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Résumeé

L'augmentation remarquable du nombre de nouveaux médicaments cibles peut se traduire
directement par une demande de nouvelles méthodes pour construire rapidement de petites
molécules trés pures qui possédent un niveau de complexité structurelle toujours croissant. Ces
processus doivent également €tre plus efficaces, plus propres pour l'environnement et conduire a
une plus grande diversité structurelle en peu de temps. Ces besoins ont conduit au développement
de nouvelles stratégies, qui ont aidé a produire des composés a un rythme plus élevé que ce que
l'on pensait possible auparavant. La photochimie ainsi que les réactions en cascade font partie de
ces stratégies dans lesquelles elles sont trés recherchées pour leur efficacité a construire un certain
nombre de liaisons et de cycles et a augmenter la complexité moléculaire des produits qui en
résultent. Cette thése rapporte 1’utilisation de la photochimie et des réactions en cascade pour la
synthése de structures complexes, telles que des propellanes et de certains produits naturels. Le
chapitre 1 donne un apergu de la conception et de la synthése des a- (hydroxyméthyl) cycloalcanols
et le chapitre 2 decrit 1'utilisation de la photo-hydroxymethylation pour syntheése des éléments
constitutifs du propellane. Les chapitres 3 a 5 concernent la synthése de divers systémes de cycles
de propellane avec une architecture structurelle esthétiquement attrayante alors que, le dernier
chapitre donne briévement nos tentatives vers la synthése totale de cordycol, le monomeére de

I’idesolide et d’un analogue.

Mots-clefs:

Photochimie — Réactions en cascade — Propellanes — Spirocycles — Synthese totale — Cordycol -

Lactones.



Abstract

The remarkable increase in the number of new drug targets can be directly translated into a demand
for new methods to rapidly construct highly pure small molecules that possess an ever-increasing
level of structural complexity. These processes are also required to be more efficient,
environmentally cleaner, and lead to greater structural diversity in a short time. Such needs have
driven the development of novel strategies, which have helped to produce compounds at a greater
rate than previously thought possible. Photochemistry as well as cascade reactions are part of these
strategies in which they are highly desired for their efficiency in building a number of bonds and
rings and increasing the molecular complexity in the ensuing products. This PhD thesis aims to
provide applications of photochemistry and cascade reactions for the synthesis of intricate
structures, such as propellanes and certain natural products. Chapter 1 gives an overview of the
design and synthesis of a-(hydroxymethyl)cycloalkanols and Chapter 2 provides the use of photo-
hydroxymethylation for the synthesis of propellane building blocks. Chapters 3-5 relate to the
synthesis of diverse propellane ring-systems with aesthetically appealing structural architecture.
Whereas, the last chapter briefly gives our attempts toward the total synthesis of cordycol,

idesolide monomer and analogue.

Keywords:

Photochemistry — Cascade reactions — Propellanes — Spirocycles — Total synthesis — Cordycol -

Lactones.
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Chapter I

Design and Synthesis of a-
(Hydroxymethyl)cycloalkanols



Ch. I: Design and Synthesis of a-
(Hydroxymethyl)cycloalkanols

1. Introduction

a-(Hydroxymethyl)cycloalkanols, as polar cyclic scaffolds, are found in a wide spectrum of
compounds of natural or synthetic origins. Structurally, they are saturated cyclic hydrocarbons
with characteristic vicinal diols acting as a reactive functional group for distinct chemical or
biological activities (Figure 1). In recent years, a significant number of natural products possessing
an o-(hydroxymethyl)cycloalkanol moiety, have been isolated from diverse sources, including
marine organisms, fungi, insects and plants. On the other hand, a-(hydroxymethyl)cycloalkanols
have been synthesized as potent intermediates in the total synthesis of some natural products to
access further complex structures using a minimal number of steps. Accordingly, a number of
methods and strategies have been developed to access these compounds.

Here, we review and collate the occurrence, synthesis and reactivity of o-
(hydroxymethyl)cycloalkanols, as well as their relevance to medicinal chemistry programs.
Advances up to late 2019 are covered, focusing on more recent studies but also detailing previous
work that still remains compelling in the synthesis of distinct a-(hydroxymethyl)cycloalkanol

derivatives.

Figure 1. The most common o-(hydroxymethyl)cycloalkanol ring systems.

2. Occurrence

a-(Hydroxymethyl)cycloalkanols are quite common in nature, and it appears that their core
structure mainly comprises 5 to 7 membered ring. This section aims to provide various information
by focusing on the most often encountered, striking, and recent examples of structures of this kind

that were isolated from aminocarbasugars, terpenoids and other miscellaneous natural products.



2.1. Aminocarbasugars

Perhaps the most well-known examples of aminocarbasugars are pactamycin derivatives la-d
possessing the a-(hydroxymethyl)cyclopentanol core (Figure 2). Pactamycin 1a is a structurally
unique chemical compound isolated from the soil bacterium Streptomyces pactum. Despite its
potent antimicrobial, antitumor, antiviral and antiprotozoal activities,!!! 1a was not considered to
be a viable drug due to its broad cytotoxicity. However, in 2011, TM-025 1b, obtained by
bioengineering, exhibited an improved profile displaying a greater cytotoxicity against
Plasmodium falciparum as compared to mammalian cells. Similarly, Jogyamycin 1c¢, another
natural product analogue, showed potent antimalarial and antitrypanosomal activities, with ICsg
values of 1.5 and 12.3 nM, respectively.[! These analogues, including de-6MSA-pactamycin 1d,
are structurally less complex and more stable than pactamycin 1a.

Unsurprisingly, new examples of such structures are still being discovered in diverse natural
products, such as trehazolin derivatives 2a-d (Figure 2). 2d, isolated from a culture broth of

3l'is a slow and tight-binding inhibitor of the enzyme trehalase.!*) The

Micromonospora strain,!
hydroxyl groups in this compound, providing hydrogen bonding with the active sites, are
considered to be topologically essential for such firm binding.™ Due to this inhibitory effect, 2d
has been used to control sheath blight of rice, caused by the plant pathogenic fungus Rhizoctonia
solani, and it thus has potential fungicidal activity.*® Additionally, trehazolin analogues have
important implications in immunology, virology, and oncology.[®! For instance, the ICso values for
the biological activity of compounds 2a and 2b toward rat intestinal maltase were 4.2 and 1.5
mg/mL, respectively.!”!

Other classes of aminocarbasugars may contain the a-(hydroxymethyl)cyclohexanol motif. For
example, valiolamine 3a is related to CsN aminocyclitols.®! It was first isolated in 1984 from the
fermentation broth of Streptomyces hygroscopicus subsp. Limoneus.”! 3a and its N-substituted
derivatives have potent D-glucosidase inhibitory activity. One of these derivatives, voglibose 3b

(AO-128) is used as an effective drug for oral administration in clinics for controlling diabetes
mellitus.[%

2.2. Terpenoids
The chemical structures of some isolated terpenoids, posessing a-(hydroxymethyl)cycloalkanol
subunits, are shown in Figure 3. Structurally, they are saturated and unsaturated with varying

degrees of oxygenation, including oxiranes, ketones, and carboxylic acid derivatives.



1a: Pactamycin, R = 6-MSA
(6-MSA = 6-methyl salicylic acid)
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Figure 2. Structures of some aminocyclitols with different a-(hydroxymethyl)cycloalkanol subunits.
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Figure 3. a-(hydroxymethyl)cycloalkanol core in different terpenoids. (Gle = B-D-glucopyranosyl).

In term of studying the inhibitory effect of some terpenoids on nitric oxide production in LPS-

induced RAW 264.7 macrophages, different research groups have endeavoured the activity of a-

(hydroxymethyl)cycloalkanols such as chlorajaponol F 4a, shizukanolide E 4b, frutilactones A 5a

and B Sb, paeonenoides D 6a and E 6b, ent-kaurane diterpenoids 7a-f.

Chlorajaponol F 4a and shizukanolide E 4b are lindenane sesquiterpenoid isolated from

Chloranthus japonicus Sieb. exhibiting no significant effects on the inhibition of nitric oxide

release.'!l Similarly, 2,3-seco cafestol-type diterpenoid epimers, frutilactones A 5a and B 5b,

described by Shen and coworkers in 201521 showed no cytotoxicities (ICso >100 uM) and weak



anti-inflammation activities. However, two new pentacyclic triterpenoids, paconenoides D 6a and
E 6b, recently isolated by Zou and coworkers from the roots of Paeonia lactiflora, exhibited
inhibitory activities against NO production in LPS-induced RAW 264.7 macrophages and they
showed modest cytotoxic activities against HL-60, Hep-G2, and SK-OV-3 cell lines.!"3!

The possible biosynthetic pathways of 4a-b and 5a-b are described in Scheme 1. A serial of
cyclization reactions of isofuranodiene, reported by Zhuo and coworkers,!'!! afforded lindenene
via IM-3, which was then converted to chloranthalectones D and A. The latter compounds were
proposed to be direct biosynthetic precursors of 4a-b due to the structural relationship of these
three compounds. On the other hand, 5a-b were formed via ketal reaction between 9-OH and 2-
carbonyl of 5d, followed by bond breaking between C-2 and C-3, oxidation of the furan ring,
methylation of 2-OH and ethylation of 19-OH. Hence, compounds 5a-b were obtained as C-19

epimers (Scheme 1). 12!

%@Q@%

Farnesyl diphosphate Isofuranodiene IM 3
Chloranthalactone A Chloranthalactone D Lindenene

Scheme 1. Plausible biogenetic pathways of compounds 4a-b and 5a-b.

In 2014, ent-kaurane diterpenoids 7a-f were isolated by Kim and coworkers from the fruits of
Annona glabra, known as “alligator apple”.'*] The two ent-kauranes 7a and 7e showed significant
inhibitory NO production.!'*! Previously, compound 7f was reported for the first time in 1983
from the aerial parts of Helianthus strumosus without investigating its biological activity.['!

(1] jsolated 7f from the edible fruits of Annona squamosa or “sugar-

Twelve years later, Wu et al.
apples ” revealing its significant activity against HIV replication in H9 lymphocyte cells.
Other terpenoids with similar a-(hydroxymethyl)cycloheptanol core has appeared in various

aromadendrane sesquiterpenoids. Such structures are characterized by a dimethyl cyclopropane



7] For instance, pipelol A 8 was described

ring fused to a hydroazulene skeleton (8, 9a-¢ and 10).
for the first time in 2002 by Masuoka and coworkers.!'8 It has been derived from the aerial part of
Piper elongatum. After 12 years, 8 was then isolated by Wu et al. ['°! from the leaves of Desmos
cochinchinensis var. fulvescens Ban. Unfortunately, no related bioactivities were reported.

In the process of isolating metabolites via biotransformation, De Lima and coworkers?®! identified
two other allo-aromadendranes; 108,13,14-trihydroxy-allo-aromadendrane 9b and 10f,12,14-
trihydroxy-allo-aromadendrane 9¢. The process has been carried out from the natural product 9a
which was isolated from Pulicaria paludosa and Duguetia glabriuscula.””**'19a was subjected to
a series of microbial transformations using Beauvaria densa CMC 3240, Beauvaria bassiana
ATCC7159 and Curvularia lunata NRRL 2380, to regioselectively oxidize the geminal methyl
groups on the cyclopropane ring producing triols 9b-¢.?%! In 2008, Yue er al*? isolated
Dysodensiol F 10, another allo-aromadendrane sesquiterpenoid, its structure was closely related
to 9a. The only difference is the presence of a C-3 ketone group in 10 instead of a C-3 methylene
in 9a.

Anjaneyulu and colleagues'?*! isolated two new sesquiterpenoids 11a-b during their investigation
of biologically active metabolites from the Gulf of Mannar. Although the molecular skeleton was
not considerably changed, these compounds are not related to the previously mentioned
aromadendrane family. (9S)-africaene-9,15-diol 11a and (9R)-africanene-9,15-diol 11b, were then
isolated by Qin and coworkers from another marine soft coral Sinularia numerosa. The latter
compound was found to possess inhibitory activities against bacteria S. aureus and E. coli.l*¥
Terpene endoperoxides, having an a-(hydroxymethyl)cyclohexanol motif, constitute an important
subunit that confers various bioactivities. For instance, endoperoxides 12 and 13 selectively
exhibited cytotoxicity toward HL-60 cell line with the SI values of 4.4 and 64.0, respectively.[?]
Merulin A 12 (C-3 epimer) was first isolated by Pudhom and coworkers®® in 2010 from an
endophytic fungus of Xylocarpus granatum. Six years later, Kittakoop et al.'*> reported both
compounds merulins A 12 and 7-epi-merulin B 13 from another endophytic fungi

Pseudolagarobasidium acaciicola.

2.3. Miscellaneous
The chemical structures of some isolated a-(hydroxymethyl)cycloalkanols, found in miscellaneous
families of natural products, are shown in Figure 4. Plicatic acid 14, possessing o-

(hydroxymethyl)cyclohexanol core accompanied with two aromatics; 3-methoxy-4-
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hydroxyphenyl and 3,4-dihydroxy-5-methoxyphenyl, was isolated in 1959 by MacLean and
coworkers?”! from western red cedar (Thuja plicata). As a lignan acid, 14 has been identified as
the causative agent of occupational asthma.?®! Furthermore, it has been shown to cause
inflammatory and allergic reactions, including increased concentrations of immunoglobulins,
histamine, leukotrienes, eosinophil, and T-cell levels in the blood.[*”) Another lignan, 15 or 17-
hydroxyangeloylgomisin Q, is among the few examples of natural products that comprise the a-
(hydroxymethyl)cyclooctanol skeleton. It was isolated from the leaves and stems of Schisandra
chinensis collected in the Yabuli mountain area of Heilongjiang province in China. It was
evaluated for its anti-HIV-1 activity.*% Since then, 15 has not been reported by any research group.
In the investigation to determine natural lipids from Sulfolobus acidocaldarius N-8, Sugai and
coworkers have reported the structure of the major glycolipid (GL-1a) 16a. More than 70% of the
lipids in this species were composed of a polar group linked with calditoglycerocaldarchaeol 16b
possessing the a-(hydroxymethyl)cyclopentanol moiety called calditol.>!!

Three cyclopentenoid antibiotics, pentenomycin (I) 17a, pentenomycin (II) 17b, and
dehydropentenomycin (I) 18, comprising a-(hydroxymethyl)cyclopentenol subunit, have been
reported several times. Pentenomycins (I) and (II) were isolated by Umino and coworkers®?! in
1973 from culture broths of Streptomyces eurythermus. Five years later, A. B. Smith III et al.**
reported the isolation of antibiotic G-2201-C 18, a simple oxidation product of pentenomycin (),
from Streptomyces cattleya which has been termed dehydropentenomycin (I). The interest of
various research groups in these synthetic targets was prompted by their demonstrated activity

[33]

against Gram-positive and Gram-negative bacteria including Neisseria gonarrhoeaex>' as well as

by the potential pharmacological importance of the cyclopentenone structural unit which has been

suggested to be the reactive functionality in a variety of structurally complex antitumor agents. >4



16a R = 6-O-R-D-Glucopyranosyl
16b R =OH

' '
i i
OH : :
' H '
HO OH i OH , Y
OH ! 6-O-B-D-Glucopyranosy! |

Figure 4. a-(hydroxymethyl)cycloalkanol-containing natural products.

3. Synthesis

For decades, the synthesis of a-(hydroxymethyl)cycloalkanols was considered as an access to
highly functionalized molecular structures. For this reason, synthetic chemists have accessed such
congeners via distinct strategies. In this section, some representative examples have been provided
and correspondingly categorized into different subclasses (Figure 5). Rather than providing an
extensive account of all the synthetic routes leading to such derivatives, the objective of this section
is to give an overview of each of these subclasses by highlighting the key steps for the synthesis

of a-(hydroxymethyl)cycloalkanols-containing compounds.

3.1. Synthesis of a-(hydroxymethyl)cycloalkanols from ketones
Based on nucleophilic hydroxymethylation:

Via silyl reagents: Nucleophilic hydroxymethylation of cyclic ketones via silyl reagents was shown

to be a robust method in the synthesis of a-(hydroxymethyl)cycloalkanols. The preparation of such
reagents relies on the creation of silyl carbanions. These carbanions are usually generated in four
different ways: (1) Grignard reagent formation from the corresponding trialkyl halosilane; (2)
deprotonation by lithiating reagent such as butyllithium; (3) metal-heteroatom (S, Sn, Si, Se)

exchange reaction; (4) addition of alkyllithium to vinylsilane.l*!
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Figure 5. Different routes for the synthesis of a-(hydroxymethyl)cycloalkanols.

In 1984, Ishida and coworkers!®¢! described an efficient umpolung method using the (isopropoxy-
dimethylsilyl)methyl Grignard reagent 19 as a hydroxymethyl anion equivalent in conjunction
with the oxidative cleavage of the silicon-carbon bond in the Grignard addition product (Scheme
2). The primary product contains a hydroxy-silicon moiety which might undergo elimination,
known as the Peterson elimination,*” to form the corresponding olefin; however, under H,0»
oxidation conditions, the oxidative cleavage of the silicon-carbon bond preferentially proceeds,
without any elimination, to form the corresponding 1,2-diol derivative in high yields.[*®]
Unsurprisingly, 19 is considered to be one of the most interesting reagents since it contains both a
carbon nucleophilic center and a leaving group on silicon, but it is quite stable as it can be stored
in THF even at room temperature; the isopropoxyl group is probably bulky enough to prevent the
intermolecular nucleophilic substitution at the silicon.

An efficient methodology has been reported by Yoshida et al. for the deprotonation of a methyl
group on silicon. It was found that the deprotonation (+~BuLi/Et,O/-78°C) occurs with 2-
pyridyltrimethyl-silane but not with other related silanes such as phenyltrimethyl-silane, 3-
pyridyltrimethylsilane, and 4-pyridyltrimethylsilane. It seems that this deprotonation proceeded
through the agency of the complex-induced proximity effect (CIPE) of a 2-pyridyl group on
silicon. (2-Pyridyldimethylsilyl)-methyllithium 20 was found to react with ketones in good to
excellent yields. The resultant adducts were further oxidized with H>O2/KF to give the
corresponding alcohols. Thus, this two-step transformation provides an efficient method for the

nucleophilic hydroxymethylation. 3 3]
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Following previous studies on intermolecular nucleophilic hydroxymethylation, Nakada ef al. has
developed silicon-tethered intramolecular nucleophilic additions of a hydroxymethyl unit to
ketones.*”! This method would be a good solution to the stereoselective generation of the chiral
tertiary alcohol. That is, as shown in Scheme 3, the anion generated from 21 or 24 by the halogen—
lithium exchange reaction could react intramolecularly with the adjacent ketone to afford the
relative tertiary alcohols 22 and 25. Since the desired products were thus prepared in good yields,
22 and 25 were then converted to the corresponding triols 23 and 26 under Tamao’s conditions. !

The products obtained by this protocol were successfully converted to chiral A-ring moieties of

Taxol.*”]

I\

© P
(IPrOMe,Si”MgCl == CH,0H = ~N” “SiMe,

Li—/

19 20

o) HO,
©
CH,0H
n=4,56,711
n

n
46-86%

HO SiMe,(OiPr)
19, THF H20,
0°C, 4 h NaHCO,
n

7 \

N

HO. Siw
20, MeOH/THF (1:1) \Mgﬂe H,0,
L= = " . — 2v2 |
50°C, 6-12 h KF, KHCO4

n

Scheme 2. Nucleophilic hydroxymethylation via silyl reagents.

\S/ « oH
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X = Br, 84% k 30% :\OH
0 X=1,86% o OH
21 22 23
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o) él(Ph) 64% ~N-Si(Ph), 30% o
| OH OH
24 25 26

Scheme 3. Silicon-tethered intramolecular nucleophilic additions. Reagents and conditions: (a) #-Buli,

THF, -78 °C, 5 min.; (b) H,0,, KHCOs, KF, THF/MeOH (1:1), r.t., 10 h.
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Via vinyl reagents: A classic example where the nucleophilic hydroxymethylation via vinyl

magnesium bromide, producing o-(hydroxymethyl)cycloalkanols, can be found in the total
synthesis of (£)-merulin D 29.1*! Upon exposure of 27 to CH,=CHMgBr, the vinyl group added
exclusively from the less hindered face, leading to 28 in 80% yield (Scheme 4). Ozonolysis of
alkene 28 followed by sequential reduction of the intermediate ozonide and the aldehyde with
Me:S and Me>S-BH3, respectively, led to merulin-D 29. A Similar strategy has been described by
Fuganti and coworkers in 2008.1!! 1 2-nucleophilic addition on menthone (-)-30 afforded vinyl
menthol (-)-31 which was then converted to the corresponding diol (-)-32 via reductive ozonolysis

(Scheme 4).

ZMgBr (a.b)
0 92% 7 N 62% z OH
H ° : OH ° : OH
PN N PN
(-)-30 (-)-31 (-)-32

Scheme 4. Preparation of merulin-D 29 and diol (-)-32 using nucleophilic hydroxymethylation via vinyl

reagents. Conditions: (a) O3, MeOH/ CH,Cl,, -70 °C; (b) NaBH4, MeOH, r.t.

Via benzyl chloromethyl ether reagents: a complementary approach for the hydroxymethylation

of carbonyl compounds has been reported by Imamoto et al. *?! (Scheme 5). The first trial was
conducted with the reaction of simple aliphatic ketones with benzyl chloromethyl ether 33, and
then with cyclic ketones (cyclopentanone) in the presence of Sml, in tetrahydrofuran. The reaction
proceeded rapidly at room temperature, and the addition product 35 was isolated in moderate yield.

Subsequently, 35 was subjected to hydrogenolysis to yield diol 36.
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In 1987, White and coworkers described an efficient conversion of a tricyclic ketone 37, already
prepared from geraniol,*! to (+)-2-desoxystemodinone 43 (Figure 6).**] Although the sterically
encumbered keto group of 37 resisted the attack by many nucleophilic reagents (methyllithium,
for example, led only to enolate formation), benzyl chloromethyl ether 33 in the presence of
samarium diiodide reacted with this ketone to give compound 38 in virtually quantitative yield.

Reductive debenzylation of 38 afforded the desired diol 39 in 94% yield.

_____

Sm(lly - “ n-BuLi
cism™NoBn <m0 Nopn BN ~Nogn

34a 33 34b

Tsuneo et al. (1984)

BnO, HO

2 HO HO
é 34a, THF, rt., 1h H,, Pd/C
- —_—
57% 95%

Scheme 5. Nucleophilic hydroxymethylation via benzyl chloromethyl ether reagents. Conditions: (a) BnOCH,CI,
Sml,, THF, 25 °C, 20 h; (b) Na/NH3, THF; (¢) BnOCH,Li, THF, -100 °C; (d) m-CPBA, 3-tert-butyl-4-hydroxy-5-
methylphenyl sulfide, CCl4, 70 °C.

Another application of this method has been revealed by Wipf and coworkers!*? in 1993 in the
total synthesis of aranorosin 44; a structurally unique antibiotic isolated by Fehlhaber et al.[**) from
a fungal strain, Pseudoarachniotus roseus (Figure 6). The addition of (benzyloxy)methyl-lithium
34b7 occurred chemoselectively in a 1,2-fashion at the dienone moiety of compound 40 and

resulted in the formation of an approximately 5:1 mixture of quite sensitive bis-allylic alcohols
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which were immediately subjected to bis-epoxidation with m-CPBA furnishing diepoxy alcohol
41 in 46% overall yield from dienone 40. Further treatment of 41 with Pd(OH), on carbon in

methanol under an atmosphere of Hs led to 42.[4°]

W ‘4
o, “o

2-desoxystemodinone 43 Aranorosin 44

Figure 6. The chemical structures of 43 and 44.

Via cyanide reagents: Although cyanide is highly toxic, synthetic demands and cost concerns have

led to its examination for nucleophilic hydroxymethylation reactions. It can be simply added to a
carbonyl group to furnish the corresponding cyanohydrin, which can be converted to vicinal diol
via hydrolysis followed by standard reduction. For instance, Fuganti has shown that the addition
of trimethylsilyl cyanide to menthone (-)-30 has afforded the axial addition product; cyanohydrin
(-)-45 (Scheme 6).1*! Further reaction with DIBAH gave the corresponding hydroxy-aldehyde that
was treated with sodium borohydride to give the suitable diol (-)-46; epimer of (-)-32.[4!]

In 2005, Kobler et al.*1 have also described the stereoselective synthesis of monoterpenediols 50,
54 and 55; 4- alkyl-1-hydroxymethyl cyclohexanols, isolated from Pseudomonas mandocina, urine
of rats after treatment with B-Myrcen and Cynanchum hancockianum-SF respectively (Scheme
6).5% All the three compounds were supposed to be retrosynthetically derived from cyanohydrins
of the corresponding 4- alkylcyclohexanones. The enzymatic-catalyzed chemical addition of HCN
to 47 was performed under optimized conditions using (S)- MeHNL of high cis selectivity.!! The
cyanohydrin cis-48 was obtained almost quantitatively in a cis/trans-ratio of 96:4. Dissolving cis-
48 in a saturated solution of HCI in absolute ethanol and heating for 16 hours resulted in the ester
cis-49. The hydrogenation of the latter compound with LiAlH4 gave the final product cis-50. On
the other hand, the monoterpene cis-p-menthane-1,7,8-triol 54, has been sythesized following a
similar synthetic approach. Starting from 51,°%) cyanohydrin cis-52 was obtained in 99% yield
with a cis/trans-ratio of 96:4. Before reduction of the nitrile function, the hydroxyl group of cis-
52 was protected with a trimethylsilyl group.’*! Reduction with DIBAL-H was performed
affording “aminoalane” as an intermediate, which was then transformed to the aldehyde cis-53 by

careful treatment with diluted sulfuric acid. The hydrogenation of the O-protected aldehyde®* cis-
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53 followed by deprotection with TBAF yielded cis-54; precursor of the farnesylprotein
transferase inhibitor XR3054.0°%) The regioselective hydroxylation of the olefinic double bond of
cis-54 was performed with mercury(Il) acetate and subsequent demercuration with an alkaline

sodium borohydride solution giving the natural product cis-55.1°¢

47 1T%  BF,OR ©,OH 1) DIBAH/toluene é,OH
_— ?, _— %,
Me,SiCN “CN  2)NaBH,/MeOH I % _~OH
62% A
(-)-30 47% (-)-45 (-)-46

..........

OEt 'HO :
V N ]
NC OH B \ £ ,0H
' ! ( \
_HCN, MeHNL DEOH. HCl 1)LiAIH, 4 ! HO
—_— ' -
TDoPE HZO 2h0H 2) H,0 ' : £ _OH
97% 66% 88% | g
47 cis-48 cis-49 :‘ cis-50 ’:
HO """ \ OH
0 Y VEN : cis-55
% 0SiMe; i ILOH! N—
_HON, MeHNL (a b) (. d) : i 1) Hg(OAc),, THF T
DIPE r.t. — i 2)NaBH,, MeOH
96% : 72%
51 cis-52 cis-53 ;Q cis-54 .
OH OH)
.nOH wOH o
RN
95% —
(6]
58 59 J
0 NG, OTMS s OTBS
’, H—4 oTMS / OH
WOH wOTMS L O0TMS %
TMSCN, NEt, DIBAL-H o (h i j) —
—_——— —_— R
DCM, 0 °C Et,0, -30 °C 57% -
(@) (6] d.r. > 95:5 (@) O 72%
/ 68% / O\ /O o )
60 61 62 63 Fumagillol )

Scheme 6. Nucleophilic hydroxymethylation via cyanide reagents. Conditions: (a) Me3SiCl, imidazole,
DMF, 0 °C, 87%; (b) DIBAL-H, Et,0O, 0 °C, 70%; (c) NaBH4, EtOH, 0 °C, 91%; (d) TBAF, THF, 0 °C,
70%; (e) NaCN, AcOH, MeOH; (f) HCI (6 M); (g) LiAlHa4, Et;O, 0 °C; (h) DIBAL-H, CH,Cl,, 0 °C; (i)
Amberlyst-15, THF, H>O, 60 °C; then silica gel; (j) TBSCI, NEt;, DMAP, CH,Cl,, (57% over three steps).
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This strategy has been also described by Parr and coworkers in their synthesis of 200OH-NorMD
59;571 a long-term metabolite that has been previously detected in urine samples.*® Starting with
androst-4-ene-3,17-dione 56, the formation of androstane-dione cyanohydrin 57 was achieved by
reaction with sodium cyanide in methanol and glacial acetic acid as described by Nitta et al.
(Scheme 6).5%1 Hydrolysis of 57 in hydrochloric acid (6 M) within 24 h yielded the corresponding
carboxylic acid which was then reduced with lithium aluminium hydride resulting in two isomers
of 17B-hydroxymethyl-androst-4-ene-3&,17a-diol 58. Dehydrogenation of the latter compound
with DDQ followed by Wagner— Meerwein rearrangement using hydrochloric acid yielded the
desired steroid 59.

