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This thesis highlights a multitude of projects all with the goal of synthesizing complex molecules,
either to probe their biological activity or as a proof-of-concept for novel synthetic strategies. The first
of these projects discussed is the development of novel drug analogues based on the isocyanoterpene
family of natural products. The first compound is an artemisinin-derivative with an installed isocyanide
functionality. With the core structure of artemisinin and the motif resembling isocyanoterpenes, this
drug was developed to fight malaria by employing multiple mechanisms of actions. The second part of
this project is the syntheses of a pair of diastereomers, MK-109 and MK-110, whose promising
bioactivities are still under investigation by collaborating groups. The synthetic efforts produced a viable
convergent route to afford both compounds in appreciable scale for biological assays. The syntheses of
these analogues afforded the desired compounds in appreciable scale and in an efficient manner,

allowing for deeper investigations into their bioactivities and pharmacokinetics.

The second project discussed over three chapters of this thesis is the Vanderwal lab’s efforts
toward the synthesis of the curvulamine family of natural products. These dipyrrole alkaloids were

targeted with the strategy of installing the electron-rich pyrroles late in the synthesis, which led to a

XiX



series of investigations into novel pyrrole annulation reactions. Efforts toward the bicyclic curvulamides
resulted in the total synthesis of two other natural products in the most concise manner reported.
Efforts toward synthesizing the tetracyclic curvulamines involved a radical bicyclization strategy and a
strategy invoking enolate alkenylation chemistry. Although the syntheses of the targeted natural
products were not achieved, our efforts did result in a greater understanding of the application of

modern methodologies to complex systems.

Our ongoing efforts toward the synthesis of the arcutine family of natural products our focused
on a convergent route to arcutinidine to avoid the pitfalls noted in previously reported syntheses. The
development of a route to two fragments of the natural product was achieved and optimized to be
highly scalable. Investigations of converging these fragments are currently underway and may act as a
proof-of-concept for a very concise synthesis of the arcuitines. The efforts detailed within highlight the
challenges of developing a synthesis on large scale and the problem-solving required to overcome these

challenges.

The final project of this thesis is the use of iron-tricarbonyl complexation to protected relay-
prone dienes when subjected to alkene metathesis conditions. This novel strategy allows for selective
dienophile metathesis in the presence of a diene to synthesize novel Diels-Alder cycloadducts. These
efforts led to a focus on the development of transannular Diels-Alder cycloaddition precursors using this
method, which resulted in a novel method of synthesizing diene dimers. These new discoveries in the
application of iron-diene complexes have opened a path for multiple future projects, including novel

methods and total syntheses.
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Chapter 1: Development of Isocyanoterpene Analogues for the Treatment of

Malaria

1.1 Introduction

Malaria is one of the main causes of disease and death in the world with over 200 million cases
and over 430 thousand deaths reported yearly.! The prevalence of malaria is due to its ease of
transmission as it is spread through endemic species of mosquitoes via infection by the unicellular
protozoan Plasmodium falciparum.? Treatments for malaria have been developed since the 18" century;
however, many of these treatments have decreased in efficacy due to evolving resistances in Plasmodia
parasites.! Since the discovery of artemisinin in 1972 by Tu and coworkers, artemisinin combination
therapy ( ACT) has become the most effective treatment for drug-resistant malaria and is widely
prescribed.>* Recently, isocyanoterpene ( ICT) natural products have been discovered to exhibit high
efficacy in the treatment of drug-resistant Plasmodium, prompting an investigation into analogues derived
from ICTs. Herein are described the syntheses of novel drug analogues, which contain both isonitrile
functional groups and motifs reminiscent of compounds known to treat malaria. This project aims to
elucidate the mechanistic pathway of P. falciparum growth inhibition by isocyanoterpene containing
natural products while also developing novel bioactive compounds aiming to exhibit multiple mechanisms

of action for the treatment of malaria.
1.2 Malaria
1.2.1 An Introduction to Malaria

Malaria is an infectious disease that can cause symptoms of fevers, headaches, vomiting and in
more extreme cases coma, seizures, and death.> Those who survive malaria are subject to reinfection,

although with milder symptoms, as natural immunity grants partial resistance that has been shown to



wane over months without continuous exposure. Infection is caused by transmittance of the Plasmodium
parasite via the saliva of Anopheles mosquitos into human blood.® Anopheles mosquitos carrying the
Plasmodium parasite are predominantly found in Sub-Saharan Africa. Although mosquitoes carrying
Plasmodium parasites have been eradicated in all first-world nations, members of the Anopheles family
can be found in every continent except for Antarctica, prompting the CDC to warn of the risk for

reintroduction of malaria to any region of the world.”

1.2.2 Genus Plasmodium and its Biological Effects

Plasmodium is a genus of unicellular eukaryotes capable of infecting vertebrates and insects.®
Within the family, 14 subgenera have been classified based on their morphology and potential hosts;
however, only five species of Plasmodium are capable of infecting humans: P. vivax, P. malariae, P. ovale,
P. knowlesi, and P. falciparum, the latter being responsible for about 50% of all cases of malaria and nearly

all fatal cases.®

These species of Plasmodium are merozoites, infectors of red blood cells, and cause detrimental
symptoms via destruction of erythrocytes. Plasmodial digestion of haemoglobin results in the release of
insoluble B-hematin crystals, haemozoin, which when ingested by phagocytes, induce a chain of
inflammatory responses resulting in the characteristic fever seen in most cases of malaria.® Deposition of
haemozoin in the spleen, liver, kidneys, and lungs results in enlargement and discoloration of these
organs, causing lasting health complications.'® Most species of Plasmodium infect erythrocytes in periodic
intervals allowing for treatment to be predictable and manageable. P. falciparum is capable of infecting a
large number of red blood cells without coordinated intervals resulting in rapid infection and irregular
fevers.!! P. falciparum also sequesters groups of infected erythrocytes into clusters, while also changing
the adhesion properties of cellular membranes producing masses that occlude blood circulation resulting

in organ disfunction and long-term complications.'? For these reasons, most cases of severe and fatal



malaria are a result of infection by P. falciparum, and therefore, the largest focus of research into malarial

treatment is in the treatment of P. falciparum.

1.2.3 Early Therapies for Malarial Infections

The treatment of malaria spans back many centuries, with its origins rooted in South American
folk medicine. The Quechua people, a group of indigenous people from the area that is now modern Peru,
discovered the bark of the cinchona tree was an effective treatment for shivering.!®* Spanish Jesuit
missionaries were the first to bring the cinchona tree to Europe, and its attempted use to control the
shivering caused by malaria-induced fever led to the fortuitous discovery of its ability to treat malaria.
French scientists Pierre Joseph Pelletier and Joseph Bienaimé Caventou isolated quinine (Figure 1.1) from

extracts of the cinchona tree in 1820 and its use as a prophylactic for malaria infection became common

place in the mid-19" century.’* Although it was the most effective

available treatment for malaria, quinine’s toxicity results in an abundance

of drug-induced disorders.’> Liver failure, kidney failure,
Figure 1.1: Quinine and quinidine.

neurodegeneration, and blindless are only a few noted side effects of quinine overdose. According to the
FDA, 23 deaths between 1969 to 1992 can be directly attributed to quinine treatments.’® Quinine
derivatives, namely the diastereomer quinidine (Figure 1.1), are still used in some countries today;
though, these are recommended only for severe cases of malaria and are no longer being manufactured

for use in the United States.?”

Because of quinine’s apparent toxicity, alternative treatments were developed, which were

R
HNJ\/\/,\(\/ shown to exhibit similar efficacy with decreased toxicity. The
N R = H: chloroquine first alternative to quinine treatment was chloroquine (Figure
al N/ R = OH: hydroxychloroquine
Figure 1.2: Chloroquine and hydroxychloroquine. | 1,2), a synthetic analogue developed by Hans Andersag and

his coworkers at Bayer laboratories in 1934. This medication was introduced into clinical treatment as a



malaria prophylactic in 1947.%8 Chloroquine still exhibits some toxicity, leading to the development of
analogues, such as hydroxychloroquine, amodiaquine, mefloquine and many others, all of which maintain
the quinoline ring of their predecessor quinine.’® All of these quinoline-containing compounds are
hypothesized to function via inhibition of haemozoin biocrystallization, resulting in the accumulation of

insoluble heme, leading to parasite death.?

Many other antimalarial compounds have been developed for wide-spread treatment of malaria,
largely due to the appearance of drug-resistant strains of Plasmodium that have disallowed for the
complete eradication of malaria.?! One notable family of drugs is the tetracyclines, including doxycycline,
one of the most widely distributed antimalarial pharmaceuticals in the world.?? The tetracyclines exhibit
high effectiveness in prophylaxis of malaria but are ineffective in the treatment of acute cases of malaria.?
This class of drugs has been shown to inhibit protein synthesis in erythrocytic stages of P. falciparum but
shows no effect against gametocytes of P. falciparum.** It is generally recommended to use in

combination with either artemisinin-derived artesenuate or quinine for effective treatment.

1.2.4 Artemisinin and its Derivatives

One of the most profound medical discoveries of the 20" century was the isolation of artemisinin
(1.1) and its application to the treatment of malaria (Figure 1.3). Extraction of the sweet wormwood herb,

used in traditional Chinese medicine, resulted in the discovery of artemisinin (1.1) by Tu Youyou and

coworkers in 1972.%° The sesquiterpene lactone
R = H: dihydroartemisinin

contains an endoperoxide bridge, which is not R = Me: artemether
o

R= OH
artemisinin o
1.1

theorized to be vital for the mechanism of action.?® |Figure 1.3: Artemisinin and common derivatives.

commonly found in natural products and has been
: artsenuate

Haemoglobin digestion by Plasmodium results in the formation of haem, which catalyzes homolytic

cleavage of the endoperoxide. The resultant alkoxy radicals react with vital proteins resulting in cell



death.?” Although the exact mechanism of action is undetermined, recent studies have indicated that the
radical/protein interactions are non-specific, allowing for cytotoxicity of Plasmodium at all life cycle

stages.?®

Although artemisinin is a highly effective antimalarial drug, its limitations include high cost of
production, credited to its complex structure, as well as poor pharmacokinetics and bioavailability.? To
increase availability of this treatment, synthetic efforts have been the subject of intense research efforts,
including biosynthesis of an artemisinin precursor via modified yeast cells, as well as efficient and scalable
total syntheses.?° Development of a series of analogues of artemisinin has resulted in a multitude of drugs
with improved pharmacological characteristics.3! Research into artemisinin derivatization has resulted in
a wide-array of pharmaceuticals with high efficacy and good pharmacokinetics, the most prevalent of

which are dihydroxyartemisinin, artemether, and artesunate (Figure 1.3).3

1.2.5 Combination Therapies

All of the previously discussed medications are effective in the treatment of malaria, but the use
of these drugs as monotreatments has been phased out and replaced by multidrug combination therapies
to prevent the evolution of drug-resistant strains of Plasmodium.3®* Combination therapy involves the
employment of two or more drugs with differing mechanisms of actions. This greatly increases the
probably that any strain of Falciparum, that would otherwise survive due to evolved resistance to a single
drug, is eradicated.3* Although many drug combinations are prescribed, the most common modern
treatment method is Artemisinin Combination Therapies ( ACTs), which involves one artemisinin-derived
drug combined with a non-artemisinin derived drug. This has shown high success in the treatment of drug-
resistant strains of malaria as artemisinin has a very different mechanism of action from other classes of
antimalarials.®® Artemisinin resistance is extremely rare in wild-type strains of Plasmodium, though

artemisinin-resistance is becoming more prevalent.3®



1.2.6 Isocyanoterpenes: Investigations of Bioactivities and Syntheses

Isocyanoterpenes ( ICTs) are a relatively new category of natural products that have exhibited high
antiplasmodial potency against drug-resistant strains of P. falciparum. Some ICTs exhibit up to a two-fold

increase in potency relative to that of artemisinin (Figure 1.4).3” ICTs are characterized by their isocyanide

functionalities, which are rarely observed in
natural products, and generally contain

complex carbocyclic skeletons.®® Although

these compounds show very promising anti- kalihinol A 7,20-diisocyanodociane (+)pustulosaisonitrile-1
1.6 nM 13 nM 1uM

malarial efficacy, only a few have been |Figure 1.4: Bioactive isocyanoterpenes.

tested for antiplasmodial activity, limited by the difficulty of procuring appreciable amounts for assays.*

In an effort to investigate the efficacy of these natural products as antimalarial treatments, as well as gain
knowledge of the currently unknown mechanism of action, the Vanderwal Lab has engaged in the total
syntheses of ICTs since 2014, when the group first published its efforts towards the synthesis of a highly
complex ICT, 7,20-diisocyanoadociane ( DICAY Since then, the Vanderwal Lab has published multiple
syntheses of naturally occurring ICTs, including two concise syntheses of DICA, and the development of a
number of analogues.* In collaboration with the Le Roch Lab at UC Riverside, our synthetic efforts have
revealed many ICT natural products and analogues with high cytotoxicity against chloroquine-resistant
strains of P. falciparum. Collaborations between the Vanderwal Lab and multiple research groups are
currently underway to probe the mechanism of action of ICT induced Plamsodium growth inhibition, while
also probing their efficacy for the treatment of other diseases. The Vanderwal lab continues to pursue
total syntheses of natural ICTs, while also developing novel drug analogues in search for highly potent

antimalarial compounds with drug-like qualities.



1.3 Synthesis of Artemisinin-Isonitrile

1.3.1 Project Considerations

An analysis of reported ICTs revealed
structural similarities that were prevalent in

nearly all members of the family, namely the

. . . . 3
isonitrile attached to a fully substituted sp* carbon cl artemisinin artemisinin-isonitrile
kalihinol A 11 1.2

at a sterically hindered site. An example is the [Figure 1.5: Structural similarities of artemisinin and known ICTs.

isonitrile functionality at the C10 position of kalihinol A (Figure 1.5). When considering potential
isocyanoterpene analogues that could be synthesized and examined for their bioactivity, it was recognized
that a similar structural motif was present at the C6 position of artemisinin. Functionalization of this
carbon center to produce the isonitrile containing compound (1.2) was a very attractive prospect. This
artemisinin analogue would contain functionalities that could grant multiple distinct mechanisms of
action, which was hypothesized to increase potency while dismissing the need for multidrug combination

therapies. For these reasons, the synthesis of artemisin-isonitrile (1.2) was pursued.

1.3.2 Synthetic Considerations

Methodologies targeting the functionalization of unactivated aliphatic carbons have grown in
prevalence in the last decade. In 2013 White and coworkers developed a regioselective C—H oxidation,
allowing for the formation of tertiary alcohols on unactivated tertiary carbons.*? Similarly, Tang and

coworkers developed an oxidative azidation methodology using mild conditions to afford regioselective



CO,Me
KzSzOs, NaHCO:;
MeCN, H,0

Fe(PDP)
AcOH, H202

54%
1.1 1.3
Equation 1.1: C—H oxidation of artemisinin.

azidation of many complex substrates with high functional group tolerance.*® Both the White Lab

33%
1.1 1.4

Equation 1.2: C—H azidation of artemisinin.

(Equation 1.1) and Tang Lab (Equation 1.2) have demonstrated their methodologies on artemisinin,
affording the C—H functionalized products (1.3, 1.4) at the C6 position. Alcohol 1.3 could be converted to
the isonitrile via stereoinvertive isocyanation chemistry developed by Shenvi and coworkers.** Azide 1.4
could also be converted to the isonitrile via reducion to the primary amine and further functionalization.
Both sequences have been used in previous syntheses of isocyanide containing products by the Vanderwal

lab.#

1.3.3 Previous Synthetic Efforts

Initial studies by previous graduate students in the Vanderwal Lab found that both the White and

Tang chemistry were reproducible in yields
1. TFAA, pyridine

equivalent to those reported to afford 1.3 and 2. TMSCN. ScOTf

1.4. Unfortunately, previous efforts by Dr. Alex

Equation 1.3: Efforts toward isocyanation from the tertiary alcohol.
Karns revealed that substitution of 1.3, via the isocyanation chemistry developed by the Shenvi lab,

produced a complex mixture of elimination products (Equation 1.3). A series of reduction conditions of
1.4 were also investigated but resulted in either no reaction or decomposition products, likely caused by
reductive cleavage of the endoperoxide bond. Based on these preliminary results, it became apparent

that screening mild azide reduction conditions would be necessary to produce 1.2.



1.3.4 Initial Synthetic Efforts

My efforts toward the synthesis of

e . PPh;, THF
artemisinin-isonitrile (1.2) were dedicated Rl
then H,0
toward investigations of the Staudinger N3 86%

reaction to convert azide 1.4 to the

primary amine 1.5. Literature precedent PPh;, THF

then H,0
indicated the Staudinger reaction could be

applied to azide containing artemisinin-

Equation 1.5: Unproductive application of Staudinger conditions.

analogues in moderate yields with no effect on the endoperoxide bridge (Equation 1.4).* Application of
standard Staudinger conditions yielded no reactivity (Equation 1.5). Addition of water to the initial
reaction mixture allowed for full consumption of the starting material and isolation of a new product,

which was later revealed to be the triazine (1.6) (Equation 1.6). *H NMR, 3C NMR and IR spectroscopy

indicated the
presence of a PPh,
—
THF, H,0
primary amine; 45%
though, mass

Equation 1.6: Synthesis of the undesired formyltriazene.

spectrometry did not corroborate the desired product ( initially credited to endoperoxide instability under

ionization conditions). This new product was formylated to afford formyltriazene 1.7 (Equation 1.6),

which was found to be crystalline. X-ray crystallographic
analysis of the formylated product confirmed 1.7 was the
formylated triazene (Figure 1.6). Isolation of 1.7 indicated
that Staudinger conditions successfully interacted with the

azide but the resultant intermediate was unable to

Figure 1.6: Unambiguous structural determination of

convert to the amine. formyl triazene via x-ray crystallography.




1.3.5 Completed Synthesis of Artemisinin-Isonitrile

Standard Staudinger reaction conditions were revisited but were nonproductive as the use of
more forcing conditions resulted in decomposition of the starting material. Characterization of 1.6 as the
triazene led to the hypothesis that the steric congestion surrounding the tertiary azide prohibited the
formation of the four-membered ring intermediate. This hypothesis was corroborated by the formation
of the triazene 1.6, as reduction of the azide occurred but the substrate was unable to undergo the
pericyclic rearrangement necessary nitrogen gas elimination. It was hypothesized that replacing
triphenylphosphine with another phosphine with less steric bulk could allow for completion of the

Staudinger reduction (Equation 1.7). To probe this hypothesis, azide 1.4 was subjected to

PBU3
toluene TsCl
—_— —_—
then H,0 pyridine
63% 99%
1.4 1.5 1.8 1.2
Equation 1.7: Successful synthesis of artemisinin-isonitrile.

tributylphosphine and conversion to a new product was observed before
addition of water. Primary amine 1.5 was isolated corroborating the
hypothesis that the steric bulk of triphenylphosphine disallowed reaction

conversion. Formylation of 1.5 produced formamide 1.8 in good vyields,

which was subjected to dehydration conditions afforded the desired Fi . .
igure 1.7: Unambiguous structural

determination of
artemisinin analogue.

analogue 1.2 in quantitative yields. The isonitrile analogue was found to

be highly crystalline allowing the structure to be confirmed via X-ray crystallography (Figure 1.7).

1.3.6 Biological Assays

Compound 1.2 was assayed for growth inhibition against multiple strains of drug-resistant P.

falciparum by the Le Roch Lab at the University of California, Riverside. The analogue was tested in both

10



clonal and non-clonal cell lines of P. falciparum as well as strains that |sTRAIN ART-Isonitrile ART-Control

3D7 76.2 nW 13.4 nM
- ) i ) Dd2 351 nM 36.4 nM
exhibited chloroquine resistance (Table 1.1). Unfortunately, it was |HB3 76.2 nM 6.5 nM

Table 1.1: Bioactivity data of analogue
found that the analogue was found to be less potent than the compared to artemisinin.

artemisinin control and was also less active in the chloroquine-resistant strain. This indicated that the
inclusion of the isonitrile group did not impart the growth inhibition activity against drug-resistant
Plasmodia that other ICTs tend to exhibit. Although disappointing, the result does that the sterically

hindered isocyanide motif may not be the only important structural feature of ICTs.

1.3.7 Conclusions

Artemisinin-isonitrile (1.2) was synthesized from known azide 1.4 in three steps in 58% overall
yield and four steps from commercially available artemisinin (1.1). Although the analogue proved less
efficacious than hoped, the results do impart interesting information in considering the mechanism of
action of isocyanoterpenes. The challenging reduction of the sterically congested azide in the presence of
highly labile functional groups, led to synthetic insights that can be applied to the functionalization of
other complex starting materials. It has been demonstrated that utilizing C—H azidation on secondary
metabolites with sensitive functionalities, and derivatizing to the isocyanide is a feasible strategy to afford
complex isocyanoterpene analogues. Applying this strategy to commercially available, drug-like
compounds could lead to the development of novel isocyanoterpene analogues with potential for clinical

use in the treatment of malaria.
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1.4 Synthesis of MK-109 and MK-110
1.4.1 Introduction

In an effort to synthesize novel isocyanoterpene analogues, previous Vanderwal post-doctoral
associate Dr. Milandip Karak developed a route toward a number of isocyanide containing analogues that

have been tested for their bioactivity in P. falciparum growth inhibition. These assays revealed two

diastereotopic isocyanoterpenes with high potency, which were given Ne Nfc
the names MK-109 (1.9) and MK-110 (1.10) (Figure 1.8). The promising “ : : Y
PN PN

results of the bioactivity studies created a demand for these compounds M'ﬁ';og M:(-11010
Figure 1.8: Targeted isocyanoterpene
in large quantities for further testing. The syntheses of these analogues.

compounds were lengthy and low yielding on multigram scale, producing the desired compounds only in
small quantities; therefore, efforts were made to develop a new route to synthesize 1.9 and 1.10 in

appreciable amounts.

1.4.2 Previous Syntheses

The initial syntheses of 1.9 and 1.10 were developed to produce a series of novel isonitrile
containing compounds through a divergent route. This route involved a convergence of vinyl iodide 1.12
with cryptone (1.14). The synthesis of 1.12 involves the use of multiple equivalents of AlMes, an extreme
pyrophore, to carboaluminate 3-butynol (1.11), followed by iodination and silyl protection, a lengthy

process that proved hazardous to run on large scale.
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oTBS
4 steps .
///\/OH - . tBuLi
S| LiCuCN(2-thienyl) OTBSQ o) o}
BF;OEt, 3 ste
Ps (0)
1.11 1.12 -~ [ [0]
Ho f Et,0, -78 °C ; : :
@ 4 steps PN PN PN
> J—
. . 92% 1.15 1.16
A PN
1.13 1.14
Scheme 1.1: Completed synthesis of tetralone intermediate.

(R)-cryptone (1.14) is synthesized from (R)-perillaldehyde in a four-step sequence. The total step count
of the synthesis of tetralone 1.16 is 13 steps and, due to the lengthy sequence, only a few milligrams of

each analogue were synthesized by Dr. Karak.
1.4.3 Efforts Toward a Concise Synthesis of MK-109 and MK-110

Analyzing the initial syntheses of 1.9 and 1.10, it was believed this route could be intercepted at
tetralone 1.16, as the synthesis of racemic 1.16 had been achieved in four steps from commercially

available starting materials (Equation 1.8).%¢ Alkyl addition to commercially available tetralone 1.17

[o]
; Jones
1. 'PrMgBr, Et,0 O‘ Pd/C, H, Oxidation
> —_— NN\ e »
s 2. pTsOH'H,0, benzene EtOAc
0 97%
147 64% 1.18 ’ 1.19 1.16
Equation 1.8: Literature precedented synthesis of desired tetralone.
followed by acid-catalyzed dehydration produced 1.18 o
. . o . Jones
in vyields similar to those previously reported. | AN\ oeeeeeees >
Hydrogenation of the styrene occurred in good vyields 119 116
to produce the racemic tetralin 1.19. Jones oxidation at Qxidant Solvent  Amount ~Conversion
K,CrO3, H,SO4, H)O  acetone 10 mg 35%
o ) . K2CrO3, HySO4, H,O  acetone 150 mg 8%
the secondary benzylic site, reported without specific | k,cro;, H,50, H,0  DCM 10 mg 0%
K,CrO3, H,SO4, H,0  THF 10 mg 0%
conditions, proved problematic. A screen of common | K2CrOs Hz804, H,0  EtOAc 10 mg 4%
KzCI’Og, H2804, Hzo Neat 10 mg 0%
] . o ) CrO; AcOH AcOH 10 mg 64%
Jones oxidation conditions (Table 1.2) yielded modest CrO;, AcOH, H,0 AcOH 10 mg 48%
CrO3, AcOH AcOH 50 mg >5%
amounts of 1.16 on small scale and proved to be [Table 1.2: Benzylic oxidation conditions screen.
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ineffective when over 10 mg of 1.19 were subjected to these conditions. After screening a series of
conditions at modest scale, we were unable to produce tetralone 1.16 in usable amount. Alternative
benzylic oxidation conditions were briefly investigated but produced no product. This strategy was

abandoned, and a new route was considered.

1.4.4 Synthetic Reconsiderations

Analysis of the initial route to afford MK-109 (1.9) and MK-110 (1.10) aided in the development

[o]
N WO~ | inanew synthesis. The skipped diene
p— P p— _ |
bicycle 1.15 was envisioned to be
1.15 1.20 121 synthesized via an intramolecular Diels-
Scheme 1.2: Retrosynthetic considerations.

Alder (  IMDA) cycloaddition of ynone-diend.20 (Scheme 1.2). This intermediate can be traced back to
Weinreb amide 1.21, previously synthesized by Shenvi and coworkers in three steps.* This synthesis
would produce tetralone 1.16 in six steps from commercially available isovaleraldehyde and afford 1.09

and 1.10 in eight steps.
1.4.5 Completed Syntheses

Weinreb amide 1.21 was made in three steps from commercially available materials via the

precented route.* 1.21 was alkynylated to afford ynone 1.20 (Equation 1.9). In the product mixture, a

MgBr
50 °C benzene

66% over 3 steps

1.21 1.20
Equation 1.9: Completed synthesis of the tetralone intermediate.

minor product was observed, which was confirmed by comparison to Dr. Karak’s previously acquired
spectroscopic data to be 1.15, produced by spontaneous IMDA cycloaddition. 1.20 was subjected to mild
heating to drive the remainder of the material to undergo IMDA cycloaddition, resulting in complete

conversion to the desired bicycle (1.15). Once more, a minor product was observed, which was confirmed
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to be the aromatized tetralone 1.16, likely oxidized via trace amounts of O; in the reaction mixture. The
material was oxidized to the desired tetralone (1.16), via conditions developed by Dr. Karak. Subjecting
1.16 to Leuckart reaction conditions afforded the expected mixture of formamide diastereomers (1.22,

1.23), which were separated via column chromatography (Equation 1.10). The formamides were

NHCHO

TsCl
—_—
pyridine
0
1.22

53%
H,NCO,H

subjected to dehydration

conditions to afford 1.9 and 1.10

_
HCO,H +
NHCHO

l;IC
1.9
NC
7% TsCl mg and 73 mg of MK-109 and
1.16 —_—
pyridine
1.10

in modest yields, resulting in 90

: MK-110, respectively, isolated
- 52%

1.23
Equation 1.11: Completed synthesis of MK-109 and MK-110.

for evaluation.

1.4.6 Biological Assays

MK-109 and MK-110 were subjected to assays by the Le Roch group at UC Riverside and the
Mamoun group at Yale. The Le Roch group reported modest activity in the growth inhibition of drug-
resistant P. falciparum, and the investigations of these compounds as anti-malarials were no longer

studied. Assays for undisclosed novel biological activity by the Mamoun group are currently ongoing.

1.4.7 Conclusions

The synthesis of MK-109 and MK-110 were completed in eight steps from commercially available
materials. Initial synthetic efforts unveiled scalability issues with benzylic oxidation conditions previously
reported in the literature. The utilization of an intramolecular Diels-Alder cycloaddition of dienyne system
1.20 intercepted intermediate 1.15 in five synthetic steps from commercially available starting materials,
while the previous synthesis required a total of 12 synthetic steps. Having produced an appreciable
amount of material, bioactivity studies are currently underway to evaluate the bioactivies of these novel

isocyanoterpene analogues.
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1.5 Project Conclusions

The successful syntheses of these drug analogues highlight several viable strategies to produce
other analogues modeled on the isocyanoterpenes. The lessons learned in overcoming the challenging
azide reduction to form artemisinin-isonitrile may prove useful in future efforts toward isocyanation of
drug-like molecules at sterically congested sites. This work may allow for the development of a series of
isocyanide containing analogues beginning with complex starting materials with sensitive functional
groups. The development of the new syntheses of MK-109 and MK-110 allowed for access to appreciable
amounts of these bioactive compounds, which show promise as potent candidates for treatment of

disease.

1.6 Distribution of Credit and Contributions

I would like to give credit to Dr. Alex Karns for his early investigations the formation of artemisinin-
isonitrile. These efforts led to a greater understanding of the lability of the endoperoxide bridge of
artemisinin and allowed me to focus my efforts in the correct direction. | would also like to acknowledge
Dr. Milandip Karak for his initial synthesis of MK-109 and MK-110. The development of conditions to
produce and isolate the isocyanide containing compounds from the tetralone intermediate were
fundamental in the completion of this product. Further, his characterization of the final intermediates and

products were fundamental in the completion of these syntheses.
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1.7 Experimental Information

1.7.1 Materials and Methods

All reactions were carried out in oven-dried ( 140 °C) or flame-dried glassware under
an atmosphere of dry argon unless otherwise noted. Dry dichloromethane ( CiCl,),
tetrahydrofuran ( THF), diethyl ether (@}, acetonitiriie ( MeCN), toluene ( PhMe), and
dimethoxyethane ( DME) were obtained by percolation through columns packed with neutral
alumina and columns packed with Q5 reactant, a supported copper catalyst for scavenging
oxygen, under a positive pressure of argon. Solvents used for liquid-liquid extraction and
chromatography were: Ethyl acetate, ( EtOAc, Sigma-Aldrich, ACS grade) hexanes ( Sigma-Aldrich,
ACS grade), dichloromethane ( Cil;, Fisher, ACS grade), acetone ( Sigma-Aldrich, ACS Grade),
diethyl ether ( EO, Fisher, ACS grade), and pentane ( Sigma-Aldrich, ACS grade). Reactions that
were performed open to air utilized solvent dispensed from a wash bottle or solvent bottle, and
no precautions were taken to exclude water. Column chromatography was performed using EMD
Millipore 60 A ( 0.040-0.063 mm) mesh silicagel ( SiGAnalytical thin-layer chromatography ( TLC)
was performed on Merck silica gel 60 F254 TLC plates. Visualization was accomplished with UV
( 210 nm), and potassium permanganate ( KMiOr p-anisaldehyde staining solutions.

IH NMR and 3C NMR spectra were recorded at 298 K on Bruker GN500 ( 500 MHZH; 125
MHz, 3C) and Bruker CRYO500 ( 500 MHZH; 125 MHz, 13C) spectrometers. *H and *3C spectra
were referenced to residual chloroform ( 7.26 ppmiH; 77.00 ppm, 3C) or residual methanol ( 3.31
ppm, H; 49.00, ppm *3C). Chemical shifts are reported in ppm and multiplicities are indicated by:
s ( singlet), d ( doublet), t ( triplet), g ( quartet), p ( pentet), hept ( heptet), m ( multiplet), and br s
( broad singlet). Coupling constantg, are reported in Hertz. The raw fid files were processed into
the included NMR spectra using MestReNova 11.0, ( Mestrelab Research S. L.). Infrared ( IR)
spectra were recorded on a Varian 640-IR instrument on NaCl plates and peaks are reported in
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cm™. Mass spectrometry data was obtained from the University of California, Irvine Mass
Spectrometry Facility. High-resolution mass spectra ( HRMS) were recorded on a Waters LCT
Premier spectrometer using ESI-TOF ( electrospray ionization-time of flight) or a Waters GCT

Premier Micromass GC-MS ( chemical ionization), and data are reported in the form offi/z).

1.7.2 Experimental Procedures

THF, H,0

45%

1.4 1.6

( B,5aS,6S,8aS,9R,12R,12a8)-3,6,9-Trimethyl-6-( H)-triaz-1-en-1-yl)octahydro-12H-3,12-
epoxy[1,2]dioxepino[4,3-ilisochromen-10( B)-one ( 1.6)A 10 mL round bottom flask was
charged with azide 1.4* ( 44 mg, 0.14 mmol, 1 equiv), triphenylphosphine ( 62.0 mg, 0.20 mmol,
1.5 equiv), THF ( 0.35 mL) and #0 ( 0.10 mL). The solution was heated to 60C and stirred for 16
h. After cooling to room temperature, the reaction mixture was diluted with CH,Cl, ( 5.0 mL) and
H.O ( 5.0 mL). The phases were separated, and the aqueous phase was extracted with Gkl ( 2 x
5.0 mL). The combined organic extracts were dried over MgS0O, and concentrated in vacuo. The
residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc/NEt; 85:14:1

( v/v), to afford 18 mg ( 45% yield)106 as a white solid.

'H NMR ( 500 MHz, CD€): 6 9.63 ( d,=13.7 Hz, 1H), 9.12( d|=10.8 Hz, 1H), 6.20 ( s, 1H), 3.45—
3.39( m, 1H),2.52-2.39( m, 1H), 2.08 (/ =l1,4.9 Hz, 1H), 1.97 ( dd,=12.1, 7.1 Hz, 3H), 1.81

( dd,=27.2,13.8Hz, 4H),1.56( s,3H), 1.44( s,3H),1.29-1.23( m, 4H).
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3CNMR ( 125 MHz, CDg): 6 172.5, 105.3, 95.0, 80.1, 65.4, 52.8, 45.6, 38.9, 35.8, 33.0, 29.8,

25.3,25.2,20.0,19.4,12.7.

(E)-3-( R,3as,6S,8aS,9R,12R,12a8)-3,6,9-Trimethyl-10-oxodecahydro-12H-3,12-
epoxy[1,2]dioxepino[4,3-ilisochromen-6-yl)triaz-2-ene-1-carbaldehyde ( 1.7)A 10 mL round
bottom flask was charged with solid triazene 1.6 ( 18 mg, 0.06 mmol, 1 equiv) and dry THF ( 0.5
mL). The solution was cooled to 0 °C and acetyl formyl anhydride ( 20 mg, 0.11 mmol, 2 equiv)
was added dropwise via syringe addition. The mixture was warmed to room temperature and
stirred for 6 h. The reaction was quenched with saturated aqueous ammonium chloride ( 5 mL)
and extracted with EtOAc ( 3 x5 mL). The combined organic extracts were dried over N804

and concentrated in vacuo. The residue was purified by chromatography on silica gel, eluting
with hexanes/EtOAc 95:5 ( v/v), to afford 8 mg ( 41% yield)1o? as a white solid.

H NMR ( 500 MHz, CD§): 6 9.93 ( dj=10.4 Hz, 1H), 9.13 ( d,= 10.4 Hz, 1H), 6.25 ( s, 1H), 3.47 —
3.39( m, 1H),2.49-2.40 ( m, 1H),2.12-2.03( m, 2H), 1.96 E 94, 6.4 Hz, 2H), 1.86 — 1.75

( 'm,2H),1.62( dd¢, 16.8,7.2,3.4 Hz, 2H), 1.44 ( s, 3H), 1.28( s, 3H), 1.22 (Jdd,2.9, 4.4 Hz,
4H).

BCNMR ( 126 MHz, CD§): 6 172.1, 164.4, 105.4, 94.6, 79.8, 68.5, 52.6, 45.5, 39.0, 35.7, 33.0,

25.3,24.9 20.0, 19.6, 12.6.
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PBus, toluene

then H20

63%

( B5as,6S,8aS,9R,12R,12aS)-6-Amino-3,6,9-trimethyloctahydro-12H-3,12-
epoxy[1,2]dioxepino[4,3-ilisochromen-10( 3H)-one ( 1.5)10 mL round bottom flask was
charged with solid azide 1.4 ( 84 mg, 0.26 mmol, 1 equiv), toluene ( 1.5 mL), and
tributylphosphine ( 0.12 mL, 0.39 mmol, 1.50 equiv). The reaction mixture was stirred for 4 h at
room temperature. H,O ( 0.2 mL, 1.3 mmol, 5 equiv) was added and the reaction mixture was
stirred at room temperature for 16 h. The reaction mixture was diluted with CH,Cl, ( 5 mL) and
H.O ( 1 mL), then extracted with CKl> ( 3 x5 mL). The combined organic extracts were dried
over MgSO0.. The filtrate was concentrated in vacuo and the residue was purified by
chromatography on silica gel, eluting with hexanes/EtOAc/NEt; 85:14:1 ( v/v), to afford 47 mg

( 63% yield) of.5 as a white solid.

H NMR ( 600 MHz, CD): § 7.04 (s, 1H),3.39-3.31( m, 1H), 2.49-2.40( m, 1H),2.13-2.05( m,
1H), 1.82 ( dd,=7.0, 3.4 Hz, 1H), 1.76 ( ddd,=14.4, 10.0, 4.2 Hz, 2H), 1.69 ( dd,=13.3, 3.4 Hz,
1H),1.62 ( dd,=11.9, 7.1 Hz, 2H), 1.45( s,3H), 1.25( s, 3H), 1.21( s, 3H),0.89—-0.82( m, 4H).
13C NMR ( 125 MHz, CDg): 6 172.6, 105.0, 94.6, 80.0, 51.7, 45.9, 40.9, 35.7, 33.9, 32.9, 29.7,
25.3,19.8,19.5, 12.7.

HRMS ( ES#h/z calc'd for Ci1sH2sNOs [M+H]*: 298.1654; found: 298.1649.
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TsCl

pyridine

90% over 2 steps

( B5as,6S,8a$,9R,12R,12aS)-6-Isocyano-3,6,9-trimethyloctahydro-12H-3,12-
epoxy[1,2]dioxepino[4,3-ilisochromen-10( 3H)-one ( 1.2)i0 mL round bottom flask was

charged with solid amine 1.5 ( 47 mg, 0.16 mmol, 1 equiv) and dry THF ( 2 mL). The solution was
cooled to 0 °C and acetyl formyl anhydride ( 204 mg, 1.58 mmol, 10 equiv) was added dropwise
via syringe addition. The mixture was warmed to room temperature and stirred for 1 h. The
reaction mixture was concentrated in vacuo. The residue was was dissolved in CH>Cl, ( 2.0 mL),
and pyridine (  0.40 mL, 1.41 mmol, 10 equiv) and tosyl chloride ( 450 mg, 1.58 mmol,10 equiv)
was added to the solution. The mixture was stirred at room temperature for 1 h. The reaction
mixture was diluted with CH,Cl,( 10 mL), then washed with water ( 5 mL) and brine ( 5 mL). The
organic phase was dried over Na,SO4 and concentrated in vacuo. The residue was purified by
chromatography on silica gel, eluting with hexanes/EtOAc 80:20 ( v/v), to afford 43 mg( 90%
yield over 2 steps) of 1.2 as a white solid.

'H NMR ( 500 MHz, CD§): 6 6.30 ( s, 1H), 3.36 ( d&; 7.2, 6.1 Hz, 1H), 2.46 ( ddd|=14.7,13.2,

4.2 Hz, 1H),2.24-2.16 ( m, 2H),2.12-2.03( m, 1H),2.01-1.94( m, 1H), 1.94-1.89( m, 1H),
1.83-1.77( m, 1H),1.70-1.63( m, 1H), 1.55—-1.53( m, 4H), 1.494 78 Hz, 3H), 1.25( d|=
10.8 Hz, 4H).

3C NMR ( 125 MHz, CDg): 6 171.3,159.9 ( t,J=3.8 Hz), 105.4,92.9,78.9,61.7 ( t,J=4.9 Hz),
50.9, 45.0, 39.5, 35.2, 32.7, 29.6, 25.2, 20.5, 19.7, 12.6.

HRMS ( ES#h/z calc'd for Ci1sH23sNO3 [M+Na]*: 330.1317; found 330.1306.
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~ 1. ethynylmagnesium bromide, THF

—Z

v

2. THF, 50 °C
3. DDQ, benzene

1.16
1.21 66% over 3 steps

4-Isopropyl-6-methyl-3,4-dihydronaphthalen-1( A)-one ( 1.16)A 25 mL round bottom flask was

charged with a solution of 1.21 ( 100 mg, 0.42 mmol, 1 equiv) in THF ( 6.0 mL). The solution was cooled
to 0 °Cand a 0.35 mM solution of ethynylmagnesium bromide in THF ( 6.0 mL, 2.10 mmol, 5 equiv) was
added dropwise over 5 min. The solution was warmed to room temperature and stirred for 2 h. The
reaction mixture was quenched with 1M HCI ( 5 mL) and extracted with EtOAc ( 3 x 5 mL). The combined
organic phases were dried with Na,SO4 and concentrated in vacuo. The residue was dissolved in dry

THF, warmed to 50 °C, and stirred for 4 h. The reaction mixture was cooled to room temperature. The
solvent was removed in vacuo and the reaction flask was charged with benzene ( 2.5 mL) and had DDQ

( 237 mg, 1.04 mmol, 2.5 equiv) added portionwise. The reaction mixture was stirred at room
temperature for 4 h. The solution was concentrated in vacuo and the residue was purified by
chromatography on silica gel, eluting with hexanes/EtOAc 90:10 ( v/v), to afford 55 mg ( 66% yield) of

1.16 as a clear, colorless oil. *H and *C NMR spectra were consistent with those previously reported.?

(o} NHCHO NHCHO
Hco,_H 3 + -
47% i -
1.16 1.22 1.23

N-(  R,4R)-4-Isopropyl-6-methyl-1,2,3,4-tetrahydronaphthalen-1-yl)formamide ( 1.22)nd N-

( 6,4R)-4-Isopropyl-6-methyl-1,2,3,4-tetrahydronaphthalen-1-yl)formamide ( 1.23)A 25 mL
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Schlenk tube was charged with tetralone 1.16 ( 770 mg, 3.81 mmol, 1 equiv), carbamic acid ( 4.60
mL, 114.01 mmol, 30 equiv), and formic acid ( 2.90 mL, 76.20 mmol, 20 equiv). The reaction
vessel was evacuated and filled with Ar, sealed, and was heated to 180 °C for 2 h. The reaction
mixture was cooled to room temperature and was diluted with hexanes ( 10 mL). The solution
was washed with saturated aqueous sodium bicarbonate ( 10 mL). The organic phase was dried
with Na,S0. and concentrated in vacuo. Crude NMR indicated a 5:3 ratio of diastereomers

favoring 1.22 as the major product. The residue was purified by chromatography over silica gel,
eluting with hexanes/EtOAc 70:30 ( v/v) to afford 187 mg 0£.22, 153 mg of 1.23 both a clear
colorless oils. 77 mg of a mixture of 1.22 and 1.23 was also isolated ( combined yield of 47%).

1.22

'H NMR ( 500 MHz, CD€): 6 8.16 ( s, 1H), 7.13 ( J& 7.8 Hz, 1H), 7.08 ( s, 1H), 6.97 ( J& 7.8 Hz,

1H), 5.97 ( d|=6.0 Hz, 1H),5.19-5.05( m, 1H),2.71-2.59( m, 1H), 2.40-2.33( m, 1H), 2.31( d,
J=6.2Hz,3H),2.01-191( m, 1H),1.86( ddd& 14.1,8.1,3.9 Hz, 1H),1.82-1.72( m, 1H), 1.69
—-1.59( m, 1H), 1.05( J& 6.9 Hz, 3H), 0.74 ( d,=6.9 Hz, 3H).

BCNMR ( 125 MHz, CDg): 6 160.2, 140.5, 137.4, 133.4, 129.5, 128.6, 127.1, 46.6, 42.7, 30.9,
27.7,21.4,21.2,18.5, 17.2.

HRMS ( ES+h/z calc'd for CisH1NO [M+Na]*: 254.1521; found: 254.1521.

1.23

'H NMR ( 500 MHz, CDé): 6 8.27 ( s, 1H), 7.14 ( J& 7.9 Hz, 1H), 7.05 ( s, 1H), 6.98 ( J& 7.9 Hz,
1H),5.81( d|=6.8 Hz, 1H), 5.18 ( dd,=14.2,8.7 Hz, 1H), 2.72 ( dd,=13.4, 6.0 Hz, 1H), 2.30( s,
3H),2.29-2.23( m, 1H),2.23-2.15( m, 1H),1.88—-1.80( m, 1H),1.70—1.53( m, 3H), 104 ( d,
6.8 Hz, 3H), 0.69 ( d,=6.8 Hz, 3H).

BCNMR ( 125 MHz, CDg): 160.6, 140.5, 136.7, 134.4,128.9, 126.9, 126.9, 46.7, 43.1, 31.6, 29.5,
21.3,21.2,20.5,17.1.
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HRMS ( ES+h/z calc'd for CisH1NO [M+Na]*: 254.1521; found: 254.1521.

NHCHO
H pyr|d|ne
PN
53%
1.22 1.9

( 1R,4R)-1-isocyano-4-isopropyl-6-methyl-1,2,3,4-tetrahydronaphthalene ( 1.8)10 mL round
bottom flask was charged with formamide 1.22 ( 187 mg, 0.81 mmol, 1 equiv) and pyridine ( 2.5
mL). Tosyl chloride ( 1.54 g, 8.10 mmol, 10 equiv) was added portionwise. The reaction mixture
was stirred for 12 h at room temperature. The reaction mixture was diluted with CH,Cl, ( 5 mL)
and saturated aqueous ammonium chloride ( 5 mL). The phases were separated, and the
aqueous phase was extracted with CH,Cl, ( 2 x5 mL). The combined organic extracts were dried
over Na,SO,4 and concentrated in vacuo. The residue was purified by chromatography over silica
gel, eluting with hexanes/EtOAc 85:15 ( v/v) to afford 90 mg ( 53% yield)109 as a colorless oil.

H NMR ( 500 MHz, CD&): 6 7.23 ( d,= 7.8 Hz, 1H), 7.13 ( s, 1H), 7.03 ( J& 7.7 Hz, 1H), 4.73 ( s,
1H),2.77-2.68 ( m, 1H), 2.40 ( J& 5.0 Hz, 1H), 2.34 ( s, 3H), 2.27-2.17( m, 1H),2.00—1.87 ( m,
2H), 1.85-1.76 ( m, 1H), 1.08 ( J& 6.9 Hz, 3H), 0.76 ( d},= 6.9 Hz, 3H).

3C NMR ( 125 MHz, CDg): 6 155.04 ( t,J = 4.8 Hz), 139.66, 138.44, 130.00, 129.03, 128.77,
127.14,52.54 ( t,J=5.5Hz),42.39,31.57,28.62,21.42,21.09, 17.85, 16.80.

