested early in the synthesis and reconsidered if necessary.

While the common welwitindolinone core can be accessed rapidly, the relatively low
intrinsic complexities foreshadow that excessive post-coupling modifications are necessary
to complete the syntheses. The highly decorated framework, prone to side reactivity and
exhibiting increased steric congestion, complicates functionalization (i.e., via undesired
Cope rearrangement or challenging bridgehead functionalization). In both syntheses,
multistep endgames might have been avoided by introduction of the alkenyl chloride and
indole oxidation prior to bridging ring formation. However, the ability to access to N-
methylwelwitindolinone D could justify delay of such transformations, as one of them

becomes obsolete and the other enables concise intramolecular ether formation,
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respectively. Strategically minimizing the complexity of individual fragments may be
inefficient but can allow divergent access to related natural products.

We should note that the extrinsic complexities calculated for the here discussed
welwitindolinones are relatively high and seem to be consistently higher than their intrinsic
counterparts. Originating from a machine learning model this trend cannot necessarily be
rationalized intuitively; 1,3 diketone 84 scores 85% in “synthesizability”, while related
cyclohexanone 89 scores 94% and only differs by the absence of the bridgehead aldehyde.
However, this could indicate the recognition of more common motifs i.e. a 1,3 dicarbonyls,
which are found frequently in literature. As the model was trained on the Reaxys data base,
such substructures are found in higher frequency and the training data likely includes
structures from the welwitindolinone’s families (including the substituent on Cl11),

possibly leading to overestimation of the synthesizability of related compounds.

2.7 SYNTHESIS OF BATRACHOTOXIN

(-)-Batrachotoxin (95), a steroidal alkaloid first isolated from the skins of
Phyllobates poison-dart frogs in Colombia’®, is one of the most toxic materials known to
mankind (LDso = 2 pg/kg) due to its ability to alter the function of voltage-gated sodium
channels (Navy).”” As full antagonist of Nav, it leads to a hyperpolarized shift in the voltage
dependence and inhibits inactivation of the channel.”® 8 Structure-activity studies of 95
could help guide the design of small molecule modulators of Nav, however the world-wide
supply in 2009 was less than 170 mg and many syntheses were too lengthy to readily supply

(-)-Batrachotoxin and derivatives (> 45 linear steps).?!
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Figure 2.22: Schematic route to Batrachotoxin.
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In 2016, Du Bois and coworkers reported a concise total synthesis of (—)-
batrachotoxin. Their strategy applied a convergent assembly of the steroid-like core by
disconnecting the central C ring into two fragments (Figure 2.23A). This topological
simplification allowed the authors to identify alkenyl bromide 104 and
methylenecyclopentenone 100, which were envisioned to be coupled through an 1,2
addition and subsequent radical cascade. Enone 100 was synthesized in 5 steps from known
chiral building block 99, which can be obtained in high optical purity through lipase-
mediated kinetic resolution of the corresponding unprotected secondary alcohol (Figure
2.23B). Fragment 104 was accessed in 5 linear steps from (S)-(+)-Hajos-Parrish ketone
following a modified route developed by Parsons and coworkers (Figure 2.23C).%?

The fragment coupling was initiated by Li-Br exchange of vinyl bromide 104 with #-
BuLi and sequential addition of enone 100 to afford the 1,2-addition product in 65% yield
as a single diastereomer (Figure 2.24). Initial attempts using n-BuLi furnished the desired
product in low yield (<30%) due to competing a-deprotonation of 100. /n situ generation
of LiBr enabled reproducible access to the coupling product on multi-gram scale. Alkyne
desilylation and treatment of the resulting alcohol with alkynylsilyl chloride 105 furnished

silylether 106 in 46% yield over three steps. The radical cyclization was initiated with n-
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Bus;SnH and Et;B at 150 °C resulting in exclusive but unexpected formation of
allylstannane 107 in 75% yield. The reaction is believed to proceed by initial 6-endo-trig
ring closure followed by 1,4-H atom transfer of an intermediate vinyl radical, which

completed the tetracyclic steroid core of the natural product.

Figure 2.23: Du Bois’ total synthesis of (—)-batrachotoxin (95). (A) Retrosynthetic
analysis of 95. Preparation of fragments (B) 100 and (C) 104.
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From there, a three-step sequence of bridging silyl ether excision, vinylsilane
cleavage, and reductive amination gave chloroacetamide 108. Base-mediated ring closure
(NaOEt, 92% yield) installed the homo-morpholinamide ring E. Protodestannylation and
alkene cleavage were unsuccessful, but an unprecedented oxidation of the stannane with
CuCl; and O; gave an aldehyde, which could be converted in the desired ketone in 4 steps.
Protecting group interconversions, installation of the methyl ketone and global reduction
gave (—)-batrachotoxin A 110 and (—)-batrachotoxin 95 after esterification. The synthesis

of (—)-batrachotoxin was completed in 0.25 % overall yield and 24 steps from (S)-(+)-
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Hajos-Parrish ketone.