In 2006, Hayashi et al.'®” reported the first catalytic asymmetric synthesis of (-)-fumagillol,
FR65814 and other congeners. Structurally, these compounds are all related to the fumagillin
family, they are comprised of a cyclohexane framework, two epoxides, and five or six contiguous
stereogenic centers, three or four of which are situated on the cyclohexane ring (Figure 7).1°!) The
authors described the access to the spiro epoxide of fumagillol using nucleophilic
hydroxymethylation via cyanide reagents (Scheme 6). The synthesis started from readily available
cyclohexanone derivative to prepare compound 60 in two steps. The latter compound was then
converted into 61 by treatment with TMSCN and catalytic EtsN with high diastereoselectivity.[®?
The reduction of 61 was accomplished with two successive treatments of DIBAL-H to afford the
primary alcohol through the isolable intermediate 62. After acid-induced deprotection of the ketal
and silyl groups and elimination of the resulting secondary alcohol, the primary alcohol was
protected as a TBS ether to yield enone 63 (41% over four steps). The latter compound was then

transformed to fumagillol in 8 consecutive steps.

Fumagillin: (0]
Ri=Me  Rp= WOH
o n

Fumagillol: R =Me R, = H
FR65814: R; =R, =H

Figure 7. The chemical structure of fumagillin, fumagillol and FR65814.

Based on photochemical transformations:
Despite moderate yields, photochemical hydroxymethylation has shown a major advantage over

the previously mentioned processes; it converts cyclic ketones directly to their corresponding a-
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(hydroxymethyl)cycloalkanols. This method has been studied by Sato et al. in detail for a series
of substrates and applied in a two-step synthesis of the pheromone frontalin (Figure 8). 6]
When saturated ketones 64 a-f were irradiated in methanol in the presence of TiCls, 1,2-diols 65a-

f were obtained as main products (Scheme 7).

2
HO, o
0 HO R1+
JL % > 300 nm, TiCl, (1 eq.) + o
1
R R, CH30H, r.t., 3-6 h. R? R, R R2
64a-f 65a-f 66a-f
Product yield (%)
Starting ketone ~ -----------oi-ooooooooooooooon
64a-f 65a-f 66a-f
Q 64a,n=1 35 -
Qﬁ 64b, n =2 46 20
" 64c,n=3 35 -
O
cis: 32
<:/§_ 64d {trans: 10 26
O
cis: 33
>g 6de {trans: 15 1
O

<:/§_«O 64f (cis+ trans): 24 _
OEt

Scheme 7. Photoredox-catalyzed hydroxymethylation of cyclic ketones.

In some cases, ketals 66 were also isolated as by-products, which result from subsequent
condensation of the primary products 65 with the starting ketones. In case of substituted
cyclohexanones 64d-e, the products were obtained as stereoisomeric mixtures; the major isomeric
components in the products 65d-e were cis-isomers, hence, the preferential course of the
photoreaction is the attack by the hydroxymethyl group from the side opposite to the alkyl
substituents. Unlike the methyl or tert-butyl group, which favour the anti-attack, the ethoxy
carbonyl group of ketoester 64f favours the syn-attack to furnish compounds 65f and 67 with
higher frans ratios. (Scheme?7, Figure 8) According to the authors, the preferential syn-attack in
this case can be attributed to the access of titanium to the reaction site on the same side as the
ethoxy carbonyl group due to the coordination to the ester moiety. These results would be a support

for the proposal that the present photoreaction proceeds within the coordination sphere of the
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titanium ion. Beside compounds 65f and 67, the photoreaction of 64f afforded compound 68
(Figure 8); a by-product from the intramolecular reaction between the carbonyl and the ethyl ester

groups, followed by dehydration.

Frontalin 67 68

Figure 8. The chemical structure of frontalin, 67 and 68.

In 2014, Griesbeck and Reckenthiler'® investigated the homogeneous titanium-catalyzed as well
as the heterogeneous semiconductor particle-catalyzed photochemical hydroxymethylation of
ketones by methanol to evaluate the most active photocatalyst system. The study focused on
aromatic and aliphatic open chain ketones as substrates more than cyclic ones. When irradiated at
254 nm in the presence of TiCl(OiPr), in methanol, cyclohexanone 64b has been sluggishly
converted to the corresponding 1,2-diol 65b (9%) and ketal 66b (29%). These results show that
ketal formation becomes more significant when the reaction mixture is allowed to stand for a long
time. Additionally, 64b and other aliphatic ketones did not show any conversion under

heterogeneous TiO> photolyses.

0
- §
CH3;0H Tl R “R?
hy

o
CH;0H TiV R1J.\R2

HO OH

R1R2 R2

Scheme 8. Mechanism of the photoredox-catalyzed hydroxymethylation.



The authors described three competitive pathways: hydroxymethylation (route (1)), pinacolization
(route (II)) and reduction (route (III)) (Scheme 8).[%°! The crucial primary step for all processes is
methanol oxidation. By using appropriate reaction conditions, every route can be switched on
exclusively. Hydroxymethylation is favored if both hydroxyalkyl radicals are generated in
proximity by a coupled electron transfer/ back transfer process. According to this expectation, the
optimal conditions for route (I) are fulfilled for TiClo(OR)»; a species that is capable of oxidizing
methanol in the excited state and simultaneously acting as a ground-state Lewis acid that
complexes the carbonyl compound. A much weaker Lewis acid such as Ti(OR)4 is capable of
methanol oxidation but prefers hydrogen transfer at the first or second oxidation event. The
pinacolization route (II) is favored for heterogeneous and dye-catalyzed conditions. Interestingly,

the combination of TiO, P25 with an organic dye favours largely the reduction route (III).[¢]

Based on radical addition via metal reagents:

Several reports on intermolecular and intramolecular radical pinacol couplings of cyclic ketones
have been published by different research groups. A simple, and direct approach to
hydroxymethylation of carbonyls would involve the intermolecular pinacol cross-coupling of
ketones with formaldehyde. Clerici and Portal®”l have shown the viability of such reaction in the
course of their extensive studies on the reductive coupling chemistry of aqueous titanium(III)
reagents. However, this method exhibited limited scope with respect to carbonyl substrates.

Later on, Park and Pedersen!®®!

reported a general and practical method for the direct
hydroxymethylation of aldehydes and ketones with paraformaldehyde. The reaction is promoted
by vanadium (II) ions which are generated from the reduction of VCI3(THF)s with zinc dust
(Scheme 9). Several ketones were examined using the outlined conditions, and in all cases
excellent yields of the desired products were obtained. Moreover, stereoselective addition to two
different substituted cyclohexanones 64d-e was observed. In both cases, the major diastereoisomer
is that expected from reaction on the least hindered face of the ketone.

Alternative reagents were also considered to establish intramolecular radical pinacol couplings.!®’]
For instance, samarium diiodide or tributyltin hydride were used to offer straightforward and
selective access to cyclitols and aminocyclitols starting from protected sugars (described in Section
2.1). Marco-Contelles et al.'’® reported the intramolecular radical cyclization of a ketooxime ether
69a derived from D-glucose (Scheme 9). This reaction, using Sml, gave 70a in good yield as the

only diastereoisomer.”! Similarly, Chiara and coworkers!’? achieved a short and very efficient
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synthesis of trehazolamine starting from readily available hemiacetal 71. Sodium borohydride
reduction afforded D-glucitol derivative 72 quantitatively, which was then converted to 73 via
Swern oxidation. The dropwise addition of the latter compound to a freshly prepared solution of

Sml; in THF at low temperature afforded a 1:1 mixture of cyclic diols 74 and 75 in excellent yield.

Via vanadium(Il)

64b 65b (81%)

64d —JCH,0, VCI,(THF),, Zn, DCM, rt, 12n|—» 65 (83%)

trans:cis = 8:1

6de 65e (89%)
trans:cis = 5:1

Via samarium(ll)
Bn

BnOm OR _Smly, +BuOH, THF, -78°C
” 70a: R = Bn (80%)
BnO ©OBn 70b: R = Me (55%)
69a: R =Bn
69b: R = Me

NaBH,
—_—
B”z:b’ EtOH/CH,Cl,, rit. Bn:"_gi/_Q
“ On
DBn 98%
BnO—;, OH OH OHon
+ BnQue
BnO"* "OBn BnO"* “0Bn 904
(2 steps) “

BnO OBn
73

Scheme 9. Hydroxymethylation via radical addition reactions. Reagents and conditions : (a) (i) (COCI),,
DMSO, THF, -65 °C, (ii) EtsN, -65 °C to r.t.; (b) Sml,, THF/~-BuOH, -50 °C to r.t.

3.2. Synthesis of a-(hydroxymethyl)cycloalkanols from epoxides
Epoxides are widely employed in the synthesis of a-(hydroxymethyl)cycloalkanols due to their
ability to react with a broad variety of nucleophiles.l”> Their ring-opening reactions provide two
robust strategies for the synthesis of such products, which are represented by hydrolysis and
nucleophilic addition reactions (Scheme 10).
Strategy 1
Hydrolysis of spiro-epoxides!’¥ has been well established for the total synthesis of natural a-
(hydroxymethyl)cycloalkanols. For instance, it was reported in the total synthesis of (%)-
grandifloracin 78,[7%! (-)-valiolamine 81,7%! cochlearenine 83,”! paniculamine 84,7"!
pseudo-B-fructopyranose 87,8 koningic acid derivative 89, 13a,160,17-tri-hydroxy-ent-

kaur-19-oic acid 91,%% africane-9,15-diol 93,1 and trichodermin derivative 95*?! (Scheme 11).
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Strategy 1:

é—m—»%

Strateqy 2:
OH
o ) HO
R Nucleophilic Addition

n

Scheme 10. Two different strategies for the synthesis of a-(hydroxymethyl)-cycloalkanols starting from

epoxides.

H,0, 60 °C, 48 h CsCO,, BzCl
77% 50°C, 2 h
50%
78 Grandifloracin
OH
O 3 M aqueous KOH o\“ o
HO\“ "IOH 100°C,6 h O\\ 'OH o\\ I/OH
32%
OH
79 80
H H
0 0 1) KOAc, AcOH, A ‘ H \ H
O  2)H,, Pd/C, MeOH
3) LiAlH,, THF _ H,0, _ M@ A
N™ H 63% TMeOHH,0 . - N
50%
O g 83 84
[e)
A w0, >< NaOH _ \ul ‘“O>< __ Amberlyst-15 \\u wOH
" H,0, 50 °C, 2 h " MeOH rt,6h “oH
81% 77%
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7
O 15%KOH

H,0, 100 °C, 12 h
70%

1M H,SO,
Dioxane, r.t., 24 h
68%

©
o
©
=

KOH 15% HCI
DMSO/H,0, MeOH, r.t., 6 h
50°C,1h 85%
58%
94 95

Scheme 11. Examples of the spiro oxirane—opening step in the synthesis of various natural products.
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Moreover, this strategy has been employed in the synthesis of diverse intermediates which serve
as building blocks for further synthesis.®¥) In most of the cases, the oxirane hydrolysis was
catalyzed by either acids or bases. However, Stoltz and coworkers showed the possibility of milder
epoxide opening without the use of solid or solid supported Lewis acids; the bisspiroepoxide 76
was subjected to gentle heating in water furnishing the tetraol 77 which was then directly converted

to grandifloracin 78. [ 84l

Strategy 2

(Oxabicyclo[n.m.o]alkan-1-yl)methanol derivatives are important starting material for the
synthesis of functionalized a-(hydroxymethyl)cycloalkanols. A large variety of nucleophiles could
be used to open the oxirane ring furnishing a vast spectrum of valuable intermediates. For instance,
Forsyth et al. described the stereoselective synthesis of spirobicyclic sesquiterpenes through a key

intermediate 97 (Scheme 12).15]

™S :
— .
PMBO Bng\/\/ HO :

0 A OH
1) CuCN, A/ THF, 92% '

2)DDQ

Y : 1) TBAF, THF, 0°C
3) K,CO4/ MeOH, 83% AN :
: 2) Zn(OTf),, AcOH, 0°C
96 97 E 86% (over 2 steps)
100 OTBDPS
Ar Ar :
\\N 0 \\N o i
BnO—,, < ‘f PhCO,Na BnO—,
ol JwO _aq.DMF 100°C, 12h _ HOZT w0
98% o :
HO
OH OH '
98 99
BnO BnO .
HO, :
= N3~ H
NaN3, NH,CI
B > T OBn )
OBn DMF, Ethylene glycol, Me,CulLi/ THF .
o ) 125°C, 48 h t ) 73% 3
Q M 78% ome wol H
OMe OMe e OMe oA
103 104 :

106
Scheme 12. Selected examples of nucleophilic addition reactions on different (oxabicyclo[n.m.o]alkan-1-

yl)methanol derivatives.

The authors reported the copper-assisted opening of the epoxide 96 using the Grignard reagent
prepared from 1-(trimethylsilyl)-5-bromo-1-pentyne A and CuCN. Further treatment with DDQ
and methanolysis gave diol 97 in 76% overall yield.
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Other nucleophilic addition reactions have been tested on complex structures like hydroxylation
at the a-position of the epoxide. Knapp et al.!®") reported the hydrolysis of the epoxide 98 at the
least substituted position using sodium benzoate in aqueous DMF at high temperature. However,
during their total synthesis of pactamycin, Hanessian and coworkers described the “inversion” of
the epoxide 100 which was achieved by treatment of the corresponding primary alcohol with
Zn(OTf) in AcOH to give the triol 102.87) Presumably, this arose from the spiroepoxide 101
which underwent solvolysis to afford the primary acetate as in 102. Nucleophiles like azide and
methide were also used for the same purpose to furnish a variety of useful intermediates (104 and
106). [87-88]
3.3. Synthesis of a-(hydroxymethyl)cycloalkanols from alkenes

The oxidative functionalization of alkenes is among the most extensively investigated synthetic
transformations in organic chemistry. Simple alkene dihydroxylation is one of these reactions that
serve as the cornerstone of many complex-molecule syntheses.®! Such reaction can be performed
using different stereochemical pathways: anti-dihydroxylation or syn-dihydroxylation. The
opening of epoxides follows the anti-dihydroxylation mechanism, while potassium permanganate
or osmium tetroxide produce the syn-dihydroxyl-ated products.

Reffering to syn-dihydroxylation, the Upjohn condition allows a syn-selective preparation of 1,2-
diols from alkenes by the use of osmium tetroxide as a catalyst and a stoichiometric amount of a
cooxidant such as NMO. The toxic and volatile OsO4 can also be prepared in situ by the oxidation
of K20s02(OH)s with NMO. % Moreover, the use of chiral amines enables enantioselective
conversions, such as (DHQ)2-PHAL and (DHQD),-PHAL in the Sharpless Dihydroxylation. This
procedure is performed with an osmium catalyst and a stoichiometric oxidant (e.g. K3Fe(CN)s or
NMO); it is carried out in a buffered solution to ensure a stable pH, since the reaction proceeds
more rapidly under slightly basic conditions. These reagents are also available as stable,
prepackaged mixtures (AD-mix o and AD-mix P) for either enantiopreference (Figure 9).1°0% %%
I Rather than providing an extensive account of all the dihydroxylation methodologies, the
objective of this section is to give an overview of the large manifold of structures subjected to such
reaction providing various o-(hydroxymethyl)cycloalkanols. The section will be divided into two

subgroups describing two distinct synthetic strategies (Scheme 13).
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/O
AD-mix-o AD-mix-§
K,0s0,(0H), (cat.), K,CO3, KzFe(CN)s, (DHQ),PHAL (cat.) K,0s0,(0H), (cat.), KCO3, KsFe(CN)s, (DHQD),PHAL (cat.)

Figure 9. The essential reagents for Sharpless asymmetric dihydroxylation reactions such as AD-mix a and
AD-mix (.

Strateqy 1:
IF HO é
Strateqy 2:

D|hydroxylat|on

HO

Scheme 13. Different strategies for the synthesis of a-(hydroxymethyl)cycloalkanols starting from alkenes.

Strategy 1

This strategy is based on simple dihydroxylation of methylenecycloalkane derivatives using one
of the mentioned methodologies in the previous section. Consequently, access to several natural
products, like pactalactam, atractylenolides and taxoids, has mainly relied on this route (Scheme
14). In 2019, Kim and coworkers have accomplished the first total synthesis of pactalactam; a
minor component of the metabolite of the same genus culture broth as that of pactamycin.?
Thanks to the neighboring siloxy group and the methyl group on oxazoline, the substrate-
dependent dihydroxylation of 107 using OsOs without chiral ligands provided an inseparable
mixture of two diols 108. The diols were subjected to further transformations before reaching the
targeted molecule.!'"!

Similarly, Ramesh and Mehta reported the total synthesis of seven bioactive atractylenolide-type
eudesmanolides including atractylenolide (IV) 110 via an efficient catalytic OsO4-mediated

dihydroxylation of atractylenolide (IT) 109.°! Diol 112 has been also synthesized using Upjohn
condition in good yield. The study was carried out by Hebrault and Uguen showing the possibility
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to expand efficiently the cyclohexanone ring of 6-pinanone derivatives, which was an essential
part of their planned synthesis of taxoids.[*¥

With respect to advanced methodological studies, in their evaluation of 6-6* and torsional effects
in the osmylation of 4-tert-butylmethylenecyclohexane derivatives, Vedejs and coworkers
revealed the effect of the tert-butyl group as well as other substituents on the attack of OsO4 to the
double bond. Steric hindrance has shown a considerable effect on the ratio of the corresponding
diastereoisomers in each case (114, 115).1°°

In addition to total synthesis of natural products and methodologies, such strategy has been also
used either to confirm the structure of a rearrangement product (117)P% or to furnish key

intermediates in a drug candidate synthesis (119).°7]

EMB EMB E 0s0y (cat.),
Phe N 0504 (cat.), NMO.H,O  ppy : _ NMOH0, < 114 (
j// tBUOH/THF/H,0, rt WOH TH,OlAcstone
O\ 85% O~/ \— : 80%
RS £S5 Som i
<&° <& :
107 108 : 115 (
0Os0Oy (cat.)
NMO.H,0

Dioxane/H,0O

50°C,12 h
7%

109

17

HQ,
0s0, (cat.), NMO.H,0,
H,O/Acetone (10:1) AD-mix- [3 tBuOH g
rt, 20 h 70 90%
o (o] OH ?

58% OH
111 112 119

Scheme 14. Selected examples of syn-dihydroxylation of some methylenecycloalkane derivatives.

Strategy 2

The second strategy is based on syn-dihydroxylation of cyclo-alkenylmethanol derivatives,
(Scheme 15). Although it has not been extensively described in the literature, this synthetic
pathway has shown major advantage to furnish directly a-(hydroxymethyl) cycloalkane-1,2-diols.
The strategy has been employed in the total synthesis of forskolin,”®! lactonamycinone,® ovalicin
(197 and some capnellols.'?!]

In 1987, Hashimoto and coworkers reported the total synthesis of the diterpene forskolin, isolated
from the roots of an Indian herb Coleus forskohlii. The authors reported the treatment of 109 with
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a stoichiometric amount of osmium tetroxide providing exclusively the desired 8a,9a-diol 121.
The latter compound was then transformed over 17 steps before reaching the targeted molecu-
le."%?! Treatment of 122 and 124 with similar dihydroxylation conditions led to their corresponding
diols 123 and 125. The latter compounds were building blocks for the total synthesis of
lactonamycinone, and capnellol derivative respectively.[!%]

This strategy has been also applied by Corey et al.'%! to synthesize a significant building block
129 for the total synthesis of ovalicin (Scheme 15). The known allylic alcohol 126 was converted
to compound 127 in two steps via alcohol protection followed by asymmetric dihydroxylation.
Oxidation of the secondary alcohol, elimination of one molecule of MeOH, removal of the
enantioselectivity-enhancing ester unit, followed by conversion of the primary alcohol into a

mesylate, resulted in hydroxymesylate enone 128. Finally, the latter compound was treated with

base to yield enantiopure 129.1100]

1) OsO4, CsHsN, 20 °C, 30 h
2) H,S, CHCl5-Dioxane,
23°C,0.5h
83%

TBDMSO

MsO—, OH
OH A O
(f-i)
—_—

MeO' OMe MeO OMe OMe
126 127 128
O —0 (0)]

. A _0
-
", -
OMe
= OMe
Ovalicin
129

Scheme 15. Selected examples of syn-dihydroxylation of some cycloalkenylmethanol derivatives. Reagents
and conditions: (a) 1) OsOs, TMEDA, DCM; 2) HCI (1M), NaHSO3, THF; (b) TBDMSCI, imidazole, DMF,
r.t., 98%; (c) 1) OsOy, pyridine; 2) NaHSO3, 70 °C, 67%:; (d) p-methoxybenzoyl chloride, NEt;, DMAP, 23
°C, 98%; (e) K»0s04, (DHQ),PHAL, K3Fe(CN)s, KoCOs3, CH3;SO,NH,, tBuOH, H,O, 0 °C, 93%, >99%
ee; (f) oxalyl chloride, DMSO, NEt;, CH,Cly, -78 to 23 °C, 87%; (g) TsOH, CH.Cl,, 23 °C, 93%; (h)
K,>COs, MeOH, 23 °C, 93%; (i) MsCl, NEt3;, CH2Cl,, -78 to 23 °C; (j) NaOH, 23 °C, 82% over two steps.
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3.4. Miscellaneous synthesis of a-(hydroxymethyl)-cycloalkanols
a-hydroxylation of 2-hydroxymethyl ketones:

The two-step procedure of enolate generation and subsequent oxidation of the resulting double
bond has been known in organic chemistry for decades. The first catalytic a-hydroxylations were
reported in 1988 by Shioiri et al.'® They observed moderate to good enantioselectivities in the
oxidation of branched ketones in the presence of alkaline peroxide solution and catalytic amounts
of cinchona-based chiral phase transfer catalysts. However, in 1993, Sharpless group succeeded in
the asymmetric dihydroxylation of silyl enol ethers. This method proved to be quite general and
broadly applicable for the synthesis of a variety of enantiomerically enriched acyloins.['%] This
procedure has been further elaborated by different research groups for various applications.['%!

In 1997, Lopp and coworkers!!®”! described the direct oxidation of 2-(hydroxymethyl)

cyclohexanone 130 under Sharpless oxidation conditions (Scheme 16).

(@] (@]
OH
Y~ OH (a) g ¥ OH
58% (86% ee)
130 133
Tl T H+
OTiL* OTiL*
e
OH tBUOOH/ TIL* v “OH
131 132
PhO,p-N
0 o 2P
OH
(a) N E—
32-36% — O
oH 3236% OH o
134 135 136

Scheme 16. o-hydroxylation of 2-hydroxymethyl ketones 133 and 136 under Sharpless oxidation
conditions. Reagents and conditions (a) Ti(OiPr)4/(+)-DET, t-BuOOH, -20 °C- r.t., app. 46 h. [(+)-DET =
L* = Diethyl tartrate].

The presence of B-hydroxyl group and the branching of the substrate in a-position favored the
formation of the allylic enolates 131 particularly. Then the oxidation of the formed allylic unit
proceeded via the Sharpless oxidation mechanism, resulting in the epoxide 132. This epoxide
rearranged in acidic media furnishing o,B-dihydroxyketone 133. Consequently, the

stereoselectivity of hydroxylation varied from 87-97% ee in the best examples.
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Although the current approach has not been widely applied for the syntheses of a-
(hydroxymethyl)cycloalkanols, Chavre et al. reported such strategy for their stereoselective
synthesis of 2-oxaspiro[m,n]alkane derivatives 136 (Scheme 16). Starting from hydroxymethyl
ketone 134, they synthesize dihydroxyketone 135 in moderate yield with low optical purity (39%
ee).[108]

Reduction of a-hydroxycycloalkane-carboxylic acid derivatives:

The crucial step in this strategy relies on the preparation of the starting material (o-
hydroxycycloalkane-carboxylic acids). In some cases, such compounds occur naturally like quinic
acid 137 (Scheme 17) which is considered as a versatile chiral starting material for the synthesis
of different pharmaceuticals.['%) For instance, Metaferia and coworkers reported the synthesis of
a variety of substrate-mimic mycothiol analogs through compound 138 starting from this acid
1371119 Similarly, Sibilska et al. described the synthesis and biological activity of vitamin D
analogue reaching compound 139 (6-step synthesis from quinic acid) which was then reduced to

its corresponding diol 140.1''!]

) .
HO R
) 0.__0O :
- ~ HO . Air, SlO
1) A, p-TsOH :
— = .

- 2) NaBH,,EtOH o N OH
HO™ Y "OH I 3)Nacim,0 %—6 Ph ez
OH
65%
137 138
~——
—’ HO“ "pTol°—")>
HO“ \''p-Tol
o M 143
HO, P—OMe HQ, y—OH
DIBAL-H,DCM : (e.f) . OH
94%
OTBDMS OTBDMS 07 oH OH
139 140 : 145 146

Scheme 17. Reduction of some o-hydroxycycloalkane-carboxylic acid derivatives. Reagents and
conditions: (a) (p-Tol)2Zn, Ni(acac),, Et,0, 20h, r.t., 50%; (b) Nal, DMSO, 100 °C, 3h, 89%; (c¢) (CH2SH)s,
BF;:.Et,O, DCM, r.t. 1h, 70%; (d) LiAlH4, EtO», 0.5 h, 52%; (e) 1) n-BuLi, DIPA, THF, 0 °C, 15 min, 2)
DMPU, THF, r.t.-50°C, 3 h, 3) Triethyl phosphite, dry O, -90 °C, 3h, 60%; (f) LiAlH4, THF, r.t.- reflux,
2h, 98%.
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Apart from the use of quinic acid as a starting material, various research groups have prepared a-
hydroxycycloalkane-carboxylic acids chemically using classical methods. For example,
compound 142, has been easily obtained via air-oxidation during silica gel column
chromatography of the starting material 141. On the other hand, optically pure 142, a starting
material of diol 144, was obtained by microbial reduction using Rhodotorula rubra CCY 20-7-
1.144 was then used in the formal synthesis of cuparene and laurene reported by Sakai’s group in
1987.[112]

Upon their total synthesis of the fragrances (Z)-B-santalol and (E)-B-santalol, and their
enantiomers, Krotz and Helmchen used also the current strategy for the preparation of intermediate
146. The crucial step was the oxidation of the dianions of the carboxylic acid 145, generated by
deprotonation with lithium diisopropylamide (LDA). The resulting a-peroxide was then reduced
in situ with triethyl phosphite to furnish a-hydroxycarboxylic acid intermediate. The latter was
also reduced via LiAlH4 to offer diol 146.''%)

Mukaiyama-type intramolecular aldol condensation

In 2012, Hanessian et al. described total synthesis of pactamycin and pactamycate.!''*) A nine-step
sequence starting with L-threonine led to the PMP-oxazoline derivative 147 (Scheme 18) which
was then subjected to a highly stereoselective Mukaiyama-type intramolecular aldol condensation,
proceeding via a presumed Ti-coordinated Si-enol ether or the corresponding Ti-enolate. The
resulting building block 148 was obtained as a shelf-stable crystalline product.

Such strategy has not been extensively used in the literature for the formation of a-
(hydroxymethyl)cycloalkanols, but it is considered as a promising pathway for the synthesis of

diastereoselective products with high yields.

1) PMB 0
0 e

/L\ N O

PMB™ SN\ _ O7Es (a)
85% SETOm

O <

{ oH

TBDPSO 447 148 OTBDPS

Scheme 18. Intramolecular aldol condensation of 147. (a) DIPEA, TiCls, TMSCI, CH,Cl,, 0 °C.