HRMS ( Clih/z calc'd for CisHisN [M]*: 213.1517; found: 213.1526.
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NHCHO NC

TsCI
—
: pyridine :
N 52% S
1.23 1.10

( 8,4R)-1-Isocyano-4-isopropyl-6-methyl-1,2,3,4-tetrahydronaphthalene ( 1.10)A 10 mL round bottom
flask was charged with formamide 1.23 ( 153 mg, 0.66 mmol, 1 equiv) and pyridine ( 2.0 mL). Tosyl
chloride ( 1.26 g, 6.61 mmol, 10 equiv) was added portionwise and the reaction mixture was stirred for
12 h at room temperature. The reaction mixture was diluted with CH,Cl, ( 5 mL) and saturated aqueous
ammonium chloride ( 5 mL). The phases were separated, and the aqueous phase was extracted with
CH,Cl; ( 2 x5 mL). The combined organic extracts were dried with N8O, and concentrated in vacuo.
The residue was purified by chromatography over silica gel, eluting with hexanes/EtOAc 85:15 ( v/v) to

afford 73 mg (  52% yield) of.10 as a colorless oil.

H NMR ( 500 MHz, CDG): 6 7.40 ( = 7.8 Hz, 1H), 7.11-6.99 ( m, 2H), 4.72 ( s, 1H), 2.80 (J dd,
13.4, 6.1 Hz, 1H), 2.39-2.35( m, 1H), 2.34( s, 3H), 2.26 (J dd,1.9, 6.8 Hz, 1H), 1.97 ( ddd}=
23.4,13.8, 8.8 Hz, 2H), 1.63 - 1.56 ( m, 1H), 1.02 ( Je& 6.9 Hz, 3H), 0.67 ( d,=6.9 Hz, 3H).

3C NMR (125 MHz, CDG): 6 155.2 ( t,J = 4.9 Hz), 139.0, 137.8, 130.2, 128.9, 127.2, 126.9, 53.3

( t,J=6.2Hz),42.6,31.8,30.2,21.3,21.0, 20.0, 17.0.

HRMS ( Clih/z calc'd for CisHisN [M]*: 213.1517; found: 213.1514.
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Chapter 2: Introduction to the Curvulamine Family of Natural Products

2.1 Introduction
Five alkaloid natural products, named the curvulamines (Figure 2.1), were isolated and
characterized in 2014 by Tan and coworkers. Biological testing indicated that the tetracyclic members of

the curvulamine family exhibited potent and selective microbial growth inhibition. The highly complex,

.| Yo OH
—
W/
curvulan_1ine A curvulamine B curvulamine C curvulamide A curvulamide B
21 2.2 23 2.4 2.5

Figure 2.1: Members of the curvulamine family.

unprecedented tricyclic core with two fused electron-rich pyrroles has drawn the attention of synthetic
chemists. Herein is described the notable work published on the curvulamine family and structural
considerations necessary for pursuing the total synthesis of these natural products. Synthetic efforts
toward the synthesis of the core of curvulamine A by previous Vanderwal lab member Dr. Brian Atwood
as well as the successful synthesis of curvulamine A by Maimone and coworkers are discussed in detail.
2.2 Isolation
2.2.1 Antibiotic Resistance

With the longstanding practice of antibiotic prescription for treatment of infectious diseases,
pathogenic drug-resistance has become a prevalent issue, prompting the continued search for natural
products with selective antimicrobial properties.! Antibiotics that are broad spectrum and operate via
mechanisms of action different than those commonly prescribed are of great interest to the
pharmaceutical industry.? Production of novel antibiotics has become more necessary as drug-resistance
continues to evolve in disease causing bacteria.> Growth inhibition selectivity is also highly valued, as

selective antibiotics maintain homeostasis of the human gut biome and have lower levels of toxicity.*
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For these reasons, research in the discovery and synthesis of natural products with potent antimicrobial
activity and minimal off-target effects is a vast field in modern science.
2.2.2 Isolation of the Curvulamine Family

In 2014, anecdotal evidence of a species of fish, native to the Sea of China, that was noted to
feed on rotten carrion, led Tan and coworkers to investigate the white croaker (Argyrosomus
argentatus).’ It was discovered that extracts from the fungus (Curvularia sp.) found thriving in the fish’s
gut had potent antibiotic properties. Isolation and characterization of compounds found in these
extracts led to the discovery of five novel natural products, deemed the curvulamine family (Figure 2.1),
named for the fungus from which it was isolated. Three tetracyclic alkaloid natural products were
identified by mass spectrometry and their structure was determined via rigorous NMR experiments and
diffraction experiments, denoted as curvulamines A (2.1), B (2.2), and C (2.3). Two indolazidine alkaloids
were also discovered and assigned the structures of 2.4 and 2.5, deemed curvulamides A and B,
respectively. Due to the structural similarities, the bicyclic curvulamides were hypothesized to be
biosynthetic precursors to the tetracyclic members of the curvulamine family.
2.3 Biological Considerations

2.3.1 Bioactivity of the Curvulamines

In the initial publication disclosing the discovery of Curvulamine A Tinidazole
Veillonella parvula 0.37 uM 0.49 uM
. . Actinomyces Israelii >10 uM >10 pM
the curvulamine family, Tan and coworkers reported | streptococcus sp. 0.37 uM 1.01 M
Bacteroides vulgatas 0.37 uM 2.02 pM
_ . . . Peptostreptococcus sp. .37 uM .
potent antimicrobial bioactivity of the large members of 0.37n 2.02 uM
Table 2.1: Curvulamine antimicrobial activity.

the family.> Curvulamine A was tested against a panel of infectious species of bacteria (Table 2.1) and
was shown to exhibit high levels of potency in growth inhibition. Curvulamine A was found to be more
efficacious and was also exhibited a higher level of selectivity than commercially prescribed antibiotic
tinidazole.® Curvulamine A proved inert toward the growth of Actinomyces israelii, indicating anti-

microbial selectivity. Curvulamine A also displayed no antifungal properties, while tinidazole has been
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shown to exhibit high levels of non-specific efficacy against fungi.®® No reports have been published on
the mechanism of action for the antibiotic activity of the curvulamines.
Relative to the curvulamines, the curvulamides exhibit decreased antibiotic activity; however,

the curvulamides have been found to exhibit moderate potency as acetylcholine esterase inhibitors

( ACEls) Table 2.2).” Although the activity is modest when compared to Compound  ICgg (uM)

Curvulamine A 68.37
commercially prescribed ACEI tacrine, its efficacy is promising enough to have |Curvulamine B 64.33
Curvulamine C 76.91
Curvulamide A 6.91
led Tan and coworkers to patent the use of the curvulamides as ACEls. Within | Curvulamide B 4.33
Tacrine 0.17

the patent, Tan and coworkers cite their intention to investigate the use of the [Table 2-2:§garulamide
activity.

curvulamides in the prevention of developing symptoms caused by Alzheimer’s disease.® No mechanism
of action for the curvulamides’ biological activity has been published.
2.3.2 Biosynthetic Studies

Feeding studies indicated the involvement of the polyketide synthase pathway in biosynthesis of
the curvulamine family, leading the authors to propose a biosynthetic pathway to the curvulamines

(Scheme 2.1).° They propose a cyclization of dihydropyrrole 2.6 to form indolizinone 2.7, which could be

o
o —
Y/\H | 26 1 o —_—
— —_—
N NTN | A —= curvulamine
(o} —
o =~ NN
2.6 2.7 2.8
Scheme 2.1: Initial proposal of the biosynthesis of the curvulamines.

envisioned as a precursor of the curvulamides. Condensation of a second molecule of 2.6 would allow
for cyclization to form the seven-membered ring (2.9), which was proposed to be elaborated through
further oxidation and dehydration events to afford 2.1. Although this proposal did account for the
involvement of the polyketide synthesis pathway and the formal dimerization of curvulamide precursor

2.7, there was no evidence for the proposed transformations.
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Tan and coworkers investigated the biosynthetic pathway more deeply, focusing on a gene

CuaC /-\ H,0 H A 2.11
ua - .
NH NH 2

cluster  that they

HO y y — — = 21
. . o Y 0 HO Y% o NN
discovered was vital —

2.10 2.11 2.12

for the biosynthesis. . . .
Scheme 2.2: Revised biosynthetic proposal.

This led Tan and coworkers to propose a different biosynthesis, which still involved the polyketide
synthase pathway, but invoked the reduction of vinylogous amide 2.10 with CuaC to precursor 2.11,
which undergoes intramolecular cyclization to afford 2.12 (Scheme 2.2).° This pathway was
corroborated by noted accumulation of congener 2.10 in modified Curvularia that had the gene for CuaC
production deleted. Indolizinol 2.12 can be formally hydrated to afford curvulamides A and B (2.4, 2.5).
It is proposed that 2.12 and 2.11 are combined and further elaborated to afford the large members of
the family, though no pathway forward is proposed as investigations of the late stages of curvulamine
biosynthesis are still underway.
2.3.3 Efforts Toward High Scale Isolation of the Curvulamines

The potential for the use of the curvulamines as a selective antibiotic led multiple labs to pursue
scalable methods of generating the natural products via growth of Cuvularia sp.'° These studies afforded
the natural products in modest yields, the most successful of which resulted in isolating 210 milligrams
of a mixture of the curvulamines from a five liter fermentation.’® The production of compound was
noted to decrease drastically with respect to the scale of the bioreactor, proving a major limitation in
large scale isolation efforts.’® Unexpectedly, large scale isolation resulted in the isolation of a previously

undiscovered member of the curvulamine family, 2.14, named curindolizine (Scheme 2.3).1!

21 213 curindolizine

Scheme 2.3: Curandolazine and its proposed biosynthesis. 2.14
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It was proposed that the synthesis of 2.13, occurred via incorporation of a third indolizine subunit via
Michael-type addition of the nucleophilic pyrrole of curvulamine A to a cyclic Michael acceptor.®
Curindolizine (2.14) has not been found to exhibit the antibiotic efficacy of the other family

members. Curindolazine does exhibit anti-inflammatory properties, with efficacy moderately equivalent

IC50 (uM)  survival rate (%)

curindolazine 5.31+0.21 97.60 + 3.42
dexamethasone 2.17 + 0.15 96.33 + 2.11

to commercially prescribed dexamethasone.!? This anti-

inflammatory activity is not exhibited by any of the
Table 2.3: Curindolizine anti-inflammatory data.

previously reported members of the curvulamine family (Table 2.3). A more in-depth study on the
mechanism of action for this antiiinflammatory pathway hypothesizes curindolizine reduces the
production of nitric oxide, a known inflammatory agent. ** It is also proposed that curindolizine inhibits
expression of genes associated with the inflammatory response, though further investigations into the
mechanism of action are needed. Recent work by Maimone and coworkers developed a synthetic route
to afford curindolizine from curvulamine A.*

2.3.4 Genome Modifications Resulting in Novel Products

Investigations of the gene cluster vital to

the synthesis of the curvulamines revealed

multiple dormant proteins capable of modifying curvulamine A (2.1) bipolamine G (2.15)
Veillonella parvula 0.37 0.32
the secondary metabolites.® Overexpression of a | Actinomyces Israelii >10 >10
Y P Streptococcus sp. 0.37 0.32
Bacteroides vulgatas 0.37 0.32
Peptostreptococcus sp.  0.37 0.32

putative transcription factor responsible for the

Table 2.4: Bipolamine G antimicrobial potency.

promotion of these dormant genes resulted in the biosynthesis of nine new members of the family. The
structural variations of these newly discovered compounds included alterations of the curvulamides as
well as changes in the skeletal structure of the curvulamines. These compounds were tested for
biological activity, and it was discovered that one of these newly discovered alkaloids, bipolamine G

(2.15) exhibited greater antimicrobial efficacy than curvulamine A (Table 2.4).
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2.4 Structural Considerations and Synthetic Efforts
2.4.1 Structural Analysis

A three-dimensional representation of the

Curvulamine A: X,Y =C=C
Curvulamine B: X = OMe, Y = OH
Curvulamine C: X=H, Y =0H

curvulamines (Figure 2.2) highlights many of the

synthetic challenges posed by these natural products.

Figure 2.2: The curvulamines.

The curvulamines differ only by the oxygenation pattern of seven-membered ring system. All three
compounds exhibit a [7-6-5] tricylic core, bridged by a five-membered tetrahydrofuran ring. This is the
first example reported of this skeletal arrangement in any isolated natural product.® Fused to the core
are two electron-rich pyrroles.’® The piperidine ring also contains an array of chemical complexity. The
caged structure and pyrrole ring force the six-membered ring into a boat-like conformation. The
piperidine has substitution at each carbon center and contains four contiguous stereocenters, three of
which have their substituents on the same face leading to large steric constraints. The a-substituted
pyrrole induces allylic strain onto the methyl group, forcing these stereocenters into pseudo-axial
conformation. Curvulamine A (2.1) contains a total of five stereogenic centers, one of which is a
secondary alcohol distal to the core structure, while curvulamines B and C (2.2 and 2.3) contain seven
and six stereocenters, respectively, which arise from oxidation events at the seven-membered ring

alkene.

Curvulamides A and B (2.4, 2.5) are comprised of a highly substituted

piperidine core and an electron-rich pyrrole (Figure 2.3).” These alkaloids

differ only at the stereochemistry of the alcohol at the C3 carbon. The . .
curvulamine A curvulamine B

24 2.5
curvulamides mirror the piperidine core of the curvulamines but lack the |[Figure 2.3: The curvulamides.

high complexity of the tricyclic core. The piperidine ring contains three contiguous stereocenters
subjected to steric constraint via allylic strain induced by the pyrrole a-substitution.® This conformation

forces all three stereocenters of 2.5 into pseudoaxial positions due to their alternating stereochemical
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relationship and two of the stereocenters of 2.4 into this pseudoaxial arrangement. The major
difference noted between the curvulamides and the curvulamines is the lack of substitution at C4 on 2.4
and 2.5, presumed to be the point of connection of the dimeric compounds.
2.4.2 Synthetic Considerations

When evaluating a synthetic approach toward the curvulamine family, curvulamine A (2.1) was

believed to be biologically and synthetically converted to the other tetracyclic members (2.2, 2.3)

OH Q
HO HO_AA
------ N >
----- »
W N \ N
H R
24,25 2.16 217 2.1 R=H,22
. R = OMe, 2.3
Scheme 2.4: Synthetic analysis of the curvulamines and curvulamides.

(Scheme 2.4). With potential reactivity issues posed by electron-rich pyrroles, the core lacking pyrroles
(2.17) was targeted, with the strategy of installing the pyrroles at a late stage. The high complexity
piperidine ring system was believed to be the major challenge of the core synthesis, leading us to target
piperidine congener 2.16. Dr. Brian Atwood targeted multiple piperidine systems that mapped on to
2.16, as it was believed that the preinstalled stereochemistry could be used to leverage diastereocontrol
when appending the seven-membered ring. It was also believed to be easily derivatized to the
curvulamides (2.4, 2.5).

One of the most apparent challenges posed by the synthesis was the electron-rich pyrroles in all
members of the family. Electron-rich pyrroles are challenging functionalities to have present over
multiple synthetic steps due to their highly nucleophilic nature, sensitivity to acidic and oxidative
conditions, and propensity to dimerize.'” Pyrrole-containing natural products are a distinct synthetic
challenge; although many total syntheses of pyrrole-containing natural products have been completed,
most of these syntheses result in electron-poor pyrroles or pyrroles conjugated with aromatic systems,
both of which exhibit attenuated reactivity.!® The nucleophilic nature of pyrroles causes them to

undergo undesired side reactivity in the presence of oxidants and electrophiles. Pyrroles have also been
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found to eject neighboring leaving groups via gramine-type fragmentation, to form the reactive aza-’

fulvenium cation.'® Pyrroles have also been observed to polymerize in oxidative conditions.?°
Generally, these issues are avoided in total synthesis by using electron-poor pyrroles; however, all
members of the curvulamine family contain electron-rich pyrroles. In our retrosynthetic analysis, any
route employing electron-poor pyrroles, to be converted at the end of the synthesis, was non-obvious.?
The large members of the curvulamine family contain two electron-rich pyrrole rings, complicating any
synthetic strategies involving carrying the pyrroles through multiple synthetic steps.

2.4.3 Previous Synthetic Efforts by the Vanderwal Lab

With the synthetic challenges in mind, it was

decided that an effective synthesis to the tricyclic core of

curvulamine A (2.18, Scheme 2.5) would provide a scaffold

21 2.18

to perform a late-stage pyrrole installation. This strategy

Scheme 2.5: Retrosynthetic elaboration to the core.

would access the natural product while avoiding the promiscuous reactivity of pyrroles throughout the
synthesis. Initial efforts toward the synthesis of the curvulamine family of natural products in the
Vanderwal lab began in 2015 by Dr. Brian Atwood.?? Although many routes were devised and pursued,
herein we will focus on two routes, as the results were pertinent to our later synthetic efforts.

The formation of the three cis stereocenters on the piperidine ring was thought to be one of the
key challenges in the formation of the core. This was initially approached via formation of piperidinone
2.20 from commercially available 2.19, which was further elaborated to vinylogous amide 2.21

(Equation 2.1). It was hoped that 2.22 could be obtained by hydrogenation; however, all hydrogenation

(o] (o] NH, O NH, O
1. IBX HO. 1. TBSCI TBSO hydrogenation B
N 2. Me,Culi WS 2. Mander's reagent RO
Boc 3.[0] Boc 3. NH,0Ac Boc goc
2.19 26% over 3 steps  2.20 51% over 3 steps 2.21 2.22
Equation 2.1: Efforts by Dr. Brian Atwood toward the piperidine core.

conditions were unsuccessful and hydride reduction conditions afforded only the undesired
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diastereomer, directed by steric congestion caused by the pseudoaxial methyl group.? These efforts
unveiled the challenge of forming the three cis stereocenters on the piperidine ring, especially
highlighting the high steric congestion of the pseudoaxial methyl group. This work also provided a
synthetic route to intermediate 2.20, which will be discussed in chapter 4 (Section 4.3.2).

The most successful synthetic attempt pursued by Dr. Atwood utilized piperidinol (2.23),
synthesized in four steps from commercially available alaninol (Equation 2.2).* The remainder of the

contiguous cis stereocenters were established via [2,3]-Buchi rearrangement and iodolactonization to

Ho 0 1 0 N: o
HO 4 steps X DMF-DMA ~ I,, PIDA o= Et;SO,N;, BzO,  §
\L —_— —_— NMe, = 3 —_—
\\\\\ decalin, 190°C" . PhH
NH,  79% Noc Y DCM . Ny
48% Boc Boc 30% Boc
0,
2.23 2.24 87% 2.25 2.26
Equation 2.2: Synthesis of the piperidine core with desired stereochemistry.

obtain 2.25, which underwent radical azidation to afford 2.26.%° It is worth noting that polar azidation
substitution reactions resulted in the undesired stereochemistry, indicating the reaction did not proceed
through a standard Sn2 mechanism, the details of which are discussed in depth in Dr. Brian Atwood’s
thesis.?? This was the first route that was able to successfully establish the four stereocenters on the
piperidine ring in the correct configuration.

Elaboration of the azide and diaddition of vinyl Grignard to the bridging lactone afforded triene

2.27, which only required ring-
N: o z
. . . o0 4 steps

closing metathesis to obtain the —_—

R 0,

N 76% \
seven-membered ring (2.28) oc Boc

. 2.26 2.27 2.28

(Equatlon 2'3)' Unfortunatew' all Equation 2.3: Attempted elaboration toward the core.

efforts toward alkene metathesis were unsuccessful and the 7,6-bicycle was not afforded.
This synthesis further highlighted the stereochemical challenges the highly congested piperidine
ring posed and underscores the utility of intramolecular transfer of stereochemical information to

establish the challenging triad of cis stereocenters. The route also made it apparent that formation of

38



the seven-membered ring would be a synthetic challenge, which had been previously considered an
afterthought behind the synthesis of the congested piperidine ring.
2.4.4 Maimone and Coworkers’ Total Synthesis

When the Vanderwal lab began this project in 2015, there had been no syntheses of any
members of the curvulamine family published in the literature. In 2020, Maimone and coworkers
published a total synthesis of curvulamine A (2.1).2° The fragment-oriented synthesis conjoined pyrrolo-
azapinone 2.29 with electron-rich pyrrole fragment 2.30 via Michael addition and trapping of the

resultant enolate with electrophilic iodine to afford 2.31 in four steps longest linear sequence from

o
=
oTMS = NaHMDS, LiCl
— N / + NG N/ —_—
X then NIS
64%
2.29 2.30 2.31
Equation 2.4: Maimone's construction of the curvulamine core structure.

commercially available materials (Equation 2.4). Notably, this synthesis affords 2.31 as a mixture of
enantiomers, which are resolved later in the synthesis. Capitalizing on the nucleophilicity of the
electron-rich pyrrole, irradiation of 2.31 promoted cyclization to afford tetracycle 2.32. Addition of

lithiated ethyl vinyl ether and deprotection of the cyanohydrin formed the central caged ring structure

(2.33) (Equation 2.5).

Li

OEt
THF

Stereocenter epimerization

55%
2.32 2.33 2.34
Equation 2.5: Maimone's furan ring closure and elaboration to a penultimate intermediate.| remove the unwanted

and a two-step procedure to

alcohol was conducted to afford 2.34. The final step of the synthesis invoked an enantioselective

reduction to resolve the
BH,DMS
racemates, affording curvulamine ——
CBS catalyst
. . DCM
(2.1) and epimer 2.35 (Equation
2.34 90%
2.6). Maimone’s synthesis of |Equation 2.6: Completed synthesis of curvulamine and its epimer.
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curvulamine (2.1) was concise, affording 2.1 in only 10 steps longest linear sequence.

Maimone and coworkers’ successful synthesis of curvulamine was an impressive feat in natural
product synthesis, especially when considering that an electron-rich pyrrole was present in every step of
the sequence. Maimone credited some poor yielding reactions and the need for intense optimization to
undesired pyrrole reactivity. It was for these reasons that, from the outset, the Vanderwal lab had
avoided the inclusion of pyrroles in our synthetic considerations.

2.5 Conclusions

The curvulamine family of natural products displays wide array of bioactivities, all of which
require further investigation into their mechanisms of actions. Efforts to produce large quantities of
material, via synthetic biology, have proven challenging on appreciable scale. The synthetic challenge of
these alkaloids is enticing to synthetic chemists, as the highly complex and unprecedented caged
structures, as well as the electron-rich pyrroles present opportunity to investigate novel
transformations. The structural complexity of these natural products has led to the development of a
large breadth of work developed by both the Vanderwal lab and Maimone lab. These natural products
have also inspired synthetic efforts that will be discussed in the next two chapters of this thesis,
including the pursuit of a synthesis to the core of curvulamine, the synthesis of the curvulamides, and

attempts to develop novel pyrrole annulation chemistry.
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Chapter 3: Efforts Toward the Synthesis of the Curvulamides and Investigations

of Novel Pyrrole Annulation Chemistry

3.1 Introduction

The alkaloids curvulamide A (3.1) and curvulamide B (3.2) are the

smallest members of the curvulamine family of natural products (Figure

3.1). These indolizine alkaloids boast high complexity relative to their low
curvulamide A curvulamide B
3.1 3.2

molecular weight containing three contiguous stereocenters and an | _ -
Figure 3.1: The curvulamides.

electron-rich pyrrole moiety, making their syntheses a challenge of its own. The curvulamides also
display moderate acetylcholine esterase inhibition ( ACEIl) activity, drawing interest for their potential
pharmaceutical use. With our aim to develop syntheses of all members of the curvulamine family via
late-stage pyrrole installation, the piperidine cores of the curvulamides were targeted to test the
viability of this strategy. Herein, we report our efforts to synthesize the cores of curvulamides A and B
and their use as model systems to gain confidence in our strategy for the syntheses of the curvulamines.
Further, our efforts to develop novel methods of pyrrole annulation via C—H activation chemistry are
discussed.
3.2 Syntheses of the Curvulamide Piperidine Cores
3.2.1 Justification for the Synthesis of the Curvulamides

Our strategies to synthesize all members of the curvulamine family have been based on the
synthesis of the nor-pyrrole core structures followed by late-stage installation of the pyrrole
heterocycles. Pyrrole installation onto non-activated secondary alkylamines is a relatively unexplored
method. Recognizing the risk of relying on chemistry with very limited reported precedent and no
published applications in the synthesis of natural products, it was imperative to test the application of
pyrrole annulation methodologies on targets with structural similarities to the curvulamine cores. This

inspired the Vanderwal lab to pursue the synthesis of piperidines 3.3 and 3.4, the piperidine cores of
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curvulamide A (3.1) and curvulamide B (3.2) (Scheme 3.1). Further, the curvulamides reported biological
activity, having shown modest activity as Acetylcholine Esterase Inhibitors ( ACEls), made acquiring these
natural products in appreciable amounts for further biotesting a valuable pursuit.?

3.2.2 Initial Synthetic Efforts from a Previously Synthesized Intermediate

The cores of the curvulamides are previously reported
OH

natural products ( +)-imino-deoxydigitoxose 3(3) and ( -)-6

deoxyfagomine (3.4) (Scheme 3.1).%3 Both natural products have
been synthesized, though analyses of the reported work led us to

conclude that replicating these syntheses would not allow us to

obtain enough material needed to test and optimize annulation 3.2 3.4
Scheme 3.1: Retrosynthetic considerations.

conditions, as these syntheses were both long and afforded only milligrams of material. For this reason,
we pursued a divergent synthesis we believed to be more concise and scalable, while allowing for
diastereoselective syntheses of both piperidine cores.

During his investigations of the synthesis of curvulamine, Dr. Brian Atwood developed a robust
synthesis to afford 3.5 on multigram scale.** Initial efforts targeted curvulamide A, and diol 3.6 was

targeted via hydroboration/oxidation of 3.5 (Equation 3.1). All conditions generated the undesired 1,3-

OH
diol, which is corroborated by BR; then H,0, HO
—X——> 3.6
literature precedent.® Epoxide 3.7 | T B
|®
was synthesized according to N, *H OH
mCPBA HO o base HO
_ 35 > —X—> |
literature procedure.” All efforts to DCM RN
N Eoc Boc
67% 3.8
open the epoxide with a 3.7
Equation 3.1: Efforts toward elaborating previously synthesized piperidenol.

nucleophilic hydride reagent were unproductive or led to decomposition upon use of more forcing
conditions. Efforts to open the epoxide via elimination conditions to afford enamine 3.8 resulted in no

conversion of the starting material, likely due to poor orbital overlap.
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lodolactonization of carbonates
3.9 and 3.10 was also pursued (Equation
3.2), as the iodide of the resultant

carbonate (3.11) could be removed via

0o 0,
HOL L RO O\ " }-o
cl” “OR \ﬂ/ o N|
WSy 0 W\ —X>
Boc  R=Et, 81% Boc Ny
35 R = 'Bu, 64% 3.9:R= Ett Boc
3.10: R="Bu 3.11
Equation 3.2: lodolactionization efforts.

reduction; however, any attempts to generate cyclic carbonate 3.11 were unsuccessful. After

elaboration of piperidenol 3.5 proved nonproductive, our synthetic strategy was reconsidered.

3.2.3 Reconsideration of Approach
Retrosynthetic analysis
could potentially

tetrahydropyridine

piperidine-diols via

nucleophilic opening with diastereocontrol

neighboring methyl group

tetrahydropyridine, tertiary amine 3.14, had been synthesized as a

indicated that a methylated

syn-dihydroxylation or

(Scheme 3.2).

OH
HO
afford both desired | . 0sO,4
| b
epoxidation and @ R
imparted by the E OH

An equivalent

>
then H,0* I

Scheme 3.2: Tetrahydropyridine strategy.

single enantiomer by Marazano and coworkers.® Utilizing Zincke chemistry, pyridinium salt 3.12 was

NH,
=

L. 0
N+

n-butanol cr
)\Ph

3.13

cl
</ \:N+QN02
O,N

829
3.12 %

converted to chiral amine

1. MeMgBr
THF, toluene

@

Equation 3.3: Marazano's route to desired tetrahydropyridine.

W

2. NaBH,, MeOH 3.13.° This pyridinium salt

66% . .
was subjected to methylation

and reduction of the resultant dihydropyridine to afford the enantiopure tetrahydropyridine 3.15 in

three steps (Equation 3.3).1°

Molecular modelling indicated that the syn-pentane interaction between the piperidine-bound

methyl and the chiral auxiliary may force the methyl into a pseudoaxial configuration, blocking the a-

Ph
HiC~ SN, =/_>
b 7 = HcTW
CH,
cl
Hj " Ph
Figure 3.2: Tetrahydropyridine structural analysis.

face, (Figure 3.2). Furthermore, the ring-flipped

conformation places the chiral auxiliary in a pseudoaxial

position, once more blocking the a-face. Both configurations
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indicated reactivity would likely occur on the B-face as desired, leading to high diastereoselectivity.

3.2.4 Successful Synthesis of The Core of Curvulamide A

Tetrahydropyridine 3.14
yaropy _ K,0s0, - 2H,0, NMO OH OH

O citric acid HO H,, PdIC HO

was made on multigram scale [«">y - . —_—
A tBUOH, H,0 N MeOH Sy

. Ph H

via the route reported by Ph >95%
3.14 81%, >20:1 d.r. 3.15 3.3

Equation 3.4: Successful synthesis of (+)-iminodeoxydigitoxose.
Marazano and coworkers. After 3 y *) yeo

screening a series of dihydroxylation conditions, diol 3.15 was obtained via modified Upjohn oxidation
conditions in good vyields and high diastereoselectivity, corroborating the hypothesis for
diastereocontrol developed from modeling studies (Equation 3.4). It was noted that the addition of citric
acid as a cocatalyst was necessary to afford 3.15 in appreciable yields, as the osmate ester was likely
formed and required decomplexation.!* 3.15 was subjected to hydrogenolysis conditions to afford
amino-diol 3.3 in quantitative yields. This reaction sequence yielded hundreds of milligrams of ( +)-
iminodeoxydigitoxose (3.3) as a single enantiomer in six steps longest-linear sequence. 3.3 was
converted to the hydrochloride salt for comparison to published spectroscopic data; all data is in
agreement to that previously reported.?
3.2.5 Efforts Toward the Core of Curvulamide B

Epoxidation of the enantiomer of 3.14 (3.16) had been investigated by Marazano and coworkers
and it was determined that, to avoid oxidation to the N-oxide, the amine must first be protonated to
form the ammonium salt (Scheme 3.3).12 Since the protonation event is reversible, addition of acid

results in the formation of the thermodynamically preferred chair structure and subsequent epoxidation

.0 afforded
H™ N «0
@ 1. 1¢A pem | e Ph p Y “o I)>——CF3 N
. y 3bn,l + wmw  He====- -0 . g
N H/LN . N N O epoxidized
2. CF.CO.H | (Y24 \o H3C/,' N\/l P N “
PY PTIs H-----0_ _J, Ph=T 4 P
Ph” “CH, \o—/"k H

CF3 Ph™ CH, substrate  3.17,
3.16 Major Minor 4:1d.r.

Scheme 3.3: Investigations into diastereoselective epoxidation by Marazano and coworkers. with moderate
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diastereocontrol driven by intermolecular hydrogen-bonding interactions. Unfortunately, the desired

target for our synthesis was the minor diastereomer, and no report had been made on its synthesis.
Based on the results published by Marazano, it was believed that the facial selectivity of the

irreversible N-oxide formation would afford oxidation on the face opposite of the methyl substrate. The

N-oxide was proposed to act as a directing group to the epoxidation reagent and allow for oxidation of

Ar

,/Om/ o )
0 - reduction
\ —— Lo el - .

the alkene on

=z
i 2 equiv. mCPBA /H\o o
w N | / W + \ .
/j\ CH,CI, Me,, N'—i~\ )N\‘o- )N\ the desired
Ph™ Me 79% Pl PR “Me PR “Me
. Me
3.14 >20:1 d.r. 3.18 3.19 face (Scheme

Scheme 3.4: Diastereocontrolled epoxidation via N-oxide directing.
3.4). Subjecting 3.14 to a single equivalent of oxidant resulted in complete conversion to the N-oxide

product, indicating that oxidation of the nitrogen was kinetically favored over epoxidation of the alkene.
The use of multiple equivalents of oxidant led to the formation of epoxide 3.18 as a single diastereomer,
characterized via Nuclear Overhauser Effect ( NOE) NMR experiments. Reduction oN-oxide 3.18 would
afford the desired epoxide (3.19) with complete diastereoselectivity, though, to our knowledge,
conditions to reduce of N-oxides to tertiary amines in the presence of epoxides were not reported in the
literature. 3.18 was subjected to a series of reduction conditions but all efforts were unsuccessful.
Conditions to afford the more thermodynamical stable diol via hydration were also investigated but
resulted in decomposition in all attempts. Without a viable method to reduce the N-oxide, this route to
curvulamide B was abandoned.

3.2.6 Revised Synthesis to Afford the Piperidine Cores in a Divergent Manner

In an effort to access curvulamide B, we were compelled to

0 OH
. . . HO reduction HO A

reconsider our strategy. Dr. Brian Atwood had previously developed | YT ] ----------- > \(j
o N " N

. . - . . X Boc Boc
a synthesis of piperidinone 3.20 in his efforts toward curvulamine 320 321

(discussed in 2.4.3). It was at this time a new route toward

Scheme 3.5: Proposed synthesis of the

core of curvulamide B.

curvulamine was being investigated utilizing intermediate 3.20. It was proposed that the pseudo-axial
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methyl could direct ketone reduction to afford syn-diol 3.21 (Scheme 3.5). It was also proposed that

diastereoselective reduction via a-hydroxy directing effects could aid in the diastereoselectivity.'?
Piperidine 3.20 was afforded as a racemic mixture through an optimized route discussed in

4.3.2. Subjecting 3.20 to sodium borohydride in methanol afforded anti—diol 3.21 in moderate yields as

a single diastereomer (Equation 3.5). Deprotection of the carbamate protecting group afforded (_ +)-6-

. ~o o] OH OH
deoxyfagomine 3 steps HO NaBH, HO A HCl HO_A~
O " - ) —”
. . 24% - MeOH R EtOH "
(3.4) in five steps, Nig ° Boc Boc N
49%, >20:1 d.r. >95%

3.20 3.21 3.4

corroborated by Equation 3.5: Successful route to the piperidine core of curvulamide B.

data reported in the literature.

With the intention of this route being a divergent synthesis to access both curvulamides,
methods to obtain the syn-diastereomer were investigated. It was thought that utilizing a large alcohol
protecting group would drive reduction to the a-face, not only via steric congestion of the b-face, but

also by eliminating potential directing effects the a-hydroxyl group may have provided during reduction.

[o] [o] OH .
Hofﬁ TBSCI Tssofﬁ NaBH, TBSO\(ﬁ 3.20 was silylated to afford
» >
imidazole, DCM .
N W MeOH wUON silyl ether 3.22 and was
oc 68% Boc Boc
(J 0, .
3.20 3.22 68%, 4:1dwr. 3.23 , _
subjected to reduction
Equation 3.6: Divergent synthesis of the protected core of curvulamide A.

conditions to afford 3.23 in a 4:1 diastereomeric ratio favoring the syn-diol (Equation 3.6). Although the
diastereoselectivity of this reaction is modest, further investigations into protecting group strategies and
reducing agents could afford the protected forms of both imino-deoxydigitoxose and 6-deoxyfagomine
diastereoselectively.
3.3 Efforts Toward the Curvulamides via Pyrrole Annulation
3.3.1 Heterocycle Synthesis via C—H Bond Insertion Reactions

As we developed our strategy to install the pyrrole moieties late in the synthesis, precedent

indicated that the most effective way to do so would be via C—H activation and annulation. Annulation
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utilizing C—H activation of alkyl heteroatoms is a relatively undeveloped methodology in synthetic
chemistry with great potential for building complex heterocycles. Even more rare is the conversion of

secondary amines into pyrroles via C—H bond insertion. These reactions generally proceed via carbene

proton

formation in strategic positions to )R

transfer

allow for intramolecular C-H

insertion at activated aliphatic

X =0, NR", S etc.
Y = carbene precursor

R' = Ar, heteratom, etc.

Scheme 3.6: General pathway for C—H activated heterocycle formation.

positions (Scheme 3.6).1* Reported examples commonly rely on neighboring functional groups, usually
aromatic moieties or heteroatoms, to stabilize the high energy intermediates. This limits the scope of
these reactions, especially for natural product synthesis, as many high-value targets contain no aromatic
functionality, and the removal of undesired stabilizing groups can be synthetically challenging and
require multiple synthetic steps.
3.3.2 Previously Reported Heterocycle Annulation Methods

Examples of C—H bond insertion to form heterocycles are limited in scope. Although many
methods utilizing carbenes to form heteroarenes are reported, these generally operate via addition to p-

systems, which is not applicable to our synthesis.' Investigation of the literature informed us of a series

S'Bu
Cloy R' R'
R R. ) C-H Bond R
) BuS S'Bu __Insertion __ N . - HS'Bu NN

R. > S'Bu

N N = =,

H BuS S'Bu BuS tBuS

SBu S'Bu S'Bu

Scheme 3.7: Proposed mechanism for Yoshida's pyrrole annulation methodology.

of methods, developed by Yoshida and coworkers, to synthesize nitrogen-containing heterocycles, via
the reaction of tris-thiol cyclopropenium salts with amines. These cationic salts were reported to afford

thiolated pyridines, benzodiazepenes, and benzimidazoles, the products of which were entirely

substrate dependent.t®

Most applicable to our synthesis was the reported synthesis of dithiolated
pyrroles, afforded by subjecting secondary amines to tris-thiol cyclopropenium salts in the presence of

base.'” Yoshida’s proposed mechanism (Scheme 3.7) proceeded via nucleophilic attack of the amine to
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the cyclopropenium cation, which underwent ring-opening to afford the allylic carbene. This
intermediate would then undergo C-H carbene insertion to afford the dihydropyrrole; enamine-
promoted elimination of a thiol afforded the pyrrole. This methodology results in the annulation of
pyrroles beginning from secondary amines, which mapped very closely to our proposed pyrrole
installation strategy for the curvulamines. Yoshida also demonstrated a method to afford dethiolated
pyrroles via hydrogenolysis utilizing Raney nickel.!” This method had only been applied to afford
thiolated 1,2-dialkylated pyrroles, which posed the synthetic challenge of installing the required methyl
group; however, the availability of pyrrole annulation chemistry to possibly install pyrroles late in our
synthesis was promising.

Another example of heterocycle annulation with possible applications to our system was
reported in 1997 by Shirori and coworkers, in which they reported the synthesis of dihydropyrroles
utilizing 1,4-amino ketones.®® 1,4-ketoamines were converted to the alkenyl carbenoid via reaction with
lithium trimethylsilyldiazomethane, and subsequent bond insertion into the secondary amine afforded

dihydropyrroles, which were converted to the pyrroles under mild oxidation conditions (Equation 3.7)

Ry Ry Interestingly, this
R, MnOz R,
R—N — RN ..
= DCM \);( reactivity was also

L e s applied to tertiary
" " k! % .
R Ry TMSC(Li)N, R R, migration Rz amines to afford
SN N —————>» R—N
||24 R \= = R
0" R Rs Ry ° dihydropyrroles,

8-10%
Equation 3.7: Dihydropyrrole formation via N-H bond insertion from secondary and tertiary amines. albeit in very poor

yields. The mechanism proposed by the authors implies the formation of the quarternary ammonium
intermediate followed by subsequent alkyl migration. Although the reactivity that matched our
envisioned synthesis of curvulamine was low vyielding, this precedent indicated feasible pyrrole

formation from N—R carbene insertion. It also is one of many examples indicating that pyrroles can be
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afforded from less promiscuous dihydropyrroles via mild oxidation, allowing for leniency in the
development of an annulation methodology.
Another example of note in heterocycle formation via C—H carbene insertion was published in

2009 by Dong and coworkers. This strategy utilized acylsilanes as carbene precursors to facilitate the

OTMS OTMS
Ph

(o]
DMSO . -HOTMS m
T™MS —_— Ph
A~ W ~ o 0
O Ph O Ph

80%

Equation 3.8: Synthesis of benzofurans via C-H bond insertion.

synthesis of benzofurans (Equation 3.8).1° It was proposed that induction of a Brook rearrangement to
form the benzylic carbene facilitates insertion to the neighboring benzylic position. Elimination of the
silanol afforded the aromatized products in good yields. Changing the solvent from DMSO to 1,2-
dichlorobenzene resulted in C-H bond insertion without elimination of silanol, giving the
dihydrobenzofuran products in equivalent yields. Although this method was only applied to the
formation of benzofurans, with the aid of stabilizing aromatic groups, investigations into the use of
acylsilanes as carbene precursors for pyrrole annulations was of great interest to our group.
3.3.3 Attempted Applications of Pyrrole Annulation Chemistry to Afford Curvulamide A

Having obtained piperidine 3.3 in appreciable amounts, investigations of pyrrole annulations
were undergone. Tris-thiol cyclopropenium was synthesized according to literature precedent and

aminodiol 3.3 was subjected to Yoshida’s annulation conditions to afford the dithiol-pyrrole 3.24 in

. . S'Bu
yields equivalent to those reported on less complex oH cloy y OH

0
. . HO Bus S'Bu
systems (Equation 3.9). The successful pyrrole annulation NaH, DMF

WSy
H

. . . 54% BuS t
reaffirmed our confidence in the strategy of a late-stage 23 ’ 224 SBu
. . . ) Equation 3.9: Successful pyrrole annulation onto the
installation of pyrroles in our synthesis of the core of curvulamide A.

curvulamines. Further, this reaction indicated a previously unreported functional group tolerance of

Yoshida’s chemistry, proceeding in the presence of the unprotected diol.
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It was recognized that if this

methodology was to be employed in our

synthesis, dethiolation and pyrrole methylation

3.24 3.25 3.26

was necessary for the SyntheSIS of all members Equation 3.10: Attempted reduction of curvulamide A precursor.

of the curvulamine family. Yoshida and coworkers had published a viable dethiolation method using
Raney nickel in ethanol at reflux, which are quite harsh conditions. In an effort to produce 3.25, 3.24
was subjected to the reported dethiolation conditions, but no reactivity was observed (Equation 3.10). A
series of reduction conditions were screened and generally gave no reactivity. Utilizing more forcing
reduction conditions resulted in complete reduction to the pyrrolidine 3.26. After extensive screening,
no reactions conditions were uncovered that gave dethiolated product 3.25. The challenging
dethiolation and the lack of strategy to install the methyl substitution on the pyrrole in a regioselective
manner that might be tolerated by late-stage intermediates led to abandonment of this route. These
efforts were considered a success as it proved the feasibility of utilizing pyrrole annulation chemistry in a
late-stage intermediate in the synthesis of these natural products.

3.3.4 Strategy for the Development of a Novel Pyrrole Annulation Methodology

R' R
Rﬁ — R\N)\H * /®\'/
= ©

3.27 3.28
3.27 and 3.28 were considered for the synthesis of [scheme 3.8: Retrosynthetic analysis of proposed annulation.

When considering previously reported

heterocycle annulation chemistry, the synthons

the 2-methylpyrrole necessary for the core of the curvulamine family of natural products (Scheme 3.8).
Synthon 3.27 was considered equivalent to a secondary amine with an available a-proton, which
mapped directly onto the core structure the Vanderwal lab had been targeting. Synthon 3.28 was
envisioned as a substrate with an electrophile and a carbene precursor in a 1,3-relationship. This would

allow for addition of the amine into the electrophilic site, and C-H insertion after carbene generation.
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Derivatization of synthon 3.28 with considerations of previously reported annulation chemistry led to
the investigations of many different methods for pyrrole annulation.

3.3.5 Aza-Michael Addition Strategies

Synthon 3.28 was initially equated to hydrazone 3.29 (Scheme 3.9), which could generate the pyrrole via

1,4-aza-Michael addition followed by decomposition of the tosyl hydrazone to the diazo-species, a well-

i | ()
NQ '

R = o HNNHTSs S N O -
_ : \¢O _—— X ~ N\N/Ts + N N" s

=z ! H,S0,, EtOH H )\)

i X
3.28 3.29 ! 31% 3.29 3.30
Scheme 3.9: Synthon derivitization. i Equation 3.11: Efforts toward pyrrole annulation via tosyl hydrazone.

precedented carbene precursor.? Hydrazone 3.29 was synthesized from 2-butynal and was subjected to
a series of conditions to induce B-addition to synthesize 3.30.2* Unfortunately, all efforts toward 1,4-
addition to the hydrazone substrate were unsuccessful.

After reconsideration, the C—H bond insertion chemistry developed by Dong and coworkers

(section 3.3.2) was used as inspiration for pyrrole annulation methodology (Scheme 3.10). Aza-Michael

R
addition to propargylic R, R Brook R
N N ) Rearrangement R. )
N 0o H RJ N
"""""" Ol T A
. ‘ N .
acylsilane would afford $iR, )\/U\smz OSiRs
the  desired carbene 1 CH
. insertion
\J
. R
precursor, which would R., HOSIR, Ry,
D N OSiR;
. . . ) )
be irradiated to induce a
Scheme 3.10: Proposed aza-Michael/Brook pyrrole annulation methodology.

Brook rearrangement of the acylsilane and form the carbene, which would perform C-H insertion to
afford the heterocycle. Elimination of silanol, as performed in the seminal work, would then afford the

desired pyrrole.
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Acylsilane 3.31 was synthesized according
to literature procedure, and aza-Michael addition
of piperidine occurred to afford 3.32 (Equation

3.12).22 NOE NMR experiments indicated that the

\fo H o N
DBU, CHCI, )j\

Equation 3.12: Aza-Michael addition into propargylic acylsilane.

TBS

0, -
67%, >20:1 d.r. e

3.31 3.32

aza-Michael product 3.32 was isolated in the undesired E-conformation. It was presumed that the push-

pull system would allow this bond to equilibrate to the desired conformation during irradiation.

A series of irradiation conditions

were screened to  promote the

rearrangement and bond insertion to afford

Table 3.1: Conditions tested to promote bond insertion.

0~ “1BS
3.32 3.33 3.34 3.35
Solvent Irradiation Temperature Result
toluene oil bath 110 °C No reaction
DMF oil bath 153 °C Decomposition
DMSO oil bath 189 °C Decomposition
toluene  microwave 150 °C Decomposition
DMF microwave 180 °C Decomposition
DMSO microwave 200 °C Decomposition
benzene visible light 25°C Aldehyde observed
CHCI;  visible light 25°C Aldehyde observed

either pyrrole 3.33 or dihydropyrrole 3.34
(Table 3.1). Heating via standard methods
and microwave irradiation of 3.32 resulted
in no reaction at modest temperatures and
complete at

decomposition high

temperatures. Irradiation with visible light

afforded a new product, which was characterized as aldehyde 3.35. No pyrrole or dihydropyrrole was

observed. The resultant aldehyde product was circumstantial evidence of the inability of 3.32 to rotate

to the desired Z-configuration necessary for C—H bond insertion.

Notably, the aldehyde was reported as the major byproduct of the similar chemistry developed

by the Dong lab (Equation 3.13), which seemingly resulted from successful Brook rearrangement but

unsuccessful C-H bond insertion, further

corroborating the hypothesis that the

undesired alkene configuration prevents

0
©5‘\TMS
0" " Ph

Equation 3.13: Dong and coworkers reactivity with notable byproduct.

o]
DMSO
e N Ph + H
W (o]
n 80% o ph
20%

productive reactivity from occurring.
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To ensure the steric bulk of the tert-butyldimethylsilane was not inhibiting bond rotation, the
trimethylacylsilane and triphenylacylsilane aza—Michael adducts were synthesized but were also found
to decompose to the aldehyde products when exposed to light. To account for the configurational
restriction, 3.36 was synthesized according to literature procedure, with the knowledge that the

resultant dihydropyrrole (3.38) could be readily oxidized to the 3.33 (Equation 3.14). Unfortunately, all

efforts to conjoin the O

fragments via aza-Michael 0 N O [0]
/\)Lms —H—> )N\/ICJ)\ S A 1 YR > SN
addition proved ™S

3.36 3.37 3.38 3.33
unsuccessful, and this Equation 3.14: Efforts toward the dihypyrrole adduct via acylsilane chemistry.

strategy was abandoned.