Du Bois’ synthesis reiterates two lessons: First, step counts alone can be misleading
if used to track (intrinsic) complexity. Second, bridged systems often require adjustments
to the “ideal” fragments to facilitate the coupling and therefore require more steps after the
coupling. While both fragments are accessed in the same number of steps, and their
extrinsic complexities are comparable (83% vs 86%), their size and intrinsic complexities

differ (28% vs 52%) drastically.

Figure 2.24: Completion of the synthesis of 95.
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As the chosen extrinsic complexity metric is determined by a model’s prediction of
the step count, it is not surprising that both scores (and step counts) are similar, however
the large difference in intrinsic complexity hints at a common dilemma: step counts are
highly dependent on the availability of complex starting materials. As the western fragment

maps onto (S)-(+)-Hajos-Parrish ketone, the functionalized, bridged tricyle 104 can be
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accessed in only 5 steps.

Surprisingly, the route to “simple” cyclopentanone fragment 100 is of similar length
and proceeds with similar changes in extrinsic complexity. This is in contrast with the
almost threefold difference between the intrinsic and extrinsic score of the enone fragment,
which foreshadows that the simple fragment is likely to require substantial synthetic effort.
Indeed, while the entire carbon skeleton is present in the starting martial, extensive
refunctionalization is required; however, this does not result in a gain of intrinsic
complexity (27% in the starting material to 28% in the fragment). As discussed in the
synthesis of haperforin G, equal step counts increase the synthetic utility, however
maximum convergence requires balancing demands of required steps and desired fragment
complexity. Multiple considerations could have factored in the selection of enone 96 as
coupling partner: First, it was recognized that a higher degree of convergency (i.e., late
stage coupling of pyrrole 98) enables access to batrachotoxin A as well as batrachotoxin
and prevents potential incompatibility during the installation of the homo-morpholinamide.
Second, realization of the conceptual fragment coupling shown in Fig, 7A is improbable,
and simplification of the fragments is most likely required. Strategic disconnection of
bridging rings (if present) can simplify the fragment synthesis and coupling step.
Comparison of the fused and bridged natural products discussed in this review indicates,
that bridged compounds typically require more post-coupling modification steps; in Du
Bois’ approach installation of the homo-morpholinamide ring and additional adjustments
require 14 steps to complete the carbocyclic framework. Despite an incomplete carbon
skeleton, intrinsic and extrinsic complexities remain consistently high during the endgame.

For example, removal of the extra methylene group of the stannane, a relic of the radical
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cyclization, required multiple steps but constitutes in an overall complexity loss (less
atoms). Despite these challenges, the strategy nearly cut in half the previously shortest step
count and enabled the milligram-scale preparation of (-)-95, its non-natural enantiomer
(+)-95, and multiple analogues. Facilitated by their synthesis, electrophysiological
characterization against Nay subtypes established the non-natural toxin enantiomer as a
reversible antagonist of channel function, while mutagenesis experiments suggest a shared

binding state for the enantiomers in the inner pore cavity of Nay.

2.8 SYNTHESIS OF PERSEANOL

Retrosynthetic disconnection into two complex fragments can be challenging for
natural products featuring highly caged skeletons. In these cases, one or more carbocyclic
rings or other skeletal bonds must first be disconnected to enable convergent annulation of
a central ring. Alternatively, the cyclization step can be used to establish more than one
ring to rapidly build complexity in the key sequence. A prime example of a synthesis that
addresses the challenges of a caged synthetic target while achieving convergency is the

Reisman synthesis of the isoryanodane diterpene perseanol.®?

Figure 2.25: Schematic route to Perseanol.
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(+)-Perseanol (111), isolated in 1996 from tropical shrub Persea indica,’* bears a
central 5/6/5 carbocycle that is further decorated with nine stereogenic centers, including
six free hydroxyl groups; a seven-membered bridging lactol and bridging E ring complete
the skeleton. Two approaches to isoryanodane diterpenes have been reported,®® including

a 16-step convergent synthesis of 111 from the Reisman group in 2019.

Figure 2.26: Retrosynthetic analysis of (+)-perseanol (111).
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To render the highly caged pentacyclic skeleton of perseanol amenable to a
convergent synthetic approach, Reisman and coworkers envisioned 111 arising from a
simplified precursor, anhydroperseanol (112, Figure 2.26). Inspired by a similar, successful

approach to the related natural product, (+)-ryanodol,®¢

reductive cyclization was
anticipated to form the E ring at a late stage. In turn, the B ring central to tetracycle 112
could be established via convergent annulation of hypothetical fragments 113 and 114. In
practice, the authors found a less-complex, monocyclic C-ring fragment (118) to be
suitable for coupling to similarly-complex A-ring fragment 121. A complexity-generating
cascade reaction was envisioned to generate the bridging 7-membered lactone, both B and

D rings could be simultaneously set.