Bicyclization reaction

Treatment of 149 with lithium 2,2,6,6-tetramethylpiperidide (LTMP) smoothly generated the 3/5/6

115

tricyclic compound 151 in 90% yield (Scheme 19). !5 The latter compound was then used as a
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building block for several unsymmetric and asymmetric total synthesis, such as chloranthalactone
A, onoseriolide, bolivianine, and isobolivianine.[''®! It is worth noting that replacing the
methoxymethyl (MOM) protective group by a tert-butyldimethyl-silyl (TBS) group in 149 failed

115

to realize the intramolecular cyclopropanation, with a complex mixture formed.!''! Despite its

efficiency in the synthesis of fused o-(hydroxymethyl)cycloalkanols, such strategy is still

considered to be rare in the literature.

"~ MOMO R
SR |
MOMO\\A Ll
149

O 450

l 90%
MOMO 7Y
] ]5 Ko

151 OH

Scheme 19. Bicyclization reaction of 149. (a) LTMP, +~-BuOMe, -78 °C- r.t.

4. Conclusion

This review has systematically given an overview about a-(hydroxymethyl)cycloalkanols; their
occurrence and the existing methodologies for their synthesis. From the simple antibiotic G-2201-
C to the sophisticated bioactive pactamycin, from the anti-HIV-1 activity of hydroxyangeloyl-
gomisin Q to the diabetes controlling effect of voglibose, natural a-(hydroxymethyl)cycloalkanols
isolated from various sources (plants, animals, and microbes) have shown wide and interesting
bioactivities, providing great possibilities for drug design and discovery. Although these molecules
are not well classified, many chemists have endeavored to develop concise, practical, and short
routes toward them for years. The synthetic studies demonstrated herein, not only display the
power of classical and current synthetic methods, but they also exhibit the colorful creativity of
relevant chemists. Numerous challenges remain in synthesis and reactivity of o-
(hydroxymethyl)cycloalkanols, and further exciting developments can be expected in coming

years.

5. References

[1] a) W. Lu, N. Roongsawang, T. Mahmud, Chem. Biol. 2011, 18, 425-431; b) T. Kim, S. Matsushita,
S. Matsudaira, T. Doi, S. Hirota, Y. Park, M. Igarashi, M. Hatano, N. lkeda, J. Ham, Org. Lett. 2019,
21, 3554-3557; c) J. Su, D. Olson, S. Ting, J. Du Bois, J. Org. Chem. 2018, 83, 7121-7134.

30



(2]

(5]

(6]
(7]

(8]

(9]

(10]
[11]

[12]
[13]
(14]

[15]
[16]

[17]

(18]

a) M. E. Abugrain, W. Lu, Y. Li, J. D. Serrill, C. J. Brumsted, A. R. Osborn, A. Alani, J. E. Ishmael, J.
X. Kelly, T. Mahmud, ChemBioChem. 2016, 17, 1585-1588 b) M. lwatsuki, A. Nishihara-
Tsukashima, A. Ishiyama, M. Namatame, Y. Watanabe, S. Handasah, H. Pranamuda, B. Marwoto,
A. Matsumoto, Y. Takahashi, K. Otoguro, S. Omura, J. Antibiot. 2012, 65, 169-171; c) R.
Rodrigues, Y. Lazib, J. Maury, L. Neuville, D. Leboeuf, P. Dauban, B. Darses, Org. Chem. Front.
2018, 5, 948-953.

a) 0. Ando, H. Satake, K. Itoi, A. Sato, M. Nakajima, S. Takahashi, H. Haruyama, Y. Ohkuma, T.
Kinoshita, R. Enokita, J. Antibiot. 1991, 44, 1165-1168; b) O. Ando, M. Nakajima, K. Hamano, K.
Itoi, S. Takahashi, Y. Takamatsu, A. Sato, R. Enokita, T. Okazaki, H. Haruyama, J. Antibiot. 1993,
46,1116-1125.

a) N. Asano, A. Kato, Y. Yokoyama, M. Miyauchi, M. Yamamoto, H. Kizu, K. Matsui, Carbohydr.
Res. 1996, 284, 169-178; b) O. Ando, M. Nakajima, M. Kifune, H. Fang, K. Tanzawa, Biochim.
Biophys. Acta 1995, 1244, 295-302.

a) A. El Nemr, E. S. H. El Ashry, Adv. Carbohydr. Chem. Biochem. 2011, 65, 45-114; b) C. Uchida,
H. Kitahashi, S. Watanabe, S. Ogawa, J. Chem. Soc.,Perkin Trans. 1 1995, 13, 1707-1717.; c) A. El
Nemr, E. S. H. El Ashry, in Adv. Carbohydr. Chem. Biochem., Vol. 65 (Ed.: D. Horton), Elsevier,
Amsterdam, 2011, pp. 45-114.

A. Elbein, Annu. Rev. Biochem 1987, 56, 497-534.

A. El Nemr, E. S. H. El Ashry, in Heterocycles from Carbohydrate Precursors, Vol 7 (Ed.: E. S. H. El
Ashry), Springer, Heidelberg, 2007, pp. 249-285.

a) T. Mahmud, Nat. Prod. Rep. 2003, 20, 137-166; b) O. Arjona, A. M. Gomez, J. C. Lopez, J.
Plumet, Chem. Rev. 2007, 107, 1919-2036.

Y. Kameda, N. Asano, M. Yoshikawa, M. Takeuchi, T. Yamaguchi, K. Matsui, S. Horii, H. Fukase, J.
Antibiot. 1984, 37, 1301-1307.

H. Fukase, S. Horii, J. Org. Chem. 1992, 57, 3642-3650.

Z-G. Zhuo, G-Z. Wu, X. Fang, X-H. Tian, H-Y. Dong, X-K. Xu, H-L. Li, N. Xie, W-D. Zhang, Y-H. Shen,
Fitoterapia 2017, 119, 90-99..

C-P. Shen, J-G. Luo, M-H. Yang, L-Y. Kong, Tetrahedron Lett. 2015, 56, 1328-1331.
Q. Fu, L. Qiu, H-M. Yuan, T. Yu, L. Zou, Helv. Chim. Acta 2016, 99, 46-49.

a) F. A. Macias, A. Lopez, R. M. Varela, A. Torres, J. M. G. Molinillo, J. Chem. Ecol. 2008, 34, 65-
69; b) Q-B. Han, M-L. Li, S-H. Li, Y-K. Mou, Z-W. Lin, H-D. Sun, Chem. Pharm. Bull. 2003, 51, 790-
793; c) N. X. Nhiem, N. T. Thu Hien, B. H. Tai, H. Le Tuan Anh, D. T. T. Hang, T. H. Quang, P. Van
Kiem, C. Van Minh, W. Ko, S. Lee, H. Oh, S. H. Kim, Y. H. Kim, Bioorg. Med. Chem. Lett. 2015, 25,
254-258..

W. Herz, P. Kulanthaivel, Phytochemistry 1984, 23, 1453-1459.

Y-C. Wu, Y-C. Hung, F-R. Chang, M. Cosentino, H-K. Wang, K-H. Lee, J. Nat. Prod. 1996, 59, 635-
637.

K. Mitachi, T. Yamamoto, F. Kondo, T. Shimizu, M. Miyashita, K. Tanino, Chem. Lett. 2010, 39,
630-632.

C. Masuoka, M. Ono, Y. Ito, M. Okawa, T. Nohara, Chem. Pharm. Bull. 2002, 50, 1413-1415.

31



[19]

[20]
[21]

[22]
(23]
[24]
[25]

[26]

(27]
(28]
[29]

(30]

(31]

(32]

(33]

(34]

(35]
(36]
(37]

(38]

(39]

[40]
[41]

T-Y. Wu, Y-B Cheng, F-T. Cheng, Y-M. Hsu, T. Tran Dinh, F-R. Chang, Y-C. Wu, Helv. Chim. Acta
2014, 97, 1714-1718.

D. P. de Lima, A. J. Carnell, S. M. Roberts, J. Chem. Res. 1999, 396-397.

A. San Feliciano, M. Medarde, M. Gordaliza, E. Del Olmo, J. M. G. del Corral, Phytochemistry
1989, 28, 2717-2721..

B-J. Xie, S-P. Yang, J-M. Yue, Phytochemistry 2008, 69, 2993-2997..
A. S. R. Anjaneyulu, P. M. Gowri, M. V. R. Krishna Murthy, J. Nat. Prod. 1999, 62, 1600-1604.
M. Qin, X. Li, B. Wang, Chin. J. Chem . 2012, 30, 1278-1282.

M. Wibowo, V. Prachyawarakorn, T. Aree, C. Mahidol, S. Ruchirawat, P. Kittakoop,
Phytochemistry 2016, 122, 126-138.

S. Chokpaiboon, D. Sommit, T. Teerawatananond, N. Muangsin, T. Bunyapaiboonsri, K. Pudhom,
J. Nat. Prod. 2010, 73, 1005-1007.

J. A. F. Gardner, G. M. Barton, H. Maclean, Can. J. Chem. 1959, 37, 1703-1709..
M. Chan-Yeung, P. C. Giclas, P. M. Henson, J. Allergy Clin. Inmun. 1980, 65, 333-337.

a) S. Vedal, M. Chan-Yeung, D. A. Enarson, H. Chan, E. Dorken, K. S. Tse, J. Allergy Clin. Immun.
1986, 78, 1103-1109; b) M. Chan-Yeung, J. Allergy Clin. Imnmun. 1982, 70, 32-37.

Y. Shi, W. Zhong, H. Chen, R. Wang, S. Shang, C. Liang, Z. Gao, Y. Zheng, W. Xiao, H. Sun, Chin. J.
Chem . 2014, 32, 734-740.

a) M. De Rosa, A. Gambacorta, B. Nicolaus, J. D. Bu'Lock, Phytochemistry 1980, 19, 821-825; b)
M. De Rosa, A. Gambacorta, B. Nicolaus, B. Chappe, P. Albrecht, Biochim. Biophys. Acta 1983,
753, 249-256.

a) T. Date, K. Aoe, K. Kotera, K. Umio, Chem. Pharm. Bull. 1974, 22, 1963-1967; b) K. Umino, T.
Furama, N. Matzuzawa, Y. Awataguchi, Y. Ito, Chem. Pharm. Bull. 1974, 22, 1233-1238.

a) S.J. Branca, A. B. Smith Ill, J. Am. Chem. Soc. 1978, 100, 7767-7768; b) N. T. Keen, S. Tamaki,
D. Kobayashi, D. Trollinger, Gene 1988, 70, 191-197.

K-H. Lee, I. H. Hall, E-C. Mar, C. O. Starnes, S. EIGebaly, T. G. Waddell, R. I. Hadgraft, C. G.
Ruffner, I. Weidner, Science 1977, 196, 533-536.

K. Itami, T. Kamei, K. Mitsudo, T. Nokami, J. Yoshida, J. Org. Chem. 2001, 66, 3970-3976.
K. Tamao, N. Ishida, Tetrahedron Lett. 1984, 25, 4245-4248.

a) M. Das, D. F. O’Shea, Org. Lett. 2016, 18, 336-339; b) T. A. Hamlin, C. B. Kelly, R. M. Cywar, N.
E. Leadbeater, J. Org. Chem. 2014, 79, 1145-1155.

a) K. Tamao, N. Ishida, T. Tanaka, M. Kumada, Organometallics 1983, 2, 1694-1696; b) K. Tamao,
Proc. Jpn Acad., Ser. B 2008, 84, 123-133.

a) M. Utsugi, Y. Kamada, H. Miyamoto, M. Nakada, Tetrahedron Lett. 2007, 48, 6868-6872; b) M.
Iwamoto, M. Miyano, M. Utsugi, H. Kawada, M. Nakada, Tetrahedron Lett. 2004, 45, 8647-8651.

H-J. Chen, Y. Wu, Org. Lett. 2015, 17, 592-595.
C. Fuganti, D. Joulain, F. Maggioni, L. Malpezzi, S. Serra, A. Vecchione, Tetrahedron Asymmetry
2008, 19, 2425-2437.

32



[42]
[43]
[44]

[45]

[46]

[47]

(48]

[49]
(50]

(51]
(52]
(53]

(54]

[55]

(56]

(57]

(58]

(59]
[60]

[61]

[62]

T. Imamoto, T. Takeyama, M. Yokoyama, Tetrahedron Lett. 1984, 25, 3225-3226.
J. D. White, R. W. Skeean, G. L. Trammell, J. Org. Chem. 1985, 50, 1939-1948.

a) J. D. White, T. C. Somers, J. Am. Chem. Soc. 1987, 109, 4424-4426; b) R. B. Kelly, M. L. Harley,
S.J. Alward, R. N. Rej, G. Gowda, A. Mukhopadhyay, P. S. Manchand, Can. J. Chem. 1983, 61,
269-275.

P. Wipf, Y. Kim, P. C. Fritch, J. Org. Chem. 1993, 58, 7195-7203.

H. W. Fehlhaber, H. Kogler, T. Mukhopadhyay, E. K. S. Vijayakumar, K. Roy, R. H. Rupp, B. N.
Ganguli, J. Antibiot. 1988, 41, 1785-1794..

a) W. C. Still, . Am. Chem. Soc. 1978, 100, 1481-1487; b) C. R. Johnson, J. R. Medich, J. Org.
Chem. 1988, 53, 4131-4133.

a) S. E. Chillous, D. J. Hart, D. K. Hutchinson, J. Org. Chem. 1982, 47, 5418-5420; b) V. Dimitrov, S.
Panev, Tetrahedron Asymmetry 2000, 11, 1513-1516.

C. Kobler, F. Effenberger, Eur. J. Chem. 2005, 11, 2783-2787.

a) Y. Tsukamoto, S. Nonomura, H. Sakai, Agric. Biol. Chem. 1977, 41, 435-444; b) Y. Konda, Y.
Toda, H. Takayanagi, H. Ogura, Y. Harigaya, H. Lou, X. Li, M. Onda, J. Nat. Prod. 1992, 55, 1118-
1123; ¢) T. Ishikawa, J. Kitajima, Y. Tanaka, Chem. Pharm. Bull. 1998, 46, 1603-1606; d) K. M.
Madyastha, V. Srivatsan, Xenobiotica 1987, 17, 539-549.

F. Effenberger, J. Roos, C. Kobler, H. Buhler, Can. J. Chem. 2002, 80, 671-679.
M. E. Jung, C. A. McCombs, Y. Takeda, Y-G. Pan, J. Am. Chem. Soc. 1981, 103, 6677-6685..

R. F. G. Frohlich, A. A. Zabelinskaja-Mackova, M. H. Fechter, H. Griengl, Tetrahedron Asymmetry
2003, 14, 355-362.

J. L. Garcia Ruano, C. Garcia Paredes, C. Hamdouchi, Tetrahedron Asymmetry 1999, 10, 2935-
2944,

a) M. J. Donaldson, V. Skoumas, M. Watson, P. A. Ashworth, H. Ryder, M. Moore, R. C. Coombes,
Eur. J. Cancer 1999, 35, 1014-1019; b) R. M. Carman, A. C. Garner, Aust. J. Chem. 1996, 49, 741-
749.

a) G. Blay, V. Bargues, L. Cardona, B. Garcia, J. R. Pedro, Tetrahedron 2001, 57, 9719-9725; b) C.
H. Heathcock, R. Ratcliffe, J. Am. Chem. Soc. 1971, 93, 1746-1757.

M-K. Parr, A. ZoélIner, G. FuBholler, G. Opfermann, N. Schlorer, M. Zorio, M. Bureik, W. Schanzer,
Toxicol. Lett. 2012, 213, 381-391.

W. Schénzer, H. Geyer, G. FuBholler, N. Halatcheva, M. Kohler, M-K. Parr, S. Guddat, A. Thomas,
M. Thevis, Rapid Commun. Mass Spectrom. 2006, 20, 2252-2258.

I. Nitta, S. Fujimori, H. Ueno, Bull. Chem. Soc. Jpn. 1985, 58, 978-980.

J. Yamaguchi, M. Toyoshima, M. Shoji, H. Kakeya, H. Osada, Y. Hayashi, Angew. Chem. Int. Ed.
2006, 45, 789-793.

a) J. Yamaguchi, Y. Hayashi, Chem. Eur. J. 2010, 16, 3884-3901; b) D. Ingber, T. Fujita, S.
Kishimoto, K. Sudo, T. Kanamaru, H. Brem, J. Folkman, Nature 1990, 348, 555-557.

M. Suzuki, Y. Morita, H. Koyano, M. Koga, R. Noyori, Tetrahedron 1990, 46, 4809-4822.

33



(63]

[64]
[65]
(66]
(67]
(68]
(69]

[70]

[71]
[72]
(73]

[74]
[75]
[76]

[77]

(78]

[79]

(80]

(81]
(82]
(83]

a) P. Ambrosi, A. Arnone, P. Bravo, L. Bruché, A. De Cristofaro, V. Francardi, M. Frigerio, E. Gatti,
G. S. Germinara, W. Panzeri, F. Pennacchio, C. Pesenti, G. Rotundo, P. F. Roversi, C. Salvadori, F.
Viani, M. Zanda, J. Org. Chem. 2001, 66, 8336-8343; b) T. Sato, H. Kaneko, S. Yamaguchi, J. Org.

Chem. 1980, 45, 3778-3782.

A. G. Griesbeck, M. Reckenthaler, Beilstein J. Org. Chem. 2014, 10, 1143-1150.

M. Bowker, Green Chem. 2011, 13, 2235-2246.

S. Kohtani, E. Yoshioka, K. Saito, A. Kudo, H. Miyabe, J. Phys. Chem. 2012, 116, 17705-17713.
A. Clerici, O. Porta, J. Org. Chem. 1989, 54, 3872-3878.

J. Park, S. F. Pedersen, Tetrahedron 1992, 48, 2069-2080.

a) B. Giese, B. Kopping, T. Gobel, J. Dickhaut, G. Thoma, K. J. Kulicke, F. Trach, Org. React. Wiley,
Hoboken, 1996, 48, pp. 303-856; b) D. S. Hays, G. C. Fu, J. Am. Chem. Soc. 1995, 117, 7283-7284;
c) G. A. Molander, C. Kenny, J. Am. Chem. Soc. 1989, 111, 8236-8246

J. Marco-Contelles, P. Gallego, M. Rodriguez-Fernandez, N. Khiar, C. Destabel, M. Bernabé, A.
Martinez-Grau, J. L. Chiara, J. Org. Chem. 1997, 62, 7397-7412.

A. Boiron, P. Zillig, D. Faber, B. Giese, J. Org. Chem. 1998, 63, 5877-5882.
I. Storch de Gracia, H. Dietrich, S. Bobo, J. L. Chiara, J. Org. Chem. 1998, 63, 5883-5889.

a) J. Gorzynski Smith, Synthesis 1984, 1984, 629-656; b) A. Padwa, S. S. Murphree, Arkivoc 2006,
6-33.

S. P. Tanis, M. C. McMills, P. M. Herrinton, J. Org. Chem. 1985, 50, 5887-5889.
M. Bergner, D. C. Duquette, L. Chio, B. M. Stoltz, Org. Lett. 2015, 17, 3008-3010.

S. Ogawa, Y. Ohishi, M. Asada, A. Tomoda, A. Takahashi, Y. Ooki, M. Mori, M. Itoh, T. Korenaga,
Org. Biomol. Chem. 2004, 2, 884-889.

a) K. G. M. Kou, S. Kulyk, C. J. Marth, J. C. Lee, N. A. Doering, B. X. Li, G. M. Gallego, T. P. Lebold,
R. Sarpong, J. Am. Chem. Soc. 2017, 139, 13882-13896; b) K. G. M. Kou, B. X. Li, J. C. Lee, G. M.
Gallego, T. P. Lebold, A. G. DiPasquale, R. Sarpong, J. Am. Chem. Soc. 2016, 138, 10830-10833.

S. Ogawa, Y. Uematsu, S. Yoshida, N. Sasaki, T. Suami, J. Carbohydr. Chem. 1987, 6, 471-478.

N. J. Rahier, N. Molinier, C. Long, S. K. Deshmukh, A. S. Kate, P. Ranadive, S. A. Verekar, M.
Jiotode, R. R. Lavhale, P. Tokdar, A. Balakrishnan, S. Meignan, C. Robichon, B. Gomes, Y.
Aussagues, A. Samson, F. Sautel, C. Bailly, Biorg. Med. Chem. 2015, 23, 3712-3721.

R. N. Khaibullin, I. Y. Strobykina, V. E. Kataev, O. A. Lodochnikova, A. T. Gubaidullin, A. A.
Balandina, S. K. Latypov, Russ. J. Org. Chem. 2010, 46, 1006-1012.

Y. Matsuda, Y. Endo, Y. Saikawa, M. Nakata, J. Org. Chem. 2011, 76, 6258-6263.
J. L. Cheng, Y. Zhou, J. H. Zhao, C. Zhang, F. C. Lin, Chin. Chem. Lett. 2010, 21, 1037-1040.

a) N. Pérez-Hernandez, M. Febles, C. Pérez, R. Pérez, M. L. Rodriguez, C. Foces-Foces, J. D.
Martin, J. Org. Chem. 2006, 71, 1139-1151; b) W. J. Choi, Y. J. Ko, G. Chandra, H. W. Lee, H. O.
Kim, H. J. Koh, H. R. Moon, Y. H. Jung, L. S. Jeong, Tetrahedron 2012, 68, 1253-1261; c) X-F. Zhu,
F. Nydegger, A. Gossauer, Helv. Chim. Acta 2004, 87, 2245-2265; d) F. Cachoux, M. lbrahim-
Ouali, M. Santelli, Synlett 2002, 2002, 1987-1990; e) K. Oumzil, M. Ibrahim-Quali, M. Santelli,
Steroids 2006, 71, 886-894; f) W. Adam, E. Cramer, Chemi. Ber. 1987, 120, 1921-1924.

34



(84]
(85]
(86]
(87]

(88]

(89]
[90]

[91]

[92]

(93]
[94]
[95]
[96]
[97]
(98]
[99]

[100]

[101]
[102]
[103]

[104]

S. Kohtani, E. Yoshioka, K. Saito, A. Kudo, H. Miyabe, J. Phys. Chem. C 2012, 116, 17705-17713.
H. Huang, C. J. Forsyth, J. Org. Chem. 1995, 60, 2773-2779.
S. Knapp, A. Purandare, K. Rupitz, S. G. Withers, J. Am. Chem. Soc. 1994, 116, 7461-7462.

S. Hanessian, R. R. Vakiti, S. Dorich, S. Banerjee, F. Lecomte, J. R. DelValle, J. Zhang, B.
Deschénes-Simard, Angew. Chem. Int. Ed. 2011, 50 3497-3500.

a) Y. Kobayashi, H. Miyazaki, M. Shiozaki, J. Am. Chem. Soc. 1992, 114, 10065-10066; b) N.
Ohyabu, T. Nishikawa, M. Isobe, J. Am. Chem. Soc. 2003, 125, 8798-8805; c) G. Yue, L. Yang, C.
Yuan, B. Du, B. Liu, Tetrahedron 2012, 68, 9624-9637.

M. Schwarz, O. Reiser, Angew. Chem. Int. Ed. 2011, 50, 10495-10497.

a) D. Deubel, G. Frenking, Acc. Chem. Res. 2003, 36, 645-651; b) G. Molander, R. Figueroa, Org.
Lett. 2006, 8, 75-78; c) K-i. Fujita, S. Umeki, H. Yasuda, Synlett 2013, 24, 947-950.; d) S. V. Ley, C.
Ramarao, A-L. Lee, N. @stergaard, S. C. Smith, I. M. Shirley, Org. Lett. 2003, 5, 185-187; ) . M.
Choudary, N. S. Chowdari, K. Jyothi, M. L. Kantam, J. Am. Chem. Soc. 2002, 124, 5341-5349; f) Y.
Monguchi, F. Wakayama, H. Takada, Y. Sawama, H. Sajiki, Synlett 2015, 26, 700-704.

a) G. M. Mehltretter, S. Bhor, M. Klawonn, C. Doebler, U. Sundermeier, M. Eckert, H-C. Militzer,
M. Beller, Synthesis 2003, 295-301; b) L. C. Branco, C. A. M. Afonso, J. Org. Chem. 2004, 69,
4381-4389; c) M. H. Junttila, O. E. O. Hormi, J. Org. Chem. 2009, 74, 3038-3047.; d) M. H.
Junttila, O. E. O. Hormi, J. Org. Chem. 2004, 69, 4816-4820.

a) S. I. Elshahawi, K. A. Shaaban, M. K. Kharel, J. S. Thorson, Chem. Soc. Rev. 2015, 44, 7591-
7697; b) K. L. Rinehart Jr, D. D. Weller, C. J. Pearce, J. Nat. Prod. 1980, 43, 1-20; ¢) T. Kim, S.
Matsushita, S. Matsudaira, T. Doi, S. Hirota, Y. T. Park, M. Igarashi, M. Hatano, N. lkeda, J. Ham,
M. Nakata, Org. lett. 2019, 21, 3554-3557.

S. Ramesh, G. Mehta, Tetrahedron Lett. 2015, 56, 5545-5548.

D. Hébrault, D. Uguen, A. De Cian, J. Fischer, Tetrahedron Lett. 1998, 39, 6703-6706.

E. Vedejs, W. H. Dent lll, . Am. Chem. Soc. 1989, 111, 6861-6862.

M. K. Sharma, M. G. Banwell, A. C. Willis, Asian J. Org. Chem. 2014, 3, 632-637.

D. Ainge, D. Ennis, M. Gidlund, M. Stefinovic, L-M. Vaz, Org. Proc. Res. Dev. 2003, 7, 198-201.
K. B. Seamon, W. Padgett, J. W. Daly, Proc. Natl. Acad. Sci. 1981, 78, 3363-3367..

X. Zhang, L. B. Alemany, H-P. Fiedler, M. Goodfellow, R. J. Parry, Antimicrob. Agents Chemother.
2008, 52, 574-585.

a) E. J. Corey, J. P. Dittami, J. Am. Chem. Soc. 1985, 107, 256-257; b) E. J. Corey, A. Guzman-
Perez, M. C. Noe, J. Am. Chem. Soc. 1994, 116, 12109-12110.

R. D. Little, G. L. Carroll, J. L. Petersen, J. Am. Chem. Soc. 1983, 105, 928-932.
S-i. Hashimoto, S. Sakata, M. Sonegawa, S. lkegami, J. Am. Chem. Soc. 1988, 110, 3670-3672.

a) T. Mase, M. Shibasaki, Tetrahedron Lett. 1986, 27, 5245-5248; b) T. Siu, C. D Cox, S. J.
Danishefsky, Angew. Chem. Int. Ed. 2003, 45, 5629-5634.

M. Masui, A. Ando, T. Shioiri, Tetrahedron Lett. 1988, 29, 2835-2838.

35



[105]

[106]

[107]
[108]

[109]

[110]
[111]

[112]
[113]
[114]

[115]
[116]

K. Morikawa, J. Park, P. G. Andersson, T. Hashiyama, K B.. Sharpless, J. Am. Chem. Soc. 1993,
115, 8463-8464.

a) M. Schulz, R. Kluge, M. Schiiller, G. Hoffmann, Tetrahedron 1995, 51, 3175-3180; b) D. Gala,
D. J. DiBenedetto, I. Mergelsberg, M. Kugelman, S. Research, Tetrahedron Lett. 1996, 37, 8117-
8120; c) N. Komiya, S. Noji, S-I. Murahashi, Tetrahedron Lett. 1998, 39, 7921-7924; d) B. Plietker,
Tetrahedron Asymmetry 2005, 16, 3453-3459.

M. Lopp, A. Paju, T. Kanger, T. Pehk, Tetrahedron Lett. 1997, 38, 5051-5054.

a) S. N. Chavre, P. R. Ullapu, S-J. Min, J. K. Lee, A. N. Pae, Y. Kim, Y. S. Cho, Org. Lett. 2009, 11,
3834-3837; b) A. Paju, T. Kanger, T. Pehk, M. Lopp, Tetrahedron 2002, 58, 7321-7326.

A. Barco, S. Benetti, C. De Risi, P. Marchetti, G. P. Pollini, V. Zanirato, Tetrahedron Asymmetry
1997, 8, 3515-3545.

B. B. Metaferia, S. Ray, J. A. Smith, C. A. Bewley, Bioorg. Med. Chem. Lett. 2007, 17, 444-447.

I. Sibilska, K. M. Barycka, R. R. Sicinski, L. A. Plum, H. F. Deluca, J. Steroid Biochem. Mol. Biol.
2010, 121, 51-55

K. Okano, H. Suemune, K. Sakai, Chem. Pharm. Bull. 1988, 36, 1379-1385.
A. Krotz, G. Helmchen, Tetrahedron Asymmetry 1990, 1, 537-540.