3.3.6 a-Carbamyl Radical Strategy

As our strategies utilizing carbene bond insertion

H-atom R R
R R abstraction )\N
proved fruitless, we turned our attention to alternative )\NJ TemTemrmeeeeees » Boc
Boc Giese
Addition o
methods of activating aliphatic amines. A literature :
;Deprotection

review led us to consider modern methods of C-H R R
R R'
)\ Oxidation )\N
activation to afford a-carbamyl radicals via photocatalysis. N_\ oo —

It was proposed that the Giese addition products Scheme 3.11: Proposed a-carbamyl radical pyrrole

annulation sequence.

generated from a-carbamyl radicals would readily cyclize

upon deprotection to afford dihydropyrroles (Scheme 3.11). Oxidation utilizing mild conditions would
then afford the desired pyrrole. This a-carbamyl radical strategy was promising, as it would allow pyrrole
installation to be performed on the carbamate protected core that had been targeted throughout our
syntheses. Furthermore, generating a-carbamyl radicals via photocatalysis was particularly compelling,
as these methods were mild and functional group tolerant, which would be necessary for reactivity in

the late stages of a total synthesis.
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Investigation of the literature led us to the chemistry developed by Nicewicz and coworkers, as
it was particularly suited to our needs. The conditions were mild and displayed the viability of our

proposed method when the reaction was used in the synthesis of pyrrolidine 3.40 from Giese product

Ij n-Bu acridinium dye /(j 1. TFA
/ -
+ /\n/ o “ n-Bu
N I'/Y

goc o] DCM, hv Boc i 2. K,CO3, H,, Pd/IC

/

0,
3.39 51% over 3 steps

Equation 3.15: a-carbamyl alkylation and elaboration to the pyrrolidine.

3.40

3.39 with regioselective preference for the less substituted carbon (Equation 3.15).2 Our pyrrole
installation mirrored their synthesis closely, though rather than the reported reduction, the oxidation of
the intermediate dihydropyrrole would be performed to afford the desired pyrroles.

Boc-protected piperidine was utilized as a model system and published reaction conditions

afforded the desired Giese addition product 3.41 (Equation 3.16). Acid-mediated carbamate

0]

A

O acridinium dye (j\/Y TFA, DCM base/[O]>
- - N N e
N DCM, hv Boc 92% TFA

Boc o)

48% 3.41 3.42 3.43

Equation 3.16: Efforts toward pyrrole installation via a-carbamyl alkylation.

deprotection afford iminium salt 3.42 in good vyields. All efforts to convert 3.43 to the freebased
substrate resulted in ring opening to the ketoamine. Efforts to perform direct oxidation to the pyrrole
were also pursued but proved fruitless. Finally, in situ freebasing and oxidation was investigated and
once more led to decomposition products, so this strategy was abandoned.
3.4 Conclusions

Our efforts to investigate the synthesis of the curvulamides led to the successful total synthesis
of enantiopure ( +)-imino-deoxydigitoxose, in the most concise route reported to date. A secondary
route developed to target both natural products resulted in a divergent synthesis that afforded the
natural products (_+)-6-deoxyfagomine in five steps and_( +)-imino-deoxydigitoxose in six steps from

commercially available materials. These substrates were utilized as a model system and successfully
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acted as a proof of concept for the late-stage pyrrole installation intended to be applied in the final
steps of the synthesis of curvulamine A, while also revealing synthetic challenges that indicated
previously reported pyrrole annulation methodologies would not be viable for our strategy. This led to
the investigation of novel pyrrole annulation methodologies that have yet to be successful in affording
the desired annulation products.
3.5 Distribution of Credit and Contributions

| would like to thank Dr. Brian Atwood for his contribution in the synthesis of many of the
intermediates utilized in these strategies, as well as his guidance in the development of these routes. |
would also like to thank Bilal Saudi for his aid in the development of pyrrole annulation methodologies.

3.6 Experimental Information

3.6.1 Materials and Methods

All reactions were carried out in oven-dried ( 140 °C) or flame-dried glassware under
an atmosphere of dry argon unless otherwise noted. Dry dichloromethane ( CiCl,),
tetrahydrofuran ( THF), diethyl ether (@}, acetonitiriie ( MeCN), toluene ( PhMe), and
dimethoxyethane ( DME) were obtained by percolation through columns packed with neutral
alumina and columns packed with Q5 reactant, a supported copper catalyst for scavenging
oxygen, under a positive pressure of argon. Solvents used for liquid-liquid extraction and
chromatography were: Ethyl acetate, ( EtOAc, Sigma-Aldrich, ACS grade) hexanes ( Sigma-Aldrich,
ACS grade), dichloromethane ( Cil;, Fisher, ACS grade), acetone ( Sigma-Aldrich, ACS Grade),
diethyl ether ( EO, Fisher, ACS grade), and pentane ( Sigma-Aldrich, ACS grade). Reactions that
were performed open to air utilized solvent dispensed from a wash bottle or solvent bottle, and
no precautions were taken to exclude water. Column chromatography was performed using

EMD Millipore 60 A ( 0.040-0.063 mm) mesh silica gel ( $iO Analytical thin-layer
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chromatography ( TLC) was performed on Merck silica gel 60 F254 TLC plates. Visualization was
accomplished with UV ( 210 nm), and potassium permanganate ( KMa)Qor p-anisaldehyde
staining solutions.

'H NMR and *C NMR spectra were recorded at 298 K on Bruker GN500 ( 500 MHz,
1H; 125 MHz, 3C) and Bruker CRYO500 ( 500 MHZH; 125 MHz, 3C) spectrometers. *H and *3C
spectra were referenced to residual chloroform ( 7.26 ppm,'H; 77.00 ppm, 3C) or
residual methanol ( 3.31 ppm!H; 49.00, ppm 3C). Chemical shifts are reported in ppm and
multiplicities are indicated by: s ( singlet), d ( doublet), t ( triplet), g ( quartet), p ( pentet), hept
( heptet), m ( multiplet), and br s ( broad singlet). Coupling constdnsse reported in Hertz. The
raw fid files were processed into the included NMR spectra using MestReNova 11.0, ( Mestrelab
Research S. L.). Infrared ( IR) spectra were recorded on a Varian 640-IR instrument on NaCl
plates and peaks are reported in cm™. Mass spectrometry data was obtained from the
University of California, Irvine Mass Spectrometry Facility. High-resolution mass spectra ( HRMS)
were recorded on a Waters LCT Premier spectrometer using ESI-TOF ( electrospray ionization-
time of flight) or a Waters GCT Premier Micromass GC-MS ( chemical ionization), and data are

reported in the form of (m/z).

3.6.2 Experimental Procedures

j\ Os_ _OEt
HO Y
\(j ca” S0 0

w N

e
Boc pyridine, DCM -

5
81% o¢
3.5 3.9

tert-Butyl( R,3S)-3-( ( ethoxycarbonyl)oxy)-2-methyl-3,6-dihydropyridine-#)-crboxylate
( 3.9)A 10 mL round bottom flask was charged with alcohol 3.5 ( 50 mg, 0.23 mmol, 1 equiv),

CH,Cl; ( 0.5 mL), and pyridine ( 5 0.70 mmol, 3 equiv). The reaction mixture was cooled to 0
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°C. Ethyl chloroformate ( 67iL, 0.70 mmol, 3 equiv) was added dropwise. The reaction mixture

was allowed to warm to room temperature and was stirred for 16 h. The reaction mixture was

qguenched with saturated agueous ammonium chloride ( 5 mL) and extracted with EtOAc ( 3 x5

mL). The combined organic extracts were dried over MgS0O,4 and concentrated in vacuo. The

residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 80:20 ( v/v), to

afford 54 mg ( 81% yield) 03.9 as a colorless oil.

'H NMR ( 500 MHz, CD€): 6 6.04 ( s, 1H),5.85( s,1H),4.79( s, 1H),4.55( s, 1H),4.41( s,1H),4.17( q,J=
7.3Hz, 2H),3.52( s, 1H),1.44( s,9H),1.28( t,J=7.3Hz, 3H),1.10( d,J=8.0Hz 3H).

BCNMR ( 125 MHz, CD6): 6 154.9, 131.8, 119.6, 79.9, 72.7, 70.4, 64.0, 28.4, 15.2, 14.3.

HRMS ( ES+h/z calc'd for C14H23NOs [M+Na]*: 308.1474; found: 308.1489.

(o) O'Bu
H
O\Ej Boc,0, DMAP T

‘ » fj
W N
N NEt;, DCM

64%
3.5 3.10

tert-Butyl( R,3S)-3-( ( tert-butoxycarbonyl)oxy)-2-methyl-3,6-dihydropyridine-#)- 2
carboxylate ( 3.10)A 10 mL round bottom flask was charged with alcohol 3.5 ( 500 mg, 0.23
mmol, 1 equiv), CHCl, ( 5 mL), dimethylaminopyridine ( 3 mg, 0.023 mmol, 0.1 equiv),
triethylamine ( 0.163 mL, 1.170 mmol, 5 equiv). The reaction mixture was cooled to @C then di-
tert-butyl carbonate ( 436 mg, 2.344 mmol, 10 equiv) was added portionwise. The reaction
mixture was warmed to room temperature and stirred for 4 h. The reaction mixture was
quenched with saturated aqueous ammonium chloride ( 5 mL) and extracted with EtOAc ( 3 x 5

mL). The combined organic extracts were dried over MgSO, and concentrated in vacuo. The
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residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 80:20 ( v/v), to

afford 470 mg ( 64% yield) 03.10 as a colorless oil.

'H NMR ( 500 MHz, CD€): 6 6.02 ( s, 1H), 5.84 ( s,1H),4.76 ( s, 1H),4.55( s, 1H),4.36( s, 1H),3.51( d,J=
17.8 Hz, 1H), 1.47 ( s,9H), 1.45( s, 9H), 1.10( d,J=7.0 Hz, 3H).

BBCNMR (125 MHz, CD§): 6 154.9, 153.3, 131.5, 119.8, 82.2, 79.8, 72.0, 60.6, 28.4, 27.9, 15.3

HRMS ( ES#h/z calc'd for CigH27NOs [M+Na]*: 336.1787; found: 336.1797.

_ K,0s0,2H,0, NMO OH
O citric acid HO
WSN > o
PSR tBuOH, H,0 “ON
Ph
A,

3.14 81%, >20:1 d.r. 3.15

( R,3R,4S)-2-Methyl-1-( R)-1-phenylethyl)piperidine-3,4-diol ( 3.15)A 10 mL round bottom

flask was charged with tetrahydropyridine 3.14 ( 410 mg, 2.04 mmol, 1 equiv}ert-butanol ( 9

mL), water (9 mL)¥-methylmorpholine N-oxide ( 477 mg, 4.08 mmol, 2 equiv), and citric acid

( 783 mg, 4.08 mmol, 2 equiv). Potassium osmate dihydrate ( 39 mg, 0.101 mmol, 0.05 equiv)

was added. The reaction mixture was stirred for 16 h at room temperature. A saturated ageuous

solution sodium bisulfite solution ( 9 mL) was added and the resulting mixture was stirred for 15

min. The solution was extracted with CH,Cl, ( 3 x 18 mL). The organic extracts were combined,

dried over Na;S0O4, and concentrated in vacuo. The residue was purified by chromatography on

silica gel, eluting with CH,Cl,/MeOH 90:10 ( v/v), to afford 388 mg ( 81% yield)3015 as a

colorless oil.

H NMR ( 500 MHz, CD§): 6 7.29 ( m, 5H),3.72( s, 2H), 3.45( s, 1H),2.96 ( dq,) =3.8 Hz, 2H), 2.52 ( t,J =
11 Hz, 1H), 1.90 ( d,J=12Hz, 1H),1.69 ( qd,J=5Hz 1H), 1.38 ( d,J=6.6 Hz, 3H),0.94, ( d, ) = 8.0 Hz, 3H).

13CNMR ( 125 MHz, CDg): 6 128.7,127.3,72.7, 66.2, 59.6, 55.8, 39.7, 30.1, 22.1.
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HRMS ( ES+h/z calc'd for C14H21NO;, [M+H]*: 258.1470; found: 258.1471.

OH
\('j |-|2, PdIC HO

M eo H \\\“ N
H

P“ >95%
3.15 3.3

( +)-Iminodeoxydigitoxose ( 3.8)20 mL scintillation vial was charge with diol 3.15 ( 154 mg, 0.654
mmol, 1 equiv), methanol ( 2 mL), and palladium on carbon ( 139 mg, 0.065 mmol, 0.1 equiv). The airin
the reaction vessel was evacuated and replaced with argon, which was then evacuated and replaced

with hydrogen gas. The reaction mixture was stirred at room temperature for 24 h. The reaction vessel
was evacuated and replaced with argon. The solution was filtered through a pad of celite and washed
with methanol ( 3 x5 mL). The filtrate was concentrateéh vacuo. The residue was dissolved in water

and washed with hexanes. The aqueous phase was concentrated in vacuo to afford 86 mg ( >95% yield)
of ( +)-iminodeoxydigitoxos8.3 as a white amorphous solid.

H NMR ( 500 MHz, CD6): 6 3.59 ( s,J =2.4 Hz, 1H),3.04 ( dd,J = 7.4 Hz, 1H), 2.79 ( dt, J = 6.7 Hz, 1H),
2.61( m,1H),2.60( d,J=3.7Hz, 1H), 1.49 ( dq,J=4.2 Hz, 1H), 1.39 ( m, 1H), 0.80 ( d,J = 6.0 Hz, 3H).
3C NMR ( 125 MHz, CDg): 6 71.9, 65.8, 51.1, 38.6, 28.5, 10.1.

HRMS ( ESI-TOF) calculated fordH1sNO, [M+H]*: 132.1024 m/z; found 132.1029 m/z.

( +)-iminodeoxydigitoxos8.3 was converted to the HCl salt to compare the structure to previously

reported structure. 'H and 3C NMR spectra were consistent with those previously reported.?
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HO NaBH, HO
- O
‘\“ MEOH ‘\“

mQ

A\ N A N
Boc Boc
49%, >20:1 d.r.
3.20 3.21

tert-Butyl ( 2,3R,4R)-3,4-dihydroxy-2-methylpiperidine-1-carboxylate ( 3.21)A 20 mL
scintillation vial was charged with keto-alcohol 3.20 ( 37 mg, 0.161 mmol, 1 equiv) and methanol
( 0.5mL). The reaction mixture was cooled to 8C and sodium borohydride ( 13 mg, 0.322 mmol,
2 equiv) was added portionwise. The solution was allowed to warm to room temperature and
was stirred for 2 h. The reaction mixture was quenched with saturated ageoues ammonium
chloride ( 5 mL) and extracted with EtOAc ( 3 x 10 mL). The organic extracts were combined, dried
over Na, S04, and concentrated in vacuo. The residue was purified by chromatography on silica
gel, eluting with hexanes/EtOAc 70:30 ( v/v), to afford 18 mg ( 49% yield)321 as a white solid.
H NMR ( 500 MHz, CD§): 6 4.18 —4.13 ( m, 1H), 3.92 ( s, 1H), 3.79{=d,3.9 Hz, 1H), 3.62 ( s,
1H), 3.27 ( t,=13.1Hz, 1H), 2.15-2.08 ( m, 1H), 1.60 ( s, 1H), 1.50 ( s, 9H), 1.36% 64} Hz,

3H).

3C NMR ( 125 MHz, CDg): 6 155.9, 79.9, 72.9, 68.9, 53.3, 34.4, 28.5, 28.2, 15.6.

HRMS ( ES#h/z calc'd for C11H21NO4 [M+H]*: 254.1368; found: 254.1374.

OH OH
HO L A HCI HO A
O e O
“\“ N Eto H “\“ N
Boc H HCI
>95%
3.21 3.4'HCI

6-Deoxyfagomine ( 3.4)A 2 dram scintillation vial was charged with diol 3.21 ( 10 mg, 43.2 mmol, 1
equiv) and EtOH ( 0.2 mL). The reaction mixture was cooled to 0C and had 12 M HCI ( 0.4 mL, 0.44

mmol, 10 equiv) added dropwise. The solution was allowed to warm to room temperature and was
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stirred for 16 h. The reaction mixture was diluted with ethanol ( 1 mL) and filtered through a pad of
Celite. The filtrate was concentrated in vacuo to afford 7 mg ( >95% yield) 63.4 as a white solid.

'H NMR ( 600 MHz, D): 6 3.66 ( s, 1H), 3.39 ( J& 12.5 Hz, 1H), 3.31( 1%,=9.6 Hz, 1H),3.11-2.99( m,
2H),2.19( d,=12.7 Hz, 1H), 1.70 ( dd,=24.9, 10.3 Hz, 1H), 1.38 ( d}= 6.4 Hz, 3H).

BCNMR ( 151 MHz, iD): 6 74.4, 70.3, 55.4, 41.9, 28.9, 14.8.

The product was converted to the free based amine and the *H and 3C NMR spectra were

consistent with those previously reported.?

o) OH
TBSO NaBH, TBSO
>
\‘\“ N MeOH \“\‘ N
Boc Boc
68%, 4:1d.r.
3.22 3.23

tert-Butyl ( R,3R,45)-3-( ( tert-butyldimethylsilyl)oxy)-4-hydroxy-2-methylpiperidine-1-
carboxylate ( 3.23)A 20 mL scintillation vial was charged with 3.22 ( 25 mg, 0.072 mmol, 1
equiv) and methanol ( 0.15 mL). The reaction mixture was cooled to 0C and sodium

borohydride ( 14 mg, 0.360 mmol, 5 equiv) was added portionwise. The solution was allowed to
warm to room temperature and was stirred for 1 h. The reaction mixture was quenched with
saturated aqueous ammonium chloride ( 1 mL) and extracted with EtOAc ( 3 x 1 mL). The organic
extracts were combined, dried over MgS0., and concentrated in vacuo. The residue was purified
by chromatography on silica gel, eluting with hexanes/EtOAc 60:40 ( v/v), to afford 17 mg ( 68%
yield) of 3.23 and its diastereomer in a 4:1 ratio, as a tan oil.

H NMR ( 500 MHz, CD): 4.20 ( dd,=15.2, 7.3 Hz, 1H), 3.91 ( d,=23.8 Hz, 2H), 3.61 ( s, 1H),
3.23( 1#=13.2 Hz, 1H), 2.15( t,=13.5Hz, 1H), 1.51 ( s, 9H), 1.33 ( J& 7.5 Hz, 3H), 0.94 ( s, 9H),

0.13 ( d,= 16.8 Hz, 6H).
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13CNMR ( 125 MHz, CDg): 6 72.4, 69.7, 53.0, 35.1, 28.5, 28.5, 27.8, 25.8, 25.7, 15.4, -3.4, -5.0.

HRMS (  ES#h/Zz calc'd for C17H3sNO4Si [M+Na]*:368.2233; found: 368.2233.

t
S Buc|o ) OH
HO tBuS S'Bu
>
R NaH, DMF WUONTN
WSy —
H 4% f
5 (] BuS stBu
3.3 3.24

( B,6R,7S)-2,3-Bis(tert-butylthio)-5-methyl-5,6,7,8-tetrahydroindolizine-6,7-diol ( 3.24)A 10

mL round bottom flask was charged with amino-diol (3.3) ( 33 mg, 0.25 mmol, 1 equiv) and dry

DMF ( 5 mlL). A solution of tris-thiol cyclopropenium perchloraté ( 102 mg, 0.25 mmol, 1 equiv)

indry DMF (2.5 mL) was added and the reaction mixture was stirred at room temperature for 1

h. Sodium hydride ( 60% in mineral oil) ( 30 mg, 0.75 mmol, 3 equiv) was added portionwise. The

reaction mixture was heated to 80 °C and stirred for 1 h. The reaction mixture was allowed to

cool to room temperature and was then quenched with a 1:1 mixture of water and brine ( 15

mL). The solution was then extracted with EtOAc ( 3 x 15 mL). The organic layers were combined

and washed with water ( 2 x 10 mL) and brine ( 10 mL). The organic phase was dried over,;88,

and concentrated in vacuo. The residue was purified by chromatography on silica gel, eluting

with hexanes/EtOAc 85:15 ( v/v), to afford 46 mg ( 54% yield)3024 as a white amorphous solid.

H NMR ( 500 MHz, CDCI3): § 5.71 ( s, 1H), 4.37 ( s, 1H),3.87( s, 1H),3.29( m, 2H),3.03 ( td, ) = 4.3 Hz, 1H),
2.08( t,J=6.6Hz, 1H), 1.72( t,J=9.8 Hz, 1H), 1.48 ( rotomers of singlets, J = 22.3,9H), 1.33 ( d, ) = 8.0 Hz,
3H), 1.27 ( s, 9H)

3C NMR (125 MHgz, CDCI3) § 163.5, 97.8, 81.8, 64.4, 58.6, 49.6, 45.1, 42.3, 35.0, 33.0, 32.0, 31.2, 29.7,

11.0.
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HRMS ( ESI-TOF) calculated for&H,1:NO, [M+H]*: 344.1718; found 344.1718.

\
\ /0 > \\ ZN_ \s

H,SO,, EtOH

0,
31% 3.29

(E)-N'-(  But-2-yn-1-ylidene)-4-methylbenzenesulfonohydrazide ( 3.28)50 mL round bottom flask was

charged with propargylic aldehyde ( 242 mg, 3.55 mmol, 1 equiv), ethanol ( 15 mL), and tosyl hydrazine

( 728 mg, 3.91 mmol, 1.1 equiv). 0, ( 0.210 mL, 3.91 mmol, 1.1 equiv) was added to the reaction

mixture dropwise over 1 min. The solution was stirred at room temperature for 16 h. The heterogenous

mixture was filtered through a Blichner funnel and the precipitate was washed with ethanol and dried

to afford 261 mg ( 31% yield) of propargylic hydrazon8.29 as white solid.

H NMR (500 MHz, CDCI3): 6 8.56 ( s, 1H), 7.82 ( d,J=8.4,2H),7.32( d,J=7.9,2H),6.56 ( s, 1H),2.42( s,
3H),2.10( s, 3H).

BCNMR (125 MHz, CDCI3): § 144.8, 135.5, 129.7, 127.9, 126.0, 102.2, 69.8, 21.7, 4.8.

HRMS ( ESI-TOF) m/z calc’d for £H12N,0,S [M+Na]*: 308.1474; found 308.1489.

\fo H X Q
DBU, CHCI; N

67%, >20:1 d.r.
TBS

3.31 3.32
(E)-3-( Piperidin-1-yl)-1-( triphenylsilyl)but-2-en-1-one ( 382)mL dram vial was charged with
piperidine ( 139 mg, 1.63 mmol, 1 equiv), CHE( 3 mL), and acyl silan8.31 ( 270 mg, 1.63 mmol,

1 equiv). The reaction was stirred at room temperature for 30 min. The reaction mixture was
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concentrated in vacuo. The residue was purified by chromatography on silica gel, eluting with

hexanes/EtOAc 70:30 ( v/v), to afford 256 mg ( 67% yield)3032 as a yellow oil.

'H NMR ( 500 MHz, CDCI3): 6 5.66 ( s, 1H), 3.38-3.30( m, 4H), 2.51( s,3H),1.67-1.54( m, 6H),0.93( s,
9H), 0.11 ( s, 6H).

BCNMR ( 125 MHz, CDCI3): § 224.1, 157.2, 110.6, 103.0, 47.4, 26.9, 25.6, 24.4, 16.6, -6.5.

HRMS ( ESI-TOF) m/z calc’d fordE1aNO [M-SiCsH1s+H]*: 153.1154; found: 153.1154.
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Chapter 4: Efforts Toward the Total Synthesis of the Curvulamines

4.1 Introduction

Since its discovery in 2014, the curvulamine family of natural products (Figure 4.1) has been of

great interest to biologists and synthetic chemists.! The interesting bioactivities and complex structures

OH
A "o HO
0 OH (o) OH AN (o)
= = = -
Q N/ N~

curvular;line A curvulamine B curvulamine C curvulamide A curvulamide B
41 4.2 4.3 4.4 4.5

Figure 4.1: Members of the curvulamine family.

of the five natural alkaloids make them ideal targets for total synthesis. Herein are described our efforts
toward the total synthesis of the curvulamines, targeting the nor-pyrrole tricyclic core structures, with the
intention of installing the pyrrole rings via a late-stage pyrrole annulation reaction. The attempted routes
include a nitrogen-radical initiated polycyclization strategy and an enolate alkenylation strategy. | also

describe optimization of a dihydropyridinone synthesis that led to the syntheses of two natural products.

4.2 Radical Bicyclization Route

4.2.1 Synthetic Considerations

Previous efforts by former Vanderwal lab member Dr. Brian Atwood

toward the curvulamines gave many insights into the synthesis of their core

structure ( Discussed ifChapter 2 Section 4.3 of this manuscript). With the

. . . . . . . Figure 4.2: Targeted core of
intention of installing the pyrrole rings to afford curvulamine A (4.1) late in the curvulamine A.

synthesis, the protected tricyclic core 4.6 was chosen as our synthetic target (Figure 4.2). One of the most
valuable insights inferred by the work of Dr. Atwood was the challenge posed by a stereocontrolled
synthesis of the tetrasubstituted piperidine ring.2 This ring system contains four of the six stereocenters,

three of which are contiguous on the same face of the ring. These three contiguous stereocenters have
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been discovered to be extremely challenging to synthesize due to their cis relationship. The orientation
of substituents about these stereocenters is further complicated by the allylic strain imposed by the
methyl group and any electron-withdrawing amine protecting group, which was deemed necessary to
attenuate the reactivity of the piperidine nitrogen.® The result is three of the four stereocenters on the
piperidine ring existing in a pseudoaxial configuration, making the ring system sterically constrained and

the diastereoselective synthesis of the piperidine very challenging.

Dr. Atwood’s synthetic efforts highlighted the value of intramolecular transfer of stereochemical
information in the synthesis of the four contiguous stereocenters. Another valuable insight gained by
previous work was the apparent difficulty in the synthesis of the seven-membered ring, as ring-closing
metathesis efforts to afford this ring were all unsuccessful, even though rings of this size are generally
considered trivial to form via alkene metathesis.* These insights were heavily considered during our
second-generation retrosynthetic analysis of the core of the curvulamines. Methods of establishing the
contiguous stereocenters of the piperidine ring via intramolecular transfer of functionality was a major

focus of our first synthetic attempt.
4.2.2 Aza-radical Bicyclization

As we recognized the value of intramolecular reactivity to install cis substituents on the piperidine
ring, it seemed reasonable to set the nitrogen-containing stereocenter through intramolecular

hydroamination of allylic alcohol 4.7 (Scheme 4.1). Hydroamination of alkenes is well-precedented,

R
,
b

0,
amination o
................... »

particularly in tethered systems or systems with neighboring Hoﬁ intramolecular

functionalities that may impart regioselectivity and " e \ﬁNj

w

Boc

diastereoselectivity.® Investigating the wide breath of 47

Scheme 4.1: Intramolecular amination strategy.

stereoselective aminations of allylic alcohols led us to consider such a carbamate cyclization to set the

nitrogen stereocenter with diastereocontrol imparted by the tethered pseudoaxial alcohol. Strategically,
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the substituent on the nitrogen would carry the functional group arrangement needed to form the seven-

membered ring.

Modern methods of intramolecular alkene hydroamination generally proceed through nitrogen-
centered radical intermediates produced via photocatalysis.® Additional investigations led us to consider
utilizing the synthetic method developed by Knowles and coworkers in which they utilized photocatalysis
to generate radicals on electron-poor nitrogen atoms to perform 5-exo-trig cyclizations to afford lactams.”

Within the scope of their report, Knowles and coworkers highlighted the utility of their chemistry by

j\ !r. ca.t. O E Ir. cat.
o H,nPr disulfide o—(N E 0 disulfide o
—hv> f N~ pr i \/\)J\N ~NF ———> N
i: : H hv
70%, >20:1 d.r. i

83%

Equation 4.1: Alkene hydroamidation developed by Knowles and coworkers.

subjecting stereodefined carbamates appended to cyclic systems to their photocatalytic conditions,
resulting in the formation of cis-oxazolidinones in good yields and high diastereoselectivity (Equation 4.1).
They further expanded the utility of the method by performing radical polyene cyclizations to afford
bicyclic systems through a nitrogen-centered-radical-initiated cascade. Similar reactivity developed by the

Leonori group utilizes aryloxyamides to generate the nitrogen-centered radical, which combine with

alkynes as to form exocyclic enamine
Ry ~OAr v Ry 5-exo-dig R, /@
o)\o/\\\ oA\o/\\\ O)\o heterocycles (Scheme 4.2).2 With

Scheme 4.2: Synthesis of 5-methylene pyrrolidinones from N-aryloxycarbamates. these precedents in mind, a hew

route toward the curvulamines was developed.
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4.2.3 Retrosynthetic Analysis

The core of curvulamine C (4.8) was the target for this strategy, which was envisioned to be readily

converted to the other tetracyclic members of the curvulamine family. The tetrahydrofuran ring of 4.8

" (\/ NHz
=== E HO
- Os_NH OR A
N. 22 Y z Ij + RO
0= N -y
g o) . NBoc oC \\
H H H wSN
Boc
4.8 4.9 4.10 4.7 4.1

Scheme 4.X: Retrosynthetic analysis toward a polyene cyclization to the curvulamine core

was believed to be accessible via epoxidation of 4.9 and decarbonylation of the oxazolidinone. Dr. Atwood
had demonstrated the unprotected alcohol on a similar system readily underwent 5-exo-tet cyclization,
so it was presumed etherification via epoxide opening would generate the caged tricycle. 4.9 was
envisioned to be formed utilizing a bicyclization cascade, initiated by the formation of the nitrogen
centered radical of the carbamate on 4.10. The need to form the seven-membered ring via 7-exo-trig/dig
led to our decision to target curvulamine C, as inclusion of m-system present in curvulamine A would
undergo the undesired 5-exo-trig cyclization. The nitrogen-centered radical could be formed through a
multitude of pathways; however, most of the precursors were able to be formed through functionalization
of the carbamate of 4.10. This could be accessed by convergence of piperidinol 4.7, previously synthesized

by Dr. Brian Atwood, and amine 4.11, which was readily afforded via Gabriel synthesis.’

4.2.4 Precursor Syntheses

The polyene bicyclization strategy was dependent on the convergence of fragments 4.7 and 4.11.
Piperidine 4.7 had been initially synthesized by Park and coworkers and was made on multigram scale in
four steps from commercially available ( +)-alaninol using a route developed by Dr. Brian Atwood®

Aminoalkyne fragment 4.11 was synthesized beginning with the precedented synthesis of 4.12, which was
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1. propynylmagnesium bromide
THF

-

[o] o]
e
[e]

4.12

'

2. TBSOTf, pyridine
DCM
3. N,H4, MeOH

36% over 3 steps

Equation 4.2: Amino-alkyne fragment synthesis.

OTBS

AN

H,N

4.1

converted to 4.11 via 1,2-addition of
1-propynylmagnesium bromide.

Silylation of the resultant alcohol

and removal of the amine protecting

group produced the amine fragment (4.11) in four steps from commercial materials (Equation 4.2)."!

Recognizing the kinetic barrier to radical 7-exo-dig cyclization, 4.13, the precursor necessary for 7-exo-trig

cyclization,was also synthesized by modification of a precedented procedure (Equation 4.3).!? Base-

promoted addition of acetonitrile into (E)-but-2-
enal afforded a secondary alcohol, which was

protected as the silyl ether. Reduction of the nitrile

1. acetonitrile, nBuLi
2. TBSCI

(PN

Equation 4.3: Synthesis of 7-exo-trig cyclization fragment.

\

3. LAH

41% over 3 steps 413

synthesized amine fragment 4.13 in three steps. Alcohol 4.7 was converted to imidazole carbamate 4.8,

which was coupled with amines 4.11 and 4.13 to afford the two radical bicyclization precursors (4.15,

4.16) (Equation 4.4).3

—_— (o)
DCM, THF ﬁ
61% " Boc
414

oTBS
Os N =z
e U ¢
N O\(ﬁ oTBS
NEt;, DMAP =Ny
DMF Boc
83% 4.15
H
oTBS OYN X
HaN Z O, OTBS
NEt;, DMAP \(j
DMF Boc
62% 4.16

Equation 4.4: Synthesis of N-centered radical induced polycyclization precursors.
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4.2.5 Efforts Toward Bicyclization

Investigations of the bicyclization began with 4.15 being subjected to the reaction conditions

developed by Knowles and coworkers, using reagents donated to our lab by the Knowles group (Equation

H
Oy N OTBS |r photocatalyst
)\ (PhO),PO,NBu,
A
\‘(j || TRIP-disulfide
WY PhF, hv
Boc
415
OY OTBS  |r photocatalyst
(Pho)2P02NBU4
NG N A >
TRIP-disulfide
Y PhF, hy
Boc
4.16

Equation 4.5: Efforts toward N-centered radical initiated polycyclization.

4.5). Unfortunately, all attempts to form
bicyclization product 4.17 did not affect
starting material. It was considered that the
resultant alkenyl radical intermediate
targeted in the synthesis of 4.17 may be too
high energy to form, though this was

difficult to validate as the monocyclization

product was also not formed. In order to test the hypothesis that 7-exo-dig cyclization prevented

conversion, 4.16 was subjected to the same reaction conditions. It was noted that 4.18 would be

unproductive in our synthesis as the lack of unsaturation would preclude progress toward the target,

though the reaction was investigated to probe reactivity. These efforts also resulted only in recovered

starting material.

To ensure the reproducibility of the

reaction developed by

Knowles

Ir photocatalyst

\/\j\ (PhO),PO,NBu, Q
X = > N
ﬁ/\/ TRIP-disulfide &Q\
PhF, hy
4.19 Reported: 83% 4.20

coworkers, amide 4.19 was synthesized and

subjected to the standard reaction conditions

Our Efforts: 0%
Equation 4.6: Efforts to replicate precedented bicyclization reaction.

to produce bicycle 4.20 (Equation 4.6). This precedented reaction was irreproducible in our laboratory,

even with reagents supplied by the Knowles group. After many helpful discussions with members of the

Knowles lab, it was concluded the issue was likely due to differences in our light irradiation apparatuses.

Allowing the Knowles group to attempt the reaction with our substrate was considered; however, other

methods of nitrogen-centered radical generation were prioritized.
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The nitrogen-centered radical was accessible via a series of other methods. The aryloxycarbamate

derivative was considered as it gave multiple methods of cyclization. The N-centered radical cascade we

(o]
[0}
1,4-CHD, K,CO;
U -
) R hv, acetone
OAr
41%

Scheme 4.3: Radical cyclization developed by Leonori and coworkers.

o;l/ Pd,(dba)s Q >L
. N
N\O_I_s ligand, NEt; Q\/

A 69%

Scheme 4.4: Narasaka-Heck cyclization developed by Bower and coworkers.

chemistry developed by Bower and coworkers (Scheme 4.4).14

proposed should be feasible through
photolytic cleavage of the N-O ¢ bond,
as reported by Leonori and coworkers
(Scheme 4.3).2 Further, this same
starting material could be elaborated to

an oxazolidinone using Narasaka—Heck

In effort to afford the N-aryloxycarbamate precursor (4.23), coupling partners 4.21 and 4.23 were

synthesized (Equation 4.7). Extensive efforts to conjoin the fragments were put forth without success. A

) 1. LDA, EtOAc
fragment  with  the 0 2. TBSCI OH OTBS
k/k/\
. V\ 3. LAH 7 . X
hydroxylamine 4ot Mitsunobu | Lo
23% over 3 steps . conditions Y “oBZ
. 77 (o}
preinstalled was also " QBz" =
(o] N\/> (o] NH w
Y 1.NHOH Y — N
i . (o} (¢)
synthesized; however, \(ﬁ 2. BZOI \(ﬁ 423
WISy WSy
any efforts toward Boc 61% over 2 steps Boc
4.14 4.22
addition of an Equation 4.7: Attempted synthesis of N-aryloxycarbamate N-centered radical precursor.

alkylhydroxylamine into 4.14 proved unsuccessful and this strategy was abandoned.
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A more classical approach to nitrogen-centered radical synthesis was then considered, and a

strategy utilizing photolytic cleavage of nitrogen—halogen bonds was pursued (Equation 4.8). Carbamate

(o]
a JU e

N N

> LK

Oy _NH OTBS N N._ OTBS
cl c -HCI
00 nBuLi, THF 00
o o N
o 0, o
goc 55% goc Boc
4.16 4.24 4.25 4.17

Equation 4.8: Efforts towards N-chloro carbamate synthesis, bicyclization, and derivitization.

4.16 was readily converted to the N-chlorocarbamate 4.24. Alkene 4.16 was employed in this sequence

so as to form alkyl chloride 4.25. In the absence of a hydrogen atom source, it was hoped that chlorination

would propogate the sequence and 4.25 would be readily converted to the previously targeted alkene

4.17 via elimination.

N-chloro carbamate
4.24 was subjected to a
series of conditions to effect
homolytic cleavage of the
N—Cl bond (Table 4.1). The
extensive list of conditions
included photolysis utilizing
different light sources, both

with and without addition of

(i)l
OYN OTBS
conditions
Oﬁ N eeeeemmeeees
o' N
Boc
4.24
PhH, hv CuCl, PhH, rt
MeOH, hv FeSO4 H50, PhH, rt
MeOH, hv + heat CuCl, DCM, rt

[Ir(ppy)dtbby]PF s, ACN, 450 nm, r.t.
[Ir(ppy)dtbby]PF ¢, DCE, 450 nm, r.t.

) FeSO,4 H,0, DCM, rt
)
[Ir(ppy) 2dtbby]PF ¢, DCE, 450 nm, Na,HPOy, r.t.
)
)

FeSO4 H,0, PhH, cat. H,SOy, 1t

[Ir(ppy) 2dtbby]PF g, DCE, 450 nm, Na,HPOy, 40 °C
[Ir(ppy) ,dtbby]PF g, DCE, mercury lamp, Na,HPOy, r.t.

PhH, (BugSn),, AIBN, 80 °C
BzOOBz, K,CO3, CF3Ph

All reactions resulted in hydrodechlorination at
varying rates, or decomposition.

Table 4.1: Efforts toward dehalogenative N-centered radical initiated bicyclization cascade.

a photocatalyst, transition-metal catalyzed conditions, and conditions commonly used to generate

radicals from alkyl halides. None of the tested reaction conditions afforded either monocyclization or

bicyclization products. The most commonly observed product arose from protodehalogenation.

Conditions with hydrogen atom sources were also tested to see if it was feasible to access any cyclized
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product, but also proved unsuccessful. These results indicated that the nitrogen-centered radical was

likely being formed but was either unreactive with the alkene or quenched before cyclization occurred.

It was hypothesized that intramolecular hydrogen atom o 0
OJ\N’R OJ\H,R
transfer might be occurring, resulting in the stable tertiary o- N NRy o T <7 N W&

carbamyl radical (Scheme 4.5).> Molecular modeling confirmed [Scheme 4.5: Proposed 1,5-HAT disrupting
the desired reaction pathway.

the proximity of the nitrogen and hydrogen atom in question would allow for the proposed 1,5-HAT,
though no studies were performed to confirm this hypothesis. After extensive investigations, this

synthetic pathway was abandoned.

4.3 Enolate Alkenylation Strategy

4.3.1 Retrosynthetic Considerations

After considering the shortcomings of previous synthetic attempts, it was postulated that the
most synthetically challenging bond to form, both in connectivity and stereochemistry, was the
carbon-nitrogen bond connecting the piperidine to the seven-membered ring. A new synthetic strategy
was developed centered around that bond being formed early in the synthesis via intramolecular amine
condensation, as classical chemistry was thought the most reliable method of forming such a difficult

bond (Scheme 4.6). The core of curvulamine A (4.6) was believed to be accessed from 4.26 via

4.6 4.26

Scheme 4.6: Enolate vinylation retrosynthesis.

haloetherification and elimination of the resultant alkyl halide. Disconnection of the seven-membered
heterocycle via intramolecular reductive amination draws back to amino—ketone intermediate 4.27. This

condensation was expected to be stereoselective as both neighboring groups are pseudoaxial, blocking
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the B-face. The -y enone retron was disconnected through enolate alkenylation to afford piperidinone
4.28, previously synthesized by Dr. Brian Atwood, and alkenyl halide 4.29. The proposed
diastereoselectivity of this reaction was, in part, based on previous indication that the methyl group

imposed steric blocking to the a-face of the piperidine ring (Scheme 4.7). Molecular modeling also

indicated that palladation of the a-

face was likely infeasible due to

N . .
Boc the twist-boat conformation of the

intermediate, while the desired a-

palladated intermediate was

CH, CH;0 goc
i: ROXR predicted to be much more
Pd
BocN Q orss |* oR'\IL thermodynamically stable as it
0C
& TBSO
R lt ''''''' > R . . . . 16
~ F',d) (CH:, Ny existed in a chair conformation.
Boc
R

With the stereochemistry

Scheme 4.7: Model for predicted diastereoselectivity of enolate alkenylation.

hypothesized to produce the desired substrate, | began to pursue this route.

4.3.2 Optimization of Piperidinone Synthesis

Although piperidinone 4.28 had been synthesized by Dr. Brian Atwood, this route had a series of

issues that needed to be addressed. The original synthesis began with oxidation of commercially available

[o] Me,CulLi OTMS RuCl; o
IBX é HMPA, TMSCI b NalO,, CeCly Hofﬁ
—_— | —_— —_—
DMSO acetonitrile R
N N THF N NN
Boc Boc Boc H,0, EtOAc Boc
63%
4.30 2:1, 4.31:4.30 4.31 51% 4.32 39% 4.28
Equation 4.9: Previous synthesis of piperidinone intermediate.

piperidinone 4.30 (Equation 4.9) but this oxidation generally resulted in only 30-50% conversion to 4.31,
which was inseparable from starting material. This led to reduced yields in the following cuprate addition

yielding 4.32, which was noted to be limited in scale to reactions below 1 gram.
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An alternative synthesis to 4.31 from p-methoxypyridine (Equation 4.10) had been reported,

though this synthesis was low yielding and required the use of a glovebox with inert atmosphere to

Boc,0, i-PrOH, Et,0

v 2V - s B2 [o] . . . . 17

ﬁ0j K(O'Pr);BH é synthesize the non-commercially available reducing agent.

10% citric acid = . . . .
| N ° aa) N" This reaction was attempted but resulted in poor yields and
4% 4.31
) o o modest conversion of starting material on scales larger than
Equation 4.10: Precedented piperidinone synthesis.

100 mg. Modifications utilizing commercially available reducing agents were investigated (Table 4.2). It

was discovered that the major issue with this reaction was overreduction to piperidinone 4.30. It was

discovered that lithium borohydride yielded no overreduction

o~ Boc,0, i-PrOH (9]
. . reducing agent
product, and after probing the molar ratios of reactants, the X > |
| _ 10% citric acid,q)
N Eoc

reaction yielded full conversion to the desired product. With  f e eoe e
reducing agent SM:[R]:Boc,0 Yield

. . 0,

these optimized conditions in hand, 4.31 was synthesized N:g:::l3 1 :: :: 1::
Na(OAc);BH  1:1.1:1.1 NR

using commercially available reagents without production of LiBH, 1:1.1:14 33%
NaBH, 1:5:5 56%

. . o e NaBH, 1:25:25 60%
inseparable 4.30. Testing the limitations of scalability, it was LiBH, 1:25:25 74%
LiBH, 1:1.5:25 48%

discovered that these conditions were tolerant of 10 gram

Table 4.2: Optimization of piperidinone synthesis.

scale, affording ample amounts of 4.31 in consistent yields.

With a method to afford 4.31 in large quantities as pure material, the previously developed 1,4-
addition conditions were applied and found to have improved vyields and improved scalability when

compared to the previous synthesis, affording enoxysilane 4.32 on multigram scale (Equation 4.11).

o~  LiBH, Boc,0 Me,CuLi OTMS  RuCl, Q TBSCI Q
i-PrOH HMPA msc NalO,, CeCl;  Ho imidazole TBSOfﬁ
XN —mMm8M8@8@8@@ —_— —_—
| _ citric acid,q) N acetonitrile Ny DMAP, DCM RN
Boc Boc EtOAc, H,0 Boc Boc
72% 61% 68%
4.31 432 559, 2:1dur. 4.28 4.33
Equation 4.11: Improved multi-gram synthesis of enolate alkenylation precursor.

Rubottom oxidation producted keto-alcohol 4.28 in poor diastereoselectivity; however, the
diastereomers were easily separated. Protection of the alcohol afforded piperidinone 4.33 on gram scale.

This intermediate was also noted to be very similar to the core of the curvulamides. Utilization of this
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intermediate to afford the core structures of both curvulamides A and B is discussed in detail in Chapter

3 (Section 3.2.6).

4.3.3 Amine Fragment Synthesis

The alkenyl halide fragment proved to be readily synthesized from known compound 4.34, which

was made in three steps from commercially available materials.’® a-iodination of the enone gave the

BH; THF

0 I, K,CO3, DMAP 0 (R)-CBS cat., THF OH
/\/\)J\ > BocHN/\/ﬁ)k »> BocHN/\/\/k
BocHN THF, H,0

I 39%, 92% ee I

4.34 38% 4.35 4.29
Equation 4.12: Synthesis of alkenyl halide coupling fragment.

desired alkenyl iodide (4.35), which was subjected to enantioselective reduction conditions to afford
enantioenriched allylic alcohol 4.29 (Equation 4.12).%%° These reactions were low yielding, though no
efforts at optimization were made. As we began considering protecting group strategies for the secondary

alcohol, results from model study experiments prevented us from continuing this synthesis.