To deploy this strategy, the two requisite fragments were each prepared in six steps.
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Enantiopure enal 118 was derived from (R)-(+)-pulegone (115, Figure 2.27A); following
ring contraction, stereoselective a-oxidation then epoxide rearrangement set in place the
B/C ring fusion diol prior to annulation. Subsequent benzylidene formation and a
reduction/oxidation sequence furnished fully elaborated fragment 118, which could be

accessed on gram-scale.

Figure 2.27: Preparation of fragments (A) 118 and (B) 121.
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For bifunctional precursor 121, the presence of the alkenyl halide moiety required
for the chosen coupling/cyclization reactions necessitated installation of the vicinal diol at
the A/B ring fusion after attachment of fragment 118 (Figure 2.27B). In addition, the
methyl group found in the A-ring of the natural product was strategically omitted from the
fragment to facilitate enantioenrichment of 121 via kinetic resolution. Alkylation and
iodination of vinylogous ester 119, was followed by regioselective installation of the
alkenyl bromide after reveal of the diketone moiety; differentiation of the carbonyls
proceeded via bromination of the enol tautomer distal to the isopropyl group upon

treatment with oxalyl chloride in DMF. Finally, kinetic resolution via Corey-Bakshi-



Chapter 2 — Convergent Fragment Couplings in the Construction of Complex Molecules 232

Shibata reduction — strategically placed late in the synthesis to avoid racemization — and
protection gave the desired enantioenriched C-ring fragment. To effect the fragment
coupling step, selective lithiation of vicinal dihalide 121 was followed by 1,2-addition into
aldehyde 118 to give alcohol 122 with 3.2:1 dr. Completion of the two-step annulation
sequence via a carbopalladation/carbonylation cascade simultaneously established two
rings and the all-carbon quaternary center of the tetracyclic core of perseanol (Figure

2.28A).

Figure 2.28: (A) Convergent annulation sequence and (B) completion of the
synthesis.
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Reisman and coworkers hypothesized that following oxidative addition of alkenyl
bromide 122, regioselective 6-exo-trig cyclization would furnish alkyl-Pd intermediate
123. Unable to undergo B-hydride elimination, 123 could instead engage CO in migratory
insertion. Intramolecular trapping with the pendant alcohol would then afford the C-O

bond of lactone 124. Indeed, extensive optimization revealed that Pd(PPhs)4 in the presence
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of triethylamine gave rise to annulated product 124 in 57% yield upon treatment of 122
with N-formylsaccharin and KF, which presumably serves to generate CO at a controlled
rate, minimizing catalyst deactivation by CO. The endgame of the synthesis proceeded via
refunctionalization of 124 (Figure 2.28B). Unexpected assistance of the benzylidene acetal
protecting group on C4 alcohol installation, as well as stereospecific allylic oxidation at
C2, served to increase the efficiency of late-stage functional group manipulations. Final
epoxidation introduced the remaining hydroxyl group after reductive closure of the E ring,
furnishing (+)-perseanol.

The carbopalladation-carbonylation annulation sequence employed in Reisman’s
approach highlights the power of cascade reactions for the convergent synthesis bridged
natural products. The intrinsic complexity of the fragments is conserved through the initial
coupling of the fragments via 1,2 addition. The fragments are thoughtfully designed to
enable the subsequent annulation of the two rings of the bridging ring system of perseanol:
Initial 6-exo-trig cyclization completes the central B ring, and subsequent carbonylation of
the alkyl-Palladium intermediate forges the bridging D ring. The closure of the central
lactone is highly efficient, adding a 1-C fragment and forming 2 C-C bonds while obtaining
control over the quaternary center at C5. As expected, this leads to a jump in the complexity
scores; The intrinsic complexity increases by 12%, while the extrinsic complexity does by
14%. In contrast to the previously discussed synthesis of Batrachotoxin, the formed
bridging ring does not need to be refunctionalized and is set up to for facile formation of
the E ring. While the endgame sequence must still address methylation and redox
adjustments of the A ring, it can be kept relatively concise. While the complexity score

remains mainly constant or decreases after the removal of large protecting groups (for the
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intrinsic complexity), the intrinsic complexity increases by 19% during the final
epoxidation/annulation sequence to close the E ring highlighting the strategic benefit of the
endgame. While highly caged structures bring synthetic challenges, high functional group

density can also be an opportunity for complexity-generating cascades reactions.