S. Hanessian, R. R. Vakiti, S. Dorich, S. Banerjee, B. Deschénes-Simard, J. Org. Chem. 2012, 77,
9458-9472.

G. Yue, L. Yang, C. Yuan, X. Jiang, B. Liu, Org. Lett. 2011, 13, 5406-5408.
B. Du, C. Yuan, T. Yu, L. Yang, Y. Yang, B. Liu, S. Qin, Chem. Eur. J. 2014, 20, 2613-2622.

36



Chapter Il

Photochemical

Hydroxymethylation

37



Ch. II: Photochemical
Hydroxymethylation

1. Introduction

As shown in Chapter one, photochemical hydroxymethylation of carbonyl compounds has been
studied in a series of papers by different research groups. It has been shown that carbonyl
compounds!!! 152 as well as imines!?! couple with methanol to give 1,2-diols or 1,2-amino
alcohols, respectively, when irradiated in the presence of stoichiometric or sub-stoichiometric
amounts of titanium tetrachloride (Scheme 1). To run these reactions to completion, not less than
0.5 equivalents of TiCls are necessary. Furthermore, the addition of TiCls to methanol solutions is

ponderous and it is unclear what species is catalytically active.

X 5 HX OH
P i
R1 R2 MeOH, cat. R R2

1
152 153

Scheme 1. Photohydroxymethylation of carbonyl compounds and imines (X = O or NR).!

To evaluate the nature of the active catalytic species in the photochemical homogenous titanium-
catalyzed hydroxymethylation and to develop a truly catalytic process, Griesbeck and
Reckenthiler™ used a model reaction for catalyst screening (acetophenone/methanol) and applied

the optimal homogenous reaction conditions to other ketones and ketoesters.

0 HO R
HO 2 OH
)J\ hy OH + &R1 +
R; Rz MeOH, cat. R1XR—2 R; 5. OH R1)\R2
2
154 155 156 157

| Model process, Ry = Ph, R, = Me |

Scheme 2. Photocatalyzed ketone/methanol reaction.!

Various monomeric titanium complexes were applied to the type TiCl,(OiPr)s—, (n =0, 1, 2, 3) 4!
in the model reaction (Scheme 2). In the absence of any titanium species, photolysis at 254 and
300 nm, respectively, led only to trace amounts of the hydroxymethylation product 155 via a
(triplet carbonyl) excited-state hydrogen-transfer process. In the presence of the tetraalkoxide

Ti(O1Pr)s, only the reduction product 157 was detected which demonstrates that chlorotitanium
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complexes are crucial for the desired reaction path. TiCl(OiPr); showed no activity at all, meaning
that no further ligand exchange to a tetraalkoxide derivatives did occur from this complex. With
TiCls and TiCI30iPr, compound 155 was obtained in moderate yield. However, the optimal results
regarding reaction time and yields were observed with TiCl2(OiPr),. The irradiation of different
aliphatic and aromatic ketones with the latter catalyst in methanol led to the desired compound
155 (38-60% yield). These conditions were also applied to ketoester substrates 158, allowing the
formation of lactones from the corresponding hydroxymethylation products 159 (Scheme 3).
Lactone A was isolated for n =1 or 2 (54-56% yield), whereas Lactone B was obtained for n =3
(28% yield).

O,
HO. —> Ry O Lactone A

/U\MJ\ hv (254 nm)
Ri OR2 " TicIOiPr)y,MeOH R OR,

n

O
158 159 HO O|j Lactone B
)n
R4

Scheme 3. Photohydroxymethylation and subsequent lactonization of keto esters.?!

Despite their fruitful efforts, the authors did not report the investigation of any cyclic -ketoester
under such conditions. Furthermore, the reaction has not been applied to natural cyclic ketones
yet. For these reasons, we wanted to investigate the subject precisely by considering these two
points. Our main objective was also to furnish bicyclic y-lactones that could be used to rapidly

access a wide variety of complex structures.

2. Preparation of different a-substituted B-ketoesters

To expand the scope of our study, it was necessary to prepare different a-substituted alkyl 2-
oxocycloalkanecarboxylates via a-alkylation reaction. Such types of reactions are well-known,
and various theories have been proposed and examined. Problems arise from the bidentate nature

31 or at the carbon one.[®! A polar aprotic

of the anion, which may react at both the oxygen center!
medium, a large counterion, low concentrations of the anion, a hard leaving group, and an
alkylating agent of low Sn2 reactivity are usually suggested to favor O-alkylation; the C-alkylation
requiring, of course, opposite conditions. Thus, good yields of C-alkylated products are obtained,

employing unhindered primary halides. In such cases, the reaction of the enol rather than the
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enolate anion with a carbonium ion or carbonium ion-like species is the preferred route.l’!
The o-substituted derivatives 161a-0 were prepared using commercially available alkyl 2-

oxocycloalkanecarboxylates 160a-d. The details of a-alkylation reactions are shown in Table 1.

Table 1. Alkylation of B-ketoesters 160a-d.

O O o O
R,Br
OR1 Cond.AorCond.B _ OR;
Table 1 R2
n n
160a-d 161a-0
Entry SM¢ n R Condition®  Product R> t(h  %Yield?
1 160b 0 Et A 161a Methyl 48 83
2 160d 1 Et A 161b Methyl 40 97
3 160a 0 Me A 161c Benzyl 20 77
4 160b 0 Et A 161d Benzyl 22 90
5 160d 1 Et A 161e Benzyl 22 75
6 160a 0 Me A 161f Allyl 48 69
7 160b 0 Et A 161g Allyl 25 62
8 160c 1 Me A 161h Allyl 76 53
9 160d 1 Et A 161i Allyl 26 77
10 160a 0 Me B 161j Propargyl 20 97
11 160b 0 Et B 161k Propargyl 19 97
12 160c 1 Me B 1611 Propargyl 21 76
13 160d 1 Et B 161m Propargyl 28 85
14 160b 0 Et A 161n -CH>-CO,Et 18 84
15 160a 0 Me A 1610 -CH>-C(CH3)=CH» 20 85

aStarting material; *cond. (A) i) NaH, THF, 0 °C, 30 min., ii) RoBr, THF, 0 °C to r.t.; °cond. (B) i) #-BuOK, #-
BuOH, r.t., 30 min, ii) propargyl-Br (80% in toluene), reflux (85- 90 °C); “reaction time; “isolated yield.

In most of the cases, the chosen B-ketoester was added to a stirred suspension of NaH in THF at
0°C, which was accompanied by an instantaneous change of color from white turbid to dark
yellow. The dropwise addition of the corresponding alkyl bromide turned the mixture orange
turbid of increasing intensity over time (Condition A). However, another reaction condition, of
high efficiency, was exclusively used to prepare the a-propargyl adducts. Refluxing the given

ketoester with propargyl bromide and potassium tert-butoxide afforded the thermodynamically

40



preferred a-substituted derivatives (Condition B).!®!

In general, the formed products were obtained from moderate to excellent yields (53%- 97%) over
18 to 76 hours, depending on the nature of alkylating agents and the used condition. Reactions of
160a-d with allyl bromide were relatively longer than those with other alkyl bromide derivatives
(Entries 6-9). However, the best results, in terms of reaction time and isolated yields, were
achieved when the reactions of ketoesters 160a-b were carried out with propargyl bromide
under condition B (Entries 10-11). It is noteworthy that the nature of the starting material,
which only differs in terms of ester moiety and ring size, has also shown an unexpected
impact on the reaction yield. For instance, when treated under similar conditions with benzyl
bromide, compounds 160a-b afforded different results (Entries 3-4). Likewise, 160a,c, of
5- and 6- membered rings respectively, gave different reaction yields of their a.-substituted
counterparts when treated with propargyl bromide under condition B (Entries 10,12). So

far, there is no experimental explanation for the obtained difference.

3. Preparation of the photocatalyst

With the a-substituted alkyl 2-oxocycloalkanecarboxylates 161a-o0 in hand, we turned our
attention to the preparation of the photocatalyst dichlorotitanium diisopropoxide TiCl2(OiPr),. The
reagent can be obtained commercially from different chemical suppliers, but it is highly
recommended to prepare it freshly from readily available Ti(OiPr)s and TiCls.[) Upon contact with
humid air, titanium tetrachloride forms spectacular opaque clouds of titanium dioxide (TiO2) and
hydrated hydrogen chloride. For this reason, the reaction between both titanium compounds was
carried under a dry and inert atmosphere. The resulting colorless crystals can be handled on-air for

weighting and can be kept in a closed container for a long period without losing its performance.

Y

Cly
Ti*'Cl T|“O‘< Hexane (dry), Ar 2 SN T|“C|
cl” cl 69%, 2-3 h )\

o’ i

Scheme 4. Preparation of dichlorotitanium diisopropoxide TiCl2(OiPr)s.
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4. Photochemical hydroxymethylation of alkyl oxocycloalkanecarboxylates 160b-d

The study began by testing ethyl 2-oxocycloalkanecarboxylates 160b-d under similar conditions
reported by Griesbeck and Reckenthiler.®’! Either Ti(OiPr)s or TiCly(OiPr), was used as a
photocatalyst with the chosen substrate in methanol (Table 2). The whole mixture was then
irradiated in quartz tubes by UV light (254 nm) under an inert atmosphere. The slightly yellowish
initial solution turns yellow-orange over time indicating the formation of reduced titanium species.
After irradiation for a specific period, it was expected to observe the formation of y-lactones 163b-
d from the corresponding hydroxymethylation products 162b-d (route I). The irradiation of
ketoester 160d for 4 hours without any titanium catalysis gave no reaction neither at 254 nm nor
at 366 nm. This result is in contradiction with the photochemical lactonization of dihydroxy ester,
which was obtained by Kagan and coworkers!'” in 1969, upon irradiation of ethyl acetoacetate in

alcohol.

Table 2. Hydroxymethylation reaction on two different positions.

HO
wo) o Ho [~
O
J— OEt |-- %-»
0 0 . n n
ot v (254nm) cat. T ie2bd 163b-d
_4Q0
- MeOH, 25- 48 °C o o
(In
160b-d Table 2 N OEt
n OH
164b-d
Entry SM* n Catalyst Product t(h)’ %VYield
1 160d 1 - - 4 - d
2 160b 0 Ti(OiPr)s 164b 6 41
3 160d 1 Ti(OiPr)s 164d 5 38
4 160b 0  TiClx(OiPr)2 164b 24-72 - ¢
160d 1 TiClx(OiPr)2 164d 4 40

4[160b-d]= 0.125 M. "Irradiation time. ‘Isolated yield. “no reaction neither at 254 nm nor at 366nm. ‘decomposition.
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Unpredictively, hydroxymethylation took place at the a-position of the used ketoester (route II) to
afford hydroxymethyl adducts 164b-d. Moderate yields with incomplete conversions of these
compounds were obtained when irradiating 160b-d with Ti(OiPr)s or TiCl2(OiPr), for a short
period (4- 6 h, Entries 2, 3, 5, Table 2). In contrast, the irradiation of 160b with TiCl>(OiPr), for
24 or 72 hours led to the decomposition of the whole mixture (Entry 4, Table 2).

The most probable explanation of this reaction (route II) relies on methanol oxidation, which is
the crucial primary step in the process (Scheme 5). The used photocatalyst is capable of oxidizing
methanol into formaldehyde in the excited state and simultaneously acting as a ground-state Lewis
acid that complexes the carbonyl compound. Consequently, aldolization reaction could easily take
place at this level to afford aldols 164b-d.

By taking a closer look at literature, several research groups reported such type of
hydroxymethylation using formaldehyde sources and metal complexes, such as Pd(II)-BINAP,!'!]

Nio-Schiff base complex,'?! and Fe(acac)s.[!?!

iV iV
+
Me—OH%[Me—OH % =0
Tilll TiIII
o o o 0
OFt hv (254 nm), cat. OEt
MeOH, 25- 48 °C
- oo [ OH
160b-d 164b-d
n
[T ]\9 o o o \
[Ti"]| MeOH MeOH,
OEt OEt
+ H830,
MeOH, n n Of[Ti" MeOH

Scheme 5. Suggested Mechanism for the formation of aldols 164b-d.

5. Photochemical hydroxymethylation of a-substituted alkyl 2-
oxocycloalkanecarboxylates: access to bicyclic y-lactones.

a-Alkylation of cyclic B-ketoesters does not only protect the a-position from unwanted enolization

but also may add new functionality for further cyclization. In this section, the synthetic challenges
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of some significant bicyclic y-lactones, which are included in the subsequent chapters, will be

highlighted, and alternative processes for their preparation will be discussed shortly.

5.1. Synthesis of propargyl bicyclic y-lactones

A screen of photochemical reaction conditions on 161j-m has been conducted in the presence of
TiCl2(OiPr); under an inert atmosphere, varying both the irradiation wavelength and the reaction
time as shown in Table 3. Irradiation of ketoesters 161k,l at 300 nm for 24 to 70 hours led to traces

of 166a with a negligible conversion of the starting material ("H NMR analysis) (Entries 2, 8).

Table 3. Photochemical hydroxymethylation reaction of 161j-m.

HO,
o o o) O o, S
OR, v (254 nm), TiCI,(OiPr); OR, @
MeOH, 25- 48 °C ;
n | | Table 3 i n I | | R{OH n | |
161j-m 165j-m 166a,n =0
166b, n =1
Entry SM* n Ri t (h)’ A (nm)*  Product  %Yield”
1 161k 0 Et 24 380-700 166a -¢
2 161k 0 Et 24 300 166a Traces
3 161k 0 Et 38 254 166a 7
4 161k 0 Et 48 254 166a 12
5 161k 0 Et 118 254 166a 12
6 161j 0 Me 44 254 166a 13
7 161j 0 Me 48 254 166a 13
8 1611 1 Me 70 300 166b Traces
9 161m 1 Et 64 254 166b 19
10 161m 1 Et 48 254 166b 19
11 1611 1 Me 48 254 166b 21

4[161j-m]= 0.1- 0.125 M. ’Irradiation time. ‘Irradiation wavelength. “Isolated yield. “No reaction.

Similarly, no reaction of 161k was observed when exposed to visible light for 24 hours (Entry 1).

However, when irradiated at 254 nm for 48 hours, the yield of the appropriate bicyclic y-lactone
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1611 rose to 21% with a conversion of 60% of the starting material (Entry 11). By applying these
conditions to ketoesters 161j-k, the yield decreased by nearly half (Entries 4-7).

Presumably, the 6-membered ring has a greater impact on the stabilization of the generated
hydroxymethyl radical, thus increasing the rate of coupled electron transfer with oxidized
methanol. This hypothesis may explain the yield gap between the 5- and 6- membered ring adducts
during the photochemical process. Moreover, it has been supposed that the ethyl ester group could
influence the yield due to secondary reactions, such as intramolecular abstraction of a y-hydrogen
known as Norrish type II (Scheme 6).'¥ In contrary to this hypothesis, 161j-k were isolated in
similar yields (12- 13%) when irradiated under the same reaction condition (Entries 4, 7), likewise,
1611-m (19-21% yield) (Entries 10, 11), meaning that there is no real impact of ethyl ester on the
reaction yield.

Fragmentation (Concerted mechanism)

\ O O
H_H
Fragmentation O &+ I
Hy_y _H
(@] (o)) Vj O (@) J H H
. n
P - O L H
o y-hydrogen 0 g
abstraction N
" Il " ” ._Intramolecular 0
161m mramectar -

recombination

" il

Scheme 6. The presumed photochemical transformation of 161m via Norrish type II reaction.

In light of these results, we suspected that the starting material 161j-m might be a source of
undesired reactivity under the applied conditions. To evaluate the nature of this reactivity, a control
reaction has been tested in which the optimal conditions were applied to ketoester 161m in the
absence of titanium catalysis (Scheme 7). Instead of the expected lactone 166b, compound 167
was isolated as a mixture of inseparable £/Z isomers in 63 % yield after 45 hours of continuous
irradiation. This product unambiguously results from a homolytic a-cleavage (Norrish type I),[*]
followed by a hydrogen abstraction and ketal formation via subsequent condensation of the formed
primary aldehyde formed with the solvent. By comparing this result to those obtained using
titanium catalysis, we were convinced about the reactivity of ketoesters 2a-d upon such conditions.
Consequently, we sought to improve the yield of the entire transformation by following an

alternative method shown at the end of this chapter.
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o\ hv (254 nm)
MeOH, 25- 48 °C, 45 h

Il 63 %

Scheme 7. Photochemical irradiation of 161m in methanol in the absence of titanium catalysis. Reactions:
(a) homolytic a-cleavage (Norrish type I); (b) hydrogen abstraction. (¢) ketal formation via subsequent

condensation with methanol.

5.1. Synthesis of an allyl bicyclic y-lactone
To explore the reaction with different substrates, we turned our attention to the allyl ketoesters
161f-g, which were subjected to similar reaction conditions used to prepare the bicyclic y-lactones
166a-b. In contrary to the photohydroxymethylation of propargyl adducts, this reaction was
different in terms of irradiation time and reaction yield (scheme 8). When irradiated at 254 nm for
72 hours in methanol, 161f-g afforded heavy black-violet crude mixture. Its extraction from
titanium salts followed by chromatography gave the bicyclic y-lactone 169a in a 30- 35% yield.
Tuning some parameters like the molar ratio of the catalyst, substrate concentration and reaction

time improved neither the reaction yield nor the conversion of the starting ketoester, but rather

HO
o 0 o ) © vo. 9
OR, /v (254 nm), TiCIy(OiPr), OR, | 30-35% 0
MeOH,72 h, 25- 48 °C
X Table 4 N R{OH X
161f-g ~ 168f-g - 169a

Scheme 8. Photochemical hydroxymethylation of allyl ketoesters 161f-g.

made them worse in some cases. For instance, using 0.75- 1 equivalent of TiCl>(OiPr)a, instead of

0.5 equivalent, led to considerable degradation of the reaction mixture over continuous irradiation.
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By taking a closer look to the reaction sequence, the formed diols 168f-g were supposed to undergo
further syn-cyclization when the hydroxymethyl group is on the same side to that of the adjacent
ester. However, anti-cyclization would be unfavored at this level, due to ring strain. By considering
the rate of hydroxymethylation of both enantiomers (S)-161g and (R)-161g to be the same, we
proposed the formation of four stereoisomers of diol 168g, in which two of them would cyclize to
afford lactones (R,S)-169a and (S,R)-169a. Whereas, diols (R,R)-168g and (S,5)-168g would be
blocked without any further lactonization (Scheme 9).

/
Lol
(S),
- “\J\OR1 @
X
(S)-161g
Q 0 \_ (S,5)-168g
OR; —
" Ho o

A
161g HO, o] HO,
(S (R) O
7 OR, Favored .
N

. N

L PR, @) < (S,R)-168g (S,R)-169a

HO -0
X Ho_ & O HOW
i (R (R) ®)
(R)-161g MCR1 -Unfavored ..
< S

\_ (RR)-168g (R,R)-169a

Scheme 9. Favored vs. unfavored in situ lactonization starting from racemic starting material 161g. (a) hv

(254 nm), TiCly(OiPr),, MeOH, 72 h, 25- 48 °C.

Our attempts to isolate the uncyclized diols and other byproducts from the reaction mixture have
been challenging, due to purification difficulties. However, thanks to UPLC-HRMS analysis, we
were able to conclude 13 structures out of 21, resulting from the crude sample of 161g after

irradiation for 72 hours. A series of presumed transformations of these structures are shown in
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Scheme 10. The performed analysis revealed different photochemical and thermal side reactions
that led to a variety of cyclic and acyclic compounds. For example, hydroxymethylation,
photoreduction and homolytic a-cleavage (Norrish type 1) were the dominant photochemical
processes. On the other hand, transesterification, nucleophilic addition, and elimination were the

major thermal reactions after long reaction time at elevated temperature.

HO 0 HO
I vy 0 9 3
0 o0~ (a) o ® o
X . ™ A
170d 170a 170e
() RT = 7.7 min. RT = 10.8 min. ;"Toh _— RT = 12.6 min.
CinH+:O C45H-,0 = L min. C1HonO
10H1603 12H2204 C11H1g0s 11H2003
O o0
o Ho_ /~Q
(0]
X 170c
RT = 6.6 min. A
C10H1403 169a
| HO RT = 6.6 min.
o _PHO HO, Q C10H1403
o o (b)
168g
X 170f .
RT = 13.3 min. nreolasmn.
C12H2004 1217204
@ | | || HO
0. 09 0. 09 Q Q
™ X X N
170g 170j 170i 170b
RT =13.2 min. RT = 13.3 min. RT =12.2 min. RT =12.8 min
C13H2204 C12H2004 C11H1802 C12H1803

Scheme 10. Some concluded structures and presumed transformations from UPLC-HRMS analysis.
Column conditions: Luna Omega C18, 5cmX 2.1cm; 1.6pum; mobile phase: (A) Ultrapure water + 0.1%
formic acid, (B) Methanol + 0.1% formic acid; Flow rate: 500 pL/min; Injection volume: 3 pL. Reactions:
(a) Photochemical hydroxymethylation; (b) /n situ lactonization; (¢) Homolytic a-cleavage (Norrish type I)
followed by hydrogen abstraction; (d) Alcohol elimination; (e) Transesterification; (f) Ketone reduction;

(g) Nucleophilic addition of methanol.
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Here is a brief overview of the major photochemical and thermal processes:

Photohydroxymethylation: This reaction resulted in the formation of diols 168g, which were then

transformed according to their stereochemistry to two different compounds 169a and 170b
(Mechanism is clarified in Chapter 1).

Norrish type I/ Homolytic a-cleavage and hydrogen abstraction: Homolytic cleavage of the a-

bond, often followed by decarbonylation, is one of the most common reactions of excited ketones.
This process can be accompanied by competing processes, and its quantum yield is directly related
to the stability of the radicals formed. In general, the n,m* excited ketones undergo much faster
cleavage than those with the lowest m,m* excited state, because the o-orbital of a bond being

cleaved overlaps with the half-vacant n-orbital on the oxygen atom.['®!

1 * 3 *
0 0O o©0
o hy o ISC o
X NN X
161g 161g"” 161g%

Norrish type |

H O
L S
g o 5 : |
o™ < H "9 0™ Decarbonylation _: o
H-abstraction "Undetected" ]
| 1700 x RTINS :
1 1700  sessssssssssnaas ‘

Scheme 11. Photochemical route for the detected compound 170h via Norrish type 1 reaction (ISC =

intersystem crossing).

Normally, the energy barriers for such cleavage in aliphatic n,m* ketones in solutions range from
nearly 0 to 65 kJ/mol, depending on the ketone structure and the spin multiplicity of the excited
state.!”) In the case of cyclic ketones, the release of the ring-strain energy during a-cleavage
increases the exothermicity of the process.!'¥! The cleavage rate constants of singlet n,m* excited
ketones are usually high (ki = 108-10° s™) and they compare with those of intersystem crossing,
whereas, triplet n,t* state cleavage reactions (typically for aromatic ketones) are more efficient
due to the longer triplet lifetimes and relatively large cleavage rate constants.*”) In our case,

ketoester 161g might have undergone such cleavage after being excited photochemically to its
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singlet or triplet states, (Scheme 11). Subsequent hydrogen abstraction from the solvent could then
explain the formation of acyclic aldehyde 170h. However, the suggested decarbonylation product
170h”’ has not been detected.

Photoreduction: In a classical photoreduction reaction, an excited carbonyl compound, such as a
ketone, undergoes hydrogen abstraction from a hydrogen donor to form the ketyl radicals, which
subsequently abstract another hydrogen atom from the environment or recombine to form either
alcohols or diols (Scheme 12).12% Photoreduction of aliphatic ketones may involve both singlet
and triplet excited states, but the quantum yield for product formation via singlet is usually low
because other competing processes, such as radical pair recombination, are involved. However,
the rapid intersystem crossing (ISC) in aryl ketones allows triplet reactivity. Ketones with n,*
lowest triplets, having an unpaired electron localized in an n-orbital on oxygen, are far more

reactive than those with 7,m* lowest triplets./*!)

1 * 3 *
0 l 0O ‘ (0]
o™ __hv o™ ISC o™
N x \ 5
170h 170n" 170n%" :
| | :
H OH H-abstraction E
(0] H O E
H—'—OH HO O :
o™ H ‘ 0" __Coupling reaction _ !
H-abstraction "Undetected" :
| N
170e 7 e

Scheme 12. Photoreduction of 170h (ISC = intersystem crossing).

In the current study, the product of Norrish type I 170h is suggested to be the mother structure of
170e through a hydroxymethyl radical intermediate 170e’. On the other hand, the coupling reaction
of 170e’ by self-recombination, leading to diol 170e’’, was undetected.

Transesterification: Ti(OiPr)4, as well as other titanium(IV) alkoxides, has been recommended as

an exceptionally mild and efficient transesterification catalyst which can be used with many acid-
sensitive substrates.??! The alcohol solvent employed in such processes does not need to be

anhydrous, nor identical to the OR group of the titanate, because the exchange of these moieties is
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generally slow compared to the transesterification reaction. This process might explain the
formation of methyl esters 170c and 170j starting from ethyl esters 161g and 170g respectively
(Scheme 13).

B Y ocr ] B Y i
o, O o 0.0 o o
+o/Ti‘o+ +MeOH +O/T"o (b) -
L HCI (Ao~ °
/\ -
° A\ (#1706 X
(a) i A | B NS
(+1-)161g" (+/-)170¢’
OAT.\O\( (l) OH O
N
tMeOH (|)g o+\ cr | (b) N
-HCI o\ O/\
X
(+/-)170f
— \ —
(+/-)170F
I 16
o, O
(b) o” +MeOH |
0
A o, O
+-)170j
(+/-)170j Y o\
\( #H)70g X
b ¢e©
+MeOH Oy U cr (b)
-HCI L0
X
—  (H)1708 - (+1)170g"

Scheme 13. Proposed thermal catalyzed processes including transesterification and nucleophilic addition

of methanol upon irradiation of 161g. (a) standard photochemical conditions; (b) Hydrolysis.

Acetalization: Titanium (IV)-catalyzed formation of acetal 170g from hemiacetal 170f is detailed
in Scheme 13. The successive nucleophilic addition of methanol to ketoester 161g might pass

through the proposed titanium complex 170 f°, which could either give the detected hemiacetal
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product 170f by hydrolysis or undergoes further methanol addition to afford complex 170g’. The
latter could be hydrolyzed at this level to furnish the detected acetal 170g. It is noteworthy that
there has been unambiguous competition between different thermal processes, particularly
between acetalization and transesterification as demonstrated.

Even though titanium catalysis was behind the desired hydroxymethylation reaction, it was the
major active species for some undesired thermal and photochemical processes. Other factors, such
as long irradiation time, solvent polarity and sensitivity of the starting material, might have also
been contributed to such unwanted reactions. Accordingly, this analysis can help us to better

understanding the behavior of different chemical species throughout photochemical irradiation.

6. Photochemical hydroxymethylation of miscellaneous a-substituted alkyl 2-
oxocycloalkanecarboxylates
To extend the scope of the current photochemical hydroxymethylation, different a-alkylated
starting ketoesters, with aliphatic or aromatic a-substituents, have been irradiated under the used
optimal conditions with slight changes when needed.
As it can easily be noticed from Table 4, the attempts to get a variety of bicyclic y-lactones have
failed in almost all entries. When irradiated at 254 nm for 4 to 5 hours in the presence of
TiCl(OiPr),, traces of volatile lactone 163b was obtained with the sluggish conversion of the
starting material (Entry 3). Despite elongated irradiation time (72 hours), the reaction yield of
lactone 163a did not improve, but rather degradation took place and made the purification step
more difficult (Entry 2). The decomposition of the reaction mixture was also observed when benzyl
ketoester 161d was continuously irradiated from 24 to 72 hours (Entries 6-7). In general, neither
benzyl nor alkylacetyl bicyclic lactones 163d-p were detected even after varying several reaction
parameters (irradiation time, titanium catalysis, Ri group...). However, despite being impure,
methylbutenyl lactone 1630 was obtained in 10 to 16% yield, opening a new set of questions
concerning its formation.
Several proposals, derived from previously obtained results and from that of Table 4, represent a
reasonable explanation for such reactions. The volatility of certain products, such as lactones 163a-
b, might be a piece of evidence for the low reaction yield, but this fact cannot be generalized for
other cases. For instance, propargyl bicyclic lactones 166a-b were already isolated and they were

not volatile. Presumably, intramolecular radical reactions were preferred to that of intermolecular
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hydroxymethylation with oxidized methanol. Hence, the main reason behind the observed
degradation and, in turn, the low reaction yield, could be the photochemical competitive reactions
arising from a-cleavage (Scheme 14). After being formed, the free acyl radical possibly plays a

significant role in the photodecomposition of the molecule from which it might be created.