4.3.4 Bimolecular Enolate Vinylation Efforts

To establish optimized enolate alkenylation

(o] Br o
TBSO base, catalyst TBSO
.................... » g . . . .
W, additive, solvent conditions, piperidinone 4.33 was reacted with a 2-
Boc Boc
433 4.36 bromopropene as a positive control for enolate

Base Catalyst Additive Solvent Temperature
LHMDS  Pdy(dba); Q-Phos  toluene  25°C

LHMDS Pdy(dba); Q-Phos toluene 80 °C

LHMDS  Pdy(dba); Q-Phos  toluene  111°C series of different palladium sources, ligands and
LHMDS Pd(OAc), Q-Phos  THF 25°C
NaO'Bu Pdy(dba); Q-Phos  toluene 25°C
NaO'Bu Pdy(dba); Q-Phos toluene 80 °C

alkenylation (Table 4.3). 4.33 was subjected to a

bases according to precedented alkenylation

KO'Bu Pd(PPhj), THF 25°C
KO'Bu  Pd(PPh), THF 66 °C reactions. Solvents and temperatures were also
NaO'Bu Pd(PPhs); PhOH THF 25°C
NaO'Bu  Pd(PPhs); PhOH THF 66 °C

screened. All efforts to generate alkenylated 4.36
Table 4.3: Conditions screen for model enolate alkenylation.

were unsuccessful and ketone 4.33 was recovered in all attempts.?
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Experiments were performed to better o o
LHMDS, Mel

understand the cause of the poor reactivity. Concerns THE

90%

that the enolate was unable to be formed were 433

Equation 4.13: a—dimethylation to confirm enolate formation|
investigated and 4.33 was successfully a—dimethylated (Equation 4.13), confirming that the enolate was

formed. Nickel-catalyzed alkenylation conditions were also tested, though none afforded the desired
reactivity.?? Replacing the silane protecting group with a benzyl group, in the belief that the silane may

impose too much steric constraint on the system, did not improve the outcome

4.3.5 Imine Condensation Efforts

We thought that piperidine 4.33 was too sterically congested to allow formation of the
alkylpalladium species. It was considered plausible that the desired bicycle (4.39) could be generated
through a more facile intramolecular enamine alkenylation (Equation 4.14).%2 4.29 was deprotected to

afford amine 4.37 and condensation conditions were screened. Titanium-catalyzed conditions seemingly

4.33

(o] H N/\/YLOH /\/\)\
2 X
TBSOfﬁ 4.37 1 I or

TiCl,, Et,0

Boc
4.38

Equation 4.14: Efforts toward intramolecular enamine alkenylation.

enamine
alkenylation

TBSO

0
W

N
Boc

4.39

HO

afforded condensation product 4.38 ( observed via NMR of crude material) though all efforts to isolate the

product were unsuccessful, resulting in decomposition to returned starting materials (4.33 and 4.37).%

It seemed plausible that condensation of an amine bearing an electrophilic carbonyl could afford

the seven-membered ring via nucleophilic enamine addition, which would likely be isolable because it

would form the vinylogous amide (Scheme 4.8). Condensation of commercially available tert-butyl 4-

o)
aminobutanoate with 4.33 @
TBSO HZN\/\)J\X 850
..................... »
was performed and the SN X = Leaving Group
. 4.33 4.40 4.41
desired prOdUCt (4'42) was Scheme 4.8: Proposed enamine cyclization strategy.
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Npme:

o
o) o N 7<
TBso\é HzN\/\)J\o)< HO ' o triphosgene
W N
Boc

Et,0, TiCl, =Sy NEt;, DCM =
Boc NN
Boc
433 4.42 4.43

Equation 4.15: Attempted cyclic enamine carbamate formation.

once again observed via *H NMR of crude material (Equation 4.15); however, all efforts to isolate 4.42
were unsuccessful, as were all attempts to carry through crude material in hopes of affording a stable
intermediate. In an effort to afford the more stable alkenyl oxazolidine, the fragments were subjected to
the developed condensation conditions and the reaction mixture was then charged with carbonylating
agents to form the stable carbamate in situ. Once more, only 4.42 was observed and all efforts to isolate
or derivatize this product led to decomposition. The cyclic ene carbamate was targeted through coupling

4.28 with isocyanate 4.44 (Equation 4.16).%> Conversion to the cyclic carbamate enamine (4.43) was not

" 0

o ; K

4.28 o /\/\( % o

o triphosgene o w N" >_N ° o
—_— —_—

HzN\/\)J\O)< OCN\/\)J\0)< Li,CO;, NEt, 0\6 “NTO

dioxane

w N w N
Boc Boc

4.44 4.43 4.45

Equation 4.16: Efforts toward enecarbamate formation.

observed, but instead the noncyclized carbamate 4.45 was isolated. Due to the apparent instability of all

amine condensation products, this route was abandoned.

4.4 Conclusions

It was at the point of considering a new route toward the core of the curvulamines that Maimone
and coworkers published their synthesis of curvulamine A. Although we would not be the first to report a
total synthesis of the curvulamines, our strategy of the synthesis of pyrrole containing natural products
utilizing late-stage pyrrole installation would be a valuable addition to the literature; however, the status
of the project at that time discouraged us from pursuing this synthesis any further. My efforts toward the
synthesis of the curvulamines investigated both an application of nitrogen-centered radical

polycyclization and the utilization of enolate alkenylation chemistry on two complex partners. Although
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both strategies proved unsuccessful in their key transformations, both led to deeper understanding of
reactivity at the highly congested piperidine ring. Further, our synthetic efforts led to a simple
methodology to afford unsaturated piperidinone 4.31 on multigram scale, which was elaborated to afford
the protected forms of the natural products imino-deoxydigitoxose and 6-deoxyfagomine in half the

synthetic steps previously reported.

4.5 Distribution of Credit and Contributions

| would like to thank Dr. Brian Atwood for his contributions in the development of syntheses to

intermediates as well as the characterization of these intermediates.

4.6 Experimental Information

4.6.1 Materials and Methods

All reactions were carried out in oven-dried ( 140 °C) or flame-dried glassware under
an atmosphere of dry argon unless otherwise noted. Dry dichloromethane ( CiCl,),
tetrahydrofuran ( THF), diethyl ether (@}, acetonitiriie ( MeCN), toluene ( PhMe), and
dimethoxyethane ( DME) were obtained by percolation through columns packed with neutral
alumina and columns packed with Q5 reactant, a supported copper catalyst for scavenging
oxygen, under a positive pressure of argon. Solvents used for liquid-liquid extraction and
chromatography were: Ethyl acetate, ( EtOAc, Sigma-Aldrich, ACS grade) hexanes ( Sigma-Aldrich,
ACS grade), dichloromethane ( Cil;, Fisher, ACS grade), acetone ( Sigma-Aldrich, ACS Grade),
diethyl ether ( EO, Fisher, ACS grade), and pentane ( Sigma-Aldrich, ACS grade). Reactions that
were performed open to air utilized solvent dispensed from a wash bottle or solvent bottle, and
no precautions were taken to exclude water. Column chromatography was performed using EMD

Millipore 60 A ( 0.040-0.063 mm) mesh silicagel ( SiGAnalytical thin-layer chromatography ( TLC)

83



was performed on Merck silica gel 60 F254 TLC plates. Visualization was accomplished with UV
( 210 nm), and potassium permanganate ( KMnOr p-anisaldehyde staining solutions.
IH NMR and 3C NMR spectra were recorded at 298 K on Bruker GN500 ( 500 MHZH; 125
MHz, 3C) and Bruker CRYO500 ( 500 MHZH; 125 MHz, 3C) spectrometers. *H and *3C spectra
were referenced to residual chloroform ( 7.26 ppmiH; 77.16 ppm, 3C) or residual methanol ( 3.31
ppm, H; 49.00, ppm 3C). Chemical shifts are reported in ppm and multiplicities are indicated by:
s ( singlet), d ( doublet), t ( triplet), g ( quartet), p ( pentet), hept ( heptet), m ( multiplet), and br s
( broad singlet). Coupling constantd, are reported in Hertz. The raw fid files were processed into
the included NMR spectra using MestReNova 11.0, ( Mestrelab Research S. L.). Infrared ( IR)
spectra were recorded on a Varian 640-IR instrument on NaCl plates and peaks are reported in
cm™. Mass spectrometry data was obtained from the University of California, Irvine Mass
Spectrometry Facility. High-resolution mass spectra ( HRMS) were recorded on a Waters LCT

Premier spectrometer using ESI-TOF ( electrospray ionization-time of flight) or a Waters GCT

Premier Micromass GC-MS ( chemical ionization), and data are reported in the form offi/z).

4.6.2 Experimental Procedures

0 0 1. propynyl magnesium bromide OTBS
ﬂ THF
N H >  H,N
2. TBSOTH, pyridine \\
o DCM
3. NoH,, MeOH
412 411

36% over 3 steps

3-( tért-Butyldimethylsilyl)oxy)hex-4-yn-1-amine ( 4.11)A 10 mL round bottom flask was charged with
aldehyde 4.12 ( 100 mg, 0.49 mmol, 1 equiv) and THF ( 1 mL). The reaction flask was cooled t8@and

0.5 M propynyl magnesium bromide solution ( 1.0 mL, 0.49 mmol, 1 equiv) was added dropwise over 5
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min. The reaction mixture was allowed to warm to room temperature and the solution was stirred for 1

h. Saturated aqueous ammonium chloride solution ( 3 mL) was added and the solution was extracted with
EtOAc( 3 x5 mL). The organic extracts were combined, dried over N&0O4, and concentrated in vacuo. The
residue was dissolved in CH,Cl, ( 1 mL) and had pyridine ( 0.12 mL, 1.478 mmol, 3 equiv) added. The
reaction mixture was cooled to 0 °C. Tert-butyldimethylsilyl trifluoromethylsulfonate ( 0.22 mL, 0.98 mmol,

2 equiv) was added dropwise to the solution over 1 min. The reaction was warmed to room temperature
and allowed to stir overnight. Saturated aqueous ammonium chloride solution was added ( 3 mL) and the
solution was extracted with CH,Cl, three times ( 3 x5 mL). The organic extracts were combined, dried over
Na,S0O4, and concentrated in vacuo. The residue was dissolved in methanol ( 1 mL) and had a 50% solution
of hydrazine in water ( 0.12 mL, 2.46 mmol, 5 equiv) added. The reaction was stirred at room temperature
for 1 h. The reaction mixture was diluted with water ( 5 mL) and extracted with EtOAc ( 3 x 5 mL). The
combined organic layers were dried over Na;SO,, and the filtrate was concentrated in vacuo. The residue
was purified by chromatography on silica gel, eluting with hexanes/EtOAc/NEt; 50:49:1 ( v/v), to afford 40

mg ( 36% yield over 3 steps) o4.11 as a colorless oil.

'H NMR ( 500 MHz, CDg): 6 4.43 ( brs, 1H), 2.83 (J& 6.6 Hz, 2H), 2.07 ( brs, 2H), 1.84 —1.70 ( m, 2H),

1.78( s,3H),0.87( s, 9H), 0.094=d,2.0 Hz, 6H).

13CNMR ( 125 MHz, CDg): 6 80.6, 80.5, 61.6, 42.1, 38.5, 25.8, 18.2, 3.5, -4.5, -5.1.

HRMS ( ES#h/z calc'd for C1,H2sNOSi [M+H]*: 228.1784; found: 228.1775.
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1. TBSCI, imidazole

/Oi/\ DCM OTBS
Z > /\)\/\
NZ 2. LAH, Et,0 HoN

S1 413

45% over 2 steps

(E)-3-( tért-Butyldimethylsilyl)oxy)hex-4-en-1-amine ( 4.13)A 250 mL round bottom flask was
charged with nitrile $1'2 ( 2.70 g, 25.0 mmol, 1 equiv) and C#€l, ( 100 mL). Imidazole ( 5.00 g, 75
mmol, 3 equiv) and TBSCI( 7.32 g, 50.0 mmol, 2 equiv) were added to the mixture and the reaction

was stirred at room temperature for 16 h. The reaction mixture was filtered over celite and
washed with CH,Cl, ( 50 mL). The filtrate was concentratedn vacuo. The crude residue was
dissolved in Et;0 (100 mL). The reaction flask was cooled to @C. Lithium aluminum hydride ( 1.85

g, 50 mmol, 2 equiv) was added portionwise. The reaction was stirred at 0 °C for 3 h. The reaction
mixture was diluted with Et,0 ( 50 mL) and 0 ( 2 mL) was added slowly, followed by 15% NaO{

( 2 mL), followed by ¥0 ( 6 mL). The solution was warmed to room temperature and stirred 15

min. Na,SO4 was added and the reaction was stirred 15 min. The solution was filtered over celite

and the filtrate was concentrated in vacuo. The residue was purified by chromatography on silica

gel, eluting with hexanes/EtOAc/NEt; 50:49:1 ( v/v), to afford 2.51 g ( 45% yield over two steps) of
4.13 as a yellow liquid.

H NMR ( 500 MHz, CD§): 6 5.54 ( dd,=15.2, 6.4 Hz, 1H), 5.41 ( dd,=15.4,6.7 Hz, 1H), 4.15( dd,=12.5,
6.5 Hz, 1H),2.74 ( #,=7.0 Hz, 2H), 1.66 ( d,=6.3 Hz, 3H), 1.65-1.56 ( m, 4H),0.86( s,9H),0.10-0.02( d,

6H).

3C NMR (125 MHz, CDg): 6 134.7, 125.1, 72.1, 42.2, 38.8, 25.7, 17.6, -2.9.

HRMS ( ES#h/z calc'd for C1,H2;NOSi [M+H]*: 230.1940; found: 230.1951.
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Os N
PO
—» 0
WO DCM, THF \(ﬁ
Boc “

61% Boc
4.7 414

tert-Butyl( R,3S)-3-( (H-Imidazole-1-carbonyl)oxy)-2-methyl-3,6-dihydropyridine-1( A)-

carboxylate ( 4.14)A 100 mL round bottom flask was charged with tetrahydropyridine 4.7 ( 500

mg, 2.34 mmol, 1 equiv) and CH,Cl; ( 8 mL). A solution of carbonyldiimidazole ( 762 mg, 4.64 mmol,

2 equiv) in THF (40 mL) was added dropwise to the reaction mixture. The reaction was stirred at

room temperature for 16 h. Saturated aqueous ammonium chloride ( 30 mL) was added to the

reaction mixture and the solution was extracted with EtOAc( 3 x 30 mL). The organic extracts were

combined, dried over Na;SO., and concentrated in vacuo. The residue was purified by

chromatography on silica gel, eluting with hexanes/EtOAc 80:20 ( v/v), to afford 439 mg ( 61%

yield) of 4.14 as a red oil.

'H NMR ( 500 MHz, CD§): 6 8.09 ( s, 1H), 7.38 ( s, 1H), 7.04 ( s, 1H), 6.17 ( s, 1H),5.95( s, 1H), 5.12( s, 1H),

4.73 ( d,=43.9Hz, 1H),4.46 ( dd,=72.4,15.8 Hz, 1H), 3.61( s, 1H), 1.41( m, 9H), 1.18(=d,.1 Hz, 3H).

13C NMR ( 125 MHgz, CDg¢): 6 171.3, 149.7, 148.4, 142.3, 137.2, 117.2, 102.5, 80.4, 73.8, 60.6, 28.4, 21.2,

14.3.

HRMS ( ES#h/z calc'd for C1sH21N304 [M+Na]*: 330.1430; found: 330.1447.
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™ | Y
OYN\// H,N [ OY

(o) r (o) oTBS
\(j NEt,, DMAP, DMF \(j

\ N A N
Boc 83% Boc

414 4.15

tert-Butyl-( R,35)-3-( ( (ta3ttbltyldimethylsilyl)oxy)hex-4-yn-1-yl)carbamoyl)oxy)-2-methyl-
3,6-dihydropyridine-1( H)-carboxylate ( 4.15)A 10 mL round bottom flask was charged with
carbamate 4.14 ( 200 mg, 0.65 mmol, 1 equiv), DMF ( 1 mL), dimethylaminopyridine ( 8 mg, 65
umol, 0.1 equiv), and triethylamine ( 0.28 mL, 1.95 mmol, 3 equiv). A solution of amind.11 ( 162

mg, 0.72 mmol, 1.1 equiv) in DMF ( 1 mL) was added to the reaction mixture dropwise. The
reaction mixture was heated to 65 °C and stirred at this temperature for 2 h. The reaction vessel

was allowed to cool to room temperature and saturated aqueous ammonium chloride ( 5 mL) was
added to the reaction mixture. The resultant solution was extracted with EtOAc ( 3 x 5 mL). The
organic extracts were combined and washed with water ( 2x10 mL)and brine( 10 mL). The organic
phase was dried over Na,SO4 and the filtrate was concentrated in vacuo. The residue was purified

by chromatography on silica gel, eluting with hexanes/EtOAc 85:15 ( v/v), to afford 251 mg ( 83%
yield) of 4.15 as a yellow oil.

'H NMR ( 500 MHz, CD€): 6§ 5.96 ( s, 1H), 5.81 ( s, 1H), 5.15( s, 1H), 4.82 ( s, 1H), 444 234, Hz, 2H),
3.50( s,1H),3.33( s,1H),1.86-1.75( m, 4H), 1.43 ( s, 8H), L237.1tz, 3H), 1.06 ( d}=7.0 Hz, 3H),

0.86( d,=3.1Hz 8H),0.08( d,=16.1Hz, 5H).

3CNMR ( 125 MHz, CDg): § 156.0, 129.9, 120.9, 81.2, 78.0, 69.5, 65.9, 61.8, 38.0, 31.6, 28.5, 25.8, 22.7,

18.1,15.3,3.5,-4.5, -5.1.

HRMS ( ES+h/z calc'd for C24H4oN20sSi [M+Na]*: 489.2761; found: 489.2757.
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o) H,N o OTBS
D - O
DMAP, NEt;, DMF RN
Eoc Boc
20
4.7 62% 4.16

tert-Butyl-( R,35)-3-( (E){3{ tért-butyldimethylsilyl)oxy)hex-4-en-1-yl)carbamoyl)oxy)-2-methyl-3,6-
dihydropyridine-1( A)-carboxylate ( 4.16)A 10 mL round bottom flask was charged with carbamate 4.14

( 100 mg, 0.33 mmol, 1 equiv), DMF ( 0.5 mL), dimethylaminopyridine ( 4 mgu3®l, 0.1 equiv), and
triethylamine ( 0.14 mL, 0.99 mmol, 3 equiv). A solution of amind.13 ( 162 mg, 0.66 mmol, 2 equiv) in
DMF ( 0.5 mL) was added to the reaction mixture dropwise. The reaction mixture was heated to 65C and
stirred at this temperature for 16 h. The reaction vessel was allowed to cool to room temperature and
saturated aqueous ammonium chloride ( 5 mL) was added to the reaction mixture. The solution was
extracted with EtOAc ( 3 x 5 mL). The organic extracts were combined then washed with water ( 2 x 10 mL)
and brine ( 10 mL). The organic phase was dried over N804, and the filtrate was concentrated in vacuo.
The residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 85:15 ( v/v), to

afford 93 mg ( 62% yield) 04.16 as a tan oil.

'HNMR ( 500 MHz, CD&): 6 5.96 ( s, 1H),5.83 ( s, 1H), 5.55 (Jdd4.4,7.2 Hz, 1H), 5.38 ( dd,=15.3,6.5
Hz, 1H), 5.04 ( s, 1H),4.84( s, 1H),4.47( s, 1H),4.32( s, 1H), 4/8558.1djz, 1H), 3.51( d,=18.5Hz, 1H),
3.22( d,=5.2Hz, 2H),1.65( d,=6.4Hz, 5H), 1.45( s,9H), 1.07 ( J& 7.1 Hz, 3H), 0.86 ( d,=2.5Hz, 9H),

0.07 —-0.05 ( m, 6H).

13C NMR ( 125 MHz, CDg): § 156.0, 133.8, 133.7, 130.3, 125.8, 120.9, 79.7, 72.5, 72.3, 69.5, 49.7, 39.2,

37.6,28.5,25.9,25.7,18.1,17.6,15.3, -4.2, -4.8.

HRMS ( ES+h/z calc'd for Co4H44N20sSi [M+Na]*: 491.2917; found: 491.2907.

89



|4\N/) 1. NH,OH-HCI 082"

o) N NaHCO; o) NH
Y THF, H,0 Y
(o} > o]
A A
\(j 2. BzFCI, NEt,
\\\\‘ N DCM “\" N
Boc Boc
414 61% over 2 steps 4.22

tert-Butyl-( R,35)-2-methyl-3-( ( ( perfluorophenoxy)carbamoyl)oxy)-3,6-dihydropyridinéft( 2
carboxylate ( 4.22)A 10 mL round bottom flask was charge with 4.14 ( 50 mg, 0.16 mmol, 1 equiv) and
THF( 0.5 mL). To this solution ammonium hydroxide hydrochloride ( 23 mg, 0.32 mmol, 2 equiv) was added.
A solution of NaHCOs (41 mg, 0.48 mmol, 3 equiv) in ¥ ( 0.5 mL) was then added. The reaction mixture
was stirred at room temperature for 16 h. The mixture was diluted with Et,0 ( 5 mL) and washed with a
saturated aqueous solution of NH4Cl ( 5 mL). The organic phase was dried over N804 and concentrated

in vacuo. The residue was passed through silica gel, eluting with hexanes/EtOAc 50:50 ( v/v). The filtrate
was concentrated in vacuo. The resultant residue was dissolved in CH,Cl, ( 1 mL). The solution was cooled
to 0 °C before triethylamine ( 23 mL, 0.16 mmol, 1 equiv) and pentafluorobenzoyl! chloride ( 43 mg, 0.16
mmol, 1 equiv) were added. The reaction mixture was warmed to room temperature and stirred for 5 h.
The solution was diluted with water ( 2 mL) and extracted with Ci€l, ( 3 x 3 mL). The organic extracts were
combined, dried over Na,SO4, and concentrated in vacuo. The residue was purified by chromatography
on silica gel, eluting with hexanes/EtOAc 92:8 ( v/v), to afford 46 mg ( 61% yield over two steps)422 as

a brown oil.

1H NMR ( 500 MHz, CD§): 6 6.13 ( brs, 1H), 5.96 ( brs, 1H), 5.23 ( brs, 1H), 4.67 £ 58,7 Hz, 1H), 4.41

( 'm, 1H),3.59 ( 4w 7.1 Hz, 1H), 1.44 ( s, 8H), 1.16 ( Je& 7.1 Hz, 3H).

3C NMR ( 125 MHz, CDg): 6 171.2, 158.7, 154.6, 80.1, 60.4, 34.7, 31.6, 28.3, 28.1, 22.7, 14.1.
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4.16 4.24

tert-Butyl-( R,35)-3-( (E)(3{ tért-butyldimethylsilyl)oxy)hex-4-en-1-yl)chlorocarbamoyl)oxy)-2-
methyl-3,6-dihydropyridine-1( A)-carboxylate ( 4.24)A 10 mL round bottom flask was charged with
carbamate 4.16 ( 93 mg, 0.20 mmol, 1 equiv) and dry THF ( 2 mL). The solution was cooled to /8 A 2.5

M solution of n-butyllithum in hexanes ( 0.17 mL, 0.42 mmol, 2.1 equiv) was added to the reaction mixture
dropwise over 5 min. The mixture was stirred at -78 °C for 30 min. Trichloroisocyanuric acid ( 46 mg, 0.199
mmol, 1 equiv) was added as a single portion to the reaction mixture. The reaction mixture was slowly
allowed to warm to room temperature as it was stirred over 24 h. Saturated aqueous ammonium chloride

( 5 mL) was added to the reaction mixture. The solution was extracted with EtOAc ( 3 x 5 mL). The organic
phases were combined, dried over Na,SO4, and the filtrate was concentrated in vacuo. The residue was
purified by chromatography on silica gel, eluting with hexanes/EtOAc 90:10 ( v/v), to afford 55 mg ( 55%

yield) of 4.24 as a tan oil.

1H NMR ( 500 MHz, CDg): § 6.02 ( s, 1H), 5.88 —5.77 ( m, 1H), 5.55 (J dd,5.1, 6.7 Hz, 1H), 5.37 ( dd}=
15.2, 6.8 Hz, 1H), 4.86 ( s, 1H), 4.61 - 4.34 ( m, 2H), 4.15—4.05 ( m, 1H), 3.72 = 3.40 ( m, 3H), 1.815 dd,
14.9,7.3 Hz, 2H), 1.65 ( dj= 6.5 Hz, 3H), 1.52 = 1.49 ( m, 3H), 1.44 ( s, 9H), 1.09(=d,.1 Hz, 3H), 0.85 ( s,

10H),-0.00 ( d,=11.8 Hz, 6H).

13C NMR ( 125 MHz, CDg): § 155.6, 154.7, 133.8, 127.5, 126.7, 125.9, 79.8, 72.5, 70.5, 51.4, 47.9, 35.7,

31.9,28.4,25.9,19.3,18.2,13.8,-4.2, -4.9.
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4.31

tert-Butyl 4-oxo-3,4-dihydropyridine-1( H)-carboxylate ( 4.31)A 250 mL round bottom flask was
charged with p-methoxypyridine ( 9.00 g, 82.5 mmol, 1 equiv), isopropanol ( 180 mL), and lithium
borohydride ( 4.49 g, 206.2 mmol, 2.5 equiv). The solution was cooled to O°C, then di-tert-butyl
dicarbonate ( 45.00 g, 206.2 mmol, 2.5 equiv) was added portionwise. The reaction mixture was stirred at
0 °C for 15 min, warmed to room temperature, and stirred at room temperature for 2h. The reaction
mixture was quenched with a 10% ( w/v) aqueous solution of citric acid ( 100 mL). The biphasic mixture
was stirred rigorously for 20 min. The phases were separated, and the aqueous phase was extracted with
CH,Cl; (2 x50 mL). The combined organic extracts were dried over N804 and concentrated in vacuo. The
residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 80:20 ( v/v), to afford
11.68g( 72% yield) &4.31 as a white solid. *H and 3C NMR spectra were consistent with those previously

reported.’

(o)

0 lp, K,CO3, DMAP
Wl\ > Bo:.:HN/\/§Hk
BocHN THF, H,0

4.34 38% 4.35

tert-Butyl (2)-( 4-iodo-5-oxohex-3-en-1-yl)carbamate ( 4.38):100 mL round bottom flask was charged
with 4.34 (445 mg, 2.09 mmol, 1 equiv), THF ( 10 mL), andCH( 10 mL).4CO; ( 356 mg, 2.50 mmol, 1.2
equiv), I, ( 836 mg, 3.14 mmol, 1.5 equiv), and DMAP ( 83 mg, 0.42 mmol, 0.2 equiv) were then added to

this solution. The reaction mixture was stirred at room temperature 4h. The reaction mixture was diluted
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with EtOAc ( 40 mL), washed with a saturated aqueous solution of N&,03( 40 mL), then washed with 0.1
M HCl of 40 mL). The organic phase was dried over N8O, and concentrated in vacuo. The residue was
purified by chromatography on silica gel, eluting with hexanes/EtOAc 85:15 ( v/v), to afford 275 mg ( 38%

yield) of 4.35 as a colorless oil.

'HNMR ( 500 MHz, CD€): 6 7.13 ( t#,=6.1Hz, 1H),4.77 ( s, 1H), 3.43 ( J&,5.8 Hz, 2H), 2.67 ( d,=6.6 Hz,

2H), 2.55( s, 3H), 1.48( s, 9H).

13CNMR ( 125 MHz, CDg): 6 192.5, 156.1, 150.3, 114.2, 79.7, 60.4, 39.3, 38.5, 28.4.

HRMS ( ES#h/z calc'd for C11H1sNOsl [M+Na]*: 362.0229; found: 362.0226.

BH; THF
Q (R)-CBS cat. OH
BocHNWk > BocHNN
, THF i
4.35 4.29

39%, 92% ee

tert-Butyl (S,2)-( 5-hydroxy-4-iodohex-3-en-1-yl)carbamate ( 4.28)2 dram scintillation vial was charged
with THF ( 0.25 mL)R-2-methyl-CBS-oxazaborolidine ( 1L, 0.68 umol, 1 equiv) and BH3THF ( HL, 1.12
umol, 2 equiv). The reaction was stirred for 15 min. A solution of 4.35 ( 23 mg, 0.68&mol, 1 equiv) in THF

( 0.25mL) was added dropwise. The reaction was stirred at room temperature for 1 h. The reaction mixture
was diluted with EtOAc ( 2 mL) and washed with a saturated aqueous ammonium chloride ( 2 mL). The
organic phase was dried dried over Na,SO, and concentrated in vacuo. The residue was purified by
chromatography on silica gel, eluting with hexanes/EtOAc 60:40 ( v/v), to afford 9 mg ( 39% yield)&29

as a colorless oil.

1H NMR ( 500 MHz, CD§): § 6.01 ( = 6.7 Hz, 1H), 4.65 ( s, 1H), 4.04 ( J& 4.5 Hz, 1H), 3.34—3.22 ( m,

2H),2.49-2.38 ( m, 2H), 1.50 ( s, 9H), 1.37(=d.2 Hz, 3H).
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13CNMR ( 125 MHz, CDg): 156.0, 131.8, 74.5, 39.1, 36.5, 28.5, 23.7.

HRMS ( ES+h/z calc'd for C11H20NOsl [M+Na]*: 364.0386; found: 364.0394.
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Chapter 5: Progress Toward the Total Synthesis of the Arcutine Family of

Natural Products

5.1 Introduction

The arcutines (Figure 5.1) are a subfamily of diterpene alkaloids with four members that differ in

the substitution of the allylic oxygen and isopyrroline nitrogen. The natural product arcutinidine (5.1) is

hypothesized to be the biosynthetic precursor for all o M
: arcutinidine (5.1): R=H
arcutinine (5.2): R= COPr

N arcutine (5.3): R=COSBu

OR
members and has been a major target of interest for

synthetic chemists as it is readily derivatized to all other |Figure 5.1: The arcutine family of natural products.

members of the family. Three total syntheses of arcutinidine have been reported, all following the
synthetic strategy of linear syntheses to the arcutine skeleton. Herein, | describe our efforts toward a
convergent synthesis to the arcutines. Although this synthesis has yet to be completed, the syntheses of
both fragments of the molecule have been completed and they have been united in a convergent step.

Completion of this synthesis would result in the most concise synthesis of the arcutines to date.

5.2 Discovery, Biological Evaluations, and Previous Syntheses of the Arcutines

5.2.1 Diterpene Alkaloids

The diterpene alkaloids are a large group of tetracylic, pentacyclic, or hexacyclic natural products
with a nitrogen containing heterocycle.! There are over 950 members within the diterpene alkaloid family
encompassing a series of subfamilies, differentiated by their bond arrangement and bridged cyclic
structures.? The range of bioactivity of the entire family is broad, though many diterpene alkaloids exhibit
activity as voltage-gated ion channel inhibitors.® These natural products are generally derived from plant

matter, although some members of the family are derived from fungi, sponges, and other natural
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sources.* The diterpene alkaloids are common targets for total synthesis, not only for their various potent

bioactivities, but also due to the synthetic challenges their highly complex skeletal structures pose.®

5.2.2 Discovery of the Arcutines

Aconitum arcuatum Maxim was a plant commonly used in folk medicine to treat patients suffering
from rheumatism and radiculitis. Early research on the bioactivity of this plant species indicated that it
does have antibacterial properties.® Studies of the aerial portion of A. arcuatum led to the isolation of a
novel diterpene alkaloid from plant extracts, named arcutin ( later referred to as arcutine) by
Saidkhodzhaeva and coworkers in 2000.” The structure of the novel natural product was determined via
NMR characterization and confirmed via X-ray crystallography. The C10-C20 bridge, characteristic in all
previously reported diterpene alkaloids, was replaced with an unprecedented C5—C20 bridge and an
azomethane linkage to the C20 carbon, classifying this as a new subfamily of diterpene alkaloid natural
products. Further analysis of extracts derived from A. arcuatum revealed another member of the
subfamily, arcutinine, which was found to differ only by the ester substitution on the C15-hydroxy group.®
Saponification of the ester afforded full conversion to arcutinidine, which is presumed to be the

biosynthetic precursor to the isolated natural products.

In 2017, another natural product with the same core on. OH
3

OH

substructure, aconicarmicharcutinium A (Figure 5.2), was discovered _
oH N

Con
Figure 5.2: Aconicarmicharcutinium A.

from a different species of plant of the same genus, Aconitum carmichaelii.’ This natural product was

by Shi and coworkers; interestingly, this natural product was isolated

isolated as the iminium-hydroxide salt, containing the same structure as arcutinidine only differentiating
at the substitution of the isopyrroline nitrogen, bolstering the theory that arcutinidine acts as a
biosynthetic precursor to all arcutine natural products as this natural product was derived from the non-

esterified core. To our knowledge, no studies have been performed to probe the bioactivity of the arcutine
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natural products. The complexity of these natural products and the need of material for potential

bioactivity investigations has led multiple groups to initiate efforts toward an efficient total synthesis.
5.2.3 Biosynthesis

In 2016 the Sarpong group performed computational investigations to probe the biosynthetic
pathway for the formation of the arcutines.'® It was proposed that the arcutines and atropurpuran (5.5),
a pentacyclic diterpene with relatively similar skeletal structure, are a biosynthetically linked, both being

derived from a hetidine-type skeleton (5.4) (Scheme 5.1).2' Two probable biosynthetic pathways were

OH
OH 1,2-shift $Hs oH Hi G o proposed and
N _ —  OHC
N o comparative calculations

hetidine-type arcutinidine atropurpuran
scaffold 5.1 5.5

5.4 were performed to
Scheme 5.1: Proposed biosynthesis of arcutinidine and atropurpuran from hetidine scaffold.

investigate energetic differences between key 1,2-shifts to afford the arcutine scaffold and atropurpuran
from two key precursors.!? With this information, they concluded the most energetically favorable and
likely pathway was the conversion of the core of hetidine to arcutinidine. Oxidation events followed by

hydrolysis leads to the formation of atropurpuran.

Based on these conclusions, Sarpong and coworkers proposed a complete biosynthetic pathway
to the arcutines: beginning with a polyene cyclization of geranylgeranyl pyrophosphate (  GGPP), followed
by a series of rearrangements, oxidation events, and a Mannich reaction to generate the hetidine core

precursor (Scheme 5.2).13 Rearrangement of the hetidine scaffold affords arcutinidine (5.1), which is

® further functionalized to
1,2-shift
_—

! afford all other members of

[0]
lN-atom source the arcutine family.

OH Mannich
-
N reduction ]
H N*
|
5.4 R [¢]
Scheme 5.2: Proposed biosynthesis of hetidine scaffold from GGPP.
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5.2.4 Structural Analysis

The arcutines contain a high level of complexity relative to their

modest size. Many structural features are worth noting when considering

arcutinidine (5.1) as a synthetic target (Figure 5.3). The molecule contains a 51
Figure 5.3: Structural analysis
of arcutinidine.

hexacyclic core with two bridging ring systems, eight stereocenters, seven of
which are contiguous. Furthermore, three of these stereocenters ( labelled 1, 2, and 5) are all-carbon
quarternary centers, two of which are vicinal to one another. Vicinal quaternary centers are recognized
as a synthetic challenge that has sparked a field of interest in their synthesis.!* Other functionalities of
interest include the terminal alkene and allylic alcohol, the tertiary alcohol appended to the central
bicyclic ring system, and the isopyrroline heterocycle. These complexities offer a vast challenge that

enticed many groups to attempt to synthesize the arcutines.

5.3 Previous Total Syntheses

5.3.1 Qin’s Total Synthesis

Qin and coworkers published the first total synthesis of arcutinidine in 2019. This publication was
succeeded by two more reports on the same topic submitted for review the same month.* The group
envisioned rapid construction of four rings of the hexacyclic core via an aza-Wacker cyclization, followed
by dearomative oxidation and subsequent intramolecular Diels-Alder (  IMDA) cycloadditionScheme 5.3).

The aza-Wacker precursor (5.6) was synthesized in eight steps from commercially available starting

?le o ™S o
: aza-Wacker [O]
: —_— >
OMe P — —>
.., _NHTs OMOM NT- OMe NN OMe
1 Tsf§ _ MOMO % o
5.6 5.7 5.8

Scheme 5.3: Qin's key aza-Wacker cyclization and intramolecular Diels-Alder cyclization.

materials. The first stereogenic center was established via cyclohexanone -cyanation to afford a racemic

mixture of products. 5.6 was also produced as enantiopure material via an asymmetric 1,4-methyl
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addition, which allowed them to access 5.1 as enantiopure material, albeit in a less efficient manner. 5.6
underwent the key transformation to afford 5.7 and was converted to 5.8 in three steps. Oxidative
dearomatization of 5.8 afforded 5.9 via intramolecular Diels-Alder cycloaddition. From 5.9, the closure of
the final ring was performed via ketyl-alkene cyclization (Equation 5.1), which was discovered to
completely reduce the acetal in tandem, to obtain 5.9. Conversion of the ketone to the allylic ester,
followed by deprotection and oxidation of the pyrrolidine afforded arcutinine (5.2), which was subjected

to saponification conditions to afford arcutinidine (5.1). Qin and coworkers complted the first total

OH
OH
CH
Sml, 2 5 steps CHs
 —— 0O ———>» O
THF/MeOH . _ °
Ts H N

85%

5.9 5.10 arcutinine
5.2

Equation 5.1: Qin's core construtction and derivatization to arcutinine.
synthesis of two members of the arcutine family in racemic form in 22 steps longest linear sequence and

as enantiopure material in 30 steps. The key aza-Wacker/IMDA transformation was a concise method of
building complexity, but the synthetic sequence to afford the aza-Wacker precursor and the multiple
functional group manipulations required to convert the structural skeleton to the natural product made
this synthesis relatively lengthy. The synthesis of the final ring via ketyl-olefin cyclization, was a strategy
also utilized in Sarpong’s synthesis of 5.1, as well as in Qin’s previously reported synthesis of atropurpuran,

proving to be a robust method of forming the central ring.®
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5.3.2 Li’s Total Synthesis

The Li group targeted the total synthesis of arcutinidine and published their completed
enantioselective synthesis in 2019.% Their strategy invoked a bimolecular Diels-Alder to form tricycle 5.11

followed by an intramolecular Diels-Alder cycloaddition to build the bridged bicyclic system 5.13

CHO °’> OTBDPS OTBDPS LHMDS; OH
g TBAF
. (0] BF3 0Et2 > o
2 84% =
OTBDPS P 68% &Ho 0\> Momo/l\% ° °

MOMO

5.11 5.12 5.13
Equation 5.2: Li's rapid skeletal construction.

(Equation 5.2). The use of IMDA reactions to build the key bridged bicyclic systems is a strategy very
commonly employed in syntheses of diterpene alkaloids.*® To install oxidation in the necessary positions,
5.14 was subjected to Lewis acidic conditions to induce a cationic cascade reaction (Scheme 5.4).

Decomposition of the methoxymethyl protecting group to the oxocarbenium cation induced a Prins

cyclization affording the cationic oxacycle, which
— SnCI4
- (o]
~o” o DCM =, underwent a Wagner-Meerwein rearrangement
5.14 *
lpﬂns cyclization | tO afford the central [2.2.2]-bridged system. The
Wagner- cation then suffered elimination to afford 5.15 in
o Meerwein
N B 0 . . . .
o o modest yield. This ring-expansion parallels the
5.15
Scheme 5.4: Li's key cationic cascade reaction. biosyntheSis proposed by Sarpong and coworkers

and mimics the conversion of the hetidine-type scaffold to the arcutine scaffold (Section 5.2.3).*°
Although the synthesis of the core structure was highly efficient, a seven-step sequence of redox and
functional group manipulations were required to afford the skeletal structure of the arcutines with the

correct oxidation pattern (5.16) necessary to complete the synthesis (Scheme 5.5). The synthetic strategy

1. NH,OH'HCl, OH
NaOAc, NaBH, CHs
- OH
2. TiCl4, NaBH;CN _
N
0,
65% over 2 steps arcutinidine

5.15 5.16

5.1

Scheme 5.5: Li's completed synthesis of arcutinidine.
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by Li mirrors aspects of Sarpong’s proposed biosynthesis, connecting the relationship between the
oxidation pattern of atropurpuran and the arcutine precursor 5.16. Forming the imine-heterocycle via
reductive condensation of hydroxylamine with 5.16, in tandem with reduction of the enone carbonyl,
afforded arcutinidine (5.1) in 19 steps longest linear sequence. The strategy incorporated by Li and
coworkers is similar to the other published syntheses of the arcutines, in which concise formation of the

skeleton was achieved at the cost of a series of necessary functional group manipulations.

5.3.3 Sarpong’s Total Synthesis

In 2019, Sarpong and coworkers published their total synthesis of arcutinidine.”® The group
credited their retrosynthetic analysis to Corey’s chemical network analysis combined with modern density
functional theory ( DFT) calculations to determine a synthetically viable routé A major discovery
reported in this publication was the development of an unprecedented Diels-Alder cycloaddition utilizing
oxopyrrolium dienophiles (Equation 5.3). The Lewis acid catalyzed Diels-Alder cycloaddition was

determined to be feasible via a series of DFT calculations. Utilizing masked-oxopyrrolium precursor 5.17,

Lewis acid activation initiated a
o= > onte MOAC=
EnOH AICl;, MeCN completely regioselective Diels-Alder
OMe 78%
5.17 5.18 cycloaddition affording key tetracyclic

Equation 5.3: Diels-Alder cycloaddition utilizing an oxopyrrolium dienophile.
intermediate 5.18 in four steps from commercially available starting materials. Redox manipulations and

deprotections afforded tetracycle 5.19, which was subjected to a two-step dearomative oxidation/IMDA

cycloaddition sequence to afford 5.20 in 60% yield over two steps (Equation 5.4). 5.20 was subjected to

9 a three step
OAc HOJJ\/ QAc
o= Pb(OAc), | O\ o PhMe sequence to
Bn DCM B LO~2° [ 110°C
OMe bM:Q produce dione
5.19
Equation 5.4: Sarpong's synthesis of the bridged bicyclic intermediate. 5.21, which was

subjected to pinacol coupling conditions, reminiscent of the ketyl-alkene cyclization conditions developed
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by Li and coworkers, to afford 5.22 (Equation 5.5). After this concise synthesis of the arcutine core, a

nine-step sequence of functional group manipulations was required to afford the natural product (5.1),

. . O o OH OH

/ OH

resulting in the | Smi, 0 steps CH, N
o
CO,Me CO,Me -
total synthesis of N THF N <1% yield >
Bn H Bn H

5.21 5.22 arcutinidine

arcutinidine in 25 Equation 5.5: Radical coupling to afford arcutine skeleton and completed synthesis. 5

steps from commercially available starting materials. Although the synthesis of the structural skeleton
was efficient, the strategy resulted in intermediates lacking necessary functionalization at key positions,

which was accounted for late in the synthesis in a lengthy series of low yielding transformations.,
5.4 Efforts Toward the Total Synthesis of the Arcutines
5.4.1 Synthetic Analysis

In our consideration of the previously reported syntheses of the arcutines, it became apparent
that all previous efforts utilized a similar strategy: build the skeletal framework efficiently then introduce
or adjust functional groups in a lengthy sequence. Our strategy was instead to develop a convergent

synthesis by separating the molecule down its central bonds into two halves ( synthon5.23 and 5.24). We

OH OH
CHy CHy /| ® Q. on
S
N= N @
5.1

envisioned taking advantage of the

consonant relationship of the 1,3-

arcutinidine
carbonyl system of bicycle 5.23, as 523 524

Scheme 5.6: Retrosynthetic analysis of arcutinidine via central fragmentation.

We believed that

well as a reductive cyclization utilized in many previous syntheses (Scheme 5.6).
targeting the synthesis of the molecule in a convergent manner, rather than the previous, linear efforts,
would allow for a more efficient synthesis than any previously reported, as it preinstalled the functionality

of the natural product, avoiding the need for late-stage functional group manipulations.
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Arcutinidine (5.1), having
been shown to be derivatized to
all other members of the arcutine
family, was our retrosynthetic
target (Scheme 5.7). From the
initial

natural product, our

disconnection mimicked the ketyl

O Br OH
OH
CH, CHy J° —
o — N — H
— = N
N N H
PR 1] O
arcutinidine 5.24 5.25
51 U
Br OHOH Br OH o
OH <: e +
HO. HO
OH NH,
Br H H
o o
5.29 5.28 5.27 5.26
Scheme 5.7: Retrosynthetic analysis for the synthesis of arcutinidine.

radical cyclization utilized in Qin and Sarpong’s syntheses to afford 5.24.%'721 We envisioned a Dieckmann

condensation followed by alkylation at the a-carbon of the resultant vinylogous amide (5.30) to afford

the central ring (Scheme 5.8).2? 5.25 could be disconnected into amine fragment 5.26 and bridged bicycle

5.27. The [2.2.2]-bridged bicycle
5.27 could be reverted to diol
5.28

through regioselective

HO,
(o] Br OH o
= Br Z CH;
H S o H o R ) P
H = N=
o NH

5.25 5.30 5.24

Scheme 5.8: Proposed bicyclization cascade.

oxidation ( precedented on

similar bicyclic systems) and methylene Wittig transform.? Diol 5.28 would be accessed through

cycloaddition of oxidative dearomatization product 5.29; the Diels-Alder reactivity of the cyclic dienes

afforded by dihydroxylative dearomatization is well precedented.?* The enantioselective synthesis of

amine 5.26 will be discussed in section 5.4.2.

This synthetic pathway could allow for the synthesis of arcutinidine in as few as seven synthetic

steps from commercially available ( 2-bromoethyl benzeneScheme 5.9). While it was recognized that

precedented biocatalyzed p. Putida

_—

dearomatic dihydroxylation Br

was known only to afford

OH
5.31
Scheme 5.9: Precedented biocatalytic dearomative dihydroxylation vs. desired enantiomer.

’I'OH OH

OH
Br

5.29

the undesired enantiomer 5.31, the synthesis of the non-natural enantiomer of arcutinidine was still
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considered a valuable pursuit as it could act as a proof of concept toward a highly efficient synthesis.

Access to the desired enantiomer could be resolved through collaboration with laboratories specialized

in biocatalysis or directed evolution.

5.4.2 Amine Fragment Synthesis

The amino-ketone fragment 5.26 was envisioned to arise from an enantioselective nitro-Michael

addition precedented by the work of Dixon and Ye (Equation 5.6).% This reaction produced 5.32 in highly

GPPX

NH,
MeNO,, benzoic acid

-
'

reduction

solvent

ol

Equation 5.6: Enantioselective nitro-Michael addition and path forward.

98%, 99% e.e.

81 mmol 5.32

5.26

scalable, high-yielding, and

enantioselective manner. 5.32

was subjected to reduction, which
NH,

resulted in a complex mixture of

products, hypothesized to be a

mixture of condensation products and the secondary alcohol. To avoid overreduction and hemiaminal

formation, 5.32 was converted to the ketal and the nitro group was reduced using Raney nickel catalyzed

hydrogenation conditions to 0 ethylene glycol M\
TsOH'H,0 o _° Raney Nickel 00
NO, > NO. NH
afford the protected fragment benzene ijv/ : H,, MeOH ijv/ 2
67% over 2 steps
(5.35) in three steps (Equation | 532 5.34 5.35
Equation 5.7:Successful synthesis of the protected western fragment.

5.7).

5.4.3 Key Transformation Model System

A model system was devised to test the key Dieckmann condensation/alkylation reaction utilizing

5.35. The minimum scaffold necessary for testing this reactivity was only the amide and a long chain alkyl

halide, represented in o Br oH
— cH; P
blue (Scheme 5.10). N i
H NZ
[e]
The model system

Scheme 5.10: Model system developed to test Dieckmann alkylation cascade.

o
Y
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(5.36) was made via acylation of amine 5.35

7\

with 5-bromo valeryl chloride followed by |o o 1. DCM, pyridine 0
NH >
@ ?  2.HCI, EtOH HN

conversion of the ketal to the ketone (Equation

5.35
5.8).

Equation 5.8: Key-:

57% over 2 steps

step model system synthesis.