2.9 CONCLUDING REMARKS

In conclusion, convergent fragment couplings provide a powerful strategy for the
synthesis of a variety of complex molecules by streamlining synthetic routes. Complexity
metrics can help quantifying otherwise subjective observations; together with expert
knowledge, they can also be used to reveal hidden lessons and guide the design of new
routes. While there is no single ‘ideal’ complexity index, that can measure the
(synthetically relevant) complexity perfectly, establishing quantifiable metrics becomes
more important as synthetic organic chemistry continues to incorporate in silico methods
in their toolbox. Advances in determining synthetic accessibilities could help bridge the
gap between an experienced chemist’s assessment and the ‘naive’ approach current
retrosynthetic algorithms often fall into. In this review, we aimed to discuss relevant
syntheses of the last 10 years with the help of current complexity metrics and highlight the
power of the convergent approach. The various lessons that can be learned for the approach
of structurally divers targets are inspiration and guidance to drive the exploration of new,

powerful strategies that can continue to innovate natural product synthesis.
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Appendix 1 — Spectra Relevant to Chapter 1
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Appendix 1 — Spectra Relevant to Chapter 1

(wdd) 14
oL- oL 0z 0e or 05 09 oL 08 06 0oL oLL ozL o€l ovL 0L 09L ozl o8l 06l [ol¢
L 1 1 n 1 n 1 n 1 1 1 1 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
002-+
00L-—
’l T
00t b
002+
00€+
00v—
0057 9€G59 9215 [es0ads 82
009 1 89/2¢ 82| paunboy /g

| o€l SNBIONN 92
00471 A CIN Aouenbai4 1semo G2

1 G'8€0ve UIPIM [e1108dS 2
008 29001 Aousnbai4 Jejowolpads gz
006 sse|) gg
ooor‘ 6€:6€:€1151-01-1202 aje( UoNeOUIPON L2

| 6€:6€:€L1LS1-01-120C 02
ooLL LE9€ 1 61
ooNT‘ pAL Aouanbaig uoneiniesald g1

1 o 0000°0+ Uipim esind Lt
00€L~ 0000 Kejaq uonexejey 9l

1 02 Uler) JIaA1909
00vL N ° o st

1 21s SUBOS JO JOQUINN P}
0051 = (z 50-a-4'9H-G9 +S00¥ 089 dd0) S¥00 €2922+Z 9qoid €1

] i H at Juswiadxg gL
0091 S 0ebdbz oousnbag esind 11

J ®_>_O\/O z 62 ainyesadws) 0L
004l

1 €10a0 usnos 6
008L—

] oyny g
0061 109ds uswnisu|  Z
0002 8IS 9

4 nsiwu JumMO S
00LZH Hawy uidgolg Jaynig ubuo
002z uewwo) g
oomm‘ Py L'8ind-g- LSO-PMMI oL g

1 i i i i i i i Pl /1 /0Ind-8-LGO-YMNM /PMNI /SS8lId HINN /SuUaWnooq /SniAos Iyl /s1esn / i i sweN eleq |
00v7Z— 8 R ] 2 5 a @ 3 I Joloweled

1 a8 3 2 3 & 3 ok
005z ® ® PIy'L9Ind-8-LS0-PNM



[This chapter is temporarily embargoed.]



XX1V
ABOUT THE AUTHOR

Andrea Anna Therese Stegner grew up on the southern edge of Munich, Germany,
where weekend hikes in the Bavarian Alps and long hours at the stables fostered equal
parts curiosity and perseverance. After graduating from Max-Planck-Gymnasium, Munich,
she enrolled at Ludwig-Maximilians-Universitidt (LMU) Munich and received a B.Sc. in
chemistry and biochemistry.

Andrea remained at LMU for her M.Sc., where she joined the laboratory of
Prof. Dirk Trauner to develop an enantioselective route to a key intermediate and a
Kornblum-oxidation protocol en route to the alkaloid sinoracutine. Subsequently, she was
offered a research assistant position with Prof. Oliver Thorn-Seshold, in which she
synthesized novel photo-switchable scaffolds for optical control of microtubule dynamics.
Seeking broader perspective, she completed her master’s thesis in the laboratory of
Prof. Abigail Doyle at Princeton University, investigating photocatalytic hydroacylation of
styrenes with carboxylic acids.

Andrea returned to the US to pursue her Ph.D. in organic chemistry at the California
Institute of Technology under the guidance of Prof. Sarah Reisman. Her doctoral work
combines complexity-generating annulations and transition metal-catalyzed
cross-coupling reactions to access lupin-alkaloid and ent-kauranoid natural products.
Outside the laboratory, Andrea can usually be found in the saddle, on a mountain trail, or
sharing a campsite (and snacks) friends, her dog Lance and sometimes her cats Smokey

and Foggy.