Table 4. Photochemical hydroxymethylation reaction of 161a-p.

HO, o
(@] (@] HO. (0] HO. o
OR, hv (254 nm), cat. OR, N
MeOH, 25- 48 °C Y R
h Re Table 4 n Re R,OH n 2

161a-p 162a-p 163a-p
Entry SM* n R, R> t (h) Catalyst® Product %Yield©
1 161a 0 Et H 6 Ti(OiPr)4 163a“ -
2 161a 0 Et H 72 TiCl(OiPr),  163a“ <10/
3 161b 1 Et H 4-5 TiCl(OiPr),  163b* <10
4 161d 0 Et Ph 3 - 163d -
5 161d 0 Et Ph 66 Ti(OiPr)s 163d 0
6 161d 0 Et Ph 24 TiCly(OiPr), 163d S
7 161d 0 Et Ph 72 TiCly(OiPr), 163d S
8 161le 1 Et Ph 10 TiCly(OiPr), 163e
9 16In 0 Et COOEt 86 TiCly(OiPr), 163n 0
10 16lo 0 Me C(Me)=CH, 72 TiCly(OiPr), 1630 10-16
11 16lp 0 Me  COOMe" 72 TiCly(OiPr), 163p 0

“[161a-b]= 0.125 M. ’Irradiation time; ‘Isolated yield; “Highly volatile; “No reaction to slight conversion;

/Degradation; 0.5 equivalence; "Irradiated at 300 nm.

Subsequently, this radical undergoes [1,1]- hydrogen atom abstraction from the environment to
form compounds 171a-e. In contrast to 161a-b, the rate of [1,7] H-abstraction is suggested to be
higher than that of [1,4], [1,5] and [1,6] in the case of compounds 161d-p. These adducts possess
different R, substituents, such as phenyl, alkylacetyl, and methylbutenyl, which can stabilize the
radical at C7, thus affording unsaturated esters 171c,e.

Exhaustive photolysis of the starting ketoesters 161a-p in methanol might also afford 173a-b,
products of ring expansion reaction through oxacarbene intermediates 172a-b. However, the

formation of compounds 174a-b and ethenone is not expected, due to the instability of the primary
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Scheme 14. Suggested photochemical side reactions of a-substituted ketoesters 161a-p. (a) a-cleavage/
Norrish type 1; (b) Hydrogen abstraction; (¢) Decarbonylation; (d) Recombination; (¢) Ketene formation;

(f) Ring expansion.
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radical intermediates. Another possible photochemical side reaction might be the decarbonylation
of acyl radicals. The rate of this reaction is primarily related to the stability of the corresponding
alkyl radicals formed.®! In our case, decarbonylation could have resulted in the formation of
primary radicals, which are unstable enough to undergo further reactions. Therefore, we did not

expect the construction of compounds 175a-e.

7. Photochemical hydroxymethylation of various terpenoids
As a partial replacement to fossil fuel-based routes, plant-based chemicals are increasingly being

(4] This trend potentially opens the door

evaluated as chemical building blocks to other chemicals.
to new sustainable alternatives for reducing dependence on fossil feedstocks as well as for reducing
greenhouse gas emissions all along the production chains, thus enlarging the impact of natural
products to areas beyond drug, perfume, and food industries.*!

Besides the recovery of valuable molecules from wastes, the development of synthetic methods
for the large-scale production of molecules, which are not highly abundant in wastes, is emerging.
The study herein focused on the photochemical hydroxymethylation of cyclic terpene ketones to
obtain new functionalized compounds of high value. The chosen commercially available terpenoid
has been irradiated at 254 nm in methanol by varying both the titanium catalysis and the irradiation
time as detailed in Table 5. Upon long irradiation time (>67 hours), regardless of titanium catalyst,
most of the experimented substrates underwent excessive degradation and hence their analysis was
so complicated (Entries 1-5). In contrast, short irradiation time (<11 hours) with TiCls resulted in
a sluggish conversion of the starting material (Entries 1-3, 6). Unfortunately, the desired
hydroxymethylation product was detected only in a few experiments from low to moderate yields.
For example, traces of diol 176 was obtained after irradiating (+)-camphor from 3 to 6 hours in the
presence of TiCls, and the use of other catalysts did not improve the reaction yield (Entry 1). Best
results were obtained with menthone after its irradiation for 72 hours in the presence of
TiCl2(OiPr); to afford diol 177 in 54% yield (dr 7:1) (Entry 1). By trying the same reaction for 137
hours, 177 was hardly isolated in 16% yield due to excessive degradation of the reaction mixture.
In case of thuyone, similar results were obtained when irradiated with either TiCls or TiCl>(OiPr),
for 10 or 68 hours, respectively. The resulting diol 178 was then isolated in 20% to 23% yield (dr

3:1) as a pale-yellow oil. The low diastereoselectivity in this reaction can be related to the

enantiopurity of the starting material. Apart from cyclic terpene ketones, we wanted to
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reinvestigate the photochemical behavior of (-)-carvone, B-ionone, and isophorone, possessing an

enone as a common functional group, under similar reaction conditions. The photoinduced

addition of alcohols to enones dates back to 1957 when, in connection with a synthesis of terebic

acid, Schenck et al. added isopropanol to maleic acid.[**! Twenty years later, Sato et al.*" reported

that a,B-unsaturated ketones, when irradiated in alcohol in the presence of titanium (IV) chloride,

Table 5. Photochemical hydroxymethylation of different ketones.

178

SM ¢ Structure t(h)?>  Catalyst Product %Yield ¢
-6 TiCl, HO 8
72 Ti(OiPr)4 HO -
1 (+)-Camphor 3 TiCly(OiPr), q -
30 TiClz(OiPI’)z -
72 TiCly(OiPr), 176 -¢
3 TiCly HO _
72 Ti(OiPr)4 OH -
2 Menthone ", 12 TiClo(OiPr), 29
'( 72 TiCly(OiPr), '( 544
137 TiCly(OiPr), 177 16°
H
10 TiCl, OH o3
3 Thuyone 9 TiCly(OiPr), OH -
68 TiCly(OiPr), 20¢
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HO

6 Camphorquinone TiCly

48 TiCly(OiPr),
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HO
HO

“Starting material; “Irradiation time; “Isolated yield; “dr (7: 1); “Degradation; /1,4-addition product was

isolated.
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underwent different types of reactions with a formation of a C-C bond between the carbonyl carbon
atom and the a-carbon atom of the chosen alcohol (1,2 addition).

The photoinduced addition of alcohols to enones dates back to 1957 when, in connection with a
synthesis of terebic acid, Schenck et al. added isopropanol to maleic acid.!*®! Twenty years later,
Sato et al.”?"! reported that a,B-unsaturated ketones, when irradiated in alcohol in the presence of
titanium (IV) chloride, underwent different types of reactions with a formation of a C-C bond
between the carbonyl carbon atom and the a-carbon atom of the chosen alcohol (1,2 addition).
However, 1,4 addition was observed in the uranyl chloride-catalyzed reactions. In the same year,
Fraser-Reid and coworkers reported the photochemical induced conjugate addition of simple
alcohols to a variety of a-enones. The authors described the irradiation of carvone for 34 hours in
methanol in the presence of benzophenone to give its corresponding keto alcohol 182 in moderate
yield (58%) (Scheme 15).28]

Fraser-Reid et al. (1977)
hv (350 nm), (Ph),CO

MeOH, r.t.,, 34 h
0 58% 0

HO “,
]/ This work

(-)-Carvone hv (254 nm), TiCl,(OiPr), 182

MeOH, 25-48 °C, 68- 72 h
Traces

II/I

[

Scheme 15. The photochemically induced conjugate addition of methanol to (-)-carvone.

To explore the type of reactions taking place upon the irradiation of the experimented enones, we
intended to isolate one of the formed products from the degraded mixture of carvone. Instead of
the 1,2 addition product, the corresponding 1,4 addition product 182 was obtained in trace amount
(Scheme 15). Likewise, methanol is expected to be added in a 1,4 manner to B-ionone which was
completely degraded after 67 hours of continuous irradiation, thus making its analysis easier said
than done. Finally, camphorquinone degraded into 4 nonpolar compounds after 5 hours of
continuous irradiation. Presumably, the formed products are due to the Norrish type 1 reaction
(detailed in the previous section).

According to the results mentioned above, despite similar reaction conditions, different outcomes

were observed upon the irradiation of different terpenoids. Therefore, the structure of the used
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substrate determines its stability and, in turn, its intramolecular or intermolecular reactivity.
Moreover, it can be concluded that chlorotitanium catalysts are crucial for the desired reaction path

because Ti(O1Pr)4 showed no activity when experimented (Entries 1-2).

8. An alternative method to photochemical hydroxymethylation
As noticed from the previous experiments, photochemical hydroxymethylation has not proven to

be as efficient as other synthetic strategies used for the same purpose (Chapter 1). For this reason,
we sought to improve the yield of the entire transformation by following an indirect strategy.
Because further exploitation of the synthesized propargyl bicyclic y-lactones was anticipated for
the synthesis of novel molecular skeletons, the alternative method was first applied on propargyl

ketoesters 161j,m (Scheme 16).

OH

0O 0 OH O o)
HO.
OR, (a) OR, > 0
166a, n = 0,12- 13% L \
n 166b, n =1, 21% n
1611 I ’ I R,OH n |
j,m 165j,m 166a-b
@ 1662, n = 0, 64%
166b, n =1, 70%
o) O0— jcj)\ o= O
(b) > OR; () > _OR; 4 “u;, OR4
183j, n = 0, Ry = Me, 81% 184j-', n = 0, Ry = Me, 81%
183m, n = 1, R, = Et, 88% n || 184m-m’, n =1, R; = Et, 80% n ” n ”
183j,m 184j-m 184j'-m’

Photohydroxymethylation
Indirect hydroxymethylation

Scheme 16. Photohydroxymethylation vs indirect hydroxymethylation starting from 161j,m. Reagents and
conditions: (a) 4v (254 nm), TiCly(OiPr),, MeOH, 25- 48 °C, 48- 72 h; (b) MePPhs;Br, ~BuOK, toluene,
r.t., 21- 24 h; (¢) m-CPBA, DCM, r.t., 17- 23 h; (d) H,O: DCM (2: 1), HCI (cat.), 70 °C, 4-5 h.

This new synthetic plan started from the formation of unsaturated esters 183j,m that can readily
be prepared via a classical Wittig reaction in good yields.!*”! Epoxidation of 183m with m-CPBA
in CH2Cl> at room temperature furnished a separable mixture of diastereomeric oxiranes
184m/184m’ in 80% yield (1.6:1, determined by 'H NMR analysis of the crude reaction product).
The same experimental protocol was then repeated with 183j. We also observed the formation of

an inseparable mixture of diastereoisomers 184j/184j° (2.3:1) in 81% yield. The presence of an
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ester group close to the double bond contributes to enhance the diastereoselectivity of this

epoxidation (Scheme 17).

wH S
W RoN

Ar o
o"H, ﬂ
0
AP |
@ v - OM
v :
184j",m’ l'l
E 0
Y O E HO\/jL /
" OR; \ i ORT
0 !
184j,m ['] éH |h | o)
0 165j",m" E HO@j
‘HOMOR1 Voo ;/ S
HO
165,m l'l ) 166a"b’ |
o o
o
166a,b |

Scheme 17. Stereochemistry of the indirect hydroxymethylation.

The spiroepoxide moieties of compounds 184j and 184m were then opened by gentle heating in a
mixture of water and dichloromethane (2:1) in the presence of catalytic amounts of HCI over 4-5
h. The primary alcohol of the corresponding hydroxymethylation products 165j,m was trapped by
the adjacent ester moiety via in situ lactonization, thereby affording 5- and 6-membered ring
lactones 166a and 166b in 64% and 70% yield respectively. By comparing the indirect strategy
with the photochemical one, it has been shown that the range of the overall yield of 166a,b for the
former route (~39% yield) is higher than that obtained from the photochemical pathway (12-21%
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yield). However, in terms of purification effort and manipulation time, the photochemical step was

preferred over the three-step sequence.

9. Conclusion

In summary, photochemical hydroxymethylation has been reviewed and studied on different o-
substituted ketoesters and cyclic terpenic ketones. In most of the cases, the reaction was carried
out at 254 nm in methanol in the presence of different titanium (IV) catalysts at 25- 48 °C. Bicyclic
y-lactones were obtained from their corresponding ketoesters via hydroxymethylation followed by
in situ lactonization. These compounds are of high interest for the synthesis of novel propellanes
as detailed in the subsequent chapters. Despite low reaction yields, sluggish conversion of the
starting material and excessive degradation of the reaction mixture, this strategy remains as an

efficient tool for the rapid synthesis of valuable building blocks in organic chemistry.
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Ch. III: Propellanes— from Allyl
Bicyclic B-Hydroxy-y-Lactones

1. Introduction

Propellane is a unique class of polycyclic hydrocarbons, whose skeleton consists of three rings of
carbon or hetero atoms sharing a common central single covalent bond.!! The name was stemmed
primarily from a supposed analogy of the molecule to a propeller: namely, the rings would be the

propellers’ blades, and the shared C—C bond would be its axis (Figure 1).

Propeller (C)
Axis l/

' . @
= , - e
\ ; (a) (b) Qg 99 e ﬂ
q N H @ 9\@ e =
) | ® "9

" Propellane
@ =Atom
= Bond

Figure 1. A supposed resemblance of propellane to a propeller. (a) Atom distribution; (b) Propellers
removal; (c) Rotation by 45°; (d) Structural equivalence in organic chemistry.

1.1. Nomenclature
In 1966, Bloomfield and Irelan reported a synthesis of [4.4.2]propellane 185f (Figure 2) and used
the term “propellerane” in this context,? but the editors did not accept this nomenclature'®! and
the compound was reported as 9,10-dihydro-9,10-ethanonaphthalene. In the same year, Ginsburg
and co-workers introduced the name “propellane” in a paper about the syntheses of a variety of
different structures, without editorial dissent.*!
Accordingly, [x.y.z]propellane means the member of the family whose rings have x, y, and z carbon
or heteroatoms, without counting the two bridgeheads. The minimum value for x, y, and z is 1,
meaning a 3-carbon ring. There is no structural ordering between the rings, so, for example,
[1.3.2]propellane is the same substance as [3.2.1]propellane. Therefore, it is customary to sort the
indices in decreasing order, x >y > z (Figure 2).
This nomenclature is more easily understood than that of the systematic [IUPAC. For example, the
systematic name for [1.1.1]propellane is tricyclo[1.1.1.0"*]pentane. In other words, an

[i.j.k]propellane would have the systematic name tricyclo[i.j.k.0""*?](i+j+k+2)ane.l!® ]
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[1,1,1] [2,1,1] 12,2,2] [3,3,3] [4,2,2] [4,4,2]
185a 185b 185¢ 185d 185e 185f

Figure 2. Different propellane ring systems 185a-f.

1.2. History
Although David Ginsburg has been one of the main contributors to propellane chemistry, he was
not the first one to design their synthesis. The first planned synthesis of a propellane—without
coining the name—was executed by Glinther Snatzke at the University of Bonn in 1965 (Scheme
1). The uniqueness of three rings fused by one common bond was highlighted in the publication

title: “Compounds with three rings bridging one C-C bond, part I"".[6]

~NCco,Me e
MeOzC\
CO,Me o,

186 [4,4,3] 187

NaH

Scheme 1. First designed synthesis of a propellane ring-system by Snatzke and Zanati.

However, propellanes started to appear in the literature long before 1965.1"! Diels and Friedrichsen,
initially focusing on [4+2] cycloaddition reactions, came upon the first propellane compounds in
1934 by the reaction of the bridged maleic anhydride 188 with various 1,3-dienes,® for example,

1,3- butadiene, as shown in Scheme 2.

[4,4,3]189

Scheme 2. The first synthesis of a propellane by Diels and Friedrichsen in 1934.

The first small-ring [4.2.2]propellanes 185e (Figure 2) were obtained by Wittig and Mayer from
in situ generated cyclohexyne, which underwent tetramerization via biscyclohexene-annelated
cyclobutadienes.”! Five years later, Wiberg and coworkers synthesized [3,2,1]propellane 191 from

the epoxidation of bicyclo[3.2.0]Thept-1(5)-ene 190 (Scheme 3).['% Since then, because of their
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aesthetically appealing structural architecture, the term propellane has begun to emerge in the

literature to occupy a special place in synthetic organic chemistry.

o)
E§ RCO3H ﬂ

190 [3,2,1]1191

Scheme 3. The first synthesis of a small-ring propellane by Wiberg in 1968.

2. General properties

2.1. Strain
In the propellanes with small cycles, the two carbon atoms at the ends of the axial bond will be

highly deformed, and their bonds may even assume an inverted tetrahedral geometry (Figure 3).

—_—

(A) (B)

Figure 3. Severe distortion of idealized tetrahedral geometry in [1,1,1]propellane. (A) tetrahedral geometry;
(B) Inverted tetrahedral geometry.

From a theoretical point of view, the most interesting propellane is [1.1.1]propellane 185a (Figure
3). The reports of the first modeling studies concluded that 185a should be more stable than the

("l However, the researchers were uncertain

corresponding diradical that lacks the conjoining bond.
that 185a could ever exist. A decade later, Wiberg and Walter reported the synthesis and isolation
of this surprisingly stable molecule, [1.1.1]propellane.['?! The nature of the central bond of the
molecule has been the subject of many studies. The theoretical and experimental results of many
different research groups agree on the special nature of the bond.['*) Some groups have questioned
the existence of the central bond,!'" ¥l but Wiberg, Bader, and Lau argue cogently that the bond
definitely exists between the bridgehead carbon atoms with a bond order of 0.73.'3) The
controversy regarding the central bond revolves around different explanations of similar
experimental facts and theoretical results of the nature of the bonding interaction. In addition to

Wiberg’s results, other theories have also been suggested.!'®! To date, because of inconsistent data,

the true nature of the central bond remains uncertain.
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2.2. Reactivity and reactions of propellanes
In general, strain relief is the main driving force controlling the reactivity of 185a and allowing
the bridgehead atoms to acquire the favored non-inverted geometry. This occurs by breaking the
central propellane bond to yield a bicyclo[1.1.1]pentyl moiety. Under some conditions a bridging
bond is broken in addition to the central bond, thereby yielding three- or four-membered-ring
derivatives.!'?) Reactions with radicals proceed rapidly, almost without the occurrence of
oligomerization under appropriate reaction conditions (192, Scheme 4).['"! Similarly, additions of
nucleophiles to [1.1.1]propellane 185a exhibit essentially a comparable picture to that of radical
additions. For example, the addition of Grignard reagents proceeds rather slowly to yield the
monomeric bicyclo[1.1.1]pentylmagnesium bromide 193.1'¥! In contrast, the addition of lithium
organyl compounds often leads to bicyclo[1.1.1]pentyl oligomers 194.1'"! Finally, the
rearrangement of 185a has been observed under acidic conditions, > ?%! elevated temperatures, ']
and in the presence of various transition metals.!!’®! For instance, when protonated by acetic acid,
185a led to 3-acetoxymethylenecyclobutane 196 by rearrangement of the initially formed
bicyclo[1.1.1]pentyl bridgehead cation 195 to the 3-methylenecyclobutyl cation before its trapping

with an acetate anion.[!% %]

( Rearrangements ]

R%ﬁ“ RLi HOAc W{H . J_J]/

194 195 196

(Addition of Nucleophiles |
(Reactions with Radicals]

RVMgBr XY X¥Y

193 192
Scheme 4. Reactivity and reactions of [1,1,1]propellane 185a. Reagents: XY = I, BrCCls, PhSH, ‘BuOCl,

PhSSPh.[22!

RMgBr

3. Occurrence in natural products
Ginsburg!?’! and Wiberg!?>*! have reviewed the syntheses and the theoretical studies of propellanes
extensively, Wiberg concentrating on the small-ring propellanes and Ginsburg on the medium-

sized rings. In his book entitled ‘Propellanes’, Ginsburg even describes the syntheses and
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structures of natural products possessing the propellane structure.>! More recently, this subject

has also caught attention in different reviews reported by Brise!'* 2! and Koskinen.[*”]

[3.3.3]propellane

/
AcO
Modhephene acetoxymodhephene  1S,28,5S,8S-Modhephan-3-one Dichrocephone A

Taxane-related propellanes

Canataxapropellane Canataxpropellane Taxpropellane 197

Propellanes with cyclopropane and cyclobutane ringas

O
| . 0 /
1, !
HO s
Ose o

HO
Cycloisolongifolene Marasmic acid 198 199
Propellane Alkaloids . [4.4. 31propellane

: Daphnilactone B
: Daphnezomine H

R = H: Bukittinggine
R = OH: Caldaphnidines

HN
O

: (+)-cimicine .

MeO OMe (*)-Limalongine Me: (+)-cimicidine

Figure 4. Natural products with propellane substructures.
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Indeed, propellane structures, with varied complexity are present in many different classes of
natural products as shown in Figure 4. As theoretical studies have focused on small-ring
propellanes containing more than one three- or four-membered ring, in the known natural products
only one of the rings is “small”, the rest being four- to eight-membered.?’! Although propellanes
with larger ring sizes, do not share the same properties of their counterparts with smaller rings,*!
they have equally fascinated many organic chemists by the originality of their structures and by
the challenge that their syntheses represent.

The chosen propellanes in Figure 4 represent a mini set of a wide library of natural propellanes.
[3,3,3]Propellanes, such as modhephene and its derivatives,'*”) have been well studied by different
research groups. Some of these propellanes have recently proven to be of high interest in the
construction of 2D materials and hold great promise for further applications in this field.®
Similarly, the isolation of a new taxane, canataxapropellane, bearing a unique [3.3.3] propellane-
type structure provides a new ambitious synthetic target.*®! For instance, in 2020, Gaich et al.3"]
from the University of Konstanz have synthesized its analogue: canataxpropellane for the first
time, opening the door toward the synthesis of other parent structures.

Natural products containing a propellane core in which the smallest ring is either a cyclopropane
or an epoxide are relatively frequent in nature (e.g. marasmic acid).?”) In addition, propellane
alkaloids,'* and even more complex and impressive structures like epicochalasine A,*¥ have

caught the attention of chemists in the last decades.

4. Synthesis of propellanes: general overview

Different methods have been developed for various propellanes. In general, three principally
different pathways have been used: a) elimination across the two bridgehead atoms of a
bicyclo[n.m.o]alkane; b) cycloaddition to a bicyclo-[n,m,0]alk-1,n-ene with a central
tetrasubstituted double bond; c) ring formation for a third bridge across the bridgehead positions
in a bicyclo[n,m,o]alkane. Miscellanecous other approaches have been employed in specific
).[26. 341

individual cases (Scheme 5

Elimination across the two bridgehead positions in a bicyclo[n.m.o]alkane: For example, the first

syntheses of [1.1.1]propellane 185a has been achieved starting from 200a by treatment with n-
butyllithium™! or from the diiodide 200b by nucleophilic attack of hydroxidel*®! or cyanide

ions.l*” Alternatively, 185a can be prepared from the corresponding dithioethers, like, 201.1%]
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Scheme 5. Different methods for the synthesis of [#,m,o]propellanes.
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Cycloadditions to bicyclo[n.m.o]alk-1,n-enes: In most cases, cycloadditions of a diene or a carbene

to allotropes of carbon, such as Ceo or carbon nanotubes (CNT), were employed. For example, Hou
and co-workers!*” prepared the indene-Ceo-bisadduct ICBA 203, using this strategy, starting from
indene, which equilibrates with isoindene 202 and Cgo.!*"’

Ring closure of a third bridge in a bicyclo[n.m.o]alkane derivative: A third bridge can easily be

closed across the bridgehead positions of bicyclobutanes to form propellanes through
deprotonation to 1,2-dilithiated intermediates, which are converted in one step into the
corresponding propellane by treatment with biselectrophiles, as shown in Scheme 5 for the bridged
propellane 206.14!

Miscellaneous reactions leading to [n.m.o]propellanes: Despite the mentioned methods, propellane

synthesis is still a challenging task. Therefore, no generally applicable method can be utilized for
this purpose. However, several miscellaneous reactions, such as palladium-catalyzed domino

[43]

transformations,** 42! Weiss reaction,'**! ring-rearrangement metathesis,'**! and cationic domino

cyclization,[** were used to prepare a variety of impressive propellane structures.

5. Applications of different propellanes

Products containing a propellane-type substructure may show interesting pharmacological
properties as well as applications in material sciences. Some examples selected from the recent
literature are presented in Figure 5.

The synthetic amantadine-related propellanes 214-219, prepared by Vazquez and coworkers,*®!
were tested and show potential anti-influenza A properties. ! In addition to these compounds, the
same research group reported several other azapropellanes with notable antiviral activities, such
as 221 and 222, which showed promising inhibitory activities against the V27A mutant form of
influenza A.[*"! The submicromolar activity of 220 against influenza A/HIN1 without cytotoxicity
is also worth mentioning.[*8 The group of Wiinsch has also been interested in the design of new
amantadine analogues./*”) In this respect, they reported the synthesis of various [4.3.3]propellanes
from a common precursor 223. These synthetic compounds were tested for their binding affinities
to the 61 and 62 receptors.[*”) The highest binding affinity was observed for 225¢, with a Ki value

of 77 nu for the o1 receptor. [**) Agonists of such receptors are of potential interest in many

diseases, including Alzheimer’s disease and schizophrenia.
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Medicinally Relevant Compounds:

““\%
NH

Amantadine 216 220
R
a:R = CHs
R b:R=H
¢: R = CH,CHj
d: R-R = -(CH,),-
919 NH (CHa)4

R4 R,
a: R1 = H, R2 = NH2
b: R1 = NH2, R2 =H

224

Q 0 T o

1 R2
. R1 = H, R2 = OH
. R1 = OH, R2 =H
: Ry = H, R, = NHCH,Ph
: Ry = NHCH,Ph, Ry = H

226 227 228 229 185a 230

Figure 5. Propellanes with interesting applications in medicinal or material sciences.

Apart from medicinal chemistry, propellanes have also been important subunits in material
sciences.!'® The exceptional reactivity of the central bond in the highly strained [1.1.1]propellanes
(e.g. 185al°% and 230[!7°)) also makes these compounds prone to undergo polymerization. The
resulting rigid and bulky bicyclo[1.1.1]pentyl units are of great interest in material sciences and
can only be generated from [1.1.1]propellane starting materials, without excessive synthetic effort.
As fullerene derivatives play a pivotal role in the development of modern organic molecular
electronics (solar cells, OLEDs), numerous derivatives with propellane moieties (e.g. 203"
(Scheme 5) and 226! (Figure 5)) have been prepared. Although this moiety does not influence

the properties of the materials, it is a common linking unit in fullerene chemistry.
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Other propellane skeletons would be the higher analogues of prismanes, such as biscubane-Ci»
228,521 bistriprismane-Cy 229.°%% According to quantum mechanical computations, such
oligo[n]prismanes should be auxetic materials, that is, would become thicker when stretched and

thinner when compressed, at the molecular level.[>%?!