Conditions were explored to induce bicyclization of 5.36 (Table 5.1). Heating 5.36 with catalytic

quantities of Brgnsted-Lowry acid resulted in no reactivity

or decomposition. Subjecting 5.36 to

Br:
o conditions 0,
--------------- > A\
HN N
o
5.36 5.37
Solvent Additive Temperature Result
CI-Ph cat. pTsOH Reflux No reaction
CI-Ph 1 equiv pTsOH Reflux Decomposition
DMF cat. pTsOH Reflux Decomposition
DMF 1 equiv pTsOH Reflux Decomposition
- - 130 °C 5.37 isolated
PhCI cat. pTsOH uW, 200° C No reaction
PhCI 1 equiv pTsOH uW, 200° C Decomposition
PhCI cat. pTsOH uW, 200° C (1Hr)  No reaction
1,2-PhCl, cat. pTsOH Reflux No reaction
Table 5.1: Conditions screen to induce the Dieckmann-alkylation transformation.

stoichiometric amounts of Brgnsted-
Lowry acid and heating resulted in
complete decomposition. Heating
5.36 in the absence of solvent
resulted in a product tentatively
assigned as desired tricycle 5.37. This
product had a near perfect match to

the predicted C** NMR spectra. The

tentatively positive result and the knowledge that the actua

optimization efforts encouraged us to continue our pursuits.

5.4.4 Biocatalytic Dearomative Dihydroxylation

| system would likely require its own

Arene oxidation must overcome the high thermodynamic barrier of dearomatization.?® These

reactions generally rely on the use of combinations of strong oxidants and transition metal catalysts or

biocatalysis.?”” The Hudlicky and Boyd groups have championed

the use of in vivo enzymatic catalysis to

afford such substrates.?® Through correspondence with members of these labs, it was discovered the

requirement of specialized bioreactors and the inability to run t

few hundred milligrams were problems that limited our potentia
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Due to the need for specialized equipment and restricted access to the required strain of bacteria,
we chose to collaborate with the Prescher lab at UCI. In collaboration with Dr. Anna Love and Dr. Ryan

Kozlowski, multiple attempts at screening dearomative dihydroxylation conditions of the desired

substrate were performed utilizing WOH
conditions "o
modified strains of E. coli (Table 5.2). [ || 777777 >
. . Br Br
We realized that without access to 531
specialized bioreactors, we were Plasmid Phenethyl bromide Toluene Dodecane Broth Result
! PAL096 30 uL - + Luria -
pAL096 30 uL - - Luria -
unable to generate over 10 milligrams | PAL0Y7 30 L - + Luria -
PAL097 30 uL - - Luria -
pAL096 - 46 pL + Luria -
of 5.31. We had been in contact with | PAL0% - 46 L - Luria -
PAL097 - 46 pL + Luria -
pAL097 - 46 pL - Luria -
multiple groups who are capable of | PALO97 50 . - - Mineral 11 mg
pAL097 147 uL - - Mineral 10 mg

producing appreciable quantities of Table 5.2: Efforts toward biocatalytic dearomative dihydroxylation.

5.31, though it was concluded that these labs were unable to ship us substantial amounts due to concerns

over the noted thermal decomposition of the product, which risked explosion during transit.

5.4.5 Retrosynthetic Reconsiderations

We chose to pursue an alternative synthesis of the bridged bicyclic fragment to act as a proof-of-
concept before investing deeply into external collaborations. We thought that bridged bicycle 5.27 was
synthetically equivalent to lactone 5.38 (Scheme 5.11). We believed we could synthesize this lactone

fragment via intramolecular Diels-Alder cycloaddition of 5.39. The cyclic dienone was considered a retron

OH OH o
Br __ — [o] OH o
— AcO (o} OH
o = — \n/\ p— —
H H o
(o} (o}
5.27 5.38 5.39 5.40 5.41
Scheme 56.11: Reconsidered retrosynthetic analysis of the easten fragment.

for an oxidative dearomatization transform, leading to phenol 5.40, the reduction product of literature

precedented benzofuranone 5.41.
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5.4.6 Phenol Synthesis

In pursuit of our newly developed synthesis, 5.41 was made in three steps from 2,6-
dimethylphenol, which was successfully converted to the 5.40 via reduction (Equation 5.9).% The

literature precedented synthesis to the benzofuranone 5.41 was readily replicated on 500 milligram scale

(o}

L in yields like those

Cl N
1. | o
OH OH .
NaH, THF 0 NaBH, on | reported. On multigram
> —_—
2. LDA, TBSCI, THF THF
3. TFA, toluene scale, however, the
78%

68% on 8.2 mmol scale 5.41 5.40

37% on 82 mmol scale y|e|ds were greatly
Equation 5.9: First generation synthesis of the phenol alcohol intermediate.

diminished. The poor scalability was attributed to the quenching of trifluoroacetic acid ( TFA) that, on
scales requiring hundreds of milliters of TFA, resulted in exothermic decomposition of the product. All
measures taken to prevent this decomposition, such as cooling the reaction mixture prior to quenching
and extended quenching, showed little improvement of yields. We believed that a highly scalable
synthesis would be necessary to produce the bridged bicyclic fragment, so we began to investigate

alternative routes to 5.41.

Benzofuranone 5.41 was thought to be accessable via intramolecular Friedel-Crafts alkylation

(Equation 5.10). The synthesis of the parent benzofuranone from phenol through a two-step procedure

utilizing intramolecular  Friedel- o 0 o
OH
YJ\/X O)J\/ X conditions o
. - i v it

Crafts alkylation was reported to be

X =Cl, Br, N,
scalable and high yielding.*° 82-90%

5.42 5.41

Acylation of ortho-cresol with |gquation 5.10 Attempted synthesis of the benzofuranone intermediate

via Friedal-Crafts acylation.

chloroacetyl chloride afforded 5.42 (X=Cl), which was subjected to the reported conditions but returned
only starting material. The bromo and diazo variants also failed to cyclize under reported conditions.

Rigorous screening of Lewis and Brgnsted-Lowry acid-catalyzed Friedel-Crafts alkylation conditions

109



resulted in either no reaction or complete decomposition, so this strategy to synthesize 5.41 was

abandoned.?!

5.4.7 Reductive Ozonolysis Strategy

Our focus turned to a direct synthesis of 5.40 via reductive ozonolysis of known allylphenol 5.43
(Equation 5.11). Although 5.43 is sold by some commercial vendors it is an expensive starting material,

so the precedented two step synthesis of 5.43 from o-cresol was pursued. Allyl ether 5.42 was made

OH O/\/ DMF OH reductivg OH
/\/Br 250 °C, 30 bar P ozonolysis . OH
—_— > NN e
K,CO; or
acetone NMP, pW
300 °C
97% 5.42 5.43 5.40
55% - 81%
Equation 5.11: Precedented synthesis of ozonolysis precursor and proposed reductive ozonolysis.

according to literature precedent.3 A limitation of this route was the need for high temperatures and
pressures in a very low concentration to induce the Claisen rearrangement. Our laboratory was not
equipped with the appropriate high-pressure reaction vessel required to perform this chemistry on the
multigram scale. Synthesis of 5.43 via microwave irradiation at low concentrations would be highly

limiting to scale.

Alternative methods to induce the Claisen rearrangement were investigated (Equation 5.12) and
we discovered that microwave irradiation of 5.42 in the absence of solvent generated 5.43, affording 5.40

in high yields, on 20 grams scale in a single batch. Ozonolysis of 5.43 in methanol followed by reductive

o N\F OH OH qguenching of the ozonide
W _ 03, MeOH OH
—_— —_—
then NaBH, yielded over 30 grams of 5.40
82%
77%
542 5.43 5.40 in a single reaction.
Equation 5.12: Successful phenolethanol synthesis.
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5.4.8 Chemoselective Acryloylation

Acryloylation of 5.40 posed a
1equnv o
OH \
chemoselectivity issue as the phenolic OH
DCM, NEt, \“/\
oxygen could potentially be acylated in 5.40 ~10% conversion
o
preference to the primary alcohol 3equw *
OH \
OH

(Equation 5.13). Initial studies indicated \©/\/ DCM, NEt, \©/\/ \ﬂ/\

L 91%
that attempts at kinetically controlled 5.40 5.45

o
acylation resulted in poor conversion to OH U OH
OH Cl (o}
AP s
| ‘ \@/\/ PR \@/\/ I
5.44 and increased equivalents of
93%
acryloyl chloride resulted in complete 5.40 5.44
Equation 5.13: Investigations into chemoselective acylation.

conversion to bis-ester 5.45. It had been reported that acryloylation of primary alcohols in the presence
of phenols could be achieved utilizing a solvent mixture of acetonitrile and N-methylpyrrolidine.3
Subjecting 5.40 to these conditions afforded 5.44 in good yields on 10—gram scale with complete

chemoselectivity.

5.4.9 Dearomative Oxidation

Dearomative oxidation of 5.44 posed a challenge of regioselectivity, as the carbocationic

intermediate (5.46) had two potential sites for acetoxylation with no indication of a steric or electronic

OH 01 (o} 0 fo) oA
AcO- c
o 0 AcO o) o
N > (N D > X X
1]/\ '\v’) I \b/\/ \L]/\ \L]/\
5.44 5.46 5.39 5.47
Scheme 5.12: Regioselectivity challenge of dearomative oxidation.
. . Conditions Result
preference for the desired diene 5.39 (Scheme 5.12). PIDA. DCM 5.47
PIFA, HFIP 5.47
Investigations into well-precedented hypervalent-iodine mediated IBX, BuyNI, DCE, TFA  No reaction
Pb(OAc),, AcOH 5.39
oxidations resulted in the complete conversion to the undesired [Table 5.3: Screen of common conditions
to induce dearomative oxidation.
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regioisomer 5.47 (Table 5.3). Fortunately, when 5.44 was subjected to lead tetraacetate in acidic media

5.39 was isolated as the sole regioisomer in good yields. When 5.44 was subjected to these conditions on

[ti le the yields declined OH
multigram scale the yields decline \@/\/O\n/\ POOAS peo O\H/\
AcOH
(Equation 5.14). It was observed ° Ej o
5.44

76%, 300 mg scale
42%, 5 gram scale 5.39

that during  the guenching 11%, 15 gram scale

Equation 5.14: Dearomative oxidation and scalability data.

procedure on larger scales stable emulsions containing large quantities of lead byproduct were formed,

potentially leading to loss of product.

Reevaluation of previous results (Table 5.3) led to the hypothesis that preference for the desired
regioisomer could be credited to the use of acetic acid as the solvent. 5.44 was subjected to a series of

hypervalent-iodine oxidants with acetic acid
| | \@/\/ \n/\ — \@/\/ \n/\

as the solvent, but all experiments still

.44 [O] = PIDA, PIFA, Koser's, DMP 5.47
resulted in formation of the undesired

Scheme 5.13: Screen of hypervalent iodine reagents in acidic medium.

regioisomer (5.47) (Scheme 5.13). These results indicated the possibility that the acetylation event did
not occur through a bimolecular reaction, but rather through intramolecular transfer of the acetate group.
Based on this hypothesis, we concluded that regioselectivity was likely determined by the characteristics

of the oxidant, leading us to abandon all hypervalent iodine oxidants.

We turned our attention back to optimization of the lead tetraacetate-mediated conditions on

large scale (Table 5.4). It was hypothesized that thermal decomposition of the product may occur during

O\ﬂ/\ Pb(0Ac)4 \ﬂ/\ the exothermic quench of the large excess
o) 10 gram scale

of acetic acid resulting in poor yields at

5.44
Conditions Result larger scales. Attempts at maintaining
A - AcOH, Cooled to 0°C during quench A -21%
B - DCM, acetic acid removed B - 40% conversion . .
C - DCM, 10 equiv acetic acid C-72% temperature  while neutralizing the

Table 5.4: Optimization of lead acetate-mediated dearomative oxidation.
reaction mixture, led to minimal improvement in yield. The hypervalent iodine reagent screen indicated

that the acetic acid solvent is likely inconsequential to regioselectivity. Removing the acetic acid entirely
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and running the reaction in dichloromethane led to poor conversion. The use of a moderate excess of
acetic acid with dichloromethane as the solvent allowed for complete conversion to 5.39 and no notable
decomposition during work up. These conditions also prevented the formation of emulsions during the

workup. 5.39 was isolated in consistent yields on scales up 15 grams.

5.4.10 Preliminary Investigations into Enantioselective Oxidative Dearomatization

While the oxidative dearomatization afforded 5.39 as a mixture of racemates, it was our goal to
synthesize each member of the arcutine family as a single enantiomer. Further, accessing enantiopure
5.39 was imperative to avoid forming a mixture of diastereomers when the fragments were converged.
Enantioselective oxidative dearomatization reactions are known and rely on chiral hypervalent iodine

reagents.>* 5.44 was subjected to a common chiral hypervalent iodine reagent but that experiment only

AcO, ~OA generated undesired regioisomer

2 OMe
OH m  oac 5.47 (Equation 5.15). Examination of

(o] (o]
B o X
the literature revealed no reports of

5.44 5.47

Equation 5.15: Enantioselective oxidative dearomatization using chiral .
hypervalent-iodine reagent. chiral lead tetraacetate reagents.

Aryl-lead triacetate reagents have been reported and are commonly used as aryl transfer reagents,
though some examples of their use as oxidants have been reported.®® We hypothesized that we could
develop a chiral aryl-lead acetate reagent, reminiscent of the chiral hypervalent iodine regents, and

perform oxidative dearomatization to afford enantioenchriched regioisomer 5.39.

It was plausible that the oxidant would perform the dearomatization event, but transfer the aryl

HO.__OH
group rather than the acetate, so a model B Pb(OAC),, Hg(OAC) PP(OAC)s
) ) i e O o<
7 ~N -
. CHCI;
system was developed. 5.48 was synthesized
64% 5.48
from the aryl boronic acid (Equation 5.16). [Equation 5.16: Synthesis of aryl-lead oxidant.
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Notably, we included the dimethoxy Pb(OAC)3

functionality to replicate

the \é/\/o AcO o
\n/\ » ¢ \tj/\/ \n/\
. . AcOH, DCM
functional handles that would likely °© ¢ °

be present on a chiral reagent. 5.44 |Equation 5.17: Oxidative dearomatization via aryl-lead oxidant.

0. NG

5.44 40% conversion 5.39

was subjected to the standard oxidation conditions but replacing lead tetraacetate with aryl-lead reagent

5.48 (Equation 5.17). Gratifyingly, we noted modest conversion to the desired regioisomer (5.39) with no

noted arylation or undesired regioisomer byproducts. We were satisfied that these results acted a

proof—of—concept, calling for future investigations in the use of chiral lead acetate reagents for the

synthesis of enantiopure arcutines.

5.4.11 Electronically Mismatched Intramolecular Diels-Alder Cycloaddition

Intramolecular Diels-Alder o ¥ OAc
AcO (o] = 0
cycloaddition of 5.39 could afford bridged- \ﬂ/\ """ > i L
° o o o
bicycle 5.49 (Scheme 5.14). The 5.39 5.49
Scheme 5.14: Proposed intramolecular Diels-Alder cycloaddition.

diastereoselectivity was predicted to favor the desired 5.49 based on steric blocking of the methyl group

versus the acetate group.3® 5.39 in toluene was heated to reflux for multiple days resulting in no

conversion. Since both the diene and dienophile of 5.39 were electron deficient, this could potentially

preclude the intramolecular Diels-Alder cycloaddition.®” It was predicted that reduction of dienone 5.39

to the electronically-
matched diene-dienophile
system (5.50) could
spontaneously undergo
IMDA (Scheme 5.15) to

synthesize alcohol 5.51.

OAc

o

5.39 5.50 5.51
Scheme 5.15: Proposed electronically-matched intramolecular Diels-Alder transform.

o]

OH
CeCly7H,0, NaBH,
AcO 0. 0.
AN > X
™ e O
5.44

5.39
Equation 5.18: Dienone reduction resulting in rearromatization.
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When 5.39 was subjected to Luche reduction conditions, neither allylic alcohol 5.50 nor Diels-Alder
product 5.51 were observed. Instead, aromatic intermediate 5.44 was afforded quantitatively (Equation
5.18).38 It was suspected that the introduction of an acidic site allowed for facile elimination of the acetate

and restored aromaticity.

The mismatched intramolecular Diels-Alder cycloaddition was reinvestigated, as similar reactions

reported are performed at temperatures much higher than conditions previously tested.® A series of

OAc
condition screens revealed that heating a 1.2-dichlorobenzene o
Aco\tj/\/o\n/\ : >
5.39 in dichlorobenzene at relux with sub- o BHT o
89%, >20:1 d.r. 0
_ . 5.39 5.49
stoichiometric amounts  of bUtylated Equation 5.19: Successful intramolecular Diels-Alder cycloaddition.

hydroxytoluene ( BHT) afforde8.49 as a single diastereomer in
high vyields (Equation 5.19). BHT was included to prohibit

side—reactivity with adventitious oxygen.*® The structure and

stereochemistry were unambiguously confirmed via X-ray

crystallographic analysis (Figure 5.4). Figure 5.4: Unambiguous structural
determination of cycloaddition
product via X-ray crystallography.

On multigram scale the yield was notably decreased. Although TLC and NMR analysis of the crude
material indicated complete consumption of starting material, large amounts of starting material were
isolated via column chromatography. 2D TLC indicated that 5.49 was likely sensitive to pH 5 silica gel and
would revert to 5.39 via acid-catalyzed retro Diels-Alder cycloreversion.*! The decomposition was likely
more notable on larger scale reactions due to the increased time required for isolation. Isolation
conditions were explored, and it was discovered that column chromatography with neutralized pH 7 silica

gel stationary phase afforded 5.49 in yields equivalent to the milligram scale reactions on 15—gram scale.
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5.4.12 Optimization of Ketone Reduction

Multiple paths to convert a—acetoxy ketone 5.49 OAC
reduction
. . . (¢} then -OAc HO
to allylic alcohol 5.38 were feasible (Scheme 5.16). Initial P77 e -
or
. . . o -OAc then )
efforts to access the enone intermediate via acetate o reduction o
5.49 5.38

elimination were unsuccessful, so ketone reduction was |gcheme 5.16: Necessary functional group interchanges.

performed. When 5.49 was subjected to sodium borohydride in methanol the produced the a-hydroxy

acetate 5.51 and its diastereomer as a 1:1 mixture (Table 5.5). Screening a series of solvents revealed that

OAc OAc
o NaBH, HO
y —_— y
solvents
[¢] 0 (o] 0
5.49 5.51
Solvent Ratio d.r. Yield
MeOH 1:1 47%
THF:MeOH, 1:1 2.5:1 61%
THF:MeOH, 4:1 9:1 78%
THF:PrOH, 4:1 2:1 41%
THF:MeOH 99:1 >20:1 58%
THF >20:1 60%

Table 5.5: Ketone reduction solvent screen.

Figure 5.5:Unambiguous structural
determination of reduction
product via X-ray crystallography.

use of a THF/methanol solvent mixture resulted in improved
diastereoselectivity toward a single product, which was
unambiguously confirmed to be the desired diastereomer (5.51)
via X-ray crystallography (Figure 5.5). A consistent trend was
observed in the ratio of THF relative to methanol. Running the
reaction with THF as the sole solvent resulted in complete
diastereoselectivity for the desired product. Multiple minor
byproducts were also formed that had not been observed in
reactions including methanol. It was decided that the 4:1 solvent
mixture condition would be most effective and allowed for the

highest recovery 5.51 on gram scale in good yields.
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5.4.13 Acetate Pyrolysis

We decided to investigated direct elimination of the acetoxy group to afford terminal alkene 5.38.

The common two-step route of acetoxy elimination, employing saponification and dehydration, could

5.51 5.38

Conditions

NaO'Bu, THF

NaO'Bu, Sc(OTf);, THF
NaO'Bu, Sc(OTf);, DCM
1,2-C1,Ph, uW, 300° C

OAc
HO OH
HO conditions 7 o
/ . \n/\
[o]
o
o
o 0

5.44

Result

No reaction
Decomposition
No reaction
1.0:1.1, 5.51: 5.44

Table 5.6: Conditions screen to induce acetate pyrolysis.

Time (min 5.38:5.44:5.51 Yield
20 1 :05:25 25%
80 1 :07:05 47%
110 1 :12:0.0 45%
100 1 :09:0.0 53%

Table 5.7: Acetate pyrolysis optimization.

lead to undesired reactivity if the lactone
were opened and the resultant primary
alcohol was subjected to dehydration
conditions.*> A combination of Brgnsted-
Lowry base and Lewis acid conditions
were screened to induce acetate

elimination but all were unsuccessful

(Table 5.6).** The classic method of ester

pyrolysis was considered, though these reactions are generally only performed on simple hydrocarbon

substrates due to the harsh conditions required to induce syn-elimination.** Irradiation of 5.51 in a

microwave reactor yielded a mixture of terminal alkene 5.38 and cycloreversion byproduct 5.44. Once

again, the structure was unambiguously assigned via X-ray
crystallography (Figure 5.6). Reaction conditions were
optimized to decrease the amount of undesired byproduct
formed. Irradiation at 250 °C led to the slowest rate of
cycloreversion and running the reaction for 100 minutes

allowed for full starting material consumption, affording 5.38

in modest yields (Table 5.7).

Figure 5.6: Unambiguous structural determination
of acetate pyrolysis product via
X-ray crystallography.

X-ray crystallographic analysis of 5.51 indicated a hydrogen-bonding interaction between the

acetate carbonyl and the proton of the alcohol group. With the knowledge that the allylic alcohol would

likely need to be protected in the subsequent steps, we thought that protection of the alcohol before
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OAc OAc /

HO TMSOTf, pyridine T™MSO 1,2-dichlorobenzene TMSO OH
4 > 4 > 7 o
o W \@/\/ \L]/\
o O 83% o o o ©
5.51 5.52 5.53 5.44
Equation 5.20: Silyl ether synthesis and subsequent acetate pyrolysis.
. . Temperature Time 5.53:5.44:5.52 Yield
the acetate pyrolysis could disrupt the hydrogen 250°C 20 min 100000 163 8%
250°C 45 min 1.00:0.11:0.72 56%
bonding event and affect cycloreversion. Optimized 250°C 60 min 1.00 : 0.31 : 0.00 7%
225°C 60 min 1.00:0.00 : 5.07 67%
. . . . 240°C 60 mi 1.00:0.28 : 1.42 37%
silylation conditions afforded 5.52, which was min °
Table 5.8: Optimization of acetate pyrolysis of silylated substrate.

subjected to microwave irradiation (Equation 5.20). We noted that the rate of conversion to 5.53 was
increased nearly two-fold when compared to the unprotected substrate (5.51), allowing for complete
consumption of starting material with reduced byproduct formation (Table 5.8). The optimized conditions
for acetate pyrolysis produced 5.53 in good yields, allowing us access to hundreds of milligrams of the

protected bridged bicyclic fragment.

5.4.14 Fragment Convergence

Efforts to converge —
/ [\ o) 0 OTMS
) . TMSO o_° NEt;/DMAP/NaH HO Y
5.53 and 5.35 via direct 7 + > H
NH i N
o 2 No reaction
addition of the amine into the Y o
5.53 5.35 5.54
lactone carbonyl led to no |Equation §.21: Attempts at nucleophilic fragment conversion.

conversion to amide 5.54 (Equation 5.21). Attempts to saponify 5.38 afforded potassium carboxylate salt
5.55, but any efforts to isolate the carboxylate salt or the neutralized carboxylic acid resulted in returned

5.38 (Equation 5.22). Attempts to derivatize the primary alcohol 5.55, including silylation and conversion

to the halide via
MeOH

HO KOH,q HO HO acid or base HO .

4 —_— J J _— 7 Appel conditions,
THF
° HO HO" afforded only
5.38 5.55 5.38 5.56

Equation 5.22: Efforts toward lactone opening. returned 5.38.
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Transesterification efforts resulted in poor conversion to 5.56, which rapidly reverted to lactone during

isolation efforts.

Recognizing the propensity for the lactone of 5.53 and 5.38 to remain cyclized, alternative ring

opening methods were investigated. Lewis acid mediated nucleophilic lactone opening aimed to afford

iodoester 5.57 resulted in modest TMSCI, Nal TMSO
HO DCM
7
conversion to a new product then MeOH
o O
( tentatively assigned a$.58), which 5.38 5.57 5.58
Equation 5.23: Attempted lactone opening via nucleophilic iodide substitution.
was presumed to be formed via the /
4 TMSO
. . . . . - TMSO
iodonium intermediate (Equation 5.23).* A similar 7 AlMes, HSE 4
DCM, toluene 0
. . . . s
issue had been faced by Qin and coworkers in their o ° HO )
. . 5.53 5.59
synthesis of atropurpuran, which they resolved by
Equation 5.24: Efforts to afford ring-opened thioester.

forming the thiol ester, which was seemingly less labile to cyclization.’

Unfortunately, all attempts to

afford thioester 5.59 resulted in either decomposition or returned starting material (Equation 5.24).

Addition of the amine into the lactone was reconsidered as the amide was likely more stable and

less prone to relactonization. A series of Lewis acid-catalyzed conditions were screened, and it was

discovered the trimethylaluminum-mediated amidation afforded 5.60 in modest yields (Equation 5.25).

Because the synthesis of 5.53

produced racemic material, the amide

coupling reaction afforded 5.60 and its

)46

/ \
TMSO 0 _° AIMe3
7] +
NH toluene
o (6]

5.53 5.35 5.60
Equation 5.25: Convergence of the eastern and western fragments.

39%

diastereomer, which were inseparable via chromatography. It was also observed that the trimethylsilyl

group was removed during the reaction. Although the yields were modest, optimization efforts were

delayed, and the material was carried through to derivatization.
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5.4.15 Attempts at Derivatization

Converged product 5.60 was subjected to a series Brgnsted-Lowry and Lewis acids to deprotect

the ketal and obtain 5.61, but all attempts resulted in either no reaction or decomposition via

relactonization to afford 5.38

H"ILA
ﬁ ﬁ and a complex mixture of

5.60 5.6 5.3 amine products (Equation
Equation 5.26: Attempted ketal deprotection.

5.26).*’ Recognizing the need to remove the nucleophilic alcohol to prevent relactonization, 5.60 was

subjected to Appel conditions, but once more lactone 5.39 was isolated (Scheme 5.17). Efforts to silylate

the primary alcohol also resulted in relactonization. These results indicated that any electrophilic reagent

would act likely as a Lewis acid, activate the

Appel
amide, and induce lactonization. It became ijl\/
R3SICI

apparent that direct coupling of the 5.60
Scheme 5.17: Efforts to attenuate the primary alcohol nucleophilicity.

fragments would be nonproductive for the synthesis.

5.4.16 Revised Fragment Convergence and Future Directions

To remove the issue of unproductive lactonization, an alternative route to fragment convergence
was devised (Equation 5.27). Lactone 5.39 was silylated with the more robust tert-butyldimethylsilyl

group (5.62) in poor, unoptimized yields. The lactone of 5.62 which was reduced to diol 5.63. Currently, A

Ho TBSCI  TBSO DIBALH TBSO series of protecting group
7 imidazole 4 4
o beM o oH strategies are being investigated
o o 55% HO
0,
5.39 39% 5.62 5.63 to produce monoprotected 5.64
Equation 5.27: Eastern fragment derivatization.

(Scheme 5.18). Although both alcohols are primary, we believe regioselectivity can be controlled by steric

interactions between the bridged bicyclic ring system and a bulky protecting group, such as a trityl group.
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o_ 0o RO
5.35
4 / / oTBS
TBSO TBSO TBSO NH, [\ -
o__0 =
/ . 7 — 7
--------------- » |
OH OH =<0 N
HO RO RO

5.63 5.64 5.65 5.66
Scheme 5.18: Future directions for fragment convergence.

5.64 is thought to be readily oxidized to aldehyde 5.65, which would undergo condensation 5.35 to afford

imine 5.66.

Although imine 5.66 no longer matches the scaffold required for the proposed Dieckmann

condensation, it is poised to undergo a formal Mannich reaction to afford 5.67 (Scheme 5.19). Oxidation

RO HO,
OTBS
ketal <
= OH
[\ ~ deprotection RO o CH3 0 CH,
00 | [ T e > e o Smh OH
Mannich o
| NH = —
N N N
5.66 5.67 5.24 5.1
Scheme 5.19: Proposed future directions for completion of the synthesis.

of the secondary amine and conversion of the trityl ether to an effective leaving group will allow for the
proposed alkylation to afford 5.24. The diastereoselectivity of the proposed reaction is thought be
controlled via the methylamine stereocenter, though this will require deep investigation. 5.24 which only
requires the well-precedented ketyl-alkene cyclization to afford arcutinidine (5.1). This route would afford
arcutinidine in 18 synthetic steps longest linear sequence, which would constitute the most efficient
synthesis reported to date. Other necessary investigations include synthesizing the bridged bicyclic
fragment in an enantioselective manner, which either requires development of a novel chiral dearomative

oxidation, or separation of enantiomers via chiral resolution.

5.5 Conclusions

With the successful coupling of fragments required for this convergent synthesis, our efforts
toward the arcutines are progressing toward the end of the synthesis. The highly scalable synthesis of the

bridged bicyclic fragment could lead to the synthesis of a multitude of diterpene alkaloids containing this
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motif. Although unforeseen issues have increased the overall step count, completion of this synthesis by
future members of the Vanderwal lab would still result in the most concise synthesis of arcutinidine
reported. Further, the success of this first-generation route would affirm our strategy and potentially lead

to collaborative work that could result in a highly efficient second-generation synthesis.

5.6 Distribution of Credit and Contributions

| would like to thank Dr. Ryan Kozlowski for his contributions in the cocreation of this project. |
would also like to recognize his contributions in the collaboration in the synthesis of many intermediates

early in the synthesis.

5.7 Experimental Information

5.7.1 Materials and Methods

All reactions were carried out in oven-dried ( 140 °C) or flame-dried glassware under
an atmosphere of dry argon unless otherwise noted. Dry dichloromethane ( CiCl,),
tetrahydrofuran ( THF), diethyl ether (@}, acetonitiriie ( MeCN), toluene ( PhMe), and
dimethoxyethane ( DME) were obtained by percolation through columns packed with neutral
alumina and columns packed with Q5 reactant, a supported copper catalyst for scavenging
oxygen, under a positive pressure of argon. Solvents used for liquid-liquid extraction and
chromatography were: Ethyl acetate, ( EtOAc, Sigma-Aldrich, ACS grade) hexanes ( Sigma-Aldrich,
ACS grade), dichloromethane ( Cil;, Fisher, ACS grade), acetone ( Sigma-Aldrich, ACS Grade),
diethyl ether ( EO, Fisher, ACS grade), and pentane ( Sigma-Aldrich, ACS grade). Reactions that
were performed open to air utilized solvent dispensed from a wash bottle or solvent bottle, and
no precautions were taken to exclude water. Column chromatography was performed using EMD

Millipore 60 A ( 0.040-0.063 mm) mesh silicagel ( SiGAnalytical thin-layer chromatography ( TLC)
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was performed on Merck silica gel 60 F254 TLC plates. Visualization was accomplished with UV

( 210 nm), and potassium permanganate ( KMnOr p-anisaldehyde staining solutions.

IH NMR and 3C NMR spectra were recorded at 298 K on Bruker GN500 ( 500 MHZH; 125
MHz, 3C) and Bruker CRYO500 ( 500 MHZH; 125 MHz, 3C) spectrometers. *H and *3C spectra
were referenced to residual chloroform ( 7.26 ppmiH; 77.16 ppm, 3C) or residual methanol ( 3.31
ppm, H; 49.00, ppm 3C). Chemical shifts are reported in ppm and multiplicities are indicated by:
s ( singlet), d ( doublet), t ( triplet), g ( quartet), p ( pentet), hept ( heptet), m ( multiplet), and br s
( broad singlet). Coupling constantd, are reported in Hertz. The raw fid files were processed into
the included NMR spectra using MestReNova 11.0, ( Mestrelab Research S. L.). Infrared ( IR)
spectra were recorded on a Varian 640-IR instrument on NaCl plates and peaks are reported in
cm™. Mass spectrometry data was obtained from the University of California, Irvine Mass
Spectrometry Facility. High-resolution mass spectra ( HRMS) were recorded on a Waters LCT

Premier spectrometer using ESI-TOF ( electrospray ionization-time of flight) or a Waters GCT

Premier Micromass GC-MS ( chemical ionization), and data are reported in the form offi/z).

5.7.2 Experimental Procedures

o ethylene glycol /\ /\
TsOHH,O (0 o) Raney Ni o (0]

NO, > o YN ——— NH

U4 benzene o/ i H;, MeOH o ’

67% over 2 steps
5.32 5.34 5.35
(R)-( 7-Methyl-1,4-dioxaspiro[4.5]decan-7-yl)methanamine ( 5.38):25 mL round bottom flask
was charged with ketone 5.32% ( 342 mg, 2.01 mmol, 1 equiv), benzene ( 4 mL), ethylene glycol
( 496 mg, 8.04 mmol, 4 equiv), and p-toluenesulfonic acid ( 19 mg, 0.10 mmol, 0.05 equiv). The

reaction mixture was heated to 100 °C and stirred at this temperature for 4 h. The solution was
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cooled and diluted with water ( 10 mL). The phases were separated and the aqueous phase was
extracted with Et,0 ( 3 x5 mL). The combined organic extracts were passed through a plug of silica
gel which was washed with Et;O ( 15 mL). The filtrate was concentrateéh vacuo. The residue was
dissolved in MeOH (3 mL). Raney Nickel ( 15 mg, 0.10 mmol, 0.05 equiv) was added to the reaction
mixture. The atmosphere of the reaction vessel was evacuated and refilled with argon gas three
times, then evacuated and filled with hydrogen gas three times. The solution was stirred at room
temperature for 16 h. The atmosphere was evacuated and filled with argon. The solution was
filtered over celite and washed with methanol ( 10 mL). The filtrate was concentratedn vacuo.
The residue was purified by chromatography on silica gel, eluting with DCM/MeOH 95:5 ( v/v), to
afford 248 mg ( 67% yield over two steps) d8.35 as a clear colorless oil.

H NMR ( 500 MHz, CDg): 6 3.86 —3.82 ( m, 4H), 2.54 ( J& 13.0 Hz, 1H), 2.39 ( d,= 13.1 Hz, 1H),
1.86 ( s, 2H), 1.51 ( ddds 22.9, 14.3, 9.5 Hz, 5H), 1.31 ( d} = 13.8 Hz, 1H), 1.23 — 1.14 ( m, 2H),
0.87 ( s, 3H).

3C NMR (126 MHz, CD§): 6 109.3, 64.1, 64.0, 52.3, 42.5, 36.2, 34.8, 34.5, 24.4, 19.6.

HRMS ( ES#h/z calc'd for C1oH1sNO2 [M+H]*: 186.1494; found: 186.1487.

(o]
/—\ Cl)l\/\/\Br Br
0. 90 1. DCM, pyridine Q
NH, - HN
an/ 2. HCI, EtOH )
QL o
57% over 2 steps
5.35 5.36

(R)-5-Bromo-N-( ( 1-methyl-3-oxocyclohexyl)methyl)pentanamide ( 5.36)0 mL round bottom flask
was charged with amine 5.35 ( 100 mg, 0.54 mmol, 1 equiv), Cil, ( 1.6 mL), and pyridine ( 90 mg, 1.08
mmol, 2 equiv). The reaction mixture was cooled to 0 °C and 5-bromovaleryl chloride ( 215 mg, 1.08 mmol,

2 equiv) was added dropwise. The reaction was warmed to room temperature and stirred for 1 h.
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Saturated aqueous ammonium chloride ( 5 mL) was added and the solution was extracted with C}Cl, ( 3
x 5 mL). The combined organic extracts were dried over Na,SO4 and concentrated in vacuo. The residue
was dissolved in ethanol ( 1.5 mL) and had 6M HE€l4f 0.15 mL, 1.62 mmol, 3 equiv) added dropwise. The
reaction was stirred at room temperature for 4 h. The solution was neutralized with 1M NaOH ( 1 mL). The
solution was extracted with EtOAC( 3 x 5 mL) and the combined organic extracts were washed with water

( 5 mL). The organic phase was dried over N804 and concentrated in vacuo. The residue was purified by
chromatography on silica gel, eluting with DCM/MeOH 99:1 ( v/v), to afford 78 mg ( 57% yield over 2 steps)

of 5.36 as a colorless oil.

H NMR ( 500 MHz, CDg): 6 6.28 ( s, 1H), 3.42 (J& 6.6 Hz, 2H), 3.20 ( ddj = 13.6, 6.8 Hz, 1H),
3.10 ( ddj=13.7, 6.3 Hz, 1H), 2.32 —2.22 ( m, 5H), 2.08 ( J& 13.7 Hz, 1H), 2.03 — 1.94 ( m, 1H),
1.88 ( dd,=14.2,6.6 Hz, 2H), 1.82 - 1.76 ( m, 2H), 1.71-1.50 ( m, 3H), 0.91( s, 3H).

3C NMR ( 126 MHz, CDg): 6 211.9, 173.0, 51.1, 48.9, 41.0, 40.4, 35.5, 33.8, 33.4, 32.1, 24.3, 23.0,
21.9.

HRMS ( Cl#n/z calc'd for Ci3H22BrNO; [M+H]*: 304.0912; found: 304.0915.

0
o NaBH '
abHy , OH
THF
78%
5.41 5.40

2-( 2-Hydroxyethyl)-6-methylphenol ( 5.40)20 mL scintillation vial was charged with 5.41% ( 100 mg,
0.68 mmol, 1 equiv) and THF ( 2 mL) and was cooled to 0C. Sodium borohydride ( 51 mg, 1.35 mmol, 2
equiv) was added portionwise. The reaction was stirred for 16 h, slowly warming to room temperature.

1M HCI( 2 mL) was added to the reaction mixture dropwise over 10 min then stirred 15 min. The solution

was extracted with EtOAc ( 3 x 3 mL). The organic phases were combined, washed with a saturated
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aqueous solution of NaHCOs ( 5 mL) and brine ( 5 mL). The organic phase was dried over,88, and
concentrated in vacuo to afford 80 mg ( 78% yield) 05.40 as a clear, colorless oil. The product was used

in the subsequent step without any further purification.

'HNMR ( 500 MHz, CD} 6 7.10 ( d,=7.4 Hz, 1H), 6.97 ( d,=7.4 Hz, 1H), 6.83 ( 1,=7.4 Hz, 1H),4.00( d,
J=5.0Hz, 2H),2.94 ( d,=5.1Hz 2H),2.33( s, 3H).

1BBCNMR ( 126 MHz, CDg): 6 153.6, 129.7, 128.6, 126.5, 125.9, 120.1, 64.8, 34.8, 16.4.

HRMS ( Cl4#n/z calc'd for C10H1sNO [M]*: 152.0837; found: 152.0837.

OH

82%
5.42 5.43

2-Allyl-6-methylphenol ( 5.43)A G30 glass microwave via was charged with allylated phenol 5.42 ( 24.0g,
0.162 mol, 1 equiv). The reaction was irradiated in a microwave reactor at 250 °C for 30 minutes. The
residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 90:10 ( v/v), to afford
19.6 g ( 82% yield) d5.43 as a colorless oil. *H and *C NMR spectra were consistent with those previously

reported.3?

OH OH
0,, MeOH
Z 3 - OH
then NaBH,
77%
5.43 5.40

2-( 2-Hydroxyethyl)-6-methylphenol ( 5.48)500 mL round bottom flask was charged with allyl phenol

5.43 ( 10.0 g, 67.1 mmol, 1 equiv), and methanol ( 200 mL). The solution was cooled to -“T8and ozone
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was bubbled through the solution for 3 h. NaBH, ( 7.7 g, 0.202 mol, 3 equiv) was added portionwise. The
solution was allowed to warm to room temperature and stirred for 16 h. The solution had saturated

aqueous ammonium chloride ( 100 mL) added. The solution was extracted with EO ( 3 x 100 mL). The
organic extracts were combined, dried over Na,SO, and concentrated in vacuo to afford 7.9 g ( 77% yield)

of 5.43 as a colorless oil. *H and 3C NMR spectra were consistent with those previously reported.

0o
OH Vj\ OH
OH Cl o
T aon N ms
ACN, NMP o
93%
5.40 5.44

2-Hydroxy-3-methylphenethyl acrylate ( 5.44)A 250 mL round bottom flask was charged with
phenol 5.40 ( 10.8 g, 71.2 mmol, 1 equiv), acetonitrile ( 120 mL), and n-methylpyrollidinone ( 60
mL). The solution was cooled to 0 °C and acryloyl chloride ( 8.6 mL, 142.4 mmol, 1.5 equiv) was
added dropwise over 5 min. The reaction mixture was slowly warmed to room temperature as it
was stirred over 16 h. 1M HCl( .4 100 mL) was added to the reaction mixture and the solution was
extracted with CH,Cl; ( 3 x 100 mL). The organic extracts were combined and washed with
saturated aqueous ammonium chloride solution ( 3 x 50 mL) and twice with brine ( 50 mL). The
organic phase was dried over Na;SO4 and concentrated in vacuo. The residue was dissolved in
CH.Cl; and filtered through a short plug of silica gel. The filtrate was concentrated in vacuo to
afford 13.7 g (  93% vyield) 0d5.44 as a colorless oil.

'H NMR ( 500 MHz, CDg): 6 7.04 ( d,=7.4 Hz, 1H), 6.98 ( d,=7.5Hz, 1H), 6.78 ( 1,=7.5 Hz, 1H),
6.45( d,=17.3Hz, 1H),6.15( dd,=17.3,10.5Hz, 1H), 5.92 ( s, 1H), 5.87 ( J&10.5 Hz, 1H), 4.36

( ©=7.2Hz 2H),3.00( t#=7.2Hz 2H), 2.27( s, 3H).
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13C NMR ( 126 MHz, CDg): § 166.8, 152.9, 131.5, 129.8, 128.6, 128.2, 124.3, 122.9, 120.2, 64.7,

30.3, 16.1.

HRMS ( ES#h/z calc'd for C1,H1403 [M+Na]*: 229.0841; found: 229.0846.

Pb(OAc)4
N — Y\
o DCM, AcOH

5.44 72%

OH

2-( 5-Acetoxy-5-methyl-6-oxocyclohexa-1,3-dien-1-yl)ethyl acrylate ( 5.38)250 mL round bottom flask
was charge with phenol 5.44 ( 15.0g,57.3 mmol, 1 equiv), CKl, ( 150 mL), aceticacid ( 44 mL, 570.1 mmol,
10 equiv), and lead tetraacetate ( 48.4 g, 86.5 mmol, 1.5 equiv). The reaction mixture was stirred at room
temperature for 30 min. The solution was slowly poured into a mixture of saturated aqueous sodium
bicarbonate ( 400 mL) and ice. The mixture was extracted with Ci€l>( 3 x 100 mL). The combined organic
extracts were washed with brine ( 100 mL). The organic phase was dried over N0, and concentrated in
vacuo. The residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 75:25 ( v/v),

to afford 15.1 g ( 72% yield) d8.39 as a brown oil.

'HNMR ( 500 MHz, CD§): 6 6.88 ( d,=5.5Hz, 1H), 6.43 ( d,=17.4 Hz, 1H), 6.24( dd|=9.3,3.6

Hz, 2H), 5.87 ( dd}=15.8, 5.4 Hz, 1H), 4.40-4.28 ( m, 2H), 2.89-2.80( m, 1H),2.73-2.64( m,
1H), 2.13 ( s,3H), 1.44( s, 3H).

13C NMR ( 126 MHz, CDg): & 198.2, 169.5, 166.0, 140.9, 137.9, 130.8, 128.5, 123.6, 121.6, 79.05, 62.8,

28.7,23.7, 20.5.

HRMS ( ES+h/z calc'd for C1,H1403 [M+Na]*: 229.0841; found: 229.0846.
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OAc

(o]
AcO o 1,2-dichlorobenzene (o)
S > 4
\g/\ BHT
(0]
89%, >20:1 d.r. o
5.39 5.49

( 4%7S,95)-9-Methyl-1,10-dioxo-1,3,4,7,8,8a-hexahydro-7,4a-ethanoisochromen-9-yl acetate

( 5.49)A 1 liter round bottom flask was charged with 5.39 ( 11.5 g, 42.9 mmol, 1 equiv),
dichlorobenzene ( 430 mL) and butylated hydroxytoluene ( 0.1 g, 4.3 mmol, 0.1 equiv). The
reaction flask was equipped with a reflux condenser, heated to reflux ( ~1753C), and stirred at this
temperature for 16 h. The reaction mixture was allowed to cool to room temperature and the
solvent was removed in vacuo. The residue was purified by chromatography on pH 7 silica gel,
eluting with hexanes/EtOAc 75:25 ( v/v), to afford 10.2 g ( 89% yield)549 as a white solid.

'H NMR ( 500 MHz, CDg): 6 6.61 ( t=7.5Hz, 1H), 5.79 ( d| = 8.0 Hz, 1H), 4.56 — 4.44 ( m, 1H),
4.37( td,=11.3,4.2 Hz, 1H),3.80( d,=5.7 Hz, 1H),3.11-2.96 ( m, 2H),2.25-2.18( m, 1H), 2.12
( s,3H),2.10-2.00( m, 2H), 1.60( s, 3H).

BCNMR (126 MHz, CDg): 6 201.6, 172.4, 169.7, 138.8, 131.1, 79.2, 65.2, 49.9, 40.5, 38.6, 26.22,

23.1,22.3,21.6.

HRMS ( Cl4h/z calc'd for C14H1605 [M]*: 229.0841; found: 229.0846.
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OAc OAc

0 NaBH, HO
/4 _— /4
THF, MeOH
(o] (o]
0 87% 0
5.49 5.51

( 4%7S,8a$,95,108)-10-Hydroxy-9-methyl-1-oxo-1,3,4,7,8,8a-hexahydro-4a,7-
ethanoisochromen-9-yl acetate ( 5.51)A 100 mL round bottom flask was charged with ketone
5.49 ( 1.98 g, 7.51 mmol, 1 equiv), THF ( 30 mL), and methanol ( 7.5 mL). The reaction flask was
cooled to 0 °C and sodium borohydride ( 311 mg, 8.23 mmol, 1.1 equiv) was added portionwise.
The reaction flask was warmed to room temperature and stirred for 4 h. The reaction mixture was
qguenched with a saturated aqueous solution of ammonium chloride ( 40 mL). The phases were
separated, and the aqueous phase was extracted with EtOAc ( 3 x 40 mL). The organic extracts
were combined and washed with brine ( 30 mL). The organic phase was dried over N804 and
concentrated in vacuo. The residue was purified by chromatography on silica gel, eluting with
hexanes/EtOAc 70:30 ( v/v), to afford 1.74 g ( 87% yield)5039 as a white solid.

'H NMR ( 500 MHz, CD€): 6 6.34 ( 1,=7.2 Hz, 1H),5.88 ( d,=7.9 Hz, 1H), 4.39( 1,=5.8 Hz, 2H),
3.70 ( s, 1H), 2.88( s, 1H),2.78( s, 1H), 2.444=8d, 5.0 Hz, 1H), 2.30-2.13 ( m, 3H), 2.03 ( Jd,
=13.2 Hz, 3H), 1.80 ( d,=12.8 Hz, 1H), 1.29( s, 3H).

3C NMR (126 MHz, CD§): & 173.4, 172.1, 134.6, 131.8, 87.4, 80.5, 66.0, 42.1, 41.9, 41.7, 29.2,

22.2,22.1,20.2.

HRMS ( ES+h/z calc'd for C14H1805 [M+Na]*: 289.1052; found: 289.1045.
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OAc /

HO 1,2-dichlorobenzene HO
/4 > /
uW
(0] (0]
o 53% o
5.51 5.38

( 4%7S,10R)-10-Hydroxy-9-methylene-3,4,8,8a-tetrahydro-4a,7-ethanoisochromen-1( H)-one

( 5.51)A G30 glass microwave vial was charged with bridged bicycle 5.38 ( 400 mg, 1.502 mmol, 1
equiv) and dichlorobenzene ( 15 mL). The solution was degassed with argon for 15 minutes. The
reaction mixture was irradiated in a microwave reactor at 250 °C for 100 min. The solvent was
removed in vacuo and the residue was purified by chromatography on pH 7 silica gel, eluting with
hexanes/EtOAc 30:70 ( v/v), to afford 164 mg ( 53% yield)5051 as a white solid.

'H NMR ( 500 MHz, CD§): 6 6.61 — 6.54 ( t, 1H), 5.76 ( J& 8.1 Hz, 1H), 5.12 ( d}=10.6 Hz, 2H),
4.43-4.39( t,2H),3.96( s,1H),3.20-3.15( m, 1H), 2.38/(= i}, 6.3 Hz, 1H), 2.32 ( df,=14.7,
5.6 Hz, 1H), 2.27 -2.20 ( m, 1H), 1.93 ( ddd; 12.8, 6.3, 2.5 Hz, 1H), 1.87 ( ddd}=12.8, 9.6, 3.0
Hz, 1H).

13C NMR ( 126 MHz, CDg¢): 6 173.7, 152.4, 137.7, 130.9, 111.2, 75.5, 65.9, 43.6, 40.3, 40.1, 29.9,

29.3.

HRMS ( Clin/z calc'd for C1,H1403 [M]*: 206.0943; found: 206.0953.

OAc OAc
HO TMSOTH, pyridine TMSO
7 > /
DCM
0 (o)
o 83% o
5.51 5.52

( 48%7S,95,10S5)-9-Methyl-1-oxo0-10-( ( trimethylsilyl)oxy)-1,3,4,7,8,8a-hexahydro-4a,7-

ethanoisochromen-9-yl acetate ( 5.52)A 25 mL round bottom flask was charged with alcohol 5.51 ( 685
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mg, 2.57 mmol, 1 equiv), CH,Cl; ( 10 mL), and pyridine ( 0.42 mL, 5.15 mmol, 2 equiv). The solution was
cooled to -78 °C and had trimethylsilyl triflate ( 0.52 mL, 2.83 mmol, 1.1 equiv) added dropwise. The
reaction mixture was allowed to warm to room temperature slowly as it was stirred for 16 h. The reaction
was quenched with saturated aqueous sodium bicarbonate ( 10 mL). The phases were separated, and the
aqueous phase was extracted with CH,Cl; ( 3 x 10 mL). The organic extracts were combined, dried over
Na,SO4 and concentrated in vacuo. The residue was triturated in hexanes to afford 717 mg ( 83% yield) of

5.52 as a white solid.

H NMR ( 500 MHz, CD€): & 6.37 ( t,= 7.6 Hz, 1H), 5.84 ( d} = 8.1 Hz, 1H), 4.51 - 4.37 ( m, 2H),
3.69( d,=15.3 Hz, 1H),3.24-3.16 ( m, 1H), 2.42 ( de 9.8, 6.4 Hz, 1H),2.16 ( dd,=9.9,3.1Hz,
2H),2.03 ( s, 3H),1.97-1.89 ( m, 1H), 1.66 ( #dd3.4,6.3,2.4 Hz, 1H), 1.32 ( s, 3H), 0.16 ( s, 9H).
3C NMR ( 126 MHz, CDG): 6 173.4, 170.1, 134.7, 131.4, 88.5, 83.1, 66.2, 42.8, 41.0, 40.7, 29.8,
24.6,22.3,21.2,0.4.

HRMS ( Clih/z calc'd for C17H2605Si [M]*: 338.1549; found: 338.1559.

OAc /
TMSO 1,2-dichlorobenzene TMSO
/ > /
uWw
(o) 0 (o) °
5.52 5.53

( 4%7S,10R)-9-Methylene-10-( ( trimethylsilyl)oxy)-3,4,8,8a-tetrahydro-4a,7-
ethanoisochromen-1( A)-one( 5.53)A G30 glass microwave vial was charged with 5.52 ( 400 mg,
1.44 mmol, 1 equiv) and dichlorobenzene ( 12 mL). The solution was degassed with argon for 15

minutes. The reaction mixture was irradiated in a microwave reactor at 250 °C for 60 min. The
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solvent was removed in vacuo and the residue was purified by chromatography on pH 7 silica gel,

eluting with hexanes/EtOAc 90:10 ( v/v), to afford 253 mg ( 77% yield)553 as a white solid.

H NMR ( 500 MHz, CD6): 6 6.55 ( t,= 7.4 Hz, 1H), 5.84 ( d}= 8.2 Hz, 1H), 5.09 ( s, 1H), 4.95 ( s,
1H), 4.48 — 4.44 ( m, 2H), 4.05 (s, 1H), 3.17 { =.9 Hz, 1H), 2.35 ( = 7.9 Hz, 1H), 2.22 - 2.16

( 'm, 1H),2.03 ( #%7.0,3.4 Hz, 1H), 1.93 ( dt,=8.8,2.3 Hz, 2H), 0.17 (s, 8H).

3C NMR (126 MHz, CDg): 6 173.5, 151.7, 136.2, 130.3, 110.4, 76.6, 66.3, 43.4, 41.2, 40.7, 30.1,
29.9, 1.0.

HRMS ( Clih/z calc'd for C15H2205Si [M]*: 278.1338; found: 278.1346.

—\ Ho
/ /) o_ O

TMSO o__O AlMe,
/7 + NH, — > H
o/ toluene N

o
0 39%
5.53 5.35 5.60

( R,2S,45,75)-7-hydroxy-1-( 2-hydroxyethylN-( R){7-methyl-1,4-dioxaspiro[4.5]decan-7-
yl)methyl)-8-methylenebicyclo[2.2.2]oct-5-ene-2-carboxamide ( 5.60):A flame-dried 2 dram
scintillation vial was charged with amine 5.35 ( 28 mg, 0.14 mmol, 2 equiv) and toluene ( 0.10 mL)
and was cooled to 0 °C. A solution of trimethylaluminum ( 0.014 mL, 0.14 mmol, 2 equiv) in toluene

( 0.12 mL) was added dropwise. The reaction was stirred at @C for 30 min. A solution of lactone
5.53 ( 20 mg, 0.07 mmol, 1 equiv) in toluene ( 0.12 mL) was added dropwise. The reaction mixture
was heated to 110 °C and stirred at this temperature for 16 h. The solution was cooled to room
temperature, had saturated aqueous Rochelle’s salt ( 1 mL) added dropwise. The resultant
solution was stirred vigorously for 30 min. The solution was extracted with EtOAc ( 3 x 1 mL). The

organic phases were combined, dried over Na,SO4 and concentrated in vacuo. The residue was
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purified by chromatography on pH 7 silica gel, eluting with hexanes/EtOAc 90:10 ( v/v), to afford
11 mg( 39% yield) of an inseparable mixture d8.60 and its diastereomer as a yellow oil.

H NMR ( 500 MHz, CD§): 6 6.63 ( s, 1H), 5.93 ( J& 7.7 Hz, 1H), 5.88 ( s, 1H), 5.14 ( J& 19.3 Hz,
2H),4.23 ( s, 1H),3.97( s, 6H), 3.38 (Jdd5.1, 7.9 Hz, 2H), 3.23 ( s, 1H), 3.11-3.04 ( m, 1H), 2.68
( dj=7.5Hz, 1H), 2.23 ( d,= 14.7 Hz, 2H), 2.08 = 1.99 ( m, 3H), 1.54 ( s, 2H), 1.46 { =d}3.6 Hz,
2H),1.31( s, 5H),0.98 ( J& 4.4 Hz, 3H).

BCNMR ( 126 MHz, CD§): 6 175.0, 174.9, 152.6, 152.5, 134.6, 134.5, 133.2, 133.2, 109.9, 109.8,
109.1, 109.0, 73.4, 73.3, 64.3, 64.2, 64.1, 64.1, 59.0, 48.1, 47.9, 46.4, 46.3, 43.4, 40.4, 40.4, 36.1,
34.8,34.7,34.5,34.4,34.4,34.1,34.0,31.7, 29.7, 26.0, 19.6.

HRMS ( Clih/z calc'd for C15H2205Si [M]*: 278.1338; found: 278.1346.

HO TBSCI TBSO
/i imidazole /
R
0 DCM o o
5.39 39% 5.62

( 4%7S,10R)-10-( tért-Butyldimethylsilyl)oxy)-9-methylene-3,4,8,8a-tetrahydro-4a,7-
ethanoisochromen-1( HA)-one ( 5.39)A 10 mL round bottom flask was charged with 5.39 ( 140 mg, 0.68
mmol, 1 equiv) and CH,Cl, ( 2.8 mL). To this solution TBSCI ( 196 mg, 1.36 mmol, 2 equiv) and imidazole
( 140 mg, 2.04 mmol, 3 equiv) were added. The reaction was stirred at room temperature for 16 h. To
the solution saturated aqueous ammonium chloride ( 4 mL) was added and the resultant solution was
extracted with CH,Cl, ( 3 x5 mL). The combined organic extracts were dried over N8O, and
concentrated in vacuo. The residue was purified by chromatography on silica gel, eluting with

hexanes/EtOAc 90:10 ( v/v), to afford 87 mg ( 39% yield)5062 as a white solid.
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TBSO DIBALH TBSO
7 — /
THF
o (o] OH
55% HO
5.62 5.63

2-( ( 1S,4S,6R,7S)-6-( ( tert-butyldimethylsilyl)oxy)-7-( hydroxymethyl)-5-methylenebicyclo[2.2.2]oct-2-
en-1-yl)ethan-1-ol ( 5.63/ 10 mL round bottom flask was charged with 5.62 ( 20 mg, 62.4mol, 1

equiv) and THF (0.5 mL). The solution was cooled to -78C and DIBAL'H ( 48L, 0.25 mmol, 4 equiv) was
added dropwise. The reaction was slowly warmed to room temperature as the reaction stirred for 16 h.

The solution was cooled to 0 °C and diluted with Et;O ( 2 mL). To this solution was added 0 ( 0.1 mL),

15% NaOH( s 0.1 mL), and#D ( 0.2 mL). The reaction was warmed to room temperature and stirred for

15 minutes. The solution was dried over Na,SO4 and concentrated in vacuo. The residue was purified by
chromatography on silica gel, eluting with hexanes/EtOAc 60:40 ( v/v), to afford 11 mg ( 55% yield) of

5.63 as a white solid.
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Chapter 6: Investigations into Alkene Metathesis in the Presence of Iron-

Tricarbonyl Complexed Diene Systems

6.1 Introduction

Iron tricarbonyl diene complexes are an understudied area of organometallic chemistry. These
metal-m interactions have been incorporated as diene protecting groups to attenuate diene reactivity
over multiple reactive steps that would otherwise face chemoselectivity issues. No studies have been
published in the literature investigating the utilization of iron-protected dienes in the presence of any
alkene cross metathesis reaction conditions. Successful alkene metathesis in the presence of iron-
tricarbonyl complexed dienes would allow for the rapid synthesis of Diels-Alder precursors. Notably,
these could allow for facile synthesis of fused and bridged bicyclic systems obtained from transannular
Diels-Alder ( TADA) cycloadditions. The syntheses of the diene-dienophile precursors are generally
difficult, due to chemoselectivity issues involving competing reactivity of multiple m-systems. Herein are
described studies toward the utilization of alkene metathesis reactions in the presence of iron-diene

complexes.
6.2 Previous Work on Iron-Tricarbonyl Complexed Dienes
6.2.1 History of Diene-Iron Tricarbonyl Complexes

The complexation of dienes with iron tricarbonyl weas first reported in 1930 by Rheilen, Gruhl,

Hessling, and Pfrengle in their synthesis of iron-tricarbonyl butadiene (6.1) (Scheme 6.1).! The group

g H H proposed a chelation of the
Fe(CO)s os | 2o ﬁ:H \,/
NS ——> \\Fe// = WNh = i(co)

e (CO)3 . .

<I\) oc-Ffco iron to the diene. These
co

6.1 6.2 6.3 duct t tel
Scheme 6.1: Initial synthesis of iron-tricarbonyl butadiene and common representations. products are most accurately

represented in a three-dimensional sense as 6.2 but are generally represented as 6.3. The proposed
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chelation was considered unlikely due to their high thermal stability, but this complexation was further
corroborated by Pauson and Hallam through spectroscopic and reactivity studies.? Lillya and coworkers
further advanced iron-tricarbonyl complexation with other conjugated m-systems by developing the first
iron-dienone complex (6.4) and demonstrating its utility in NMR spectroscopic analysis (Figure 6.1).3

Lewis and coworkers took a similar interest in unsaturated carbonyl systems and discovered diiron

0
1 0 nonacarbonyl was capable of
o XS §
Fe(co)3 Fe(CO)3 Ph/\/\ )
Fe(CO)s protecting o,B-unsaturated ketones
6.4 6.5 6.6
Figure 6.1: Advances in tricarbonyl-iron complexation of conjugated n-systems. (6.5) through the conjugated -

system. It was later demonstrated o,-unsaturated imines could be protected in the same manner.* The
efficacy of this method of diene stabilization was proven as Saberi and coworkers demonstrated the

ability to trap a,B-unsaturated ketenes (6.6) as isolable intermediates.”

6.2.2 Methods of Iron-Diene Complexation

Iron tricarbonyl diene complexation was initially performed thermally in nonpolar solvents using
iron nonacarbonyl.! Although this is still a common method of synthesis, most rely on the more stable
and less hazardous diiron nonacarbonyl, as it is solid, less pyrophoric, and poses a lesser health hazard if
one were to come into contact with it.®> As a means of performing mild complexation reactions, modern
methods of iron-diene syntheses involve the use of an iron transfer catalyst.” The use of aromatic a,f3-

unsaturated compounds as iron-tricarbonyl transfer reagents, first developed by Lewis and coworkers,

Ph—\\_ N—Ph THF X . L.
© + |-/ _ = —LFe(CO); utilize enones and o-f unsaturated imines as
Fe(CO)3 65 °C Z
88% catalysts for the facile synthesis of iron-diene
Equation 6.1: Iron-transfer reagents facilitate diene complexation.

complexes at modest temperatures (Equation 6.1).%2 Enantioselective methods of iron tricarbonyl
transfer have been developed utilizing this catalytic method, though the enantiopurity of the products

formed by reactions with these catalysts are poor to modest.® Another modern method of iron
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tricarbonyl complexation is through the use of sonication, a convenient and mild method that shows

good selectivity for diene complexation in the presence of other n-systems and functional groups.*°

6.2.3 Decomplexation Methodologies

Decomplexation of diene-iron tricarbonyls has also been an area of research worth noting as the
methods employed have varying functional group tolerance. Oxidative decomplexation via ceric
ammonium nitrate ( CAN), developed by Lewis and coworkers in 1973 is the earliest reported and most
commonly used method.!! Alternatives were sought as CAN is a harsh oxidant, leading Shvo and Hazum
to develop a mild decomplexation method utilizing trimethylamine N-oxide.'? A third method reported
for oxidative decomplexation is the employment of iron trichloride in agueous methanol, a mild method
developed by Saberi and coworkers in the 1990s.2 Harsh oxidants are non-compatible with iron-diene
complexes as they often result in decomplexation and further reactivity with the diene to afford
complex mixtures of products.’®* A single example of decomplexation of a cyclic diene complex utilizing
mMCPBA has been reported by Schuhmann and coworkers; however, the reaction afforded a mixture of
decomplexed product and aromatized product, which may call for investigation of mCPBA

decomplexation on acyclic iron-diene systems.*

6.2.4 Iron-Tricarbonyl Diene Complex Reactivity

Fischer and Fischer reported the first synthetic use of diene-iron tricarbonyl complexes through
hydride abstraction to form the m?’-iron salt, exhibiting the ability of the iron-complex to stabilize
neighboring cations.™® In 1963 Petit and coworkers performed acidic cleavage of alcohol groups
neighboring the iron-diene to form the mP’-iron cation salt; they further demonstrated the synthetic
utility of the resultant carbocation via reduction to afford the formal dehydroxylated iron-diene
product.’® Lillya demonstrated the ability of iron-butadiene to perform Friedel-Crafts acylation to

synthesize iron-dienone complexes regioselectively.” Investigations of the utility of iron-diene
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complexes were performed by Birch and coworkers in the 1960s. Birch displayed the synthetic utility of
iron pentacarbonyl when subjected to 1,4-dienes, generally produced via aromatic reductions, to afford
isomerized, conjugated dienes.’® Pearson continued the work Birch had developed by demonstrating
nucleophilic addition to the cyclic n*-iron cation salts with an array of nucleophiles including cyanide,
1,3-dicarbonyl systems and alkyl anions.'® Pearson reported a highly regioselective method of forming

quaternary y-substituted enones in high yields.?

6.2.5 Stability of Iron—-Diene Complexes

Iron-tricarbonyl diene complexes are generally utilized for their high level of stability in the
presence of reagents that would otherwise react with the diene system.! Pearson and coworkers
demonstrated the tolerance of iron-diene complexes to a series of reagents.'>?° They reported the use
of reductive conditions by subjecting a moderately complex iron-diene intermediate to a series of
hydride reducing agents ( NaB4 DIBALH, LAH). Interestingly, although oxidation is the common method
of decomplexation, they also demonstrated a series of oxidative conditions that left the iron-diene
complex intact. These conditions include epoxidation of distal m-systems and oxidations of alcohols.
They further demonstrated the stability of iron dienes in a series both acid and base mediated reactions,
as well as their tolerance to both nucleophiles and electrophiles. The stability of these systems has been
displayed in multiple total syntheses in which iron-diene complexes were introduced and carried

through a series of reactivity prior to decomplexation.?
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6.3 Alkene Metathesis in the Presence of Iron-Diene Systems

6.3.1 Alkene Metathesis Off-site Reactivity and Relay

€ € € €
g ¢ Z Grubbs | =
£ & Grubbs | - Ru
AL X~ | boM
DCM '

€= COzEt

|-Or
— Aol

€

Scheme 6.2: Relay ring-closing metathesis.

Investigations into alkene metathesis have proven that a major limitation is the formation of
undesired byproducts when reactants with multiple n-systems are subjected to metathesis conditions.?
The formation of these byproducts are a result off-target reactions with undesired n-systems, either
caused by the inherent reactivity of the m-systems or the intramolecular transfer of the catalyst to a less
accessible m-system through the process of catalyst relay. Hoye and coworkers capitalized on catalytic
relay to promote alkene metatheses of inaccessible m-systems by incorporating easily accessible alkene
fragments to perform intramolecular transfer of the metathesis catalyst, a strategy was named Relay
Ring Closing Metathesis ( RRCMScheme 6.2). % This method has proven invaluable for the syntheses of
previously inaccessible carbocycles, though it highlights the major limitation of ring-closing metathesis
to afford TADA precursors. The kinetically challenging metathesis macrocyclization required to form the
dienophile of a TADA substrate in the presence of a diene would likely result in catalytic relay to the
diene and molecular fragmentation. The incorporation of iron tricarbonyl complexed dienes would allow
for chemoselective metathesis of unprotected alkenes to afford dienophiles and prevent fragmentation

through catalyst relay.
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6.3.2 Project Considerations

In our investigations into previously reported reactivity of iron-diene complexes, we noted that

there had been no evidence of alkene cross metathesis reactions in the presence of iron-diene

complexes. Incorporating iron-protected dienes in the presence of an alkene metathesis substrate

would allow for the synthesis of selectively substituted olefins that could be utilized in intramolecular

/

alkene
metathesis

alkene
metathesis

Scheme 6.3: Project goals.

/R R Diels-Alder ( IMDA)
decomplexation
\ /T h "
| IMDA cycloadditions
Fe(CO);
(Scheme 6.3). We
— decomplexation
n \I/ """ MDA n | also envisioned this
Fe(CO);
strategy to be

applicable to macrocyclizations to afford iron tricarbonyl protected transannular Diels-Alder ( TADA)

cycloaddition precursors.

This strategy would allow for rapid access to complex multicyclic systems and could be extended

to facile total syntheses of

natural produts that have been proven accessible through TADA

cycloadditions. Considering plausible applications of this strategy, we believed it could be utilized to

intercept a previously reported synthesis of brascilicardin A, in a fraction of the step count, from a

Scheme 6.4: Proposed formal synthesis to brascilicardin A.

-Fe(CO);

o}

MOMO =
e

TBSO Fe(CO)s

13 steps from brasilicardin A
Previously synthesized in 19 steps.

relatively simple intermediate (Scheme 6.4).%* It was decided to investigate the utilization of alkene

metathesis on systems that would be very labile to diene decomposition due to catalyst relay, while

hoping to extend this project to the synthesis of transannular Diels—Alder precursors. Development of
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this strategy would allow for previously inviable alkene metatheses and for improvement in synthetic

strategy toward Diels-Alder precursors.

6.3.3 Model Studies

A series of model systems were developed to ensure the stability of iron-diene complexes in the
presence of alkene metathesis catalysts. 6.7, synthesized according to literature precedented, was

subjected to a series of alkene metathesis catalysts. No reactivity was observed, and the starting

catalysts Catalysts

\ | / — % \ | / Grubbs' 1st generation catalyst material was fully

Fe(CO); DCM Fe(CO); Grubbs' 2nd generation catalyst

Hoyveda Grubbs' 1st generation catalyst
6.7 6.6 Hoyveda Grubbs' 2nd generation catalyst recovered (Equation
| catalysts . .
\ | / + ———— 5% \ | / + (\> 6.2). This confirmed the
TsN

Fe(CO)3 TSN DCM Fe(CO); °

6.7 6.8 6.7 6.9 stability of iron-diene
Equation 6.2: Experiments testing substrate stability in the presence of metathesis catalysts.

complexes in the presence of alkene metathesis catalysts. It was also found that after subjecting 6.8 to
standard alkene metathesis conditions in the presence of an equimolar ration of iron-diene complex 6.7,
full conversion to 6.9 was observed, while 6.7 was again fully recovered. This indicated that iron-diene
complexes do not impede the reactivity of alkene metathesis catalysts. The results of these experiment

indicated that iron-diene complexes were inert when subjected to alkene metathesis conditions.

6.3.4 Cross-Metathesis Studies

With confidence that iron-diene systems were stable to alkene metathesis conditions,
compounds containing iron-diene complexes and unprotected alkenes were synthesized for
investigation. Alkene 6.11 was synthesized via allyl addition to the iron—stabilized n*-salt 6.10. 6.11 was

subjected to standard cross metathesis conditions, and 6.12 was isolated in good yields with no noted

O_
- / i /
<\ /> Ph,C*PFg @ ¢ ANTMS \OJ\/ 0
| SE acetonitrile HGII, DCM
Fe(CO)s DCM ||=e(C o \ | / , A | )
Fe(C
86% 46% e(CO)s 72% Fe(CO)s
6.7 6.10 6.11 6.12
Equation 6.3: First successful alkene cross-metathesis in the presence of an iron-diene complex.
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iron-diene decomposition products (Equation 6.3). Although this was considered an important step in
our investigations, as it was the first example of alkene metathesis performed on a substrate containing

both a reactive alkene and an iron tricarbonyl complexed diene, it was not entirely conclusive to the

OI ~Hell,ocm d/} d/_/ T HGILDCM d_/_/_(

Fe(CO)a 73% Fe(CO)3 Fe(CO)a 84% Fe(CO)3

6.13 6.15 6.14 6.16
Equation 6.4: Successful cross-metathesis with relay prone alkenes.

effectiveness of this strategy, as relay of the catalyst on this system would require the formation of a

four-membered ring transition state, potentially making cross-metathesis the more kinetically favored
product than catalyst relay. For this reason, 6.13 and 6.14 were both synthesized and subjected to
alkene cross-metathesis conditions (Equation 6.4). Both reactions afforded the desired cross-
metathesis products (6.15, 6.16) in good yields, indicating that the iron-diene complex prevented

catalyst relay, and was, therefore, an effective diene protecting group for alkene metathesis.
6.3.5 Expansion of Scope

To further our confidence in this strategy, we investigated a series of cyclic and acyclic iron

tricarbonyl complexed dienes. 6.17, synthesized via previously reported procedure, was subjected to

GCN /\/MgBr 6_/7 AN MgBr HGII HO
\ | 7/ Etzo Etzo
Lacon \\./ 1/ \\/

Fe(CO)
39% 3 47% Fe(CO)a 79% Fe(CO)3

6.17 6.18 6.19 6.20
Equation 6.5: Successful ring-closing metathesis on an iron-diene complexed substrate.

allylation conditions to afford ketone 6.18 (Equation 6.5). Subsequent allyl Grignard addition produced

6.19, which was subjected to ring-closing metathesis conditions to afford carbocycle 6.20 in good yields.
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Synthesis of 6.21 was performed according to literature procedure and was converted to allyl

ester 6.22, which underwent cross-metathesis to afford 6.23 (Equation 6.6).°

Amide 6.24 was

A~OH (0 NN 0
e ——
DCC, DMAP Ny N/ HGII, DCM \ |/ 4
DCM Fe(CO)s Fe(CO);
0 60% 6.22 64% 6.23
X, — i o
OH AN P
Fe(CO)s > ﬂ —  HGIl — — _/—(
DCC,DMAP \le/co " \i /C N
6.21 Bem (CO)3( . DCM ¢(CO)3 P
77% 6.24 54% 6.25
Equation 6.6: Successful alkene metatheses in the presence of acyclic iron-diene complexes.

synthesized via amide coupling conditions and was found to undergo ring-closing metathesis producing

6.25 in modest yields. Ester 6.26 was also subjected to diallylation to afford tertiary alcohol 6.27, which

was then subjected to o A~ MaBr HO ~F HQ
\\_|_// :OJ Et,0 \\ | / N \\ |// < ]
ring-closing metathesis Fe(CO)s Fe(CO); Fe(CO);
46% o
. 6.26 6.27 % 6.28
to produce 6.28 in good Equation 6.7: Successful ring-closing metathesis in the presence of acyclic iron-diene complex.

yields (Equation 6.7).
6.3.6 Synthesis of Bridged Bicyclic Systems

In an effort to highlight the synthetic utility of this strategy, substrates that could afford more

complex products were targeted. 6.29 was made according to literature precedent and subsequently

(o]
0
O e S 5 I o (O
HGII DCM h o )"

Fe(CO); Fe(CO); T Mecn CO,Me
n=1,77% n=1,52%

n=1,6.30 n=2 86% n=1,6.32 n=2 46% n=1,6.34 n=1,6.36

n=26.31 n=2 633 n=2 635 n=2,6.37

Equation 6.8: Synthesis of bridged-bicyclic ring systems.
esterified to afford 6.30 and 6.31 (Equation 6.8). Both compounds were subjected to cross-metathesis

to afford 6.32 and 6.33, which were decomplexed to synthesize 6.34 and 6.35 was performed. Current
investigations are being undergone to afford the IMDA products 6.36 and 6.37. It is recognized that
these utilizing alcohols with preinstalled

compounds could be afforded by esterification

functionalization; these products were synthesized in this manner as a proof of concept for the strategy.
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6.4 Applications of this Strategy Toward Transannular Diels-Alder Adducts
6.4.1 Substrate Synthesis

In the pursuit of a TADA substrate containing an iron-diene complex, we developed a synthetic

route toward 6.38 (Scheme 6.5). It was believed that 6.38 could be accessed via dimerization of cross-

\ \ / N\
=0
OH HOw — OH HOw: — OH — C%TMS
\\/ L)\ /) \
6.40

Fe(CO);
6.38 6.39 6.41

Scheme 6.5: Retrosynthetic analysis of iron-diene complexed TADA precursor.

coupling fragments 6.40 and subsequent iron-tricarbonyl complexation of 6.39. 6.40 was thought to be

readily accessed from literature precedented 6.41 via allylation and alkyne hydrofunctionalization.

6.41 was synthesized according to literature \

—0 Bng/\/
procedure and was subjected to allylmagnesium — s T o OH

= THF
——TMS

bromide to obtain 6.42 as a racemic mixture 79%

6.41 6.42
(Equation 6_9) We noted that Carrying through Equation 6.9: Synthesis of racemic allylic alcohol.

this synthesis with the racemic alcohol may be problematic, as the subsequent iron-protection would
result in a mixture of diastereomers that would make characterization difficult. For this reason, Keck

allylation was investigated and showed to afford the alcohol 6.42 in 90% enantiomeric excess (Equation

Bussn/\/ \ \ A\
=0 i . B,Pin
- TBAF 2072
o Ti('OPr),4, S-Binol -~ oH Cs,CO;, FeCl,
— s DCM THF OH ———X—> OH
— _TMS acetone
74%, 90% ee 84% = H .
Bpin
6.41 6.42 6.43 6.44
Equation 6.10: Efforts toward cross-coupling substrate via Keck allylation.

6.10). Unfortunately, the resulting product was contaminated with an inseparable tin byproduct.
Desilylation was performed in good yields to afford 6.43, though the tin byproduct was still inseparable

from the product. All efforts toward hydroborylation of 6.44 were unsuccessful.
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We observed that hydroborylation of racemic 6.43 afforded alkenyl borane 6.43. It was believed

that the inseparable tin byproduct was preventing hydroborylation from occurring. We pursued an

1. DMP, DCM

OH

Y

2. (+)-DIP-CI
= TMS NEt'Pr,, THF
3. TBAF, THF

6.42 61% over 3 steps
93% ee

052C03,

6.43

szinz

FeCl,

“OH ——————————»
acetone

92%

Equation 6.11: Successful synthesis of enantiopure cross-coupling fragment.

\ alternative route to

Bpin

6.44

enantiopure 6.42.
Oxidation of racemic

6.42 and reduction of

the ketone via transfer hydrogenation with ( +)-DIP-Cl to produced.42 in high enantiomeric excess

(Equation 6.11).%° Desilylation and borylation was performed to generate Suzuki coupling fragment 6.44

in good vyields. Subjecting vinyl boronic
ester 6.44 to Suzuki coupling
conditions afforded homodimerized

6.39 in modest yields (Equation 6.12).

Bpin
6.44

PdCI,(PPh;),

chloroacetone, K,CO;

MeOH, H,0

55%

Equation 6.12: Successful homodimerization.

Complexation of 6.39 with iron tricarbonyl to synthesize 6.38 was investigated (Table 6.1). Initial

efforts utilized ultrasound sonication, a method that had shown to obtain iron-diene complexes in the

A /
'OH HO
O \_/ O
6.39
Table 6.1: Efforts toward iron-diene complexation.

Solvent
benzene
benzene

toluene

DME
toluene
toluene

Temp. Modification
25°C Sonicated
40 °C Sonicated
110 °C -

60 °C cat. A added
110 °C cat. A added
110 °C B added

A

B

/©/0Me
N
P N

0
|

ph X
Fe(CO);

presence of allylic alcohols.'* A mixture of products were formed, though all isolated products contained

unreacted diene. It is possible the neighboring alcohol was extruded, due to the ability of iron

tricarbonyl complexes to stabilize the resultant carbocation, resulting in a stable cationic system.

27

Thermal conditions were investigated but had no effect on the starting material. Methods utilizing iron-

transfer reagents were also explored, but once more did not react with 6.39. It is hypothesized that the
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aromatic character of the conjugated diene increased the diene stability, resulting in undesired side

reactivity with the allylic alcohols.

Due to the difficulties encountered in complexing the diaryl-diene system, a new approach
toward a TADA substrate was developed. Known iron diene complex 6.45 was known to be accessed in

three steps from commercial materials.?® With the iron-diene preinstalled, elaboration to RCM precursor

4 \
6.46 was imagined to be accomplished via diallylation. [Ho OH P g ?

R b
All efforts to allylate 6.45 via nucleophilic displacement Fe(CO); conditions \_\\_l_//_/

6.45 Fe(CO);
. . Conditions Result

of allyloromide were unsuccessful (Table 6.2). Isolation DMF, K,CO;  No Reaction

THF, NaH Decomposition
EtOAc, pyridine Decomposition

of the n>—cationic system was investigated but was also acetone, K,CO; Decomposition

Table 6.2: Efforts toward diallylation.

unsuccessful, seemingly producing polymerization products. Investigations into the cation stabilizing
nature of iron-dienes revealed that in-situ generation of the mn’-cationic system, under catalytic

qguantities of Brgnsted-Lowry acid, and trapping with nucleophilic solvent led to synthesis of 6.46. This

constitutes a novel method for the synthesis of diene

74 \
”°\_\| ]_/°“ A~OH g ?

o [o]
. . H,SO
systems (Equation 6.13), which calls for deeper Fe(CO)s 2o \_\\_l_//_/
71% Fe(CO)s
6.45 6.46

studies of the scope of nucleophilic partners.

Equation 6.13: Macrocyclization precursor synthesis.
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6.4.2 Investigation of Macrocyclization

/ \
catalyst ?
6.46 was utilized for reactive screening, d 0 cemeceonenas > \\\“/r’
\—\\_ _//—/ solvent |
| temperature Fe(CO);

as dodecane macrocycles are known to exhibit Fe(CO);

very low thermodynamic ring strain. 6.46 was Catalvst  Solvent  Temperature  Result

Grubbs | DCM 25°C “o reaction
. . . 0 o reaction
subjected to a series of alkene metathesis ﬁg‘?bs ! Bgm gg og No reaction
HG I DCM 25°C No reaction
e ; : . Grubbs | DCM 40°C No reaction
conditions, with varying metathesis catalyst, |G pbsi  DOM 40 °C No reaction
HG | DCM 40 °C No reaction
. HG Il DCM 40°C No reaction
solvent, and temperature (Table 6.3). Screening |gubbs!  toluene 90 °C Decomposition
Grubbs Il toluene 90 °C Decomposition
T HG I toluene 90 °C Decomposition
indicated that moderately elevated |Ha1 toluene 90 °C Decomposition
Grubbs | toluene 60 °C New Product Isolated
Grubbs Il toluene 60 °C New Product Isolated
temperatures afforded full conversion to a new |HGI toluene 60 °C New Product Isolated
HG I toluene 60 °C Decomposition
prod UCt, te ntative|y assigned as 6.47 *All reactions run with 10% catalyst loading.

Table 6.3: Conditions screening for macrocyclization.

Decomplexation of 6.47 was performed and a new product was isolated that contained both
decomplexed diene and dienophile, though no IMDA product was observed. It was believed IMDA
cycloaddition would occur spontaneously, as the IMDA precursor had been previously synthesized but
was reported to be only isolated as the cycloaddition product.?® The product was subjected to heating
up to 110 °C but was unreactive. The inability of the substrate to undergo IMDA cycloaddition coupled

O w0
TN

undesired dimer 6.48 was formed in the macrocyclization reaction (OC)3Fe—ﬁ\ —Fe(CO)s

g
0/\/'%"‘"—0

6.48
complex does not grant the orbital overlap required for the reaction |Figure 6.2: Isolated dimerized product.

with high-resolution mass spectrometry analysis indicated that the

(Figure 6.2). It was presumed that the rigidity of the iron—diene

to occur as desired, instead resulting in intermolecular dimerization to the 24-membered macrocycle
6.48. The rigidity of the diene system is reminiscent of previous attempts to synthesize paracyclophanes
via ring-closing metathesis, which have been found to be non-productive in the formation of carbocycles
smaller than 14-membered rings, though the iron-diene systems likely exhibit lesser constraints when

compared to cyclophanes.
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Due to the restrictions of ring size \ /
HQ OH “ 7
allowable in the macrocyclization of iron-diene
\—\\_l_//—/ N\OH

L con HaS0, OL\l Vand g

complexes, larger ring systems were pursued. n=1,79% ko
6.45 n =2 69% n=1,6.49
Utilizing the previously developed reaction with n=26.50

Equation 6.14: Macrocyclization precursor syntheses.

but-3-en-1-ol and pent-4-en-1-ol, 6.49 and 6.50 were made. 6.49 was a major target of interest as the
[6,6,6]-tricycle is more commonly found in natural products and would prove the synthetic utility of this

strategy. These compounds were subjected to ring-closing metathesis conditions and decomplexation

\ / . :

to afford new products tentatively assigned

(O O) 1. Grubbs II b
toluene, 60°C ¢ — o
Q ° 2. Me;NO - \—\\_//—/ as TADA precursors 6.51 and 6.52 (Equation
\—\\_ _//—/ acetonitrile
Fe(CO); n=1,45% . o

1 649 n=2 60% n=1,6.51 6.15). Currently, we are screening conditions
n=2,6.50 n=2,6.52

Equation 6.15: Progress towards TADA utilizing iron-diene protection.| tO induce IMDA cycloaddition with both

fragments while working in collaboration with our mass spectrometry facility to confirm the structure of

both products.

6.5 Conclusions

Having proven the viability of iron-tricarbonyl complexes for protection with respect to alkene
metathesis, we believe this strategy can be exploited to allow for facile synthesis of diene-dienophile
pairs for Diels-Alder cycloadditions. Herein, we have shown the capability of these m-metal complexes to
inhibit kinetically favored catalyst relay reactivity, allowing for selective alkene metatheses. The
metatheses shown to be feasible include cross metathesis, ring-closing metathesis and macrocyclization
reactions. We have utilized this chemistry to synthesize selectively substituted bridged bicyclic systems,
motifs found in many natural products. Further, this strategy has been used to synthesize transannular
Diels-Alder products in a facile manner. With the conclusions drawn from this research the Vanderwal

lab is currently considering total syntheses of natural products utilizing this strategy.
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6.6 Distribution of Credit and Contributions

| would like to thank Samantha Nguyen for her contributions in the synthesis of intermediates

and performance of reactions.

6.7 Experimental Information

6.7.1 Materials and Methods

All reactions were carried out in oven-dried ( 140 °C) or flame-dried glassware under
an atmosphere of dry argon unless otherwise noted. Dry dichloromethane ( CiCl,),
tetrahydrofuran ( THF), diethyl ether (@}, acetonitiriie ( MeCN), toluene ( PhMe), and
dimethoxyethane ( DME) were obtained by percolation through columns packed with neutral
alumina and columns packed with Q5 reactant, a supported copper catalyst for scavenging
oxygen, under a positive pressure of argon. Solvents used for liquid-liquid extraction and
chromatography were: Ethyl acetate, ( EtOAc, Sigma-Aldrich, ACS grade) hexanes ( Sigma-Aldrich,
ACS grade), dichloromethane ( Cil;, Fisher, ACS grade), acetone ( Sigma-Aldrich, ACS Grade),
diethyl ether ( EO, Fisher, ACS grade), and pentane ( Sigma-Aldrich, ACS grade). Reactions that
were performed open to air utilized solvent dispensed from a wash bottle or solvent bottle, and
no precautions were taken to exclude water. Column chromatography was performed using
EMD Millipore 60 A ( 0.040-0.063 mm) mesh silica gel ( $iO Analytical thin-layer
chromatography ( TLC) was performed on Merck silica gel 60 F254 TLC plates. Visualization was
accomplished with UV ( 210 nm), and potassium permanganate ( KM#Qor p-anisaldehyde
staining solutions.

'H NMR and *C NMR spectra were recorded at 298 K on Bruker GN500 ( 500 MHz,
1H; 125 MHz, 13C) and Bruker CRYO500 ( 500 MHZH; 125 MHz, 3C) spectrometers. *H and 3C

spectra were referenced to residual chloroform ( 7.26 ppm,'H; 77.00 ppm, 3C) or
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residual methanol ( 3.31 ppm!H; 49.00, ppm 3C). Chemical shifts are reported in ppm and
multiplicities are indicated by: s ( singlet), d ( doublet), t ( triplet), g ( quartet), p ( pentet), hept
( heptet), m ( multiplet), and br s ( broad singlet). Coupling constdnssge reported in Hertz. The

raw fid files were processed into the included NMR spectra using MestReNova 11.0, ( Mestrelab
Research S. L.). Infrared ( IR) spectra were recorded on a Varian 640-IR instrument on NaCl
plates and peaks are reported in cm™. Mass spectrometry data was obtained from the
University of California, Irvine Mass Spectrometry Facility. High-resolution mass spectra ( HRMS)

were recorded on a Waters LCT Premier spectrometer using ESI-TOF ( electrospray ionization-

time of flight) or a Waters GCT Premier Micromass GC-MS ( chemical ionization), and data are

reported in the form of (m/z).

Note: Tricarbonyl-iron diene complexes are unstable when subjected to mass spectrometry
ionization. No High-Resolution Mass Spectrometry Data was obtained for any iron-tricarbonyl

complexed compounds.

6.7.2 Experimental Procedures

/ 0 T
\o)l\/ / lo)
_—
HGIl, DCM
\ F /co \ | /
o(CO) 72% Fe(CO);
6.11 6.12

General Procedure A — Alkene cross metathesis to afford a,B-unsaturated esters: Methyl (E)-4-iron-
tricarbonyl[( 1,2,3,4})-cyclohexa-2,4-dien-1-yl]but-2-enoate ( 6.12)An oven-dried 2 dram scintillation
vial was equipped with a magnetic stir bar and charged with 6.11 ( 4.0 mg, 15.44mol, 1 equiv) and dry

CHyCl, ( 0.1 mL). Methyl acrylate ( 3.8 mg, 46.Mol, 3 equiv) and Hoyveda—Grubbs 2" Generation
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Catalyst ( 0.9 mg, 1.5umol, 0.1 equiv) were added to the reaction mixture. The solution was sparged
with argon gas for 5 minutes. The reaction mixture was stirred at room temperature for 16 h. The
solvent was removed in vacuo. The residue was purified by chromatography on silica gel, eluting with

hexanes/EtOAc 97:3 ( v/v), to afford 3.5 mg ( 72% yield)6e12 as a yellow oil.

1H NMR ( 600 MHz, CD6) 6 6.88 — 6.76 ( m, 1H), 5.77 ( J& 15.7 Hz, 1H), 5.38 (s, 1H), 5.30 ( s, 1H), 3.73
(s, 3H), 3.05 ( J& 13.8 Hz, 2H), 2.27 (s, 1H), 2.18 —2.05 ( m, 2H), 2.02 (J dd0.2, 9.2 Hz, 1H), 0.92 ( m,

1H).

3C NMR (151 MHz, CD6): 6 211.9, 166.9, 147.4, 122.3, 85.9, 84.5, 65.5, 59.6, 51.5, 42.2, 37.3, 30.3.

A/
o]
— o —
\OJI\/
—_—
\ . // HGII, DCM
\ | /
Fe(CO)s 73% Fe(CO);
6.13 6.15

Methyl ( E)-5-iron-tricarbonyl[( 1,2,3)1#cyclohexa-2,4-dien-1-yl]pent-2-enoate ( 6.15)Alkene 6.13 ( 13
mg, 47.4 umol) was subjected to General Procedure A to give ester 6.15 ( 11 mg, 73% yield) as a yellow

oil.

'H NMR ( 500 MHz, CD€) 6 6.96 —6.83 ( m, 1H), 5.78 ( J& 15.6 Hz, 1H), 5.41-5.33 ( m, 1H), 5.33 -5.23
( m,1H),3.72( s,3H),3.15-2.98( m, 2H), 2.184 7cf Hz, 2H), 2.10-2.05( m, 1H), 2.01 ( ddd; 14.4,

10.5,3.8 Hz, 1H), 1.39 ( dt,=5.7,4.8 Hz, 1H), 1.33-1.26 ( m, 1H).

13CNMR ( 126 MHz, CD¢) 6 212.1, 167.1, 149.0, 121.0, 85.7, 84.5, 66.0, 59.7, 51.5, 38.2, 37.7, 31.0, 30.8
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2 /s
\OJI\/
— >
HGIIl, DCM
\ /co \|/
Fe(CO)s 84% Fe(CO);
6.14 6.16

Methyl ( E)-6-iron-tricarbonyl[( 1,2,3j#cyclohexa-2,4-dien-1-yl]hex-2-enoate ( 6.16)Alkene 6.14 ( 16
mg, 55.5 umol) was subjected to General Procedure A to give ester 6.16 ( 16 mg, 84% yield) as a yellow

oil.

'HNMR ( 499 MHz, CDE) 6 6.98 —6.83 ( m, 1H), 5.79 ( J& 15.7 Hz, 1H), 5.35( d|=4.7 Hz, 1H), 5.27 ( d,
J=5.2Hz, 1H),3.72 ( s, 3H), 3.06 ( J&; 33.5 Hz, 2H), 2.14 ( g/ =7.1Hz, 2H),2.09-1.92( m, 2H), 1.39( s,

2H),1.28-1.16 ( m, 3H).

13C NMR ( 151 MHz, CD) 6 212.2, 167.1, 149.2, 121.1, 85.6, 84.6, 66.7, 59.9, 51.5, 39.5, 38.1, 32.3,

30.7, 26.7.

CN (0] —
R
'
\ ||: /co Et,O \ | /
e( )3 39% Fe(CO)3
6.17 6.18

1-Iron-tricarbonyl[( 1,2,3,4t)-cyclohexa-2,4-dien-1-yl]but-3-en-1-one ( 6.18)A 10 mL round bottom
flask was charged with 6.17 ( 138 mg, 0.56 mmol, 1 equiv) and diethyl ether ( 1.7 mL). The reaction flask
was cooled to 0 °C. A 1.0 M solution of allyl magnesium bromide in diethyl ether ( 0.85 mL, 0.84 mmol,
1.5 equiv) was added to the reaction mixture dropwise. The reaction was allowed to warm to room

temperature and stirred for 4 hours. 1.0 M HCl( aq( 3 mL) was added and the resulting mixture was
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stirred for 30 minutes. The phases were separated, and the aqueous phase was extracted with diethyl
ether ( 2 x 3 mL). The organic phases were combined, dried over N8O, and concentrated in vacuo. The
residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 95:5 ( v/v), to afford 63

mg ( 39 % yield) 06.18 as a yellow oil.

'HNMR ( 500 MHz, CD¢) 6 5.87 ( ddt,=17.1, 10.2, 6.9 Hz, 1H), 5.44-5.39 ( m, 2H), 5.22-5.15( m, 1H),
5.12( dqg,=17.1,1.5Hz, 1H), 3.24-3.12 ( m, 3H), 3.07 ( 4 10.8, 3.5 Hz, 1H), 3.04 -3.00 ( m, 1H), 2.00

( ddd,=14.6, 10.8, 3.5 Hz, 1H), 1.86 ( dt,= 15.2, 2.4 Hz, 1H).

3CNMR ( 126 MHz, CD€) § 211.3, 208.4, 130.5, 118.9, 86.9, 84.2, 60.8, 58.4, 49.8, 46.0, 27.8.