6. Our main objective
Small-ring propellanes have caught the attention as “spring-loaded” electrophiles in strain-release

reactions to access nonclassical bioisosteres, such as [1.1.1]bicyclopentanes.!** Larger propellanes

Substituted[3,3,3]propellanes
Bislactone[5,3,3]propellane

(TH P-based[4,4,3]prope|lanes)

Chapter 5 Chapter 4

Oxaspiro[n,3,3]propellanes
PTAD-based[6,4,3]propellane

Figure 6. Outline of different propellanes classified according to their mother structure.

on the other hand, have received much less attention in drug design,*” probably due to the lack of
general methods for their preparation.l®* The main challenge in the synthesis of these polycyclic
systems lies in the construction of the adjacent quaternary bridgehead carbon atoms. Throughout
the following chapters, we will escape the “flatland” structures by describing different approaches
to the synthesis of highly functionalized [n,m,o]propellanes. The structural architecture of such

polycycles was designed to include subunits that are frequently found in biologically potent natural
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products (Figure 6). In this chapter, various [n,3,3]propellanes, prepared from allyl bicyclic
hydroxy lactone, will be highlighted and discussed.

7. Structural Features and Retrosynthetic Analysis of the Substituted [3,3,3]-
Propellanes

The designed [3,3,3]propellane comprises a tricyclic [5,5,5] heteroatom framework (Figure 7). It

is functionalized and oxidized (one lactone, one ether, and a Y group), containing six CH» groups

(C3, C4, C5, C8, C10, and C12). Among the features distinguishing the compound’s structural

complexity are the three stereocenters including two quaternary centers (C2 and C1), which reside

at the propellane bridge.

Y_".-lﬂ 70

’\26—0

- [3,3,3]propellane (violet I)
- Tetrahydrofuran (blue II)

- 3 chiral centers ( 1))
- y-lactone (green ll)

- Cyclopentane (red IV)

4

| n n v
Figure 7. Key features of the designed propellanes (Y = heteroatom).

Because of the distinctive and intricate structural features displayed by the designed propellanes,
the retrosynthetic analysis (Scheme 6) required a completely different strategy than those

mentioned in Section 4.

’,SNZ reaction

L - lodoetherification
Chapter2
. é)ko& + Me—OH
7,10
11K 11 \
4
232 231 169a 12 161f-g 12
R/Y-[3,3,3]propellanes lodo[3,3,3]propellanes

Scheme 6. Retrosynthetic analysis of substituted [3,3,3]propellanes.

Our analysis leads to iodo[3,3,3]propellane 231 by disconnecting the Y group in 232 through
nucleophilic substitution reactions. This transformation would furthermore lead to a family of
substituted propellanes by changing the nature of the reacting nucleophile. Propellane 231 could
be efficiently obtained by iodoetherification of the allyl bicyclic lactone 169a, including the
introduction of the tertiary stereocenter at C11. Disconnection of 169a has already been discussed

in Chapter 2, and represents by far the biggest synthetic challenge in this synthesis, as it requires
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a transformation capable of not only establishing one more quaternary stereocenter at C2 but at

the same time closing a lactone ring.

8. Synthesis of Substituted [3,3,3]Propellanes

8.1. Preparation of iodo[3,3,3]propellanes 231a-b
Intramolecular iodoetherification of allyl bicyclic y-lactone 169a was done under previously
reported kinetic conditions.>*! The substrate, dissolved in acetonitrile, was treated with iodine (3
equiv.) at 0°C or at room temperature in the presence of NaHCOj3 (3 equiv.) with efficient stirring.
Generally, the reaction was clean, and only two spots attributable to the product mixture 231a-b
were observed on silica gel TLC (petroleum ether- ethyl acetate). After workup, the two
components were separated by flash chromatography for a total of 75-80% recovery of pure
products (1.5:1) (Scheme 7). Similar results were obtained in the absence of sodium bicarbonate,

but the cyclization was slower.

9
Ho, /R
. < _l2 NaHCO3 MeCN _
0-25°C, 8-24h

75-80%
169a { "

231a (60) 231b (40)

Scheme 7. Access to iodo[3,3,3 |propellanes 231a-b via iodoetherification reaction of 169a.

The mechanism and the stereochemistry of the iodoetherification reaction can be demonstrated as
shown in Scheme 8. The three-membered cyclic iodonium salts I and III, produced in situ from
the reaction of the terminal alkene with electrophilic iodine species, were opened by the
corresponding tertiary alcohol to give II and IV respectively.l*®! The latter intermediates were then
deprotonated by NaHCOs3, thus affording iodo[3,3,3]propellanes 231a-b. It should be noted that
no 6-membered-ring products were ever observed in this system, which means that the 5-exo-tet
reaction is more favored under kinetic conditions.””! The next issue addressed was that of the
stereochemical outcome at C11. The formation of 231a was slightly more favored than its isomer
231b with a ratio of 1.5:1. Although it is not considerable, the observed diastereoselectivity can
be explained by comparing the stability of the transition states I and III. The conformation of
cyclic iodonium in III resides toward the lactone moiety, which is more sterically hindered than

its counterpart in state II. Therefore, the formation of iodonium I is relatively more favored than
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that of II, which explains the obtained result.

I3~

o
HO,,' (@] \('—:)Ho
———— ~0 —
‘4, — HO
A"H
HO,, 3 . I " 231a (60)

d
)
‘

169a %\5* 5 8t 6

v 231b (40)

+ )I\ + Nals

HO OH
Carbonic acid  Sodium triiodide

v 231alb

Scheme 8. Proposed mechanism and stereochemistry of the iodoetherification reaction.

NMR analysis:

"H and "*C resonances of 231a and 231b are presented in Tables 1 and 2 respectively. In general,
the 'H signals were assigned from chemical shifts and multiplicities, except for protons H3, H10,
and H12 which were assigned using 2D COSY, HSQC, and HMBC. These experiments were also
used in combination with DEPT for '*C NMR assignments.

From Table 1, the lactone and alkyl rings region in 231a-b generally show slight variations in 'H
NMR spectra (A6< +0.1-0.2 ppm). However, larger variations were observed for protons H10,
HI11, and H12. In 231a, the deshielded proton (H11) at 3.86 ppm couples with two methylene
groups to give a dddd with close coupling constants (4.5-5.1 Hz), except for one doublet which
registered 9.9 Hz. After being assigned from their multiplicities, this high coupling constant
corresponds to the correlation between H11 and H10e, which might be the result of the present

conformation of the THF ring. On the other hand, HI1 in 231b appears at 4.22-4.09 ppm, but its
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correlation with other neighboring protons was difficult to be assigned by the present multiplicities

in 1D NMR. Consequently, a 2D COSY experiment was done to show strong cross-peaks between

HI11/H10 and H11/H12.

From Table 2, the carbon chemical shifts show weak variations between the isomers 231a-b. In

both cases, the highest deshielded carbon was that of the lactone moiety (C6) (Ad= 0.1 ppm),

whereas the most shielded one was related to the a-iodo carbon (C12) (Ad= 0 ppm).

Table 1. "H NMR assignments of compounds 231a-b. (300 MHz, CDCls).

[58]

H3 H4 H5 HS HI10 HI1 HI2
a:228-2.15m  2.12-177m  2.12-177m  a:438d  a:2.64dd  3.86dddd,  a:3.39dd
e:2.12-1.96 m Jgga ,&:10.6 J]()u,[()czl?!.o J”,me:9.9 J12a,12g=10.6
e:429d  Juer=50  Jio=S0  Jien=45 —%., O
231a“ \
Jiesa=106 e 176dd  Jip=45 e 336dd 09 >=0
J10e-10a=13.0  J11.1275.1 J12e-12=10.6 o
J10e-1179.9 Ji12e-11=5.1 3
2.13-140m 2.03-140m  2.03-140m  a:451d  238222m 422-409m  a:3.26dd 23;a b
Jsa5~=10.3 J124-12=5.6
231b” e:4.20d J12a.172.1
Jsesa=10.3 e:3.24dd
J12e-12475.6
Ji2e-11=2.1
Table 2. *C NMR assignments of compounds 231a-b. (101 MHz, CDCI;).
12
1 c2 c3 ct cs cs cs c1o c1i c1z IﬂK @
0% P2=0
(0] ¢
231a* 619 977 39.1 275 36.4 180.0 782 445 79.4 7.0 2
4
231b“* 618 980 37.7 263 36.1 179.9 77.6 438 80.9 7.0 231a-b

The relative stereochemistry between 231a and 231b has been determined by 2D NOESY

experiments as shown in Figure 8. The signals of the proton H11 in 231a (~3.9 ppm) gives strong

NOE cross-peaks with the neighboring protons H10 (2.6, 1.8 ppm) and H12 (~3.3 ppm) in addition

to a weak cross peak with H8 (4.4- 4.2 ppm) related to the lactone ring. However, H11 in 231b
(~4.2 ppm) correlates with the alkyl protons (H3 and H5 (2- 1.7 ppm)), but not with H8 (4.5- 4.1

ppm). Therefore, H11 resides toward the lactone moiety away from the alkyl group in 231a while

the inverse is true for 231b. In conclusion, a combination of 1D and 2D NMR analyses revealed

the complete assignment and the exact stereochemistry of iodo[3,3,3|propellanes 231a-b.
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Figure 8. 2D NOESY NMR of 231a and 231b (CDCls).
8.2. Preparation of substituted [3,3,3|propellanes from 231a-b

With iodo[3,3,3]propellanes 231a-b in hands, we turned our attention toward their
functionalization via nucleophilic substitution reactions. For this purpose, a variety of different
nucleophiles have been examined under previously reported conditions, and the obtained results
are shown in Table 3. In general, heteroatom-nucleophiles, such as azide and thiocyanate, were
more efficient than carbon-nucleophiles. The best results were attained when the chosen substrate
was reacted with KSCN in refluxed acetonitrile for 15-16 hours (entries 4 and 11).5°! However,

when acetonitrile was replaced with ethanol, the yield of the substituted product 233a dropped to
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25%, and hence the reaction time was much longer (Entry 3). This result was expected because of
the anion-dipole interaction between ethanol and thiocyanate which would negatively affect the
substitution process.

In the case of NaN3, satisfactory yields of the substituted products 232a-b were also obtained when
the reaction was carried out in DMF at 60°C for 15- 24 hours (Entries 2 and 10).[°) Indeed, it
should be noted that there has been a small difference between the isolated yield of 232a (Entry 2,
86%) and that obtained for its diastereoisomer 232b (Entry 10, 76%). Thus, the reactivity of azide
toward 231a is higher than that with 231b. Under similar reaction conditions, when
dichloromethane was mixed with dimethylformamide in a ratio of 6:4, no reaction was observed
until we evaporated dichloromethane from the reaction mixture (Entry 1). Hence, the reaction
proceeds better with homogenous polar aprotic solvents.

Apart from NaN3 and KSCN, it has to be said that the substitution reactions with other nucleophiles
have been less successful. For instance, when refluxed in DMF for 24 hours, the reaction between
231a and phthalimide did not afford the substitution product 236a but rather a mixture of unknown
compounds (Entry 8).[!) However, when phthalimide was replaced with its potassium salt and
refluxed in acetonitrile instead of DMF for 38 hours, 236a-b were isolated in low yield as a
chromatographically inseparable diastereoisomers (1:1) (Entry 9). Presumably, the anchimeric
assistance of the phthalimide group is behind the obtained result as demonstrated in Scheme 9.%%
The process might have passed through intermediates I, II, and III, having resonance structures,
before losing the stereochemistry of the reactant at C11.

When 231a-b were reacted with NaCN in DMSO at 40-140°C, a complete conversion to only one
less polar compound was monitored by TLC (entries 5 and 12). After quantitative isolation of the
obtained product, the recorded "THNMR spectrum showed the appearance of two singlets at 1.88
and 4.77 ppm indicating the presence of a methyl group, and an alkene moiety, respectively.
Moreover, the multiplet of H11, as well as both AB systems at C10 and C12 were disappeared.
Based on these results and other spectroscopic data, instead of the expected nitriles 234a-b, the
product was the unsaturated [3,3,3]propellane 238 (Figure 9). A plausible reaction mechanism is
proposed where cyanide may abstract a proton to give the exo enol ether propellane 239, which

isomerizes to the more stable endo isomer 238 (Scheme 10).
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Table 3. Nucleophilic substitution reactions of 231a-b with different nucleophiles.

:Nu
|_a7{H 0 I/—)«L’?-l 0 Nu—¢, Ho
oxA/=0 MNu . OXA/=O “f /=0
Table 3 ;
Ml
231alb 231alb 232-237
Entry SM¢ MNu* Solvent T (°C) t (h)? %Yield

1 231a NaNj DMF:DCM (4:6) 60 72 - (232a)
2 231a NaN; DMF 60 15 86 (232a)
3 231a KSCN EtOH 80 68 25 (233a)
4 231a KSCN MeCN 90¢ 16 91 (233a)
5 231a NaCN DMSO 40 24 - (234a)

OK O
6 231a M '‘BuOH 854 23 - (235a)

EtO OEt

ONa O

7 231a )VJ\ THF 0- r.t 96 - (235a)
EtO OEt

o)
8 231a HN;\:@ DMF 1604 24 - (236a)

o}

o)
9 231a KN>;;© MeCN 90¢ 38 16 (236a-b)

o}
10 231b NaNj DMF 60 24 76 (232b)
11 231b KSCN MeCN 904 15 94 (233b)
12 231b NaCN DMSO 140 0.5 - (234b)

OLi ONa
13 231b M THF 0-r.t. 45 -/ (237b)
OMe

“Starting material; Reaction time; Isolated yield; “Reflux; “No reaction; /Decomposition.
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Figure 9. NMR analysis of 238. From top to bottom: 'H NMR (500 MHz, CDCls), *CNMR (126 MHz,

CDCls), DEPT-135 (126 MHz, CDCl3).
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231a/b 239 238

Scheme 10. Proposed reaction mechanism for the formation of 238.

Finally, either no reaction or complete decomposition of the starting material was observed from
the reaction of 231a/b with diethyl malonate or methyl acetoacetate respectively (Entries 6, 7, and
13). Thus, our attempts to functionalize our propellane ring system with C-nucleophiles were not

fortunate.

NMR analysis of the substituted [3.3.3]propellanes 232 and 233:
Table 4 shows the proton chemical shifts of 232a-b and 233a-b in CDCl; and the effects due to

their substituents. Table 2 shows the corresponding carbon-13 chemical shifts. The most
significant feature among the proton data is the shift of the H12a and H12e signals upon X
substitution. As expected, such protons are slightly more deshielded in azido propellanes 232a-b
than their counterparts in thiocyano propellanes 233a-b (Ad~ 0.2-0.4 ppm). Unambiguously, this
difference in the chemical shift can be related to the higher electron-withdrawing ability of azide
with respect to thiocyanate.

From Table 2, the carbon attached directly to the substituent (C12) was more highly deshielded in
232a-b than that of 233a-b (A6~ 10- 11 ppm). However, sluggish variations have been observed
for the rest of the peaks (Ad~ 1- 4 ppm). These results overlap with those obtained from proton-
NMR, thus confirming the effect of the substituent on the chemical shift of the neighboring protons

and carbon atoms.

Table 4. 'H NMR assignments of compounds 232-233. “(300 MHz, CDCl5).

H3 H4 H5 HS8 HI0 HI1 HI2
a:2.26-2.13 m 2.07-1.75 m 2.07-1.75 m a:4.36d a:2.46dd 4.15 dddd a:3.57dd
e:2.07-1.75 m Jsa-5=10.6  J10a-10=12.9  J11.10~" J12a-12=13.3
2323” e:4.28d J10a-1175.2 J11-10=5.2 J12a-173.2
Jse-82=10.6  e:1.76 dd Jir12=3.2 e:3.21dd

J10e-10=12.9  J 1112748 J12e-124=13.3
J10e-1=? J12e-174.8
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a:2.45-233 m

a:2.13-1.40 m

2.11-1.77 m

a:4.52dd

a:2.18dd

4.35 dddd

a:3.49dd

N3 SO
e:2.11-1.77 m e: 1.71-1.51 m Jga,gleo.:; Jma,mg:l}.l J][,[()e:g.l J]ga,1_75113.1 s O
10 —
Jsa-570.9 J104-1176.2 J11:1076.2 J12a-1173.5 (0]
232ba e:4.12d e:1.14dd Ji-12=3.5 e:3.24dd 3
Jsesa =103 Jipe10~13.1  J11275.7 J12e-124=13.1
4
J10e-1179.1 Ji12e-1=5.7 232a-b
a:2.18-2.09 m 2.02-1.74 m 2.02-1.74 m a:4.38 dd a:2.63dd 4.23 dddd a:3.36dd
e:2.02-1.89 m ng_&::lo.7 Jm,‘_m()=12.9 J]].](’():9.6 J/],‘_]Z():13.7
e:4.32d J/() _11:5.0 J]].](; =5.0 J/] _]]:4.3
233aa a- a a “
Jgg,gﬂ:10.7 e:1.14dd J][,[_?aﬂ‘.:; e 307 dd //S 11 O
J10e-10=12.9  Jj2~54 Jier=137 N7 _‘TN g )=0
J10e-1179.6 J12e175.4 0
a:2.43-2.32 m a:2.05-1.80 m 2.05-1.80m  a:4.53dd a:2.32dd 4.45 dddd a:3.23dd 3
e: 2.05-1.80 m e: 1.66-1.52 m Jga,35:10.5 Jma,1{)g:13.2 J11,1()g:10.1 J/za,1zg:13.6 4
233b« J34.570.9 J10a-175.6 J11.107~5.6 Ji2a.174.5 233a-b
e:4.11d e:2.07dd J111274.5 e:3.06 dd
Jsesa =105 J1pe10~13.2  J11.1276.6 J12e-124~13.6
J10e-11=10.1 J12-1176.6
Table 5. *C NMR assignments of compounds 232-233. 4(101 MHz, CDCls).
C1 c2 Cc3 c4 C5 C6 c8 C10 Cl1 Ci2 CIi3
232a® 617 976 390 273 363 1800 780 404 798 523 -
232b* 616 979 374 263 361 1800 775 404 804 531 -
S 12 O
13 11
233a¢ 619 978 368 274 364 1795 779 389 785 422 1119 // _‘17\ I
N 10 =0
(0] d
2
3
233ba 61.7 98.1 36.9 26.3 36.0 179.6 77.2 37.2 79.3 422 111.7 4

8.3. Further functionalization of our propellane ring system

Despite attempts to increase the scope of functionalization of our propellane ring system,

substitution reactions on iodo[3,3,3]propellanes 231a-b have directly shown its limitations. To

solve this problem, we decided to explore the chemistry of the obtained substituted products. In

other words, further transformations of azido/thiocyano propellanes 232-233 would permit rapid

and ready access to a variety of highly functionalized propellane scaffolds (Figure 10).
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Although thiocyanates have been intensively used as precursors for other sulfur-based functional
groups!® (thiols, %! thioethers,!%! disulfides!®l...), our interest was to continue to expand the use

of azido propellanes 233a-b in the syntheses of novel triazolo propellanes via click reaction.[¢”]

NN 0
\<CF3_HC?\ =0
Tetrazole

Tetrazole

RsS/S_‘l‘K 0,
4. =0

H 1
This work! Disulfides

N=N,

. o
R)w _:)7\ =0

H,N
- .
Triazoles

Amine

Ar/S—‘y]\ o)
o f?“—o

Phosphonothioates. Thioethers.
Figure 10. Some suggested transformations of 232a-b and 233a-b
8.4. Preparation of triazolo[3,3,3]|propellanes via click reaction

Click chemistry is a chemical philosophy proposed by Sharpless in 2001 and describes chemistry
tailored to generate substances quickly and reliably by joining small units together,!®®! which has
some advantages as it is fast, effective, reliable, selective, etc., and is widely used in new drug
research and biochemistry.®) One of the most popular reactions within the click chemistry
philosophy is the Huisgen 1,3-dipolar cycloaddition reaction of azide and alkyne using a Cu(I)
catalyst at room temperature, which has attracted more and more attention because of simple
reaction conditions, high yields (no by-products), easy purification, etc.”"!

To demonstrate the capability of our azido propellanes as a platform starting material for the
preparation of functionalized propellanes, different alkynes were allowed to react with 232a-b via
the click reaction catalyzed by CuSOs-sodium ascorbate in H»O: ~BuOH (1:1) at room
temperature. Table 6 gives an overview of the results obtained from this reaction. In a typical
reaction, the resulting suspension from the reactants was stirred vigorously at room temperature in
an air atmosphere for the time specified. At the end of the reaction, the mixture was diluted with
ethyl acetate and shaken with a saturated solution of ammonium chloride. The organic layer was
then dried, concentrated, and purified, to give the desired 1,4-substituted triazole. Excellent results
were achieved when the click reaction of either of the two isomers 232a/b were carried out with

phenyl acetylenes 248, 252, 253, or 254 (Entries 1, 5-9), thus providing the corresponding 1,4-
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triazolo propellanes in 81-97% yield. Good yields were also obtained with other phenyl acetylenes,
such as 255 (Entry 10) as well as with aliphatic terminal alkyne 249 (Entry 2). Hence, the reaction

has not shown any preferences among the used alkynes.

Table 6. Copper-catalyzed dipolar cycloaddition reaction of azides 232a/b with different alkynes 248-255.

=N

— i N="\
Na—e H R——= (1 equiv.) N—. H
3 “7{ O CuSO, (0.5 equiv.) )~/ ‘17{ O
o “/ /=0 Sodium ascorbate (2 equiv.) R o",\ =0
H,O:tBUOH (1:1), r.t. o
Table 6
232a/b 240-247
Entry SM¢ Alkyne t(h)? %Yield®

2 232a 249 92 77 (241a)

| 232a 248  H>—= 24 91 (240a)

3 232a 250 @ 89 22 (242a)
(@)
4 232a 251 >—©—: 16 48 (243a)
5 232a 150 B )= 15 94 (244a)
F4C
6 232a 14 97 (245a)
253 =
7 232b 17 81 (245b)
FsC
8 232a . 16 81 (2462)
254 /N_Q—:
9 232b 8 88 (246b)
10 232b 255 o )= 17 62 (247b)

“Starting material; Reaction time; “Isolated yield.

However, the reaction of 232a with dimethylphenylsilyl acetylene 250 or with 4-

ethynylacetopphenone 251 furnished propellanes 242a or 243a in low to moderate yields (entries
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3 and 4). Presumably, the DMPS group of 250 acts as a sterically hindered moiety for the

cycloaddition step (demonstrated in the subsequent section), explaining the low yield of 242a.

Mechanistic considerations:

The first mechanism proposed for the click reaction included one catalytic copper atom, but
experimental evidence of the possible involvement of polynuclear copper(l) intermediates has
been much more relevant.[’!! Accordingly, a catalytic cycle has been suggested for our system as
shown in Scheme 12. Initially, the active Cu(I) catalyst can be generated from Cu(Il) salts, such

as CuSOys, using sodium ascorbate as a reducing agent (Scheme 11).

TN
(6 cu(ll) o) o
HO( 2 OH N HO o OH HOLA OH
s e’ ~N ~dl > Ji %
o (6) OH \‘ 0) (6} OH 0% (@) OH
Ascorbate Ascorbate radical

Scheme 11. Reduction of Cu(Il) by sodium ascorbate.
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R “[Cu] R [Cu]?
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Scheme 12. An outline of the proposed catalytic cycle involving a bimetallic mechanism.

Formation of copper(l) acetylide 256a is presumed to be the first step which probably occurs

through a m-alkyne copper complex intermediate. m-Coordination of alkyne to copper(l)
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significantly acidifies terminal hydrogen of the alkyne, bringing it into the proper range to be
deprotonated in an aqueous medium and resulting in the formation of a g-acetylide 256b. The
azide is then activated by coordination to copper, forming intermediate 256¢. At that point, the
first C—N bond-forming event takes place, and a strained six-membered copper metallacycle 256d
forms. Finally, ring contraction to the copper triazolide 256e is followed by protonolysis that

delivers the triazole product and closes the catalytic cycle.

NMR analysis:
'H and '3C NMR assignments of triazolo propellanes 240-247 are presented in Tables 7A-B and

8A-B respectively. Generally, the used copper-catalyzed reaction is regioselective and gives 1,4-
disubstituted-1H-1,2,3-triazoles. The latter compounds can easily be distinguished from the
isomeric 1,5-disubstituted-1/H-1,2,3-triazoles by simple one-dimensional *C NMR spectroscopy
(Scheme 13). For instance, the C13 signal of 257a and 257b appears at 6 ~120 ppm and 133 ppm
respectively.[?! In our case, the C13 signals of the isolated compounds showed up in a range
between 119.1 and 122.2 ppm, whereas, the neighboring C14 resonates between 154.1- 148.4 ppm
(Tables 8A-B). Therefore, these results confirm the presence of the expected 1,4-disubstituted-1H-

1,2,3-triazoles.

V=133 ppm

R R .
! 13 N 13
14 Upfield — ’ Upfield —
s /t—k’\\{ X‘M - NF\l ; c / t[‘\j;\l j\ - NN
13 AN 2 . RN N — 5 R 2
= 120 ppm J 15N~') " Nis ' 15 N:) " N1s
aw 257a .vav , ww 257b ww
[1 /4-disubstituted-1H-1,2,3-triazole } [ 1,5-disubstituted-1H-1 ,2,3-triazole}

Scheme 13. The upfield position in 1,4/5-disubstituted-1H-1,2,3-triazoles due to resonance donation from

the nitrogen N15.

Apart from the slight variations in the 'H and 'C chemical shifts among the obtained derivatives,
there exist some characteristic features that reveal the effect of the triazole moiety on the
propellane core structure. Probably, the most interesting feature is the downfield shift of H12
(4.49-4.71ppm) in 240-247. These protons became even more deshielded than H8 (4.10-4.50 ppm)
and H11 (4.29-4.52 ppm), which was not the case previously with iodo-, azido- and thiocyano
propellanes. Therefore, the triazole group exhibited a stronger electron-withdrawing effect on

protons H12, thus increasing their frequencies. This effect was negligible on other protons, except
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for H11 in 245b-247b (5 ~ 4.52 ppm) (Table 7B). On the other hand, the '>*C NMR chemical shift
of C12 in triazolo propellanes was higher than that of C12 in iodo- and thiocyano- analogues (Ad ~
+45 ppm and +10 ppm respectively), but comparable to that of azido propellanes (Ad~ -0.7 ppm).
The substituent at C14 has also given an unambiguous influence in the 'H NMR chemical shift,
especially on protons H12 and H13. For instance, the electron-withdrawing groups 3.5-
bis(trifluoromethyl)phenyl in 245a-b and 4-acetylphenyl in 243a made these protons more
deshielded than their counterparts in other compounds. In contrast, the butyl chain in 241a and the
dimethylphenylsilyl group in 242a made them the most shielded among their analogues (Tables
7A-B).

2D NMR experiments have also contributed to assigning the obtained triazolo propellanes. For
instance, a COSY experiment has been done on compound 242a revealing strong correlations
between protons H10/ HI11 and H11/H12, thus confirming the NMR assignments from previous
analysis with iodo-, azido- and thiocyano-propellanes. Moreover, a NOESY experiment of the
same compound has been carried to verify close spatial proximity among protons HI12/H13,
H11//H13 (a weak cross peak) in addition to the previously reported correlation in the propellane
core (Figure 11). Again, these results ensure the presence of the 1,4-disubstituted triazoles and

give a piece of additional evidence about the stereochemical configuration at C11.

Table 7A. '"H NMR assignments of compounds 240a-246a. (300 MHz,* 500 MHz,? CDCl5).