(0] —
/\/MgBr HO -
Z r
\I/ Et,0 )
Fe(CO)
? 47% ||=e(c0)3
6.18 6.19

4-Iron-tricarbonyl[( 1,2,3,4y)-cyclohexa-2,4-dien-1-yllhepta-1,6-dien-4-ol ( 6.19):A 10 mL round
bottom flask was charged with 6.18 ( 30 mg, 0.10 mmol, 1 equiv) and diethyl ether ( 0.3 mL). The reaction
flask was cooled to 0 °C. A 1.0 M solution of allyl magnesium bromide in diethyl ether ( 0.12 mL, 0.12
mmol, 1.2 equiv) was added to the reaction mixture dropwise. The reaction was allowed to warm to
room temperature and stirred for 2 hours. Saturated aqueous ammonium chloride ( 0.5 mL) was added.
The phases were separated, and the aqueous phase was extracted with diethyl ether ( 2 x 1 mL). The
organic phases were combined, dried over Na,SO,, and concentrated in vacuo. The residue was purified

by chromatography on silica gel, eluting with hexanes/EtOAc 95:5 ( v/v), to afford 16 mg ( 47 % vyield) of

6.19 as a yellow oil.
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'H NMR ( 500 MHz, CDE) 6 5.94 —5.79 ( m, 2H), 5.54-5.47 ( m, 1H),5.47-5.39( m, 1H),5.24-5.12( m,
4H),3.12( dd,=5.2,2.7 Hz, 2H), 2.40 ( dt/=10.8,3.7 Hz, 1H),2.35-2.24( m, 2H), 2.20( d&;14.0,7.4
Hz, 1H), 2.11 ( dd,=14.0,7.7 Hz, 1H), 1.95( ddd|=14.9, 11.0, 3.9 Hz, 1H), 1.58 ( d|=15.5 Hz, 1H), 1.53

(s, 1H).

13C NMR ( 126 MHz, CDg) & 212.0, 133.5, 133.5, 119.1, 119.0, 86.0, 85.2, 75.7, 60.5, 59.9, 46.3, 42.3,

41.6, 25.8.

HO - HGII HO
DCM \ | //
\ | / Fe(CO);
Fe(CO)s 79%
6.19 6.20

General Procedure B — Alkene ring-closing metathesis to afford carbocycles: 1- Iron-tricarbonyl[( 1,2,3,4-
1)-cyclohexa-2,4-dien-1-yl]cyclopent-3-en-1-ol ( 6.20):An oven-dried 2 dram scintillation vial was
equipped with a magnetic stir bar and charged with 6.19 ( 16 mg, 48.fimol, 1 equiv) and dry CH.Cl> ( 1.0
mL). Hoyveda-Grubbs 2" Generation Catalyst ( 3 mg, 4.9umol, 0.1 equiv) was added to the reaction
mixture. The solution was sparged with argon gas for 5 minutes. The reaction mixture was stirred at
room temperature for 16 h. The solvent was removed in vacuo. The residue was purified by
chromatography on silica gel, eluting with hexanes/EtOAc 95:5 ( v/v), to afford 11 mg ( 79% yield)&@20

as a yellow oil.

'H NMR ( 600 MHz, CD€J 6 5.66 ( s, 2H), 5.46 —5.38 ( m, 2H), 3.07 ( 4dd&.0, 4.0, 2.0 Hz, 2H), 2.46 ( d]
=17.1 Hz, 1H), 2.40-2.32( m, 2H), 2.26 ( J& 16.3 Hz, 1H), 2.16 ( d|=16.6 Hz, 1H), 1.95 ( ddd]=14.9,

10.8, 4.0 Hz, 1H), 0.93—-0.78 ( m, 2H).
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3CNMR ( 126 MHz, CD€) 6 212.0, 128.8, 128.5, 85.9, 85.3, 83.2, 61.4, 60.1, 48.2, 46.5, 45.8, 29.8, 26.9.

P \).j\o/ 0 ) J
_\\—I—//_/<o—/= HGII, DCM Y _//_/<o 4/=>L

Fe(CO), Lo
6.22 64% 6.23

(E)-4-Methoxy-4-oxobut-2-en-1-yl-iron-tricarbonyl[( 1,2,3,4t)-( 2E,4E)-hexa-2,4-dienoate] ( 6.23): 6222
( 21 mg, 71.9.mol) was subjected to General Procedure A to afford ester 6.23 ( 16 mg, 64% vyield) as a

yellow oil.

'H NMR ( 500 MHz, CDE) 6 6.94 ( dt,=15.8, 4.5 Hz, 1H), 6.03 ( dt,=15.7, 1.8 Hz, 1H), 5.79 ( dd,= 8.0,
5.0 Hz, 1H), 5.26 = 5.20 ( m, 1H), 4.77 ( ddd; 16.2, 4.5, 1.9 Hz, 1H), 4.67 ( ddd|=16.2, 4.5, 1.9 Hz, 1H),

3.75( s, 3H), 1.48 ( s, 3H), 1.00{=@&.1 Hz, 1H), 0.87 ( d,=6.9 Hz, 1H).

BCNMR ( 126 MHz, CD€) 6 171.7, 166.3, 141.7, 121.6, 88.6, 82.7, 62.5, 59.5, 51.8, 44.8, 19.2.

H

0 P AN _/_/<o
\\-l—’/ OH > \‘-l / N—/=
Fe(CO); DC% gM""AP Fe(CO)s(
6.21 77% 6.24

( BAE)-N,N-Diallylhexa-iron-tricarbonyl[( 1,2,3,4y)-2,4-dienamide] ( 6.24)A 2 dram scintillation vial
was charged with carboxylic acid 6.21 ( 30 mg, 0.10 mmol, 1 equiv) and Cil, ( 0.5 mL). To this solution
was added diallylamine ( 13 mg, 0.11 mmol, 1.1 equiv), DCC( 28 mg, 0.11 mmol, 1.1 equiv) and DMAP ( 2
mg, 0.01 mmol, 0.1 equiv). The reaction mixture was stirred at room temperature for 12 h. Saturated

aqueous ammonium chloride ( 1 mL) was added. The phases were separated and the aqueous phase was
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extracted with CH,Cl, ( 1 mL). The combined organic extracts were dried over N8O, and concentrated
in vacuo. The residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 90:10

( v/v), to afford 30 mg ( 77% yield)eo24 as a clear yellow oil.

'H NMR ( 500 MHz, CD€) 6 6.01 —5.94 ( m, 1H), 5.83 —5.65( m, 2H), 5.25 (Jdd&.7, 5.2 Hz, 1H), 5.21 -
5.04( m,4H),4.35-4.24( m, 1H), 4.08(=d,7.4 Hz, 1H),3.77 ( d,=17.6 Hz, 1H), 3.61 ( dd}=15.3,6.3

Hz, 1H), 1.45( d|=6.2 Hz, 3H), 1.01 ( d|=7.7 Hz, 2H).

3CNMR ( 126 MHz, CD€) § 171.0, 133.3, 133.3, 116.9, 116.6, 88.6, 83.5, 58.9, 49.1, 48.4, 46.1, 19.2.

st~ e~ X
Fe(CO)3<= D Fe(CO)s O

6.24 54% 6.25

( B4E)-1-( 2,5-Hihydro-1H-pyrrol-1-yl)hexa-iron-tricarbonyl[( 1,2,3;3-2,4-dien]-1-one ( 6.25):Amide
6.24 ( 30 mg, 9umol) was subjected to General Procedure B to afford 6.25 ( 15 mg, 54% vyield) as a

yellow oil.

'H NMR ( 600 MHz, CD€) & 6.01 ( dd|=7.2,5.6 Hz, 1H), 5.94 ( d,=6.2 Hz, 1H), 5.87 ( d}= 6.3 Hz, 1H),
5.32( dd;=8.6,5.1Hz, 1H), 4.40-4.21( m, 4H), 1.53 ( J&; 6.1 Hz, 3H), 1.47 -1.41 ( m, 1H), 1.02 ( J&

7.8 Hz, 1H).

3CNMR ( 151 MHz, CD€) 6 169.0, 126.5, 124.8, 88.3, 82.6, 58.8, 53.3, 52.9, 47.1, 19.2.
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Fe(CO); Fe(CO);

46%
6.26 6.27

A

1-( (,3E)-Penta-iron-tricarbonyl[( 1,2,3,4t)-1,3-dien]-1-yl)-6,8-dien-5-ol ( 6.27)A 10 mL round bottom
flask was charged with 6.26 ( 50 mg, 0.17 mmol, 1 equiv) and diethyl ether ( 1.0 mL). The reaction flask
was cooled to 0 °C. A 1.0 M solution of allyl magnesium bromide in diethyl ether ( 0.45 mL, 0.43 mmol,
2.5 equiv) was added to the reaction mixture dropwise. The reaction was allowed to warm to room
temperature and stirred for 2 hours. Saturated aqueous ammonium chloride ( 1 mL) was added. The
extracts were separated, and the aqueous phase was extracted two times with diethyl ether ( 2 x 1 mL).
The organic phases were combined, dried over Na,SO4, and concentrated in vacuo. The residue was
purified by chromatography on silica gel, eluting with hexanes/EtOAc 95:5 ( v/v), to afford 26 mg ( 46%

yield) of 6.27 as a yellow oil.

'H NMR ( 499 MHz, CD€) 6 5.94 —5.78 ( m, 2H), 5.28 ( dd; 8.8, 5.0 Hz, 1H), 5.23 -5.13 ( m, 3H), 5.11 -

5.00( m,2H),2.42-2.14 ( m, 4H), 1.41{=&.2 Hz, 3H), 1.05-0.99 ( m, 2H).

3CNMR ( 126 MHz, CD¢) 6 133.4, 132.9, 119.9, 119.4, 83.9, 79.9, 73.4, 72.0, 56.8, 48.4, 46.8, 19.1.

HO Y% HO
e O

feco, Y  DCM Fe(CO)s

o,
6.27 7% 6.28

1-( ,3E)-Penta-iron-tricarbonyl[( 1,2,3,41)-1,3-dien]-1-yl)cyclopent-3-en-1-ol ( 6.28)Alcohol 6.27 ( 26

mg, 81.3 umol) was subjected to General Procedure B to afford 6.28 ( 17 mg, 71% yield) as a yellow oil.
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'H NMR ( 499 MHz, CD€) 6 5.69 ( s, 2H), 5.40 ( dd; 8.8, 5.2 Hz, 1H), 5.05 ( dd} = 8.7, 5.1 Hz, 1H), 2.52
( dddj=54.8,50.1,17.7 Hz, 4H), 1.41 ( d/=6.2 Hz, 3H), 1.21 ( d|=8.8 Hz, 1H), 1.05 ( dagj=12.8, 6.4

Hz, 1H).

3CNMR ( 126 MHz, CD¢) 6 129.3, 128.7, 84.3,81.2, 79.8, 71.7,57.0, 51.0, 50.4, 19.2.

O
<\;{>C:)3< ~~ T hen, oow O—{ 4/_>>

Fe(CO)3
77%
6.30 6.32

(E)-4-Methoxy-4-oxobut-2-en-1-yl-iron-tricarbonyl[( 1,2,3,4t)-cyclohexa-1,3-diene)-1-carboxylate
( 6.32)ster 6.30 ( 92 mg, 0.31 mmol) was subjected t&eneral Procedure A to afford 6.32 ( 83 mg, 77%

yield) as a yellow oil.

'H NMR ( 500 MHz, CDE) 6 6.97 ( dt,=15.8, 4.5 Hz, 1H), 6.11 —6.00 ( m, 2H), 5.44-5.32 ( m, 1H), 4.85
( dddj=16.1,4.4,1.7 Hz, 1H), 4.69 ( ddd,=16.2, 4.4, 1.8 Hz, 1H), 3.75( s, 3H), 3.44-3.37( m, 1H), 2.23

-2.15( m,1H),1.98-1.90( m,1H),1.76 -1.68 ( m, 1H), 1.46 (J <dd,6, 8.5, 3.4 Hz, 1H).

13C NMR ( 126 MHz, CDg) 6 210.2, 171.6, 166.3, 141.7, 121.7, 88.5, 85.5, 63.9, 63.5, 62.7, 51.8, 25.2,

22.9.
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6.32 6.34
(E)-4-Methoxy-4-oxobut-2-en-1-yl cyclohexa-1,3-diene-1-carboxylate ( 6.34)A 2 dram scintillation vial
was charged with 6.32 ( 32 mg, 88mol, 1 equiv) and acetonitrile ( 0.5 mL). The reaction flask was cooled
to 0 °C before adding trimethylamine N-oxide ( 66 mg, 0.88 mmol, 10 equiv). The reaction mixture was
warmed to room temperature and stirred for 4 h. The reaction mixture was diluted with CH,Cl; ( 1 mL)
and washed with water ( 2 x 1 mL). The organic phase was dried over N8O, and concentrated in vacuo.

The residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 95:5 ( v/v), to

afford 12 mg (  60% yield) d6.34 as a clear colorless oil.

1H NMR ( 500 MHz, CD6J 6 7.07 ( d}= 5.5 Hz, 1H), 7.00 ( dt}= 15.7, 4.4 Hz, 1H), 6.17 ( dd}=9.3, 4.7 Hz,
1H), 6.07 ( dd,=15.5, 10.8 Hz, 2H), 4.83 ( dd=4.2, 1.6 Hz, 2H), 3.75( s, 3H), 2.47 (J £,9.6 Hz, 2H), 2.29
( dd,=5.8, 3.9 Hz, 2H).

3C NMR ( 126 MHz, CDG) 6 166.6, 166.4, 142.0, 134.2, 134.2, 129.8, 128.6, 123.9, 121.5, 62.5, 51.8,

22.9,20.7.

164



W, >, (O

Fe(CO); DC% g“'l‘l"AP Fe(CO);
6.30 46% 6.31

But-3-en-1-yl iron-tricarbonyl[( 1,2,3,4y)-cyclohexa-1,3-diene]-1-carboxylate ( 6.31)A 10 mL round
bottom flask was charged with carboxylic acid 6.30 ( 100 mg, 0.38 mmol, 1 equiv), CGi€l, ( 2 mL), and 1-
buten-4-ol ( 30 mg, 0.42 mmol, 1.1 equiv). To this solution was added DCC ( 86 mg, 0.42 mmol, 1.1 equiv)
and DMAP ( 5 mg, 0.04 mmol, 0.1 equiv). The reaction was stirred at room temperature for 16 h.
Saturated aqueous ammonium chloride ( 3 mL) was added, and the resultant solution was extracted with
CHyCl; ( 3 x 3 mL). The combined organic extracts were dried over N8O, and concentrated in vacuo. The
residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 95:5 ( v/v), to afford 55

mg ( 46% yield) 08.31 as a clear colorless oil.

1H NMR ( 600 MHz, CD6) 6 6.03 ( d} = 3.8 Hz, 1H), 5.80 ( dd} = 17.0, 10.1 Hz, 1H), 5.39 = 5.32 ( m, 1H),
5.10 ( dd}=26.3, 13.6 Hz, 2H), 4.24 ( dt,= 11.0, 6.8 Hz, 1H), 4.11 —4.03 ( m, 1H), 2.40 ( dd; 13.2, 6.5
Hz, 2H), 2.16 ( ddj=19.4, 7.2 Hz, 1H), 1.92 ( dd,=11.6, 7.8 Hz, 2H), 1.56 ( d},=12.5 Hz, 1H), 1.46 — 1.38

( m, 1H).

13C NMR ( 151 MHz, CD€) 6 210.3, 172.1, 134.2, 117.2, 88.5, 88.4, 85.2, 85.1, 64.9, 63.6, 63.2, 35.0,

33.1, 25.5, 25.2, 22.9.

A = s &2 X J_/_(

Fe(CO)3 Fe CO),
86%

6.31 6.33
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(E)-5-Methoxy-5-oxopent-3-en-1-yl-iron-tricarbonyl[( 1,2,3,4y)-cyclohexa-1,3-diene]-1-carboxylate
( 6.33fster 6.31 ( 55 mg, 0.17 mmol) was subjected t&eneral Procedure A to afford 6.33 ( 56 mg, 86%

yield) as a yellow oil.

1H NMR ( 500 MHz, CD6) & 6.94 ( dtj = 15.6, 6.9 Hz, 1H), 6.01 ( dj = 4.2 Hz, 1H), 5.92 ( d} = 15.7 Hz,
1H), 5.40 = 5.29 ( m, 1H), 4.29 ( 4t 11.1, 6.5 Hz, 1H), 4.19 — 4.09 ( m, 1H), 3.73 ( J& 7.3 Hz, 3H), 3.38
( ddj = 3.7, 2.7 Hz, 1H), 2.62 — 2.49 ( m, 2H), 2.14 ( ddd; 15.0, 11.9, 3.2 Hz, 1H), 1.91 ( ddt} = 15.4,

11.8,3.6 Hz, 1H), 1.72—=1.63 ( m, 1H), 1.41 ( ddd; 14.8, 8.4, 3.5 Hz, 1H).

13C NMR ( 126 MHz, CD6) 6 210.2, 172.0, 166.7, 144.6, 123.2, 88.5, 85.3, 64.4, 63.4, 62.4, 51.6, 31.5,

25.2,22.9.
0 0
o] / Me;NO 0 /
Y, °— > o—

I o acetonitrile

Fe(CO); o

46%
6.33 6.35

(E)-5-Methoxy-5-oxopent-3-en-1-yl cyclohexa-1,3-diene-1-carboxylate ( 6.35)A 2 dram scintillation vial
was charged with 6.33 ( 44 mg, 0.12 mmol, 1 equiv) and acetonitrile ( 0.5 mL). The reaction flask was
cooled to 0 °C before adding trimethylamine N-oxide ( 85 mg, 1.2 mmol, 10 equiv). The reaction mixture
was warmed to room temperature and stirred for 4 h. The reaction mixture was diluted with CH,Cl, ( 1

mL) and washed with water ( 2 x 1 mL). The organic phase was dried over N804 and concentrated in
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vacuo. The residue was purified by chromatography on silica gel, eluting with hexanes/EtOAc 95:5 ( v/v),

to afford 12 mg ( 46% yield) 06.35 as a clear colorless oil.

'H NMR ( 600 MHz, CD) 6 7.00 — 6.97 ( m, 1H), 6.96 —6.91 ( m, 1H), 6.14 (J dd).1, 4.5 Hz, 1H), 6.08 —
6.04 ( m, 1H), 5.93 ( J& 15.7 Hz, 1H), 4.27 ( = 6.4 Hz, 2H), 3.74 ( s, 3H), 2.59 ( J&; 6.5 Hz, 2H), 2.43 ( t,

J=10.0 Hz, 2H), 2.27 ( dd,=10.4, 2.9 Hz, 2H).

3CNMR ( 151 MHz, CD€) 6 167.3, 166.7, 144.7,133.8, 133.6, 128.5, 124.0, 123.1, 62.2, 51.6, 31.6, 22.9,

20.7.

BzPinz \
C52C03, FeCI3
OH - *1OH
acetone
92% \ Bpin
6.43 6.44

(S,E)-1-( 2-( 2-( 4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)phenyl)but-3-en-1-ol ( 6.42)dram
scintillation vial was charged with alkyne 6.43 ( 50 mg, 0.29 mmol, 1 equiv) and acetone ( 2 mL). To the
solution was added bis( pinacolato)diboron ( 110 mg, 0.44 mmol, 1.5 equiv), cesium carbonate ( 189 mg,
0.58 mmol, 2 equiv), and iron trichloride ( 5 mg, 0.03 mmol, 0.1 equiv). The reaction mixture was heated

to 60 °C and was stirred at this temperature for 16 h. The reaction mixture was diluted with EtOAc ( 5
mL) and was filtered through a pad of celite. The solids were washed with EtOAc ( 5 mL). The organic
phases were combined and washed with water ( 5 mL). The organic phase was dried over N0, and
concentrated in vacuo. The residue was purified by chromatography on silica gel, eluting with

hexanes/EtOAc 96:4 ( v/v), to afford 80 mg ( 92% yield)6od4 as a clear colorless oil.
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'H NMR ( 600 MHz, CDE} 6 7.71 ( d] = 18.0 Hz, 1H), 7.53 ( d}=6.9 Hz, 2H), 7.32 ( dd}=24.7, 17.3 Hz,
2H), 6.05( d,=18.1Hz, 1H),5.86( dg,=10.0, 7.3 Hz, 1H),5.21-5.13 ( m, 3H),2.57-2.40 ( m, 2H), 1.31

(s, 12H).

13C NMR ( 151 MHz, CDE) § 146.3, 141.5, 135.7, 134.6, 131.0, 128.9, 127.6, 126.5, 125.4, 118.5, 83.4,

69.2,43.2,25.1, 24.9, 24.8.

\ PdCl,(PPhj3),
chloroacetone, K,CO;
10H -
MeOH, H,0
Bpin 55%
6.44

( 81's)-1,1'<( (E3E)-Buta-1,3-diene-1,4-diyl)bis( 2,1-phenylene))bis( but-3-en-1-ol) ( 6.37)2 dram
scintillation vial was charged with boronic ester 6.44 ( 80 mg, 0.27 mmol, 1 equiv) and methanol ( 2.5
mL). To the solution was added chloroacetone ( 245 mg, 2.7 mmol, 10 equiv),
bis( triphenylphosphine)palladium( II) dichloride ( 19 mg, 0.03 mmol, 0.1 equinOK ( 110 mg, 0.81
mmol, 3 equiv) in H,O ( 0.5 mL) was added dropwise. The reaction mixture was stirred at room
temperature for 16 h. The reaction mixture was quenched with a saturated aqueous solution of
ammonium chloride ( 3 mL) and the solution was extracted three times with Ci€l, ( 3 x 3 mL). The
organic extracts were combined, dried over Na;SO,4 and concentrated in vacuo. The residue was purified

by chromatography on silica gel, eluting with hexanes/EtOAc 90:10 ( v/v), to afford 50 mg ( 55% vyield) of

6.39 as a clear colorless oil.
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'H NMR ( 500 MHz, CDE) § 7.66 — 7.62 ( m, 2H), 7.60 — 7.56 ( m, 2H), 7.39 — 7.33 ( m, 4H), 7.06 =dd,
12.0,9.6 Hz, 2H), 7.00-6.91( m, 2H),5.94 ( dg; 10.0, 7.6 Hz, 2H), 5.25 ( t,=13.7 Hz, 4H), 5.18 ( dd|=

8.3,4.2 Hz, 2H), 2.66—2.50 ( m, 4H).

13C NMR ( 126 MHz, CD€) § 140.95, 134.76, 134.62, 131.69, 129.66, 127.95, 127.63, 125.89, 125.81,

118.54, 69.86, 43.02.

HRMS ( ES+) m/z calc’d for&H»0, [M+Na]*: 369.1830; found: 369.1824.

HO\_\_ _/_/ or ' OH g/ >
\ | / —Z - » g 0
||=e(CO)3 H250, \_\\_I _//_/

71% Fe(CO);
6.45 6.46

General Procedure C - Etherification to afford iron-hexa-2,4-diene diethers: ( BA4E)-1,6-
Bis( allyloxy)hexa-iron-tricarbonyl[( 1,2,3)4-2,4-diene ( 6.46)A 2 dram scintillation vial was charged
with 6.45 ( 50 mg, 0.19 mmol, 1 equiv) and allyl alcohol ( 0.35 mL, 0.56 mmol, 30 equiv). A drop of conc.
H,SO4 ( 2 mg) was added to the reaction mixture. The solution was stirred for 4 h. The solution was
guenched with a saturated aqueous solution of sodium bicarbonate ( 1 mL) and was stirred for 5 min.
The mixture was extracted with CH,Cl, ( 3 x 1 mL). The organic extracts were combined, dried over
Na,S0., and concentrated in vacuo. The residue was purified by chromatography on silica gel, eluting

with hexanes/EtOAc 100:0-94:6 ( v/v), to afford 46 mg ( 71% yield)6o46 as a yellow oil.

'H NMR ( 600 MHz, CD€) 6 5.90 ( s, 1H), 5.28 ( J& 17.2 Hz, 1H), 5.20 ( dd}=20.9, 7.5 Hz, 2H), 3.97 ( d,

=22.3Hz, 2H),3.60( s, 1H),3.39( s, 1H),1.22( s, 1H).

3CNMR ( 151 MHz, CD¢) 6 134.6, 117.2, 84.3,71.6, 71.5, 57.9.
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6.45 6.49

( B4E)-1,6-Bis( but-3-en-1-yloxy)hexa-iron-tricarbonyl[( 1,2,3)3-2,4-diene] ( 6.49)General Procedure
C was performed using 6.45 ( 51 mg, 0.19 mmol) and 3-butenol to affor®.49 ( 54 mg, 76% vyield) as a

yellow oil.

1H NMR ( 500 MHz, CD6) 6 5.82 ( ddt,=17.0, 10.2, 6.7 Hz, 1H), 5.22 = 5.18 ( m, 1H), 5.14—4.95 ( m, 2H),
3.60 ( dd,=11.1, 4.8 Hz, 1H), 3.51 ( dtj=9.1, 6.7 Hz, 1H), 3.45-3.40 ( m, 1H), 3.38 ( dd; 11.1, 7.6 Hz,

1H),2.36-2.29 ( m, 2H), 1.22-1.17( m, 1H).

3CNMR ( 126 MHz, CD§) 6 135.2, 116.5, 84.2, 72.2, 70.0, 58.0, 34.3.

/ A\
HO OH W\/OH
\_\\-I-//_/ H,SO -
Fe(CO); z= o o
69% \_\\_I _//_/
Fe(CO);
6.45 6.50

( B4E)-1,6-Bis( pent-4-en-1-yloxy)hexa-iron-tricarbonyl[( 1,2,3)}-2,4-diene] ( 6.50feneral Procedure
C was performed using 6.45 ( 110 mg, 0.41 mmol) and 4-pentenol to affor6.50 ( 116 mg, 69% yield) as a

yellow oil.
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'H NMR ( 499 MHz, CDE) 6 5.80 ( ddt,=16.9, 10.2, 6.6 Hz, 1H), 5.20 ( ¢} =4.2 Hz, 1H), 5.01 ( d|=17.1
Hz, 1H), 4.95 ( d|=10.1 Hz, 1H), 3.57 ( dd,=11.1, 4.9 Hz, 1H), 3.48 —3.43 ( m, 1H), 3.39-3.35( m, 2H),

2.12( dd,=14.4,7.1Hz, 2H), 1.65( dt,=13.9, 6.8 Hz, 2H), 1.19 ( dd|=12.0, 6.9 Hz, 1H).

3CNMR ( 125 MHz, CD¢) 6 138.3, 114.8, 84.1, 72.2, 70.0, 58.3, 30.3, 28.9.
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APPENDIX A: NMR SPECTRA
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APPENDIX B: X-RAY CRYSTALLOGRAPHIC DATA

Table 1. Crystal data and structure refinement for cdv54.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Density ( calculated)
Absorption coefficient

F( 000)

Crystal color

Crystal size

Theta range for data collection

Index ranges

cdv54 ( Riley Mills)

C1s Has N3 O

353.37

88( 2)K

0.71073 A

Monoclinic

P21

a=6.5920( 6)A o =90°.
b=10.9394( 10)A B =91.1366( 12)°.
c=11.3239( 11)A ¥ =90°

816.43( 13)A

1.437 Mg/
0.111 mm-
376
colorless
0.376 x0.238 x 0.098 mm3
1.799 to 27.099°

-8<h<8,-13<k<13,-14</<14
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Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma( ) = 3417 data]

R indices ( all data, 0.78 A)

Largest diff. peak and hole

8783
3587 [R( int) = 0.0171]
99.7 %
Semi-empirical from equivalents
0.8621 and 0.7409
Full-matrix least-squares on F?
3587/1/318
1.060
R1=0.0275, wR2 =0.0633
R1=0.0303, wR2 =0.0647

0.237 and -0.178 e.A3
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Table 2. Atomic coordinates ( x 1) and equivalent isotropic displacement parameters ( #x 103)

for cdv54. U( eq) is defined as one third of the trace of the orthogonalized Utensor.

X y z U( eq)
o 1) 5972( 2) -2780( 2) 8423( 1) 25(
o( 2) 5627( 2) -1119( 1) 7345( 1) 16(
o( 3) 5096( 2) 628( 1) 6274( 1) 15(
o( 4) 6719( 2) -606( 1) 4935( 1) 18(
o( 5) 8754( 2) -489( 1) 5490( 1) 16(
o( 6) 4019( 2) 4808( 2) 10036( 1) 28(
N( 1) 8327( 2) 2182( 2) 8461( 1) 16(
N( 2) 7790( 2) 3265( 2) 8532( 2) 16(
N( 3) 6114( 3) 3395( 2) 9234( 2) 17(
c( 1) 10174( 3) 1988( 2) 7739( 2) 16(
c( 2) 11489( 3) 1092( 2) 8465( 2) 17(
c( 3) 10474( 3) -151( 2) 8639( 2) 17(
c( 4) 9987( 3) -754( 2) 7447( 2) 15(
c( 5) 9029( 3) -2036( 2) 7530( 2) 16(
c( o) 63800( 3) -2005( 2) 7849( 2) 17(
c( 7) 6452( 3) 86( 2) 7086( 2) 13(
c( 8) 5715( 3) 530( 2) 5063( 2) 17(
c( 9) 7073( 3) 1614( 2) 4732( 2) 18(
c( 10) 8162( 3) 2219( 2) 5785( 2) 17(
c( 11) 9520( 3) 1376( 2) 6544( 2) 15(
c( 12) 8644( 3) 62( 2) 6664( 2) 14(
c( 13) 11366( 3) 3165( 2) 7513( 2) 21(

296

1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)

1)



c( 14) 5411( 3) 4558( 2) 9398( 2) 20( 1)
c( 15) 10239( 3) 2924( 2) 8310( 2) 21( 1)

C( 16) 3804( 3) 427( 2) 4302( 2) 22( 1)
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Table 3. Bond lengths [A] and angles [°] for cdv54.

of
of
of
of
of
of
of
of
of
N(
N(
N(
N(
a
a
a
a
a
a
a
a
a
a
a

a

1)-C(
2)-C(
2)-(
3)-¢(
3)-¢(
a)-¢(
4)-0(
5)-C(
6)-C(
1)-N(
1)-C(
2)-N(
3)-(
1)-C(
1)-C(
1)-C(
2)-C(
3)-C(
4)-¢(
4)-C(
5)-C(
5)-C(
7)-C(
8)-C(

8)-C(

6)
6)
7)
7)
8)

8)

12)
14)
2)
1)
3)
14)
13)
2)
11)
3)
4)
12)
5)
6)
15)
12)
16)

9)

1.206(
1.358(
1.457(
1.401(
1.443(

1.417(

1.4752( 18)

1.463(
1.210(
1.239(
1.495(
1.381(
1.368(
1.533(
1.536(
1.562(
1.530(
1.531(
1.529(
1.541(
1.520(
1.527(
1.531(
1.516(

1.537(

3)
2)
2)
2)
2)

2)

2)
2)
2)
2)
2)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)

3)
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C(
C(

a

(
C(
C(
C(
N(
N(
C(
N(
N(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
o(

o(

9)-C( 10)
10)-C( 11)

11)-C( 12)

6)-0( 2)-C( 7)
7)-0( 3)-C( 8)
8)-0( 4)-0( 5)
12)-0( 5)-0( 4)
2)-N( 1)-¢( 1)
1)-N( 2)-N( 3)
14)-N( 3)-N( 2)
1)-c( 1)-¢( 13)
1)-c( 1)-¢( 2)
13)-C( 1)-C( 2)
1)-c( 1)-¢( 11)
13)-C( 1)-C( 11)
2)-C( 1)-¢( 11)
3)-C( 2)-C( 1)
2)-C( 3)-C( 4)
12)-C( 4)-C( 3)
12)-C( 4)-C( 5)
3)-C( 4)-C( 5)
6)-C( 5)-C( 15)
6)-C( 5)-C( 4)
15)-C( 5)-C( 4)
1)-c( 6)-0( 2)

1)-C( 6)-C( 5)

1.531(
1.536(

1.556(

121.22(
113.76(
107.62(
111.19(
114.13(
111.67(
116.86(
113.38(
104.80(
109.88(
108.70(
110.42(
109.47(
113.10(
110.72(
111.63(
109.50(
114.63(
111.95(
113.18(
113.83(
117.96(

124.18(

3)
3)

3)

14)
14)
13)
12)
16)
16)
17)
17)
15)
16)
15)
16)
16)
17)
16)
16)
16)
16)
17)
16)
17)
17)

18)
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of
of
of
of
of
of
of
of
of
a
a
a
a
a
a
of
of
a
of
a
a

of

2)-(
3)-¢(
3)-¢(
2)-C(
4)-¢(
4)-¢(
3)-¢(
a)-¢(

3)-C(

6)-C( 5)
7)-0( 2)
7)-C( 12)
7)-C( 12)
8)-0( 3)
8)-C( 16)
8)-C( 16)
8)-C( 9)

8)-C( 9)

16)-C( 8)-C( 9)

10)-c( 9)-c( 8)

9)-C(

10)-c( 11)-C( 12)

10)-C( 11)

10)-C( 11)-C( 1)

12)-C( 11)-C( 1)

5)-C(
5)-C(
a)-c(
5)-C(
4)-C(
7)-C(

6)-C(

12)-C( 4)
12)-C( 7)
12)-C( 7)
12)-C( 11)
12)-¢( 11)
12)-¢( 11)

14)-N( 3)

117.44(
106.20(
113.33(
113.93(
107.68(
105.17(
107.33(
112.15(
110.58(
113.58(
114.21(
115.80(
112.96(
112.01(
114.65(
104.35(
110.80(
111.58(
106.04(
112.23(

111.47(

17)
15)
15)
15)
15)
17)
16)
16)
16)
18)
16)
18)
16)
16)
16)
15)
15)
15)
15)
16)

15)

123.7( 2)
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Table 4. Anisotropic displacement parameters ( %x 103) for cdv54. The anisotropic

displacement factor exponent takes the form: -2n2[ hZ a*2U1 + ... +2 hka* b* U12]

Ve 22 uss U2 uts 12
o( 1) 22( 1) 16( 1) 37( 1) 7( 1) 7( 1) (1)
o( 2) 13( 1) 14( 1) 22( 1) 1( 1) o 1) (1)
o( 3) 11( 1) 18( 1) 14( 1) 2( 1) 1( 1) 2( 1)
o( 4) 15( 1) 20( 1) 18( 1) 3( 1) 2( 1) 2( 1)
o( 5) 13( 1) 22( 1) 14( 1) -4( 1) 1( 1) 2( 1)
o( 6) 23( 1) 34( 1) 26( 1) -3( 1) 5( 1) 10( 1)
N( 1) 13( 1) 17( 1) 17( 1) 2( 1) 3( 1) o 1)
N( 2) 13( 1) 18( 1) 17( 1) (1) 2( 1) (1)
N( 3) 15( 1) 19( 1) 17( 1) o 1) 3( 1) (1)
c( 1) 12( 1) 17( 1) 18( 1) 2( 1) 5( 1) (1)
c( 2) 12( 1) 21( 1) 19( 1) 2( 1) 1 1) o 1)
c( 3) 14( 1) 19( 1) 18( 1) 1( 1) 1( 1) 2( 1)
c( 4) 11( 1) 16( 1) 17( 1) o 1) 3( 1) 2( 1)
c( 5) 16( 1) 15( 1) 17( 1) o 1) 2( 1) 2( 1)
c( 6) 17( 1) 14( 1) 20( 1) 3( 1) o 1) o 1)
c( 7) 12( 1) 13( 1) 15( 1) o 1) 2( 1) o( 1)
c( 8) 19( 1) 19( 1) 14( 1) o 1) 1( 1) 3( 1)
c( 9) 18( 1) 22( 1) 15( 1) 4 1) 2( 1) 2( 1)
c( 10) 16( 1) 16( 1) 19( 1) 4 1) 3( 1) 2( 1)
c( 11) 13( 1) 16( 1) 16( 1) o 1) 5( 1) o 1)
c( 12) 12( 1) 16( 1) 12( 1) (1) 2( 1) 1( 1)
c( 13) 17( 1) 21( 1) 24( 1) 1 1) 4 1) 5( 1)
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c( 14) 20( 1) 21( 1) 18( 1) -1( 1) -1( 1) 4 1)
c( 15) 21( 1) 19( 1) 24( 1) 4 1) o( 1) 4 1)

C( 16) 21( 1) 24( 1) 20( 1) -1( 1) -2( 1) o( 1)
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Table 5. Hydrogen coordinates ( x 1) and isotropic displacement parameters ( %x 103)

for cdv54.
X y z U( eaq)

H( 2A) 12680( 40) 970( 20) 8080( 20) 17( 6)
H( 2B) 11850( 40) 1460( 20) 9230( 20) 19( 6)
H( 3) 5670( 40) 2770( 30) 9650( 20) 31( 7)
H( 3A) 9290( 40) -90( 20) 9100( 20) 18( 6)
H( 3B) 11460( 40) -670( 20) 9070( 20) 19( 6)
H( 4A) 11230( 40) -870( 20) 7060( 20) 14( 5)
H( 5A) 8990( 30) -2350( 20) 6720( 20) 13( 5)
H( 7A) 6400( 30) 510( 20) 7791( 19) 9( 5)
H( 9A) 7990( 40) 1310( 20) 4130( 20) 21( 6)
H( 9B) 6250( 30) 2170( 20) 4366( 19) 13( 5)
H( 10A) 7100( 30) 2580( 20) 6280( 20) 17( 6)
H( 10B) 8930( 30) 2880( 20) 5480( 20) 15( 5)
H( 11A) 10770( 40) 1250( 20) 6190( 20) 12( 5)
H( 13A) 11690( 40) 3520( 20) 8290( 20) 18( 6)
H( 13B) 10570( 40) 3760( 30) 7090( 20) 26( 7)
H( 13C) 12610( 40) 2940( 20) 7110( 20) 24( 6)
H( 14) 6170( 40) 5180( 30) 8940( 20) 22( 6)
H( 15A) 9710( 40) -3780( 30) 8170( 20) 29( 7)
H( 15B) 10120( 40) -2740( 30) 9130( 20) 25( 6)
H( 15C) 11660( 40) -2870( 30) 8110( 20) 29( 7)
H( 16A) 3120( 40) -290( 30) 4510( 20) 21( 6)
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H( 16B) 4150( 40) 400( 20) 3480( 20) 20( 6)

H( 16C) 2970( 40) 1180( 20) 4460( 20) 18( 6)
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Table 6. Torsion angles [°] for cdv54.

a
a
N(
N(
N(
N(
N(
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

a

8)-0( 4)-0( 5)-C( 12)
1)-N( 1)-N( 2)-N( 3)
1)-N( 2)-N( 3)-C( 14)
2)-N( 1)-c( 1)-¢( 13)
2)-N( 1)-c( 1)-¢( 2)
2)-N( 1)-c( 1)-c( 11)
1)-c( 1)-¢( 2)-¢( 3)
13)-C( 1)-C( 2)-C( 3)
11)-c( 1)-¢( 2)-¢( 3)
1)-¢( 2)-¢( 3)-C( 4)
2)-C( 3)-C( 4)-C( 12)
2)-C( 3)-C( 4)-C( 5)
12)-C( 4)-C( 5)-C( 6)
3)-C( 4)-C( 5)-C( 6)
12)-C( 4)-C( 5)-C( 15)
3)-C( 4)-C( 5)-C( 15)
7)-0( 2)-c( 6)-0( 1)
7)-0( 2)-C( 6)-C( 5)
15)-C( 5)-C( 6)-0( 1)
4)-C( 5)-C( 6)-0( 1)
15)-C( 5)-C( 6)-0( 2)
4)-C( 5)-C( 6)-0( 2)
8)-0( 3)-C( 7)-0( 2)
8)-0( 3)-C( 7)-C( 12)

6)-0( 2)-C( 7)-0( 3)

305

47.96( 18)

-178.33( 15)

178.56( 18)
15.7( 2)

135.52( 17)

-107.52( 18)

62.7( 2)

-175.11( 16)

-53.7( 2)
59.1( 2)
-56.9( 2)
177.86( 16)
-49.9( 2)

76.4( 2)

-179.21( 16)

-52.9( 2)
153.52( 18)
-33.5( 2)
-17.4( 3)
-147.6( 2)
170.17( 17)
39.9( 2)
-98.18( 17)
27.7( 2)

162.55( 16)



a
of
of
of
a
a
a
of
of
a
a
a
a
N(
a
a

N

a

a

e 2

2

a
a
a
a

a

6)-0( 2)-C( 7)-C( 12)
5)-0( 4)-C( 8)-0( 3)
5)-0( 4)-C( 8)-C( 16)
5)-0( 4)-C( 8)-C( 9)
7)-0( 3)-C( 8)-O( 4)
7)-0( 3)-C( 8)-C( 16)
7)-0( 3)-C( 8)-C( 9)
4)-c( 8)-C( 9)-C( 10)
3)-C( 8)-C( 9)-C( 10)
16)-C( 8)-C( 9)-C( 10)
8)-C( 9)-C( 10)-c( 11)
9)-C( 10)-C( 11)-C( 12)
9)-c( 10)-C( 11)-C( 1)
1)-C( 1)-¢( 11)-C( 10)
13)-C( 1)-C( 11)-c( 10)
2)-C( 1)-C( 11)-c( 10)
1)-c( 1)-¢( 11)-¢( 12)
13)-C( 1)-C( 11)-( 12)
2)-C( 1)-¢( 11)-c( 12)
4)-0( 5)-C( 12)-C( 4)
4)-0( 5)-C( 12)-C( 7)

4)-0( 5)-C( 12)-Cc( 11)

3)-C( 4)-C(
5)-C( 4)-C(
3)-C( 4)-C(
5)-C( 4)-C(

3)-C( 4)-C(

12)-0( 5)
12)-0( 5)
12)-C( 7)
12)-C( 7)

12)-C( 11)

306

37.1( 2)
-75.28( 16)
170.50( 14)
46.60( 19)
34.3( 2)
147.07( 17)
-88.5( 2)
-96.2( 2)
24.0( 2)
144.73( 18)
57.4( 2)

-36.0( 2)

-167.27( 15)

64.9( 2)
-60.0( 2)
178.88( 15)
-65.5( 2)
169.57( 16)
48.5( 2)
133.13( 14)

12.9( 2)

-108.19( 15)

166.14( 15)
-65.84( 18)
-74.2( 2)
53.9( 2)

51.8( 2)



a
of
of
of
of
of
of
a
a
a
a
a
a

N(

5)-C( 4)-C(
3)-c( 7)-C(
2)-C( 7)-C(
3)-c( 7)-C(
2)-c( 7)-C(
3)-c( 7)-C(

2)-c( 7)-C(

10)-C( 11)-C( 12)-0( 5)

12)-C( 11)
12)-0( 5)
12)-0( 5)
12)-C( 4)
12)-C( 4)
12)-C( 11)

12)-C( 11)

1)-C( 11)-C( 12)-O( 5)

10)-C( 11)-C( 12)-C( 4)

1)-C( 11)-C( 12)-C( 4)

10)-c( 11)-C( 12)-C( 7)

1)-C( 11)-¢( 12)-C( 7)

2)-N( 3)-C( 14)-0( 6)

179.79( 15)
-52.7( 2)

68.84( 19)

-168.56( 16)

-47.0( 2)

65.1( 2)

-173.31( 15)

68.13( 19)

-161.93( 14)

-178.54( 15)

-48.6( 2)
-52.5( 2)
77.4( 2)

-176.4( 2)
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Table 7. Hydrogen bonds for cdv54 [A and °].

D-H..A d( D-H) d( H..A) d( D..A) <( DHA)

N( 3)-H( 3)..0( 1)#1 0.88( 3) 2.53( 3) 3.276( 2) 143( 2)

Symmetry transformations used to generate equivalent atoms:

H1 -x+1,y+1/2,-2+2

Table 1. Crystal data and structure refinement for cdv57.

Identification code cdv57 ( Riley Mills)

Empirical formula Ci6 H21 N Os

Formula weight 307.34

Temperature 88( 2)K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a=6.3932( 2)A o =90°.
b=9.8514( 3)A B =90°.
c=23.6881( 8)A ¥ =90°.

Volume 1491.92( 8)3A

z 4
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Density ( calculated)
Absorption coefficient

F( 000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.500°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma( ) = 3532 data]

R indices ( all data, 0.73 A)

Largest diff. peak and hole

1.368 Mg/
0.102 mm-
656
colorless
0.368 x 0.107 x 0.091 mm?3
1.719 t0 29.172°
-8<h<8,-13<k<13,-32</<32
18742
3827 [R( int) =0.0253]
100.0 %
Semi-empirical from equivalents
0.8622 and 0.8361
Full-matrix least-squares on F?
3827/0/283
1.036
R1=0.0313, wR2 =0.0750
R1=0.0360, wR2 =0.0779

0.285 and -0.165 e.A3
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Table 2. Atomic coordinates ( x 1) and equivalent isotropic displacement parameters ( #x 103)

for cdv57. U( eq) is defined as one third of the trace of the orthogonalized Utensor.