H3 H4 HS5 HS HI10 HI11 HI2 HI13

a:2.09-2.00 m 1.94-1.60 m 1.94-1.60m  a:4.34d a:2.57dd 4.37 dddd a:4.66 dd 7.88s
e: 1.94-1.60 m ./gd ,&»:10.6 J/()(,,/()g:13.1 J[/,mg:? J[g,,,]2€:14.6
e:4.27d J10a-11=5.1 Jir10=5.1 Ji2a-11=3.2

240a®
Jse-5a=10.6  e:1.68 dd J11-12=3.2 e: 4.56 dd
J10e-10=13.1  J11.1275.0 J12e-12=14.6
J10e-11=? J12e-11=5.0
a:2.03-1.94 m 1.94-1.55m 1.94-1.55m a:4.33d a:2.53 dd 4.29 dddd a: 4.56 dd 7.37s
e: 1.94-1.55m Jsa-8=10.1  J1pa-10=13.1  J11.10=? J12a0-12=14.5
241a¢ e:4.26d J10a-1175.1 J11-10=5.1 J12a-1173.6
Jse-sa=10.1  e:1.70 dd J11-12=3.6 e:4.49dd
J10e-10=13.1 Jp11274.5 J12e-12~14.5
J10e-1=7 J12e-174.5
1.91-1.44 m 1.91-1.44 m 1.91-1.44 m a:430d a:2.51dd 4.30 dddd a:4.61dd 7.56s
Jsa-8=10.5  Jioa10=132  Jie=114 Jipen~14.4 240a-246a
24231’ e:4.24d J10a-175.1 J11-10=5.1 J12a-174.0

Jgg,ga =10.5 e: 1.53dd J[/,/ga:4.0 e:4.57dd
Ji10e-104~13.2 Jir12=3.7 Ji2e-12=14.4
Jioe-n=11.4 Ji2e-11=3.7
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a:2.11-1.98 m 1.98-1.61 m 1.98-1.61 m a:437d a:2.60 dd 4.35 dddd a:4.71dd 7.98 s
e: 1.98-1.61 m Jsa5=10.6  Jipa10~13.1  Ji10~11.4 J12a-12=14.5
2433” e:4.29d J10a-175.1 J11-10=5.1 J12a-1173.2
Jse-sa=10.6  e:1.65dd J11-1273.2 e: 4.58 dd
J10e-10=13.1 Jp11275.1 J12e-12~14.5
Ji10e-11=11.4 Ji12e-1=5.1
a:2.10-1.97 m 1.97-1.64 m 1.97-1.64 m a:4.34d a:2.59dd 4.36 dddd a: 4.67 dd 7.88 s
e: 1.97-1.64 m Jsa-8=10.7  J19a-10=13.1  Jp110~11.5 J12a-12=14.5
244a“ e:4.27d J10a-175.1 J11-10=5.1 J12a-173.2
Jse-8a=10.7  e:1.64 dd J11-12=3.2 e:4.55dd
J10e-10a=13.1 Jp127=5.1 J12e-12=14.5
J10e-1=11.5 J12e-1=5.1
a:2.13-2.00 m 2.00-1.68 m 2.00-1.68 m a:4.34d a:2.64dd 4.38 dddd a:4.74dd 7.84s
e:2.00-1.68 m Jsa-5=10.7  J1a-10~13.1  Ji10~11.5 J12a0-12=14.5
2453" e:4.29d J10a-11=5.0 J11-10=5.0 J12a-173.2
Jse-8a=10.7  e:1.69 dd Ji1-1273.2 e:4.56dd
J10e-10=13.1 J11.1275.6 J12e-12~14.5
Ji10e-11=11.5 J12e-11=5.6
a:2.10-1.97 m 1.95-1.61 m 1.95-1.61 m a:4.35d a:2.57dd 4.36 dddd a: 4.64 dd 7.74 s
e: 1.95-1.61 m Jsa-8=10.6  J1pa-10~13.1  Ji10~11.4 J12a0-12=14.5
2463“ e:427d J10a-11=5.1 J11-10=5.1 Ji2a-173.4
Jse-84=10.6  e:1.64dd J11-12=34 e:4.55dd
J10e-10=13.1 Jp11274.7 J12e-124=14.5
J1oe-1=11.4 J12e-1=4.7
Table 7B. 'H NMR assignments of compounds 245b-247b. (300 MHz,* CDCl;).
H3 H4 HS5 HS HI10 HI1 HI2 HI3
a:2.45-132m 2.10-1.48 m 2.10-1.48 m a:4.52d a:2.32dd 4.52 dddd a:4.76 dd 7.85s
e:2.10-1.48 m Jsa-5=10.4  J19a.10~13.1 J11:10e=9.7 J120-12=13.5
245ba e:4.15d J10a-11=5.3 J11-10=5.3 J12a-172.3
Jse-sa=104  €:2.00dd J11-12=2.3 e:4.48 dd
J10e-10=13.1 111277 J12e-12~13.5 R
J10e-11=9.7 J12e-11=? tr\\l\
a:2.44-1.32m 2.06-1.48 m 2.06-1.48 m a:449d a:2.28dd 4.51 dddd a:4.63 dd 7.72s 13 ’ 1N
e:2.06-1.48 m Jsa-5=10.4  J1a-10~13.1  J11-10~9.8 J12a-12=13.4 N
246b” e:4.10d J10a-175.1 J11-10=5.1 J12a-172.8
Jse-sa =104 e:1.97 dd J11-12=2.8 e:4.43 dd
Jie-10=13.1 J11127? Ji2e-12=13.4
J10e-1179.8 Ji2e-11=?
a:2.47-135m 2.07-1.47 m 2.07-1.47 m a:4.50d a:2.31dd 4.52 dddd a: 4.68 dd 7.78 s 245b4-247b
e:2.07-1.47 m Jsa-8=10.4  J194-10~13.1 J11-100=9.9 J12a0-12=13.5
247ba e:4.13d J10a-11=5.1 J11-10=5.1 J12a-172.6
Jse-sa =104 e:1.96 dd J11-12=2.6 e: 4.44 dd
Ji1ve-10=13.1  J112127=? Ji12e-124=13.5
J10e-179.9 J12e-17?

Table 8A. >*C NMR assignments of compounds 240a-246a. (300 MHz,“ 400 MHz,? 500 MHz,¢ CDCl5).
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CI c2 C3-5 C6 (&) (&) Cl1 Ci2 Ci3 Cl4

39.0,
240a“ 61.6 977 27.1, 179.5 779 402 788 517 121.1 147.8
36.1

39.0,
241a’ 61.5 97.7 27.1, 179.5 779 40.2 789 514 122.2 148.4
36.1

389,
242ac 61.6 97.6 26.9, 179.5 77.9 39.9 787 50.8 ? 145.1
36.1

39.0,
243a’ 61.6 97.8 272, 179.4 779 403 78.8 519 122.0 146.7
36.1

39.0,

244a® 61.6 977 27.1, 179.4 779 403 78.8 518 121.1 146.8
261 240a-246a

39.0,
245a°® 61.6 979 272, 179.3 77.8 40.5 788 522 122.1 145.1
36.1

39.0,
246ac 61.6 97.6 27.1, 179.6 779 40.4 789 515 119.6 148.3
36.1

Table 8B. *C NMR assignments of compounds 245b-247b. (101 MHz,* 126 MHz,? CDCl5).

C1 c2 C3-5 C6 (&) (&) Cc11 Ci2 CI3 Cl4

37.0
245b¢ 61.4 98.3 26.2 179.5 772 40.7 79.5 53.1 121.6 145.2
35.8

37.1
246b* 613 98.1 26.2 179.6 772 40.8 79.8 527 119.1 148.4
35.8

37.1
247b? 613 98.1 26.2 179.6 772 408 79.7 52.8 119.8 147.8
35.8

4
245b-247b
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Figure 11. 2D NOESY NMR of 242a (500 MHz, CDCls).
8.5. Synthesis of unusual bis-triazolo[3,3,3|propellane via double-click reaction

To explore the synthesis of bis-triazolo[3,3,3|propellane via double-click reaction, azido
propellane 232a was allowed to react with 0.5 equivalent of 1,6-heptadiyne 256 under similar
reaction conditions used to prepare compounds 240-247 (Scheme 14). After 62 hours from
launching the reaction, highly polar compounds have appeared on the baseline of the TLC plate
(Petroleum ether: ethyl acetate 30:70). Subsequent treatment of the reaction crude, including a
classical work-up followed by simple filtration over silica gel, yielded a mixture of pale-yellow
oil accompanied with minuscule white solid clusters. While trying to dissolve a part of this mixture
for NMR characterization, we noticed that the white solid was insoluble in deuterated chloroform.

We took advantage of this insolubility to separate both compounds by successive washing off the

mixture with chloroform, and hence no further chromatographic purification has been required.

The 1D NMR spectra of the oily product were highly comparable to those obtained previously
from the mono-click reactions (Figure 12). For instance, the 'H NMR spectrum revealed the
characteristic peak of the triazole group H13 at 7.38 ppm, in addition to the distinctive signals of
the propellane subunit H8, H11, and H12 in a range between 4.10 and 4.61 ppm. Similarly, '*C
NMR, accompanied by DEPT-135, showed all the signals of the triazolo propellane system in
addition to 2 CH; peaks between 23 ppm and 30 ppm. With further HRMS analysis, the most likely
product was suggested to be one of the double-click compounds 258 or 259.
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Scheme 14. Results from the CuAAC of 232a with 1,6-heptadiyne 256.
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Figure 12. 1D NMR analysis of 258; Top: 'H NMR (500 MHz, CDCls), bottom: *C NMR (126 MHz, CDCl3).
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After examining its optical activity, the obtained product was chiral ([a]3° +4.6° (¢ = 1.3, DCM)),
thus indicating the presence of the bis-triazolo[3,3,3]propellane 258. Presumably, the mono-click
product 257, once it is formed, can transmit chirality to the alkyne group in the second click
process, and hence resulting in a higher population of one conformation over another. Further
studies in the future, such as molecular modeling combined with solid-state structures, may help
determine the real mechanism of such process. Finally, the insolubility of the white residual solid,
obtained from the reaction mixture, made it hard to determine its structure, which could be either

257 or 259.

9. A new approach toward unsaturated [5,3,3]propellano-bislactone

So far, allyl bicyclic y-lactone 169a has been an excellent building block to easily access a variety
of substituted [3,3,3]propellanes. To expand the use of 169a in the construction of other ring
systems, we herein report a simple and convenient methodology for the synthesis of unsaturated
propellano-bislactones 263 (Figure 13). The beautiful structural architecture of such propellanes
and the important biological properties of polylactones have also attracted the attention of several
research groups. For instance, Ginsburg!’®! and Satyanarayanal’¥ have reported the synthesis of
bis-lactones 260-261 and 262 respectively (Figure 13). Compounds 260 and 261 were established
using Baeyer- Villiger oxidation of the title compound,!”* whereas 262 was prepared using acetates

of the Baylis-Hillman adducts. "¥]

o ~ o o Q
o) Y o= \
O AO O /O o)
X N
K 260 261 j Ar Ar (@)
Y 262 (n=1,2) 263
Ginsburg et al. 1985 Satyanarayana et al. 2001 Our work

Figure 13. Some propellano-bislactones found in the literature 260-262 in addition to our designed ring

system 263.

The designed [5,3,3]propellano-bislactone 263 comprises a tricyclic [7,5,5] heteroatom framework
(Figure 14). It includes one y-lactone, in addition to 6,7-dihydro-2(5H)-oxepinone subunit.
Theoretically, the a,B-unsaturated system could be used for further functionalization, making it an

important feature for the compound’s future utility.
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- [6,3,3]propellane (violet I)

- 6,7-Dihydro-2(5H)-oxepinone (blue II)
- 2 chiral centers ( 1)

- y-lactone (green Ill)

- Cyclopentane (red IV)

Figure 14. Key features of the designed [5,3,3]propellano-bislactone 263.

By analyzing the retrosynthetic pathway of 263, the unsaturation between C11 and C14 could be
obtained by ring-closing metathesis**! of 264, which can be derived from the readily prepared

bicyclic y-lactone 169a via classical esterification with acryloyl chloride 265 at O9 (Scheme 15).

_RCM Esterification
9 8 7
cl HO/ ™ §
P ST — —> o = <O
l 10
O 263 265 1y 169a

Scheme 15. Retrosynthetic analysis of 263.

The synthetic pathway for compounds 264 and 263 is presented in Scheme 16. Deprotonation of
169a with n-BuLi at low temperatures followed by dropwise addition of acryloyl chloride 265
gave the bis-alkene product 264 in 76% yield. The latter compound was then refluxed with Grubbs
2 catalyst (10 mol%) in dichloromethane for one day before affording the desired
[5,3,3]propellano-bislactone 263 in 69% yield. The 'H NMR of the final product was compared to
that of 264 as shown in Figure 15. The characteristic signals of protons HI12 and HI15
corresponding to the terminal alkenes of 264 (5.00-6.58 ppm) have disappeared in the spectrum of
263. Moreover, the doublet of doublet of H14 in 264 became a doublet in 263, and H11 came to
be more deshielded in 263. All these arguments, in addition to MS spectroscopy, ensure the

suggested structure of 263.
(0]

Q CK”\% 265 Q Q
\ . 0 o
1) nBuLi, THF, -78°C, 30 min.

OH  2) Acryloyl chloride 265, r.t., 6 h
76%

o=
Grubbs Il

O

0 DCM, 45°C, 24 h

69% A
[I/go 264 Yo 263

169a

Scheme 16. Synthesis of 263.
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Figure 15. Some characteristic signals of compounds 263 and 264 taken from their related '"H NMR spectra.

10. Conclusion

As presented, carbocyclic and heterocyclic propellanes occupy a special place in synthetic organic
chemistry because of their aesthetically appealing structural architecture. In this work, we
presented a brief overview of the synthesis of such propellanes and their occurrence in material
sciences, natural products, and medicinal chemistry. We also reported the synthetic feasibility of
highly functionalized [3,3,3]propellanes and [5,3,3]propellano-bislactone from the already
prepared allyl bicyclic y-lactone 169a. To ensure their suggested molecular structure, all the
obtained compounds were fully characterized and assigned using 1D and/or 2D NMR experiments
in addition to mass spectroscopy. In the subsequent chapters, many other stunning syntheses of

new propellane families will also be reported and discussed in detail.
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Ch. IV: Propellanes—from Propargyl
Bicyclic B-Hydroxy-y-Lactones

1. Introduction

Over the history of organic chemistry, molecules with unusual three-dimensional structures have
frequently attracted the attention of chemists as possible synthetic targets.['! Among such
structures, propellanes are one of the most recognizable. The development of efficient synthetic
strategies to such ring systems from commercially available starting materials involving
environmentally benign processes is worthy of systematic investigation. To this end, our efforts
are directed to design diverse [n,m,o]propellanes that exhibit a broad range of structural diversities.
In the previous chapter, many functionalized propellanes have been reported from the common
bicyclic intermediate 169a (Figure 1). The presence of hydroxyl and allyl group, bonded to two
vicinal quaternary carbons each, has promoted speedy access to a third ring and hence furnishing
the desired propellane skeleton. This exceptional importance of the designed allyl bicyclic y-
lactone led us to investigate the chemistry of some analogs. Throughout this chapter, we explore
the feasibility of the readily prepared propargyl bicyclic y-lactones 166a-b for the synthesis of rich
variety of novel propellanes (Figure 1). In this regard, several approaches to oxaspiro[n,3,3]-
propellanes, besides other miscellaneous scaffolds, will be discussed in detail.

R":' " Oxaspiro-
A ° -* o [n+2,3,3]propellane

-
R/W"\\—
O Substituted-
[3,3,3]propellanes Propellane building blocks

169a
(6)
Chapter 3 This Chapter
— \O
[5,3,3]propellano-
bislactone [6,4,3]propellane

Figure 1. The rich variety of propellanes resulting from the bicyclic intermediates 169a and 166a-b.
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2. Oxaspiro|n,3,3]propellanes
2.1. Spiropropellanes

Spirocyclic compounds are molecules containing two rings connected through a single shared
atom (the spiroatom). Since first postulated by von Baeyer in 1900, such privileged structures
have been found to occur in many natural and non-natural products.!>! A rigid structure can be
expected when the spirane skeleton consists of small or medium-sized rings. The resulting rigidity
provides a stiff framework for the attachment of pharmacophoric groups or a rigid framework for
metal coordination. Moreover, spirocycles have a high sp*/sp? ratio by nature, a feature that is of
increasing importance in the design of biologically active molecules with improved properties.!>-
31 In spiranes with no annular heteroatom, four carbon atoms are bonded directly to the quaternary
spirocarbon. But in several spirane structures, a heteroatom, instead of a carbon atom, is linked
directly to the spiranic center. When the heteroatom is oxygen, the nomenclature of the system
will then be preceded by oxa to become “oxaspiro[n,m]alkane”, with n and m being the number of
annular atoms in each cycle without counting the spiroatom. However, when two oxygens are
bonded directly to the spirocarbon, a spiroketal thus results.*]

Spirocycles can be accompanied by a wide range of molecular structures.[*®! They might be
merged with propellanes to form a nonclassical family of organic compounds, spiropropellanes.
The main interest in such derivatives is their exceptional rigidity, induced by their fascinating

structural architecture, which could be behind important biological properties.

OH

CERNIe
H
Lugdunomycin

4

Cneorin B

Figure 2. Some natural and non-natural products containing the spiro[n,m,o]propellane motif.
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Such framework can occur naturally to give unprecedented chemical compounds. Recently, Wu
and coworkers"™! discovered Lugdunomycin, exhibiting unique structural characteristics, including
the oxaspiro[4,3,3]propellane motif (Figure 2). Other natural products like (—)-acutumine!® and
cneorin BU”) analogues presented spiro[4,3,3]propellane and spiroketal[4,3,1]propellane,
respectively, in their core structure. Non-natural compounds, comprising the spiropropellane
skeleton, were also described by different research groups, but not extensively. Probably, the most
well-known scaffolds are those functionalized cage propellanes and D3-trishomocubanes
containing spiro linkage, such as 266, 271”1 and their analogues, reported by Kotha et al. in a

(45, 101 Other miscellaneous approaches were also reported for the synthesis

series of publications.
0f 265,1'11267.1121 268,131 269,141 270!'Y and 272.11°!

Despite the promises that these structures hold in terms of future applications, no studies have been
dedicated to the detailed account of the synthetic strategies and applications of this family of
compounds. Thus, we aimed to provide diverse spiropropellanes, focusing on
oxaspiro[n,3,3]propellanes, by using different strategies for each (Figure 3). In this regard, this
section covers the synthetic efforts made to access these polycyclic scaffolds with a strong focus

on 274 and 275 (Figure 3). For better clarity, the synthetic approaches are sorted based on the

number of annular atoms “A” attached to the common propellane subunit (273-276).

A-A A’A\A

A-A A’A‘A A’ ‘A | |
9 KJ A, IS
(@) =0 (0] =0 O =0 (0] =0
S A A S /S
R™. -0
273 274 275 276

OK =0

\ | 1 1 I
" A
2 3 4 5

Oxaspiro[n,3,3]propellanes

Figure 3. Our designed oxaspiro[#,3,3 |propellanes (A = carbon or oxygen).

2.2. General retrosynthetic analysis of oxaspiro[n,3,3]propellanes
Oxaspiro[n,3,3|propellanes 273-276 can be envisioned through different cyclization reactions of

the exo enol ether propellanes 277a-b. Such reactions may include cyclopropanation (Simmons-
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-Simmons—Smith

-Paterno-Biichi Metal catalyzed
-Catalyzed cascade cyclization
annulation efc... 12 . Chapter 2
9 7 9
. o’ HO, 0 o O
’,
10 &f 6 g S S 8 7
o |:> 0 =0 I:> o) v., ORi , Me—OH
2 ! s 10 .10
n n
1" 1"
| | 12 I I 12
273-276 277a-b 166a-b 161j-m

Scheme 1. General retrosynthetic analysis of oxaspiro[#,3,3]propellanes 273-276.

Smith reaction), [2+2] photochemical cycloaddition (Paterno-Biichi reaction), acid-catalyzed
cascade annulation, and others. The key intermediates 277a-b can both be formed via metal-
catalyzed cyclization of 166a-b. Finally, the latter bicyclic y-lactones have been prepared in a two-

step sequence as already discussed in Chapter 2.

2.3. Formation of exocyclic enol ethers
Due to their synthetic value, numerous routes have been developed for the synthesis of
tetrahydrofuran and pyrane motifs.['®) Among these methods, the cyclization of acetylenic alcohols
is one of the most rapid and convenient. Such cyclizations are usually performed through metal
catalysis, and the obtained products are a result of either an exo-dig or an endo-dig annulation, or
both (Scheme 2). Earlier versions were based on intramolecular oxymercuration starting from
acetylenic alcohols, usually leading to the corresponding exocyclic enol ether.['” Later, the
palladium(II) catalyzed version was pioneered by Utimoto ef al., but a mixture of exo- and endo-
dig products could be obtained.!"8) Silver (I),'”) gold(1), 2, and iridium(I)*"! catalyzed exclusively

and efficiently the formation of exocyclic enol ethers.

R1
Ir', Ag' K\I\/O
1
R 2/92
|| = R
OH 9 > and/ or
% N
R
%O
Y
rR2 "

Scheme 2. Formation of tetrahydrofurans and pyranes through metal-catalyzed cyclization of acetylenic

alcohols.
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However, chromium, tungsten and molybdenum catalysts led, in the presence of a base, to
endocyclic enol ethers.”?! To convert the propargyl bicyclic y-lactones 166a-b into their
corresponding exocyclic enol ethers 277a-b, silver-catalyzed cyclization''”! was considered, and a

series of conditions were tested (Table 1).

Table 1. Ag (I) catalyzed cyclization: formation of propellanes 277a-b.

HO, /%
y /<0 Ag,CO3, Benzene
g “, Table 1
166a-b | ’ 277a-b
Entry SM¢ n [166a] (mM) T (°C) t (h)’ Product  %Yield¢
1 166a 1 30 r.t. 46 277a 46
2 166a 1 64 60 15 277a 54
3¢ 166a 1 80 60 24 277a 49
4 166b 2 60 60 19 277b 51
5 166b 2 80 60 24 277b 64

“Starting material; “Reaction time; ‘Isolated yield; “All reactions were carried out in the presence of silver

carbonate (20 mol%) in benzene.

Pleasingly, the ring closure proceeded smoothly to give 2-methylenetetrahydrofuran moiety,
thereby leading to less polar products 277a-b. The yield of the reaction has been optimized via
tuning some parameters like the molar ratio of the chosen substrate, temperature, and reaction time.
At room temperature, the reaction proceeded slowly for 46 h, yielding only 46 % of the desired
product 277a (Entry 1). The best results were achieved when lactones 166a (64 mM) (Entry 2) and
6b (80 mM) (Entry 5) were carried out in the presence of AgoCO3 (20 mol%) in benzene at 60°C,
thus providing the corresponding propellanes 277a and 277b in 54% and 64% yield respectively.
The related 'H NMR spectra of the latter compounds are presented in Figure 4. As expected, the
methylidene protons H12a,e have appeared as two signals around 4.40-4.59 and 3.75-3.90 ppm.
These protons couple with each other (J < 2 Hz), as well as with the allylic protons H10a-e (§~
2.91-210 ppm) via a long-range coupling (*J = 1.5 Hz). Such arguments, in combination with '*C

NMR assignments and HRMS, ensure the claimed structures of 277a-b.
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YN3-044 (300 MHz) C6 D6

277a,n =1

YN3-026 (300 MHz)

CsDs

277b,n =2 124 8a

IR,

T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0
1 (ppm)

Figure 4. "H NMR spectra of 277a-b.

From a mechanistic point of view, the results summarized above suggest a cyclization based on
activation of the acetylenic moiety through Ag'-coordination (278a-b in Scheme 3), which would
induce a nucleophilic addition of the neighboring alcohol group. This cyclization would then lead
to a protonated alkoxy organosilver intermediates 279a-b, which could be converted to their
neutral counterparts 280a-b via deprotonation by silver carbonate. Finally, hydrolysis of the

carbon—Ag bond would liberate the desired exocyclic enol ethers 277a-b and regenerate the silver

catalyst.
Agl’p\ .
H '\
\\\ O, 278a-b j
HOS( 0
166a-b . (Sllver -catalyzed annulatlon) HO " =0
Ag + hn
X\ O 279a-b
=/ /=0
o AgCOg
\n Ag
‘1\)/ O
277a-b Z —0
O
280a-b

Scheme 3. Proposed mechanism for the silver-catalyzed annulation of 166a-b.
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Stability test of compounds 277a-b

HCI (cat.) Celite® (wet) 5 2£/=0
CDCls, rt,, 4 h ' DCM, rt., 2-4 h ),
97% 100%
277a-b
238, n=1 N 281, n=2

Scheme 4. Further undesired transformations of 277a-b.

To investigate the stability of the obtained propellanes 277a-b, catalytic amounts of HCI were
dissolved in a solution of 277a in deuterated chloroform at ambient temperature (Scheme 4). Four
hours later, a quantitative isomerization to its endo enol ether counterpart 238 has been observed
by 'H NMR analysis. While the 2-methylenetetrahydrofuran protons have completely disappeared
from the spectrum of 238, new signals became to appear at 4.70 and 1.80 ppm related to the 5-
methyl-2,3-dihydrofuran motif (Figure 5). It should be noted that 238 has been previously isolated
from the reaction of iodo propellanes 231a-b with sodium cyanide (Chapter 3), which helped us
to recognize the structure more swiftly.
Y2032 (500 M) 8e

10

CDC,
13
T T T T T T T T T T 10 ga
75 470 4.65 4.60 4.55 4.50 4.45 4.40 435 4.30 35
f1 (ppm)
| ‘ Iy

Yt g
SN SR ®&
i EERCR
T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 70 55 5.0 4.5 4.0 3.5 3.0 25 2.0 0.5 0.0
f1 (ppm)
YN2-054 (300 MHz)
10 12
10
8
_OH -OH
T T T T T T
2.8 2.7 2.6 2.5 2.4 2.3 2.2
f1 (ppm) 8 10 3-5'
- CDCI3
it AL oo T, 281, n=2
g R g o &
T T T

T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 5. '"H NMR spectra of 238 and 281.
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Under further investigations, inseparable diastereoisomers of the hemiacetal adduct 281 have been
isolated when 277b was stirred over wet Celite® for a short period (Scheme 4). The hydration of
the double bond has been detected by 'H NMR analysis where the methylidene protons H12a,e
have disappeared, and H10a,e became less deshielded (Figure 5). Moreover, the corresponding
13C NMR shows two peaks at 104.0 and 105.4 ppm which are characteristic for the hemiacetal
carbons of both isomers.

Based on the results of both stability experiments and on other observations, exocyclic enol ethers
277a-b were prone to hydration and highly sensitive to acidity and elevated temperatures.
Therefore, they were unstable enough to be stored for a long time even at low temperatures. To

avoid the instability problem, we had to use them as soon as they were furnished.

2.4. Spirocyclopropanyl[n,3,3|propellanes

The isolated exocyclic enol ethers 277a-b opens the door to a wide range of novel
oxaspiro[n,3,3]propellanes. However, the design and synthesis of such a nonclassical family of
polycyclic compounds from delicate building blocks is a real challenge. The aim was to introduce
an n-membered ring linked to our propellane core structure through the exo alkene and hence
providing diverse spiro ring systems.

In this section, we wanted to establish a 3-membered ring at C11 forming the oxaspiro[2,4 Jheptane
motif. To easily access this group without the creation of any additional stereogenic center,
cyclopropanation was the choice. Accordingly, 277a-b were subjected to standard Simmons-Smith
conditions to give the expected spirocyclopropane adducts 273a-b in satisfactory yields (Scheme
5). The furnished products have unique structural features, including a quadracyclic ring system,

a spiroatom, two stereocenters, and a propellane motif (Figure 6).

12

Etzzn, CH2|2
CH,Cl,, 40°C, 1h

277a,n=1 273a, (61%)
277b,n =2 273b, (79%)

Scheme 5. Cyclopropanation of enol ethers 277a-b.
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The structural assignments of 273a-b are presented in Tables 2 and 3. The 'H NMR chemical shifts
of both compounds are similar with slight variation for protons H8 and H10 (Ad ~ 0.15 ppm). One

peculiar feature has appeared in both spectra which is the upfield shift of the cyclopropane protons

)
ATA o
Y’c =0 - [n,3,3]propellane (violet 1)
O - 4-oxaspiro[2.4]heptane (blue II)
o - 2 chiral centers (orange )
- y-lactone (green lll)
A =CH, - Cycloalkane (red IlI)
273a,n=1
273b,n=2 | ] 1]
——

Figure 6. Key features of the designed oxaspirocyclopropane[n,3,3 |propellanes 273a-b.

Table 2. 'H NMR assignments of compounds 273a-b (300 MHz, CDCl;).