X y z U( eq)
o 1) 168( 2) 1050( 1) 9154( 1) 26(
o( 2) 320( 2) 3023( 1) 8730( 1) 19(
o( 3) 249( 2) 4930( 1) 8188( 1) 18(
o( 4) 1989( 2) 3422( 1) 7606( 1) 20(
o( 5) 3970( 2) 3445( 1) 7927( 1) 18(
N( 1) 3513( 2) 6732( 1) 9258( 1) 19(
o 1) 5401( 3) 6183( 2) 8994( 1) 17(
c( 2) 6341( 3) 5154( 2) 9408( 1) 19(
c( 3) 5038( 3) 3864( 2) 9468( 1) 18(
c( 4 4777( 2) 3169( 2) 8894( 1) 15(
c( 5) 3633( 2) 1797( 2) 8912( 1) 17(
c( 6) 1273( 3) 1918( 2) 8961( 1) 18(
c 7) 1399( 2) 4285( 2) 8612( 1) 15(
c( 8) 1112( 3) 4739( 2) 7628( 1) 18(
c( 9) 2718( 3) 5849( 2) 7498( 1) 21(
c( 10) 3704( 3) 6490( 2) 8024( 1) 19(
c( 11) 4836( 2) 5503( 2) 8420( 1) 16(
c( 12) 3709( 2) 4114( 2) 8472( 1) 14
c( 13) 2083( 3) 7166( 2) 9496( 1) 27(
c( 14) 6917( 3) 7370( 2) 8904( 1) 22(
c( 15) 4517( 3) 812( 2) 9348( 1) 24(
c( 16) -732( 3) 4714( 2) 7226( 1) 25(

310

1)
1)
1)
1)
1)
1)
1)
1)

1)

1)
1)
1)
1)

1)
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Table 3. Bond lengths [A] and angles [°] for cdv57.

of
of
of
of
of
of
of
of
N(
N(
a
a
a
a
a
a
a
a
a
a
a
a
a
a

a

1)-C(
2)-C(
2)-(
3)-¢(
3)-¢(
a)-¢(
4)-0(
5)-C(
1)-C(
1)-C(
1)-C(
1)-C(
1)-C(
2)-C(
3)-C(
a)-c(
a)-c(
5)-C(
5)-C(
7)-C(
8)-C(
8)-C(

9)-C(

10)-C( 11)

11)-C( 12)

6)
6)
7)
7)
8)

8)

12)
13)
1)
2)
14)
11)
3)
4)
12)
5)
6)
15)
12)
16)
9)

10)

1.199( 2)
1.362( 2)
1.4489( 19)
1.3968( 19)
1.4492( 19)
1.415( 2)
1.4767( 16)
1.4588( 18)
1.157( 2)
1.462( 2)
1.533( 2)
1.533( 2)
1.559( 2)
1.526( 2)
1.531( 2)
1.528( 2)
1.537( 2)
1.518( 2)
1.527( 2)
1.523( 2)
1.516( 2)
1.531( 2)
1.532( 2)
1.533( 2)

1.551( 2)
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C(
C(
C(
(
C(
N(
N(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
o(
o(
et
et
et
o(

o(

6)-0( 2)-C( 7)
7)-0( 3)-C( 8)
8)-0( 4)-0( 5)
12)-0( 5)-0( 4)
13)-N( 1)-C( 1)
1)-c( 1)-¢( 2)
1)-C( 1)-c( 14)
2)-C( 1)-C( 14)
1)-c( 1)-¢( 11)
2)-C( 1)-¢( 11)
14)-c( 1)-¢( 11)
3)-C( 2)-C( 1)
2)-C( 3)-C( 4)
12)-C( 4)-C( 3)
12)-C( 4)-C( 5)
3)-C( 4)-C( 5)
6)-C( 5)-C( 15)
6)-C( 5)-C( 4)
15)-C( 5)-C( 4)
1)-c( 6)-0( 2)
1)-c( 6)-C( 5)
2)-C( 6)-C( 5)
3)-c( 7)-0( 2)
3)-C( 7)-C( 12)
2)-C( 7)-¢( 12)

4)-C( 8)-0( 3)

123.41(
113.48(
107.85(
111.34(
176.02(
107.13(
107.41(
110.23(
109.92(
111.37(
110.65(
113.35(
110.44(
110.96(
109.94(
114.88(
111.42(
113.98(
113.68(
117.38(
123.97(
118.41(
106.20(
113.84(
114.18(

107.62(

12)
12)
11)
11)
16)
13)
13)
14)
13)
13)
13)
13)
13)
13)
12)
13)
14)
13)
13)
15)
15)
14)
12)
13)
13)

12)
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of
of
of
of
a
a
a
a
a
a
of
of
a
of
a

a

4)-c( 8)-C( 16)
3)-C( 8)-C( 16)
4)-c( 8)-C( 9)
3)-C( 8)-C( 9)
16)-C( 8)-C( 9)
8)-C( 9)-C( 10)
9)-c( 10)-C( 11)
10)-C( 11)-C( 12)
10)-C( 11)-C( 1)
12)-C( 11)-C( 1)
5)-C( 12)-C( 7)
5)-C( 12)-C( 4)
7)-C( 12)-C( 4)
5)-C( 12)-C( 11)
7)-C( 12)-C( 11)

4)-C( 12)-C( 11)

105.66(
106.32(
112.47(
110.30(
114.05(
114.03(
115.49(
112.86(
111.79(
114.70(
110.68(
104.67(
110.96(
106.00(
111.75(

112.43(

14)
14)
14)
13)
14)
13)
14)
13)
13)
12)
12)
12)
12)
12)
13)

12)
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Table 4. Anisotropic displacement parameters ( %x 103) for cdv57. The anisotropic

displacement factor exponent takes the form: -2n2[ hZ a*2U1 + ... +2 hka* b* U12]

Ve 22 uss U2 uts 12
o( 1) 22( 1) 28( 1) 26( 1) 6( 1) 1( 1)
o( 2) 13( 1) 22( 1) 23( 1) 2( 1) 1( 1)
o( 3) 14( 1) 21( 1) 17( 1) 1 1) (1)
o( 4) 19( 1) 23( 1) 17( 1) 3( 1) 5( 1)
o( 5) 14( 1) 25( 1) 14( 1) 3( 1) (1)
N( 1) 18( 1) 20( 1) 19( 1) 2( 1) 2( 1)
c( 1) 14( 1) 20( 1) 19( 1) 2( 1) 1( 1)
c( 2) 16( 1) 22( 1) 19( 1) 2( 1) 3( 1)
c( 3) 17( 1) 21( 1) 16( 1) o 1) (1)
c( 4) 13( 1) 17( 1) 15( 1) o 1) 1( 1)
c( 5) 15( 1) 18( 1) 17( 1) 1 1) 1 1)
c( 6) 17( 1) 22( 1) 14( 1) o 1) o 1)
c( 7) 12( 1) 18( 1) 16( 1) o 1) 1( 1)
c( 8) 19( 1) 21( 1) 16( 1) o 1) 2( 1)
c( 9) 23( 1) 24( 1) 16( 1) 3( 1) (1)
c( 10) 19( 1) 19( 1) 18( 1) 3( 1) (1)
c( 11) 13( 1) 18( 1) 16( 1) 1 1) 2( 1)
c( 12) 13( 1) 17( 1) 12( 1) 2( 1) 2( 1)
c( 13) 23( 1) 31( 1) 27( 1) -8( 1) 2( 1)
c( 14) 19( 1) 21( 1) 27( 1) 2( 1) (1)
c( 15) 21( 1) 21( 1) 32( 1) 6( 1) (1)
c( 16) 26( 1) 28( 1) 21( 1) o 1) -8( 1)
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7(

-2(

3(
1
2(
1
L
1
1
1

o(

-2(

o(
1

o(

-2

-1(

0(

3(

-3(

o(

1

1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)

1)
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Table 5. Hydrogen coordinates ( x 1) and isotropic displacement parameters ( %x 103)

for cdv57.
X y z U( eaq)

H( 2A) 7670( 40) 4900( 20) 9265( 9) 28( 5)
H( 2B) 6490( 30) 5600( 20) 9767( 9) 22( 5)
H( 3A) 3700( 40) 4030( 20) 9638( 9) 22( 5)
H( 3B) 5730( 40) 3210( 20) 9723( 9) 29( 6)
H( 4A) 6270( 40) 3011( 19) 8746( 9) 19( 5)
H( 5A) 3800( 30) 1440( 20) 8536( 8) 16( 5)
H( 7A) 1270( 30) 4848( 18) 8947( 8) 9( 4)
H( 9A) 2000( 30) 6550( 20) 7285( 9) 24( 5)
H( 9B) 3840( 40) 5420( 20) 7255( 9) 26( 5)
H( 10A) 2640( 30) 6940( 20) 8237( 9) 22( 5)
H( 10B) 4680( 40) 7200( 20) 7888( 9) 29( 5)
H( 11A) 6200( 30) 5268( 19) 8257( 8) 13( 4)
H( 14A) 7350( 40) 7730( 20) 9261( 10) 29( 6)
H( 14B) 6280( 40) 8100( 20) 8691( 10) 31( 6)
H( 14C) 8160( 40) 7020( 20) 8694( 11) 40( 7)
H( 15A) 3870( 40) -30( 20) 9286( 9) 27( 5)
H( 15B) 4150( 40) 1110( 20) 9748( 10) 28( 6)
H( 15C) 6000( 40) 760( 30) 9297( 10) 37( 6)
H( 16A) -1640( 40) 3950( 30) 7307( 10) 42( 7)
H( 16B) -200( 40) 4630( 20) 6845( 10) 29( 6)
H( 16C) -1470( 40) 5570( 20) 7272( 10) 30( 6)
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Table 6. Torsion angles [°] for cdv57.

a
N(
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
of
of
of

a

8)-0( 4)-0( 5)-C( 12)
1)-c( 1)-¢( 2)-¢( 3)
14)-c( 1)-C( 2)-C( 3)
11)-c( 1)-¢( 2)-¢( 3)
1)-¢( 2)-¢( 3)-C( 4)
2)-C( 3)-C( 4)-C( 12)
2)-C( 3)-C( 4)-C( 5)
12)-C( 4)-C( 5)-C( 6)
3)-C( 4)-C( 5)-C( 6)
12)-C( 4)-C( 5)-C( 15)
3)-C( 4)-C( 5)-C( 15)
7)-0( 2)-C( 6)-0( 1)
7)-0( 2)-C( 6)-C( 5)
15)-C( 5)-C( 6)-0( 1)
4)-C( 5)-C( 6)-0( 1)
15)-C( 5)-C( 6)-0( 2)
4)-c( 5)-C( 6)-0( 2)
8)-0( 3)-C( 7)-0( 2)
8)-0( 3)-C( 7)-C( 12)
6)-0( 2)-C( 7)-0( 3)
6)-0( 2)-C( 7)-C( 12)
5)-0( 4)-C( 8)-0( 3)
5)-0( 4)-C( 8)-C( 16)
5)-0( 4)-C( 8)-C( 9)

7)-0( 3)-C( 8)-0( 4)

319

47.12( 15)

70.05( 17)

-173.38( 14)

-50.17( 18)
58.24( 18)
-59.11( 17)
175.42( 13)
-47.53( 17)

78.47( 17)

-176.69( 13)

-50.69( 18)

163.97( 15)

-21.4( 2)

-25.3( 2)

-155.59( 15)

160.48( 14)
30.2( 2)
-98.94( 14)
27.55( 18)
156.24( 13)
29.96( 19)
-74.74( 14)
171.98( 12)
46.95( 15)

34.50( 17)



a
a
of
of
a
a
a
a
N(
a
a
N(
a
a
of
of
of
of
of
of
of
of
of
a
a
a

a

7)-0( 3)-C( 8)-C( 16)
7)-0( 3)-C( 8)-C( 9)
4)-c( 8)-C( 9)-C( 10)
3)-C( 8)-C( 9)-C( 10)
16)-C( 8)-C( 9)-C( 10)
8)-C( 9)-C( 10)-c( 11)
9)-C( 10)-C( 11)-C( 12)
9)-C( 10)-C( 11)-C( 1)
1)-C( 1)-¢( 11)-c( 10)
2)-C( 1)-C( 11)-c( 10)
14)-C( 1)-c( 11)-c( 10)
1)-c( 1)-¢( 11)-¢( 12)
2)-C( 1)-¢( 11)-c( 12)
14)-C( 1)-¢( 11)-¢( 12)
4)-0( 5)-C( 12)-C( 7)
4)-0( 5)-C( 12)-C( 4)
4)-0( 5)-C( 12)-C( 11)
3)-C( 7)-C( 12)-0( 5)
2)-C( 7)-C( 12)-0( 5)
3)-C( 7)-C( 12)-C( 4)
2)-C( 7)-C( 12)-C( 4)
3)-C( 7)-C( 12)-C( 11)
2)-C( 7)-C( 12)-¢( 11)
3)-C( 4)-C( 12)-0( 5)
5)-C( 4)-C( 12)-0( 5)
3)-C( 4)-C( 12)-c( 7)

5)-C( 4)-C( 12)-C( 7)

320

147.34( 14)
-88.53( 16)
-96.07( 17)
24.08( 19)
143.63( 16)
58.2( 2)

-37.71( 19)

-168.77( 14)

55.98( 17)
174.55( 14)
-62.49( 18)
-74.13( 17)
44.43( 18)
167.40( 13)
13.69( 16)

133.30( 12)

-107.66( 13)

-53.20( 17)

68.98( 17)

-168.96( 12)

-46.77( 17)

64.69( 16)

-173.13( 12)

168.26( 13)
-63.55( 14)
-72.32( 16)

55.88( 16)



a
a
a
a
a
a
a

a

3)-C( 4)-C( 12)-C( 11)
5)-C( 4)-C( 12)-C( 11)
10)-C( 11)-C( 12)-0( 5)
1)-c( 11)-c( 12)-0( 5)
10)-C( 11)-c( 12)-c( 7)
1)-c( 11)-c( 12)-¢( 7)
10)-C( 11)-C( 12)-C( 4)

1)-c( 11)-C( 12)-C( 4)

53.66( 16)
-178.15( 12)
69.62( 16)
-160.79( 13)
-51.04( 17)
78.54( 16)
-176.59( 12)

-47.00( 17)

OAc

o

5.49

Table 1. Crystal data and structure refinement for cdv68

CCDC number

Empirical formula

Formula weight

Temperature [K]

Crystal system

Space group ( number)

a [A]

C14H1605

264.27

93(

monoclinic

P2,/n( 14)

6.2135( 2)
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b [A]

c[A]

B[]

v [°]

Volume [A3]

Pecalc [gcm—a]

p [mm™]

F( 000)

Crystal size [mm?3]

Crystal colour

Crystal shape

Radiation

20 range [°]

Index ranges

Reflections collected

17.6076( |

11.0819( 4)

90

95.3222( 6)

90

1207.19( 7)

1.454

0.110

560

0.356x0.318x0.248

colorless

prism

MoK, ( A=0.71073 A)

4.36t062.88( 0.€A)

-9<h<9
-25<k<24

-16<1<16

30286
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Independent

reflections

Completeness to

0 =25.242°

Data / Restraints /

Parameters

Goodness-of-fit on F?

Final R indexes

[1220(1)]

Final R indexes

[all data]

Largest peak/hole

[eA]

3781
Rint = 0.0258

Reigma = 0.0175

100.0 %

3781/0/174

1.042

R1=0.0374

WR> =0.0920

R;=0.0454

WR; =0.0980

0.44/-0.35

Table 2. Atomic coordinates and Ueq [A?] for cdv68

Atom X y z Ueq

o1 0.45312( 14) 0.72572( 4) 0.71988( 8) 0.02070( 17)
02 0.64886( 11) 1.03357( 4) 0.76712( 6) 0.01158( 14)
03 0.41467( 13) 0.75587( 4) 0.52555( 7) 0.01652( 16)
04 0.75134( 12) 1.00865( 4) 0.52733( 6) 0.01374( 15)
05 0.75623( 14) 1.04019( 5) 0.96831( 7) 0.02270( 18)
c1 0.46231( 15) 0.77411( 6) 0.64338( 9) 0.01341( 18)
c2 0.52623( 14) 0.85643( 5) 0.66826( 8) 0.01035( 17)
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H9

c3

H11

H10

ca

H12

c5

cé

c7

H1

H2

H16

Cc8

H4

H3

C9

H8

H5

C10

C11

C12

H7

C13

H6

Ci4

H15

H13

H14

Ueq is defined as 1/3 of the trace of the orthogonalized Uj tensor.

0.398371
0.59695(
0.597794
0.493370
0.82547(
0.877135
0.82306(
0.64528(
0.48742(
0.387672
0.405548
0.565729
0.42377(
0.310095
0.395710
0.64369(
0.638605
0.752805
0.71136(
0.75842(
0.91670(
0.998826
0.97408(
1.099553
1.03732(
1.021173
1.148084

1.080716

15)

15)

14)

16)

18)

17)

16)

15)

14)

15)

15)

15)

0.889255
0.87167(
0.823485
0.906750
0.90709(
0.916137
0.98150(
1.06262(
1.12681(
1.117093
1.131065
1.174285
0.81783(
0.855572
0.797674
0.85620(
0.902970
0.821797
0.87659(
0.96134(
0.83803(
0.805048
0.85350(
0.832326
1.02389(
1.072726
0.993529

1.032729

6)

5)

5)

6)

6)

6)

6)

5)

5)

5)

6)

6)

0.643496
0.80276(
0.848827
0.836503
0.81557(
0.902541
0.74156(
0.88071(
0.88222(
0.943977
0.802563
0.901125
0.43860(
0.451602
0.355234
0.45262(
0.402849
0.422496
0.58525(
0.60654(
0.64006(
0.594331
0.75643(
0.799153
0.75513(
0.712833
0.720033

0.841271

324

8)

8)

8)

9)

10)

9)

9)

8)

8)

9)

9)

9)

0.012
0.01188( 17)
0.014
0.014
0.01123( 17)
0.013
0.01004( 17)
0.01343( 18)
0.0183( 2)
0.027
0.027
0.027
0.01501( 19)
0.018
0.018
0.01348( 18)
0.016
0.016
0.01013( 17)
0.00990( 17)
0.01278( 18)
0.015
0.01328( 18)
0.016
0.01413( 18)
0.021
0.021

0.021



Table 3. Bond lengths and angles for cdv68
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Atom—-Atom Length [A]
01-C1 1.2070( 13)
02-C6 1.3609( 12)
02-C5 1.4661( 11)
03-C1 1.3507( 12)
03-C8 1.4601( 12)
04-C11 1.2081( 12)
05-C6 1.2040( 12)
c1-C2 1.5213( 13)
C2-C3 1.5379( 13)
C2-C10 1.5785( 13)
c3-c4 1.5452( 13)
C4-C13 1.5115( 13)
C4-C5 1.5451( 13)
C5-C14 1.5215( 13)
C5-C11 1.5538( 13)
c6-C7 1.4976( 14)
c8-C9 1.5193( 14)
C9-C10 1.5333( 13)
C10-C12 1.5212( 13)
C10-C11 1.5346( 13)
C12-C13 1.3339( 14)
Atom—Atom-Atom Angle [°]

C6-02-C5 119.31( 7)
C1-03-C8 116.22( 8)
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01-C1-03

01-C1-C2

03-C1-C2

C1-C2-C3

C1-C2-C10

C3-C2-C10

C2-C3-C4

C13—-C4-C5

C13-C4-C3

C5-C4-C3

02-C5-C14

02-C5-C4

C14-C5-C4

02-C5-C11

C14-C5-C11

C4-C5-C11

05-C6-02

05-C6-C7

02-C6—C7

03-C8-C9

C8-C9-C10

C12-C10-C9

C12-C10-C11

C9-C10-C11

C12—-C10-C2

C9-C10-C2

119.38(
125.03(
115.59(
112.84(
107.50(
111.56(
109.69(
105.98(
107.54(
109.26(
109.21(
113.50(
113.47(
101.50(
110.67(
107.84(
124.41(
124.42(
111.16(
110.75(
111.48(
115.06(
103.40(
113.98(
107.25(

110.86(

9)
9)

8)

8)

7)

8)

8)

7)
7)
8)
7)
8)
7)
9)
9)
8)
8)
8)
8)
7)
8)
7)

8)
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C11-C10-C2

04-C11-C10

04-C11-C5

C10-C11-C5

C13-C12-C10

C12-C13-C4

105.53(
124.41(
122.07(
113.50(
115.72(

115.30(

7)
9)
8)
8)
8)

8)

OAc
HO

(0]
(o]

5.51

Table 1. Crystal data and structure refinement for cdv70.

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

cdv70 ( Riley Mills)
C14 H1g Os

266.28

93( 2)K

0.71073 A

Triclinic

P1

a=6.8889( 12)A
b=9.0969( 15)A
c=10.4736( 17)A

629.92( 18)%

328

o =82.560( 3)°.
B =80.589( 3)°.

y=77.843( 3)°.



Density ( calculated)
Absorption coefficient

F( 000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma( ) = 3182 data]
R indices ( all data, 0.70 A)

Largest diff. peak and hole

1.404 Mg/fh
0.106 mm-?
284
colorless
0.349 x 0.268 x 0.229 mm3
1.981 to 30.587°
-9<h<9,-12<k<13,-14</<14
14984
3771 [R( int) =0.0314]
100.0 %
Semi-empirical from equivalents
0.8622 and 0.8326
Full-matrix least-squares on F2
3771/0/ 244
1.026
R1=0.0410, wR2 = 0.0946
R1=0.0504, wR2 =0.1013

0.413 and -0.236 e.A3
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Table 2. Atomic coordinates ( x 1) and equivalent isotropic displacement parameters ( %x 103)

for cdv70. U( eq) is defined as one third of the trace of the orthogonalized Utensor.

X y z U( eq)
o( 1) 7384( 1) 7283( 1) 146( 1) 15(
o( 2) 6678( 1) 2589( 1) 3211( 1) 15(
o( 3) 7970( 1) 3003( 1) 4893( 1) 17(
o( 4) 5608( 1) 8952( 1) 3122( 1) 12(
o( 5) 4001( 1) 9969( 1) 1411( 1) 16(
Cc( 1) 6744( 2) 7060( 1) 1500( 1) 10(
Cc( 2) 7379( 2) 8184( 1) 2300( 1) 10(
C( 3) 8697( 2) 7269( 1) 3304( 1) 11(
C( 4) 10434( 2) 6266( 1) 2573( 1) 13(
C( 5) 9909( 2) 5300( 1) 1903( 1) 12(
c( 6) 7671( 2) 5414( 1) 1970( 1) 10(
Cc( 7) 7128( 2) 4248( 1) 1210( 1) 13(
C( 8) 5768( 2) 3293( 1) 2064( 1) 15(
Cc( 9) 7214( 2) 3532( 1) 3932( 1) 12(
C( 10) 6763( 2) 5193( 1) 3444( 1) 10(
C( 11) 7501( 2) 6216( 1) 4245( 1) 12(
c( 12) 8459( 2) 9360( 1) 1475( 1) 15(
C( 13) 4075( 2) 9819( 1) 2573( 1) 12(
C( 14) 2492( 2) 10554( 1) 3583( 1) 18(

1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)

1)
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Table 3. Bond lengths [A] and angles [°] for cdv70.

of
of
of
of
of
of
of
of
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(

(

1)-C(
1)-C(
1)-H(
2)-C(
2)-C(
3)-C(
3)-C(
3)-H(
4)-¢(
4)-H(
5)-C(
5)-H(
6)-C(
6)-C(

7)-C(

9)
8)
9)
13)
2)

13)

1.4167( 13)
0.85( 2)

1.3550( 14)
1.4567( 14)
1.2073( 14)
1.3415( 13)
1.4735( 13)
1.2158( 14)
1.5501( 15)
1.5704( 15)
1.004( 14)
1.5262( 15)
1.5460( 15)
1.5075( 15)
1.5463( 15)
0.962( 15)
1.3310( 16)
0.967( 15)
1.5134( 15)
0.971( 16)
1.5435( 15)
1.5724( 14)

1.5165( 16)
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(
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(

(

C(
(
C(
of
of
C(
of

(

7)-H(

7)-H(

8)-H(

8)-H(

7A)

7B)

8A)

8B)

9)-C( 10)

10)-C(
10)-H(
11)-H(
11)-H(
12)-H(
12)-H(
12)-H(
13)-C(
14)-H(
14)-H(

14)-H(

1)-0( 1)-H( 1)
)-0( 2)-C( 8)
93)-0( 4)-C( 2)
i)-q 1)-C( 6:
1)-¢( 1)-¢( 2
6)-C( 1)-C( 2)A)
1)-C( 1)-H( 1

1 )
) ( )- (

11)

10A)
11A)
11B)
12A)
128)
120)
14)

14A)
14B)

14C)

0.990( 16)
0.990( 16)
0.973( 16)
0.985( 16)
1.5143( 15)
1.5392( 15)
0.990( 15)
0.976( 15)
0.972( 15)
0.975( 17)
0.972( 17)
0.988( 16)
1.5016( 16)
0.95( 2)

0.96( 2)

0.97( 2)

111.6( 13)
116.22( 9)
119.97( 8)
107.39( 8)
113.34( 9)
109.56( 8)
109.3( 8)

108.7( 8)
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(
C(
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(
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(

(

2)-C( 1)-H( 1A)
4)-C( 2)-c( 12)
4)-c( 2)-( 3)
12)-c( 2)-C( 3)
4)-c( 2)-c( 1)
12)-c( 2)-C( 1)
3)-C( 2)-C( 1)
4)-c( 3)-C( 2)
4)-C( 3)-c( 11)
2)-C( 3)-C( 11)
4)-C( 3)-H( 3A)
2)-C( 3)-H( 3A)
11)-C( 3)-H( 3A)
5)-C( 4)-C( 3)
5)-C( 4)-H( 4A)
3)-C( 4)-H( 4A)
4)-C( 5)-C( 6)
4)-C( 5)-H( 5A)
6)-C( 5)-H( 5A)
5)-C( 6)-C( 7)
5)-C( 6)-C( 1)
7)-C( 6)-C( 1)
5)-C( 6)-C( 10)
7)-C( 6)-C( 10)

1)-C( 6)-C( 10)

108.4( 8)

109.52(
103.05(
110.07(
109.93(
114.56(
109.09(
107.66(
106.84(

109.93(

9)
8)
9)
8)
9)
8)
8)
9)

9)

112.7( 9)

109.6( 9)

110.0( 9)

114.51( 10)

124.3( 9)

121.2( 9)

114.95( 10)

125.4( 9)

119.6( 9)

113.28(
108.08(
112.27(
107.78(
110.02(

104.98(

9)
9)
9)
8)
9)

8)
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of
C(
of
C(
H(
of
of
of
(
C(
C(
(
C(
C(
(
C(
C(

(

8)-C( 7)-C( 6))
8)-C( 7)-H( 7A)
6)-C( 7)-H( 7A)
8)-C( 7)-H( 73)
6)-C( 7)-H( 7BB)
7A)-C( 7)-H( 7
2)-C( 8)-C( 7))
2)-C( 8)-H( 8A)
7)-C( 8)-H( 8A)
2)-C( 8)-H( 8B
7)-C( 8)-H( 8B)B)
8A)-C( 8)-H( 8
3)-C( 9)-0( 2)
3)-C( 9)-C( 10)
2)-C( 9)-C( 10)
)-C( 10)-C( 11)
:)-C( 10)-C( 6)
11)-C( 10)-C( 6)
9)-C( 10)-H( 1OA)A)
11)-C( 10)-H( 10)
6)-C( 10)-H( 10A
0)-C( 11)-C( 3) |
10)-C( 11)-H( 11A
3)-C( 11)-H( 11A)

)-C( 11)-H( 11B)
10)-

111.84( 9)
109.1( 9)
110.8( 9)
109.3( 9)
108.9( 9)
106.7( 13)
109.97( 9)
108.2( 9)
113.9( 9)
105.0( 9)
111.1( 9)
108.3( 13)
118.74( 10)
125.87( 10)
115.39( 9)
113.76( 9)
109.48( 8)
110.62( 9)
104.6( 9)
110.0( 9)
108.1( 9)
108.72( 8)
110.4( 9)
109.5( 9)

110.7( 9)
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(
H(
C(
(
H(
C(
H(
H(
of
of
of
C(
(
H(
C(
H(

H(

3)-C( 11)-H( 11B)
11A)-C( 11)-H( 11B)
2)-C( 12)-H( 12A)
2)-C( 12)-H( 12B)
12A)-C( 12)-H( 12B)
2)-C( 12)-H( 12C)
12A)-C( 12)-H( 120)
12B)-C( 12)-H( 120)
5)-C( 13)-0( 4)
5)-C( 13)-C( 14)
4)-C( 13)-C( 14)
13)-C( 14)-H( 14A)
13)-C( 14)-H( 14B)
14A)-C( 14)-H( 14B)
13)-C( 14)-H( 14C)
14A)-C( 14)-H( 14C)

14B)-C( 14)-H( 14C)

109.9(
107.7(
109.7(
108.9(
108.2(
113.5(
108.4(

108.0(

123.65( 10)
125.42( 11)

110.93( 10)

110.1(
109.5(
105.5(
110.4(
112.0(

109.2(

9)

12)
10)
10)
14)
10)
13)

13)

13)
12)
17)
12)
17)

17)
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Table 4. Anisotropic displacement parameters ( #&x 103) for cdv70. The anisotropic

displacement factor exponent takes the form: -2n2[ h2 a*2U1+ ... +2 hka* b* U12]

yu u22 u2s
o( 1) 24( 1) 10( 1) 8( 1) o 1) 2( 1)
o( 2) 23( 1) 10( 1) 14( 1) o 1) -4( 1)
o( 3) 20( 1) 15( 1) 16( 1) 3( 1) -5( 1)
o( 4) 12( 1) 10( 1) 11( 1) -3( 1) (1)
o( 5) 20( 1) 13( 1) 15( 1) 1( 1) -4( 1)
c( 1) 12( 1) 9( 1) 9( 1) (1) 2( 1)
c( 2) 10( 1) 9( 1) 10( 1) 2( 1) 1( 1)
c( 3) 11( 1) 12( 1) 11( 1) -3( 1) 2( 1)
c( 4) 10( 1) 14( 1) 13( 1) o 1) 2( 1)
c( 5) 11( 1) 12( 1) 11( 1) o 1) o 1)
c( 6) 12( 1) 9( 1) 8( 1) (1) 2( 1)
c( 7) 17( 1) 10( 1) 12( 1) 2( 1) -4( 1)
c( 8) 17( 1) 13( 1) 16( 1) 2( 1) -5( 1)
c( 9) 11( 1) 12( 1) 12( 1) (1) 1( 1)
c( 10) 10( 1) 10( 1) 9( 1) (1) (1)
c( 11) 13( 1) 13( 1) 9( 1) (1) 2( 1)
c( 12) 16( 1) 12( 1) 16( 1) o 1) o( 1)
c( 13) 13( 1) 7( 1) 16( 1) (1) (1)
c( 14) 16( 1) 16( 1) 21( 1) -6( 1) 2( 1)
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A
2
4
2
A
)
51

-2(

2

1)
1)
1)
1)
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Table 5. Hydrogen coordinates ( x 1) and isotropic displacement parameters ( Ax 103)

for cdv70.
x y z U( eq)

H( 1) 6880( 30) 8160( 20) -172( 19) 38( 5)
H( 1A) 5240( 20) 7187( 16) 1662( 13) 8( 3)
H( 3A) 9120( 20) 7950( 16) 3783( 14) 12( 3)
H( 4A) 11800( 20) 6340( 17) 2606( 14) 14( 3)
H( 5A) 10830( 20) 4552( 18) 1402( 15) 18( 4)
H( 7A) 6470( 20) 4755( 18) 456( 15) 18( 4)
H( 7B) 8380( 20) 3583( 18) 856( 15) 20( 4)
H( 8A) 4440( 20) 3855( 17) 2353( 15) 16( 4)
H( 8B) 5620( 20) 2444( 18) 1616( 15) 18( 4)
H( 10A) 5280( 20) 5451( 17) 3505( 14) 14( 3)
H( 11A) 8360( 20) 5608( 17) 4849( 15) 17( 4)
H( 11B) 6380( 20) 6816( 17) 4754( 14) 13( 3)
H( 12A) 9750( 30) 8861( 19) 1045( 16) 24( 4)
H( 128B) 8710( 30) 10046( 19) 2041( 16) 25( 4)
H( 120) 7690( 20) 9967( 18) 805( 16) 21( 4)
H( 14A) 3080( 30) 11050( 20) 4120( 20) 45( 6)
H( 14B) 1920( 30) 9790( 20) 4156( 19) 43( 5)
H( 140) 1440( 30) 11240( 20) 3170( 20) 45( 6)
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cdv

°] for

ion angles [

Torsi

le 6.

Tab

C(
(
C(
of
(
of
C(
of
C(
of
(
C(
of
(
C(
C(
(
C(
C(
(
C(
of

(

)-0( 4)-C( 2)-C( ;2)
1j)-O( 4)-c( 2)-C( 1)
1 )-0( 4)-C( 2)-C( |
j-q 1)-C( 2)-0( :)
6)-C( 1)-C( 2)-0( !
1)-C( 1)-¢( 2)-C( i
6)-C( 1)-C( 2)-C( )
)-C( 1)-C( 2)-C( 3)
:)-C( 1)-C( 2)-C(( !

2)-C( 3)-C
4)-)i( 2)-C( 3)-C( :1)
1)2-C( 2)-C( 3)-C( z:l)
)-C( 2)-C( 3)-C( .
:z)-q 2)-C( 3)-C( N
2)-C( 3)-C(
1:2 3)-C( 4)-C( 5)5)
jl)-C( 3)-C( 4)-C( 6)
4)-C( 5)-C(
ZZ 5)-C( 6)-C( Z:
4)-c( 5)-C( 6)-C( N
a)-c( 5)-C( 6)-C( 5)
1)-C( 1)-C( 6)-C(

-C( 5)
c( 1)-¢( 6)-C
2)-
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65.50( 12)
-177.38( 9)
-61.20( 11)
127.02( 9)
-113.05( 9)
3.20( 13)
123.13( 10)
-120.67( 9)
-0.74( 11)
172.40( 8)
-70.86( 11)
55.63( 11)
56.37( 10)
173.11( 9)
-60.40( 11)
-59.37( 12)
58.67( 12)
1.50( 14)
-178.53( 9)
56.41( 12)
-56.57( 12)
69.91( 11)

)
53.59( 11



of
C(
of
(
C(
C(
(
C(
C(
(
C(
of
of
of
of
(
C(
C(
(
C(
C(
(
C(
C(

(

1)-C( 1)-C(

2)-C( 1)-C(

1)-C( 1)-C(

2)-C( 1)-C(

5)-C( 6)-C(

1)-C( 6)-C(

6)-C( 7)
6)-C( 7)
6)-C( 10)
6)-C( 10)
7)-C( 8)

7)-C( 8)

-C( 8)
C( 6)-C( 7)-C
10)-

9)-0( 2)-C(
6)-C( 7)-C(
8)-0( 2)-C(
8)-0( 2)-C(
3)-C( 9)-C(

2)-C( 9)-C(

7)-C( 6)-C(
1)-C( 6)-C(
5)-C( 6)-C(
7)-C( 6)-C(

1)-C( 6)-C(

8)-C( 7)

8)-0( 2)

9)-0( 3)

9)-c( 10)
10)-c( 11)
10)-c( 11)
10)-C( 6)
10)-C( 6)
10)-C( 9)
10)-C( 9)
10)-C( 9)
10)-C( 11)
10)-C( 11)

10)-C( 11)

-C( 3)
( 10)-¢( 11)
9)-C

C( 3)
( 10)-c( 11)
6)-C

4)-C( 3)-C(

2)-C( 3)-C(

11)-C( 10)

11)-C( 10)
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-55.75( 11)
-179.25( 9)
-175.26( 8)
61.23( 10)

)
124.52( 10

)
112.71( 10

3.82( 12)
54.34( 13)
-54.47( 12)
179.86( 10)
0.70( 13)
4.14( 16)
-176.77( 9)
128.47( 12)
-52.44( 12)
-76.88( 11)
47.07( 11)
168.07( 9)
49.26( 11)
173.21( 9)
-65.79( 10)
130.43( 9)
6.72( 12)
-59.94( 11)

56.61( 11)



c( 2)-0( 4)-c( 13)-0( 5) 3.42( 16)

C( 2)-0( 4)-C( 13)-C( 14) -176.88( 9)
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Table 7. Hydrogen bonds for cdv70 [A and °].

D-H..A d( D-H) d( H..A) d( D..A) <( DHA)

O( 1)-H( 1)..0( 5)#1 0.85( 2) 2.05( 2) 2.8751( 12) 164.3( 18)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+2,-z

HO
/
o (0]
5.38
Table 1. Crystal data and structure refinement for cdv71.
Identification code cdv71 ( Riley Mills)
Empirical formula C12 H14 O3
Formula weight 206.23
Temperature 133( 2)K
Wavelength 0.71073 A
Crystal system Triclinic
Space group Pi
Unit cell dimensions a=6.9370( 4)A o =86.1495( 10)°.
b=7.3589( 4)A B =89.5224( 10)°.
c=10.4415( 6)A v =71.0584( 9)°.
Volume 502.97( 5)&
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Density ( calculated)
Absorption coefficient

F( 000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma( [) = 2544 data]

R indices ( all data, 0.69 A)

Largest diff. peak and hole

1.362 Mg/
0.097 mm-?
220
colorless
0.337x0.332x0.136 mm?
1.955 to 30.968°
-9<h<9,-10<k<10,-14</<15
12555
2986 [R( int) = 0.0287]
100.0 %
Semi-empirical from equivalents
0.8622 and 0.8098
Full-matrix least-squares on F2
2986 /0/192
1.030
R1=0.0470, wR2 =0.1260
R1=0.0557, wR2 = 0.1334

0.451 and -0.216 e.A-3

342



Table 2. Atomic coordinates ( x 1) and equivalent isotropic displacement parameters ( %x 103)

for cdv71. U( eq) is defined as one third of the trace of the orthogonalized Utensor.

X y z U( eq)
o( 1) 3768( 1) 4475( 1) 6710( 1) 26(
o( 2) 6001( 1) 4243( 1) 8215( 1) 33(
o( 3) -1267( 1) 11278( 1) 6917( 1) 27(
Cc( 1) 432( 2) 7140( 2) 6633( 1) 24(
C( 2) 1879( 2) 5449( 2) 5994( 1) 28(
C( 3) 4402( 2) 5205( 2) 7694( 1) 22(
C( 4) 3139( 2) 7120( 2) 8169( 1) 18(
C( 5) 4505( 2) 8217( 2) 8676( 1) 24(
C( o) 3798( 2) 10270( 2) 8031( 1) 20(
Cc( 7) 1576( 2) 11193( 2) 8337( 1) 17(
C( 8) 227( 2) 10123( 2) 7820( 1) 18(
Cc( 9) 1604( 2) 8376( 2) 7142( 1) 16(
C( 10) 2779( 2) 9134( 2) 6138( 1) 21(
C( 11) 3912( 2) 10107( 2) 6594( 1) 24(
C( 12) 869( 2) 12764( 2) 8986( 1) 23(

1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)

1)
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Table 3. Bond lengths [A] and angles [°] for cdv71.

of
of
of
of
of
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(

(

1)-C(
1)-C(
1)-H(
1)-H(
2)-H(
2)-H(
3)-C(
a)-¢(
4)-¢(
4)-H(
5)-C(
5)-H(
5)-H(
6)-C(
6)-C(
6)-H(
7)-C(

7)-C(

3)

2)

3)

8)

1B)
2A)

28)

1.3319( 14)
1.4575( 15)
1.2143( 14)
1.4222( 13)
0.93( 2)

1.5132( 17)
1.5246( 15)
0.978( 17)
0.972( 18)
0.974( 18)
0.902( 16)
1.5108( 15)
1.5440( 14)
1.5468( 16)
0.932( 15)
1.5379( 17)
0.957( 16)
0.980( 18)
1.5107( 15)
1.5120( 15)
0.961( 16)
1.3297( 15)

1.5266( 15)
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C(
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C(
C(
(
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8)-C( 9)
8)-H( 8A)
9)-c( 10)
10)-C( 11)
10)-H( 10A)
11)-H( 11A)
12)-H( 12A)

12)-H( 12C)

3)-0( 1)-C( 2)
8)-0( 3)-H( 3)

2)-C( 1)-C( 9)

2)-C( 1)-H( 1A)
9)-C( 1)-H( 1A)
2)-C( 1)-H( 1B)
9)-C( 1)-H( 1B)
1A)-C( 1)-H( 1B)
1)-C( 2)-¢( 1)

1)-C( 2)-H( 2A)
1)-C( 2)-H( 2A)
1)-C( 2)-H( 28B)
1)-C( 2)-H( 28B)
2A)-C( 2)-H( 2B)
2)-c( 3)-0( 1)

2)-C( 3)-C( 4)

1.5425( 14)
0.967( 16)
1.5093( 15)
1.3323( 17)
0.970( 17)
0.936( 17)
0.940( 18)

0.954( 17)

123.70( 9)
106.9( 11)
109.97( 10)
109.7( 10)
110.2( 10)
107.3( 10)
113.1( 11)
106.5( 14)
114.50( 10)
103.3( 10)
112.8( 10)
103.5( 10)
111.1( 10)
111.0( 14)
117.24( 10)

121.67( 11)

345



of
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(
H(
C(
C(
(
C(
C(
(
C(
C(
(
of
of

(

1)-c( 3)-C( 4)
3)-C( 4)-C( 9;
3)-C( 4)-C( 5
)-C( 4)-C( 5)
:)-C( 4)-H( 4:
9)-C( 4)-H( 4A)
5)-C( 4)-H( 4)
6)-C( 5)-C( 4A)
)-C( 5)-H( 5 |
6)-C( 5)-H( 5A
46)-C( 5)-H( 5:
4)-C( 5)-H( 558)
A)-C( 5)-H(
75)-C( 6)-C( 1)1)
7)-C( 6)-C( 5)
1)-C( 6)-C( 5)
i)-C( 6)-H( S:A)
11)-C( 6)-H( .
5)-C( 6)-H( 6)
12)-c( 7)-C( 6)
2)-c( 7)-C( 8
:)-C( 7)-C( 8))
3)-C( 8)-C( 7)
3)-C( 8)-C( 9

9)
) ( )- (
; ‘C 8 C

121.06( 10)
112.38( 9)
111.34( 9)
111.19( 9)
105.5( 9)

108.4( 9)

107.6( 9)

108.22( 9)
110.3( 10)
110.9( 10)
110.6( 11)
109.4( 10)
107.4( 14)
106.73( 9)
107.83( 9)
107.73( 9)
112.4( 9)

111.9( 9)

110.0( 9)

123.80( 10)
123.63( 10)
112.57( 8)
112.97( 9)
108.05( 8)

08.11( 8)
108.
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of
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(
(
C(
C(
(
C(

H(

3)-C( 8)-H( 8:))
7)-C( 8)-H( 8A)
9)-C( 8)-H( 81)
10)-C( 9)-C( |
0)-c( 9)-Cc( 8
i)-C( 9)-C( 8))
0)-C( 9)-C( 4
1)-C( 9)-C( 4)

)-C( 9)-C( 4) |
81)-C( 10)-C( 90A)
1 )-C( 10)-H( 1A)
1)1-C( 10)-H( 10)
90)-C( 11)-C( 61A)
1 )-C( 11)-H( 1A)
1;)-C( 11)-H( 1;)
j)-C( 12)-H( 12C)
7)-C( 12)-H( 1

12C)
C( 12)-H(
12A)-

108.0( 9)

111.1( 9)

108.4( 10)
114.44( 9)
107.17( 9)
112.94( 9)
108.02( 9)
107.54( 9)
106.35( 8)
114.54( 9)
124.7( 11)
120.8( 11)
114.53( 10)
123.7( 10)
121.8( 10)
120.4( 11)
120.6( 10)

4)
119.0( 1
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Table 4. Anisotropic displacement parameters ( &x 103) for cdv71. The anisotropic

displacement factor exponent takes the form: -2n2[ h2 a*2U1+ ... +2 hka* b* U12]

yu u22 uss u2s VEE U2
o( 1) 24( 1) 17( 1) 36( 1) 7(1) -6( 1) (1)
o( 2) 23( 1) 24( 1) 44( 1) -6( 1) -10( 1) 5( 1)
o( 3) 23( 1) 22( 1) 29( 1) -6( 1) -11( 1) 4 1)
c( 1) 20( 1) 18( 1) 34( 1) 3( 1) -9( 1) -5( 1)
c( 2) 30( 1) 19( 1) 33( 1) -5( 1) -12( 1) -4( 1)
c( 3) 20( 1) 18( 1) 26( 1) 2( 1) (1) 2( 1)
c( 4) 16( 1) 17( 1) 19( 1) o 1) 2( 1) -1( 1)
c( 5) 20( 1) 23( 1) 26( 1) -5( 1) -9( 1) (1)
c( 6) 18( 1) 21( 1) 23( 1) -8( 1) 1( 1) 7( 1)
c( 7) 19( 1) 18( 1) 14( 1) (1) (1) -4( 1)
c( 8) 15( 1) 17( 1) 20( 1) (1) 2( 1) (1)
c( 9) 15( 1) 14( 1) 18( 1) 2( 1) 3( 1) 2( 1)
c( 10) 27( 1) 18( 1) 16( 1) 3(1) 2( 1) -5( 1)
c( 11) 28( 1) 24( 1) 23( 1) (1) 10( 1) -11( 1)
c( 12) 24( 1) 23( 1) 22( 1) 7( 1) 2( 1) -5( 1)
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Table 5. Hydrogen coordinates ( x 1) and isotropic displacement parameters ( Ax 103)

for cdv71.
X y z U( eq)

H( 3) -2200( 30) 12200( 30) 7368( 18) 46( 5)
H( 1A) -260( 30) 6670( 20) 7334( 15) 29( 4)
H( 1B) -610( 30) 7840( 30) 6002( 16) 35( 4)
H( 2A) 1300( 30) 4420( 30) 5890( 15) 32( 4)
H( 2B) 2310( 20) 5830( 20) 5237( 15) 25( 4)
H( 4A) 2410( 20) 6820( 20) 8860( 14) 20( 3)
H( 5A) 4420( 30) 8260( 20) 9590( 16) 29( 4)
H( 5B) 5930( 30) 7540( 30) 8473( 16) 37( 5)
H( 6A) 4630( 20) 10980( 20) 8320( 14) 23( 4)
H( 8A) -470( 20) 9660( 20) 8508( 15) 28( 4)
H( 10A) 2670( 30) 8920( 30) 5239( 16) 32( 4)
H( 11A) 4710( 30) 10660( 20) 6080( 15) 28( 4)
H( 12A) -540( 30) 13310( 30) 9125( 16) 32( 4)
H( 12Q) 1770( 30) 13380( 20) 9296( 15) 30( 4)
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Table 6. Torsion angles [°] for cdv71.

c( 3)-0( 1)-¢( 2)-¢( 1) -13.73( 18)
c( 9)-c( 1)-c( 2)-0( 1) 44.59( 15)
c( 2)-0( 1)-¢( 3)-0( 2) 179.66( 12)
C( 2)-0( 1)-¢( 3)-c( 4) 1.85( 18)
o( 2)-C( 3)-C( 4)-c( 9) 161.02( 11)
o( 1)-C( 3)-C( 4)-c( 9) -21.27( 15)
O( 2)-C( 3)-C( 4)-¢( 5) 35.53( 16)
o( 1)-C( 3)-C( 4)-C( 5) -146.75( 11)
C( 3)-C( 4)-C( 5)-C( 6) 129.05( 10)
c( 9)-C( 4)-C( 5)-C( 6) 2.90( 13)
c( 4)-c( 5)-C( 6)-C( 7) 57.87( 11)
C( 4)-C( 5)-C( 6)-C( 11) -56.98( 12)
C( 11)-c( 6)-C( 7)-C( 12) -125.92( 11)
c( 5)-C( 6)-C( 7)-C( 12) 118.57( 12)
C( 11)-c( 6)-C( 7)-C( 8) 54.12( 11)
c( 5)-C( 6)-C( 7)-C( 8) -61.39( 11)
c( 12)-c( 7)-C( 8)-0( 3) 61.14( 14)
c( 6)-C( 7)-C( 8)-0( 3) -118.89( 10)
C( 12)-c( 7)-C( 8)-C( 9) -179.34( 10)
c( 6)-c( 7)-C( 8)-C( 9) 0.63( 12)
C( 2)-C( 1)-¢( 9)-c( 10) 57.56( 13)
c( 2)-c( 1)-¢( 9)-C( 8) -179.46( 9)
c( 2)-c( 1)-C( 9)-C( 4) -62.44( 12)
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5)-C(
3)-C(
5)-C(
3)-C(
5)-C(
1)-C(
8)-C(
a)-¢(
9)-C(
7)-C(

5)-C(

8)-C( 9)-C( 1:))
8)-C( 9)-C( 1)
8)-C( 9)-C( 1
8)-C( 9)-C( 1))
8)-C( 9)-C( 4
8)-C( 9)-C( 4))
4)-c( 9)-c( 10
)-C( 9)-C( 10)
z)-q 9)-C( 1:
4)-c( 9)-C( 1)
4)-c( 9)-C( 8)
4)-c( 9)-C( 811)
9)-C( 10)-C( 1)
9)-C( 10)-C( 11)
)-C( 10)-C( 1)
9 )-C( 11)-C( 6
:-C( 11)-C( 10)

10)
c( 11)-C(
6)-

67.06( 11)
-55.52( 10)
-59.88( 12)
177.54( 9)

)
-177.59( 9
59.83( 11)
-73.43( 11)
52.14( 11)
50.56( 12)
176.13( 9)
171.80( 9)
-62.63( 11)
175.71( 10)
58.25( 12)
-55.99( 13)
-0.22( 15)
-56.58( 13)

3)
59.00( 1
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Table 7. Hydrogen bonds for cdv71 [A and °].

D-H..A d( D-H) d( H..A) d( D..A) <( DHA)

O( 3)-H( 3)..0( 2)#1 0.93( 2) 1.88( 2) 2.8033( 13) 174.7( 18)

Symmetry transformations used to generate equivalent atoms:

#1 x-1,y+1,z
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