H3-5,5° H8 H10 Hl12a Hl12e H13a H13e

2.18-1.70 m a:4.44d 223s a: 0.93 ddd e: 0.80 ddd a:0.61 ddd e: 0.48 ddd

273a Jsa-5~10.2 Ji2an2mS  Jiena= 1S Ji3a3=104 0 Jise3~10.4
(n=1) e:4.22d Ji2e1375-6  J12e-376.3 13012756 Ji3e-12776.5
Jse-8a=10.6 J120-1376.5 J12e-1375.1 J134-1276.3 J13e.12775.1
2.13-1.16 m a:4.25d a:2.38d a: 0.88 ddd e:0.79 ddd a:0.58 ddd e:0.51 ddd

273b J3a5~10.2 J10a-10~12.4 Ji2an2=1S Jiena= 1S Ji3a03=10.8 0 Ji3e37~10.8
(n=2) e:4.18d e:2.31d J]za,lja:5.4 J/zg,jja:6.6 J[ja,1311:5.3 J/jg,jza:6.6

Jse-5a=10.2 J10e-10=12.4 J12a-1376.7 J12e-135.3 J130-12776.7 J13e-1275.4

A L

i : HTO

| =0
i i (6]
Lo é}

A A 273a

Coupling
constants J:

1.0 0.9 0.8 (ppm) 0.7 0.6 0.5 0.4

Figure 7. "H NMR analysis of protons H12 and H13 of 273a.
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Table 3. *C NMR assignments of compounds 273a-b (76 MHz, CDCI5).

Cl 2 c3 4 05 C6 cs Cl10 cll Cl12 C13

273a 624 973 388 271 363 180.7 78.4 437 656 106 72
28.5

273b 529 856 292 224 02 181.3 24 392 624 109 10.8

H12 and H13 (6 0.93-0.43 ppm). It appears that the highly shielded position of such protons is
well studied and conventionally accounted for in two ways.!*3] According to the first explanation,
it is the anisotropy of the C—C bond, just opposite to CH2 group in a three-membered ring, that
shields the cyclopropane hydrogens. In the second explanation, an aromatic-like ring current
involving the six electrons in the three C—C bonds (¢ aromaticity) shields cyclopropane protons.
Further insight into the origin of chemical shift values was obtained by theoretical studies revealing
the shielding pattern arising from the cyclopropane framework in response to the applied magnetic
field.”*! By taking a closer look at the 'H signals of H12 and H13, it is almost clear that each
proton couples with its geminal and vicinal counterparts to give a ddd. For instance, the
corresponding peaks of H12 and H13 in 273a have appeared as four separate ddd between 0.41
and 0.97 ppm (Figure 7).

Assignments from '3C NMR reveal the characteristic peaks of the cyclopropane motif which
include two shielded methylene groups (C12 and C13; 6 7.2- 10.9 ppm) and one deshielded
quaternary carbon (C11; 8 65.6 ppm) (Table 3). The rest of the signals of the propellane framework

have remained similar to those obtained from the substituted scaffolds in Chapter 3.

2.5. Spiro-oxetanyl[n,3,3|propellanes
After being inspired by the fascinating combination of our propellane core structure with
cyclopropane in the preceding section, we wanted to establish the oxaspiro[3,4]Joctane motif by
forming a spiro-four-membered ring at position 11 (Figure 8). Among the extensive range of
strained four-membered heterocycles, oxetane has been chosen for its high priority and
significance to a broad range of chemical and biological applications.> The designed propellanes
thus comprise the diooxaspiro[3,4]octane motif with its three contiguous stereocenters, including
one spiroatom (C11), which resides between the oxetane motif and the [n,3,3]propellane

framework (Figure 8). To minimize the complexity of the system, no additional chiral centers were
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included in the oxetane ring, and hence simple and similar aryl substituents were used at C13. The
resulting molecular design is novel and, to the best of our knowledge, no similar merging between

propellanes and oxetanes had ever been reported in the literature.

- [n,3,3]propellane (violet I)

- 2,5-dioxaspiro[3.4]octane (blue II)
- 3 chiral centers (orange II)

- y-lactone (green Ill)

- Cycloalkane (red IlI)

Figure 8. Key features of the designed oxaspiro-oxetanyl[n,3,3 ]propellanes 286-292.

Retrosynthetic analysis: By considering the instability of the starting exo enol ethers 277a-b, the

retrosynthetic analysis of the designed propellanes required an appropriate and efficient strategy

that could furnish the oxetane motifin a single operation. Accordingly, both the C11-C13 and C12
—014 bonds were envisioned to be established via the Paterno—Biichi reaction. In other words,

they can be furnished by a photochemical [2+2] cycloaddition between 277a-b and symmetrical
ketone (Scheme 6).

Photochemical [2+2] cycloaddition
14

R'JBO 12
R /. (@) 140
= [
(e} o > RJA\R
)
n Symmetrical
ketone
274a-b

Scheme 6. Retrosynthetic analysis of 274a-b.

Over many years, the light-induced Paterno—Biichi reaction between carbonyls and olefins has
been exploited for oxetane synthesis.[*®! For instance, this reaction was used as a key tool in the
total synthesis of merrilactone A,?”) (+)-Preussin,®® iridoids,””) and many other natural
products.*% A series of comprehensive reviews published on the topic of the Paterno—Biichi

reaction are cited here.[*%-3!]

Techniques and methods:*?! To achieve such type of transformation, several specific requirements

have to be fulfilled. The chemical reagent (initiator) is light; therefore, the reaction vessel and any
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optical components (lenses) should be transparent to the wavelength range of interest. The chosen
products or intermediates formed in the course of the reaction may absorb at the wavelengths of
irradiation. When their concentrations increase during the conversion, reaction efficiency may
decrease and eventually stop. Side-reactions may be eliminated in some cases by decreasing the
reactant concentration, which also improves light penetration within the sample, but as a result
larger volume of the reaction mixture will be necessary. Since dioxygen is an efficient triplet
quencher,®* it should usually be removed from the solution before irradiation. The most common
procedures are purging the solution with argon or nitrogen for several minutes before or during
irradiation (which, at the same time, serves to mix the solution constantly) or the more rigorous
but demanding freeze—pump—thaw method. The latter process requires several cycles of freezing
the solution in liquid nitrogen, evacuation using a high vacuum pump and subsequent thawing
when the vacuum inlet is closed, in order to remove completely all dissolved gases. The glass
vessel with the frozen solution can then be torch sealed or closed with a good PTFE stopcock.?!

Photochemical reactor: Such photochemistry can be carried out in a photoreactor of external

configuration.?* This arrangement is very simple; the solution is held outside the source of
irradiation. One option is to use an immersion well as shown in Figure 9, but the sample is placed
in a separate vessel nearby. An external configuration reactor consisting of the reaction sample

placed in the middle of an array of UV lamps (Rayonet) is also commercially available.

Power input

Outlet cooling water
ﬁ Inlet cooling water

Outlet argon =——
Inlet argon

Sealing stopper

UV lamp
—<— Immersion well

Sample holder

Sample
Stand

-4— Rubber base

Figure 9. Photoreactor setup for the Paterno—Biichi reaction.
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Synthesis: To examine the feasibility of our exo enol ethers 277a-b as a platform starting material
for the synthesis of diverse oxaspiro-oxetanyl[n,3,3]propellanes, different symmetrical
benzophenone derivatives were allowed to react with 277a-b under UV light (A ~ 350-366 nm) in
benzene. Initially, a series of reactions has been tested in the Rayonet (A ~ 350 nm) at 48°C.
Unfortunately, these attempts turned out to be unsuccessful due to partial isomerization of the
starting material and the formation of dissociated products. At that time, we chose to repeat the
same reactions, but at room temperature. Hence, we used another photoreactor of external
configuration as already shown in Figure 9. Accordingly, the progress of the reactions has been
followed by thin-layer chromatography (TLC) at different intervals of time. Based on the observed
TLC, the irradiation was stopped as soon as the degradation of the formed products started to
appear. As a result, no complete conversion of the starting materials has been attained in any of
the studied cases. However, isomerization of the enol ethers 277a-b and degradation of the formed
products were less considerable than those observed from the reactions in the Rayonet at more
elevated temperatures. Therefore, as reported in the literature by different research groups,**! the
progress of such type of photochemical reactions is highly influenced by the temperature.

Upon purification of the desired adducts, triethylamine (1 vol%) was added to the appropriate
eluent to neutralize silica gel and thereby avoid any possible transformations under acidic medium.
For the same reason, similar precautions were taken for the NMR analysis where deuterated
chloroform was either treated over alumina or replaced by deuterated benzene to analyze the crude
or the purified samples. In doing so, we ensured that the work-up procedures had no effect on the

obtained results.

Table 4 summarizes the performed photochemical cycloadditions of 277a-b with symmetrical
ketones 282-285. In most of the cases, a separable 3:1 or 4:1 mixture of stereoisomers was mainly
obtained as determined from "H NMR analysis of the crude mixture. The R¢of the major isomer
was nearly similar to that of a bunch of other minor products, thus making its purification a very
challenging task. This can explain the missing data in the results of some entries in Table 4. The
best result was achieved when 277a was irradiated in the presence of benzophenone 282 for 30
hours yielding the desired propellanes 286a/b (3:1) in 56% yield (Entry 1). Under the same
conditions, compounds 288, 290, and 291 were obtained in similar yields (45-50%) and still with
low selectivities (Entries 3, 5 and 6). On the other hand, only the minor isomer was isolated when

277a was irradiated with either dimethoxybenzophenone 283 (Entry 2) or dichlorobenzophenone
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285 (Entry 4). The latter cases were accompanied by slight dissociations of products having similar
polarities to that of the major isomer thereby making the purification process and even the NMR

analysis highly difficult.

Table 4. Photochemical [2+2] cycloaddition of 277a/b with different ketones 282-285.

0]

N

R "R
hv (. = 350-366)
Benzene, r.t., 21-52h

Table 4
277a,n=1 286a-292a 286b-292b
277b,n =2
Entry Enol ether” Ketone® R t(h)’ Adducts %Yieild

1 277a 282 Ph 30 286a/b (3:1) 56
2 277a 283 4-OMe-Ph 30 287b 17¢
3 277a 284 4-F-Ph 30  288a/b (3:1)/ 45"
4 277a 285 4-CI-Ph 30 289 194"
5 277b 282 Ph 32 290a/b (4:1Y 49
6 277b 283 4-OMe-Ph 52 291a/b (4:1) 50"
7 277b 284 4-F-Ph 48  292a/b (3:1Y 26%8"

“Starting material; ’Reaction time; “Isolated yield; “Isolated yield of a single diastereoisomer; /Crude ratio; ¢Isolated

yield of 293a; “Slight dissociation.

293 294

"isolated isomer"

Figure 10. Structure and stereochemistry of regioisomers 293 and 294

To evaluate the nature of the resulting side reactions, we were able to isolate a by-product in trace
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amounts from Entry 1. By comparing its NMR data to those of spiro-oxetanes 286a-b, it turned
out to be one of their regioisomers 293 having the [4,5]-spiroketal motif (Figure 10). Careful
analysis of 1D and 2D NMR data revealed the stereochemistry at C11 and allowed the complete

assignments of the corresponding protons and carbons.

Reaction mechanism: As is generally known, carbonyl compounds have two nonbonding lone

pairs on the oxygen atom occupying two nondegenerate n, and ns, orbitals (Scheme 7).5% 3¢ For
simple ketones, the first ionization potential is attributed to the transition of one electron from np
showing that this orbital, although located on a more electronegative atom, is higher in energy than
the m bonding orbital. The np, 7" state is well represented by a biradical-like structure because of
the presence of an unpaired electron in a nonbonding orbital (Scheme 7). Normally, this state
rapidly undergoes an intersystem crossing (ISC) from a singlet (S1) to a triplet (T1) state since they
are very close in energy. For aromatic ketones, the energies of Ti(ny, ") and Ti(m, ) are also
very close, therefore, the ISC from Si(ny, ") to Ti(, ") is feasible. In fact, the nature of the
substituents on the aromatic ring and the solvent may define which of these two triplet states is the
lowest in energy. For example, the Ti(m, ") is usually favored for ketones possessing electron
donating groups,”®*”) and hence, they undergo the Paternd-Biichi reaction with higher quantum

yields than those which react in their ny, " state.*!

I nsp n .%

Np
o
np‘b'ns’) 1 O. * 3 *
)L hv )\ ISC )O\
R” "R R R R” R

Scheme 7. MOs involved in the possible transitions and excited states of photoexcited carbonyl
compounds.
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Once they have been formed, both singlet and triplet excited species are known to produce
cycloadducts. However, the scope and regio- and stereoselectivity of this process depend on the
reactant multiplicity.*”] The reaction may involve a concerted or a stepwise mechanism via 1,4-
biradical intermediates (BR). Exciplex, radical ion pair, and zwitterion intermediate formation
prior to oxetane cyclization have also been noted in some cases.[*”) This transformation may
compete with inter-/intramolecular hydrogen abstraction or a-cleavage of the carbonyl moiety or
with the reactions involving the alkene molecule.

In light of the results obtained from Table 4, it is most likely that the reaction has proceeded to the
stage where triplet 1,4-biradical intermediates 295 and 296 were formed (Scheme 8). The latter
intermediate has a tertiary radical at the a-position of a heteroatom compared to a primary alkyl
radical in 295. Consequently, the oxetane will mainly be generated from the diradical possessing
the longest lifetime, so from the most stable diradical 296. This can explain the formation of 299
as a major product after a second ISC followed by a subsequent cyclization.

On the other hand, the formation of the minor product 298 might have also proceeded through a
photoinduced electron transfer mechanism (PET) through a zwitterion intermediate 297.14°1 The

PET is induced by the interaction between the semi-occupied n,, orbital of the oxygen atom of the

@ Singlet pathway

Triplet BR

295 296
1) 1SC 1)1sC
52) Cyclization 2) Cyclization

277a-b 297

Exciplex or radical ion pair Zwitterion

Scheme 8. Proposed reaction pathways to the obtained oxetanes 298 and 299.
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carbonyl compound in its triplet ny, 7" state, and the 7 orbital (HOMO) of the alkene (Scheme 9).
Apparently, the highly energetic HOMO of the used alkene 277a-b induced the electron transfer

to the n,, orbital of the reacted carbonyl compound forming oxetane 298 via a concerted or quasi-

concerted mechanism.*!]

— = -

%HOMO (m) /_\-H— HOMO (x) +HOMO (m)
% HOMO (n,) + HOMO (n,) +T- HOMO (n,)

Ho _H Ho _H - Ho _H
o] hv ok ]]: PET o I
—_— ——
L ]]: Py 1 A N

R” "R R "R2 R” "R R" TR? R" "R

Scheme 9. The PET mechanism of the Paterno-Biichi reaction that may explain the formation of 298.

Stereoselectivity: First, it should be noted that electron-rich alkenes, such as 277a-b, preferentially

interact with the electrophilic half-filled n-orbital on the oxygen atom, which is perpendicular to
the m-plane (perpendicular approach), whereas electron-deficient alkenes attack either the oxygen
atom or the nucleophilic carbon atom (parallel approach). The observed photoproduct
stereochemistry cannot, however, distinguish between these mechanisms; but certain analysis

reveals that the O-atom attack is favored via a perpendicular approach (Scheme 10).13% 42

RYO
00 Perpendicular approach R 1
JL O-attack Ok—bw\
R* R
n-orbital of 277a-b
the n,n* state  "electron-rich olefin"
0
—09 Parallel h RH
C>}l<) = T B T e RO e
R R O Sowan

n-orbital of 277a-b
the n,n* state  "electron-rich olefin"

Scheme 10. The attack of an excited carbonyl compound by an electron-rich alkene 277a-b.
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The mechanisms described above allow the understanding, or even the prediction, of the
preferential stereoselectivity observed in most of the cases studied in Table 4. Such selectivity can
be rationalized by considering two different conformations 296A and 296B (Scheme 11). Both,
having the two spin-bearing p-orbitals orthogonal and close in space to each other, are suitable for
efficient ISC and C-C bond formation. Initially, the ketone n-orbital, which is perpendicular to the
n-plane of the alkene, approaches either from outside the propellane core structure forming 296 A
or from the lactone site forming 296B. Hence, it is obvious that 296A is sterically more favorable
than 296 B because of the absence of the remarkable hindrance between the y-lactone motif and

the R group. This can explain the slight stereoselectivity obtained for oxetanes 299A and 299B.

3r —_ %
ISC
N i 299A (major) 299B (minor)
(3 or4) (1)

\<—|n orbital E n orbital |
O : |
z M .3 o I 004—{ ofthe |
OLN0 _ n,n* state!
;5\” : R)1£\R - R)\R |

O,
A R'%O }
O%S; 0 R0 }9 0 ';’z%? 0
P £ /( Approach 1 z 1) I1SC %

OE&(O ST~ — OO

5 0L 0 —
R/(R h, \n 2) Cyclization \

277a-b 296A 299A (major)

R
B..OOO ol Y 0 ~‘RR
R NS 0
0 SON
= /( ) Approach 2 = /( 1) I1SC O"’\ o
@) o .../ \pproacinn « ______ > O o _...U=% e > \
N, N 2) Cyclization n

277a-b 296B 299B (minor)

Scheme 11. Diastereoselectivity in the cycloadditions of 277a-b with symmetrical ketones.
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NMR analysis:
Tables 5 and 6 show the characteristic proton chemical shifts of 286-292 in CsDs and their

corresponding coupling constants. The expected structures possess three main AB systems
residing on the oxygen-containing rings. Their related protons have appeared in the range from
1.43 to 4.66 ppm. Among these protons, H12a,e were the most deshielded (4.01-4.66 ppm),
followed by H8a,e (3.33-4.05 ppm). Therefore, H10a,e, the least deshielded protons (1.43-2.91
ppm), can be correlated to the THF ring. On the other hand, according to the previously assigned
scaffolds, the lactone AB system showed high geminal couplings (10.2-10.6 Hz) which are
comparable to those observed from H8a,e (10.1-10.7 Hz) and higher than those from H12a,e (5.8-
6.3 Hz). Consequently, H8a,e and H12a,e can be correlated to the lactone and the oxetane AB
systems respectively (Figure 11).

The derived Ad of protons H8, H10 and H12 between some of the obtained diastereoisomers are
represented in Table 7. The slight variations of H10 (A3 ~ 0.01-0.12 ppm), observed in the studied
isomers, can be related to the similar effect exerted by the R group on H10a or H10e in each
diastereoisomer. However, the absolute value of Ad increases for the oxetane protons H12 (Ad ~
0.14-0.36 ppm) due to the different environments facing both protons in the AB system in each
isomer. In other words, these protons could be situated toward either the alkyl ring in one isomer
or the lactone group in the other one. Other considerable variations have been observed for the
lactone protons H8 (Ad ~ 0.13-0.56 ppm), which might be resulted from the presence or absence

of the shielding effect by the benzene ring on the lactone AB system in each conformation.

Table 5. 'H NMR assignments of compounds 286a-292a “(300 MHz, C¢Ds).

H3-5,5’ HR8a HS8e H10a H10e H12a Hl12e
286a 1.76-0.87 a:3.63d e:3.33d a:2.57d e:1.68d a:4.45d e:4.31d
R=Ph m Jsa5=10.7 Jse-8a=10.7 J10a-10e=13.5  J10e-10=13.5  J120.1275.8 J12e-124=5.8
n=1
287a a:3.79d e:3.54d a:4.57d e:4.39d
R = 4-OMePh - 8./84 &:10.3 ./&,,gu :103 - - -IIZu—IJe:6~1 J123,13[,26.1
n=1
288a 1.55-0.94 a:3.63d e:3.35d a:2.48d e:1.43d a:4.34d e:4.23d
R =4-F-Ph m Jsa5=10.7 Jse-5a=10.7 J100-1010.8  J106-104=10.8  J124-1276.0 J12-12476.0
n=1
290a 1.53-0.66 a:3.70d e:3.40d a:2.44d e:2.00d a:4.59d e:4.54d 286a-292a
R=Ph m Jsa5~10.3 Jse-5a=10.3 J10a-1013.5  J10e-107713.5  J124.1275.8 J12e-12475.8
n=2
291a 1.57-0.70 a:3.75d e:342d a:2.55d e:2.05d a:4.66d e:4.62d
R =4-OMePh m Jsa5=10.2 Jse-5a=10.2 J10a-1013.5  J10e-100=13.5  J124-1276.0 J12¢-1276.0
n=2
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292a 1.52-0.91 a:3.77d e:3.39d a:2.67d e:1.45d a:4.44d e:4.15d

R =4-F-Ph m Jsa5~10.4 Jse-sa=10.4 J10a-10~147  J10e-10=147 T 12401263 J120.12476.3
n=2

Table 6. 'H NMR assignments of compounds 286b-291b “(300 MHz, C¢De).

H3-5,5’ H8a H8e Hl10a H10e Hl12a Hl2e
286b 1.87-0.80 m a:4.05d e:3.34d a:248d e:1.71d a:447d e:4.15d
R=Ph Jsa5~10.2 Jse-8a=10.2 J10a-107145  J10e-10714.5  J120-1276.1 J126-12476.1
n=1
287b 1.91-0.77 m a:4.04d e:4.38d a:2.55d e:1.79d a:4.54d e:4.26d
R =4-OMePh Jsa5=10.2 Jse-8a=10.2 J10a-107145  J10e-10714.5  J120-1276.2 J12e.1246.2 O \RR
n=1 12
288b 1.87-0.80 m a:3.96d e:3.33d a:2.27d e:1.65d a:4.35d e:4.06d %

:

R =4-F-Ph Jsa 5~10.1 Jse-8a=10.1 J10a-10=14.3  J10e-10=14.3  J124.1276.3 J12e-12476.3 (6]
n=1
289b 1.70-0.75 m a:3.95d e:3.32d a:2.26d e:1.59d a:4.31d e:4.01d
R =4-Cl-Ph Jsa5~10.3 Jse-3a=10.3 J10a10714.8  J10e-10714.8  J124.1276.3 J12-12476.3
n=1 286b-292b
290b 1.88-0.76 m a:3.84d e:3.39d a:2.86d e:1.48d a:4.54d e:4.25d
R =Ph Jsa5~10.3 Jse-3a=10.3 J10a-10714T  J10e-10714.7  J120-12776.1 J126-12476.1
n=2
291b 1.53-0.67 m a:3.89d e:3.42d a:291d e:1.57d a:4.60d e:4.32d
R = 4-0MePh Jga 86:10'1 Jge,ga :101 ‘11011—[06:14'7 J[ge,mazl4.7 J]za,[_7€:642 J[gy,124:6.2
n=2

Table 7. The |A8| values of protons H8, H10 and H12 between some of the obtained diastereoisomers.

|48 HS| |48 H10| |48 H12|
286a/b 0.22 0.06 0.14
R=Ph,n=1
287a/b 0.56 - 0.16
R =4-OMePh,n=1
288a/b 0.31 0.01 0.16
R=4-F-Ph,n=1
290a/b 0.13 0.1 0.34
R=Ph.n2 286-291
291a/b 0.14 0.12 0.36

R =4-OMePh,n=2

4.01-4.66 ppm (AB, J=5.8-6.3 Hz)

3.33-4.05 ppm (AB, J=10.1-10.7 Hz)

1.43-2.91 ppm (AB, J=10.8-14.8 Hz)

286-292

Figure 11. General 'H NMR assignments of compounds 286-292.
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The detailed '3*C NMR assignments of propellanes 286-292 are presented in Tables 8-9 and
summarized in Figure 12. The oxetane ring includes two quaternary carbons C11 (86.4-92.3 ppm)
and C13 (86.6-96.0 ppm) in addition to a secondary carbon C12 (79.8-82.1 ppm). These carbons
were assigned using further 1D and 2D NMR experiments, such as DEPT-135 and HSQC, while
the rest of the propellane core peaks were realized by comparing the obtained spectra to those of
the previously analyzed scaffolds. One of the main features presented in these analogues is the
downfield shift of the spiroatom C11 in comparison with what has been observed in the
spirocyclopropanes 273a-b (Ad ~ 24.0-26.7 ppm).

By comparing the carbon chemical shifts of the isolated diastereoisomers, no significant variations
have been identified (Ad ~ 0-2 ppm) (Table 10). Likewise, the benzophenone substituents
exhibited negligible effects on the studied carbon skeleton. However, the six-membered ring
scaffolds 290-292 showed remarkable variations with respect to their five-membered ring
counterparts 286-289. Once again, this ensures that the electron distribution in the propellane

system could be altered by the size of the alkyl ring.

C1 2 C3 C4 C5-5° C6 C8 C10 Cll1 C12 C13
288a 596  97.8 37.9 27.1 35.1 178.4 775 459 89.9 79.8 93.7
274
290a 501 951 30.7 22.6 107 179.1 713 40.2 86.5 81.1 86.6
274
291a 502 953 30.7 22.6 107 179.2 714 403 86.4 81.2 86.9
27.4 286a-292a
292a 51.6 958 29.0 222 103 179.3 69.8 39.6 86.9 82.0 87.1

Table 8. *C NMR assignments of compounds 288a-292a (500 MHz, C¢Dg).

Cl C2 C3 C4 Cs5-5° Co6 C8 C10 Cl1 C12 C13

286b 603 985 38.0 25.7 355 178.4 76.3 45.0 91.7 80.5 95.7

287b 605 985 38.2 228 3581 178.7 76.5 452 923 80.4 96.0

288b 602 985 37.8 25.6 354 1783 76.1 44.9 913 80.5 95.0

289b 60.3 98.6 37.8 26.8 353 178.2 76.1 44.7 91.2 80.6 94.7

27.6 4

290b 516 964 290 @ 222 104 179.4 69.9 40.0 869 821 87.3 286b-292b
27.6

291b 516 965 29.1 223 105 179.5 70.0 40.0 86.9 82.1 87.4

Table 9. *C NMR assignments of compounds 286b-291b (500 MHz, C¢Ds).
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86.6-96.0 ppij‘ oL,/ 79.8-82.1 ppm
s

178.2-179.5 ppm
11
86.4-923ppm_ 5
39.6-45.9 ppm

95.1-98.6 ppm —

286-292

69.8-77.5 ppm
50.1-60.5 ppm

Figure 12. General *C NMR assignments of compounds 286-292.

[A§C1| |ASC2| |ASC6| |ASC8| |ASC10| |ASC11| |ASC12| |AS C13]| 0 ‘RR
12 13 O
288a/b 0.7 0.7 0 1.2 0.9 1.8 0.7 2
290a/b 15 13 0.3 14 0.2 0.4 1 0.7
291a/b 14 12 0.3 14 03 0.5 0.9 0.5 288-291

Table 10. The |AS| values of the characteristic carbons between some of the obtained diastereoisomers.

2D NMR analysis:

The results obtained from 1D NMR experiments were then verified using further 2D NMR
analysis. For instance, in addition to the proton splitting patterns in the '"H NMR spectrum, the
three major AB systems in the common quadracyclic core of the obtained compounds have been
confirmed by COSY analysis (H8a/ H8e, H10a/ H10e and H12a/ H12e). Moreover, the 2D HSQC
correlations of these systems (H8/C8, H10/C10 and H12/C12) have also supported the achieved

13C NMR assignments shown in the previous section (Figure 13).
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Figure 13. 2D HSQC NMR of 290a (500 MHz, CsDs).
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The relative stereochemistry between the isolated diastereoisomers has been determined by 2D
NOESY experiments as shown in Figure 14. The signals of the phenyl protons in 290a (~7.03-
7.75 ppm) give strong NOE cross-peaks with the alkyl ring protons (H3 and H5”) (0.22-1.56 ppm)
in addition to other cross-peaks with the oxetane protons H12 (4.55 ppm) and the THF ones H10
(1.94-2.50 ppm). However, the alkyl ring protons H3-HS5 (0.97- 1.21 ppm) in 286b correlates with
the oxetane protons H12 (4.09-4.51 ppm) but not with the phenyl ones (6.90-7.80 ppm). Therefore,
the phenyl rings reside toward the alkyl ring away from the y-lactone group in 290a, while the

inverse is true for 286b.
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2.6. Oxaspirolactone[n,3,3|propellanes
Natural and synthetic organic molecules with a novel biological profile or physicochemical
properties are the longstanding inspiration for synthetic organic chemists. Such molecules could
enhance the curiosity to develop synthetic methodologies to access them or their key functional

431 are encountered in a

motifs. Among these motifs, oxaspirolactones, a spiroketal subclass,
significant number of products that have been isolated from diverse natural and synthetic sources
(Figure 15).14] Inherent three-dimensional architectures, molecular rigidity and Michael acceptor
properties (in the case of unsaturated oxaspirolactones) are primarily responsible for their

biochemical and physicochemical properties.[**!

o 0
o)
f’>/ <‘tOH
OH OH
H

Massarinolin A Pyrenolide D

[5,5]-oxaspirolactones

Major category: ’

Major category:
[6,5]-oxaspirolactones

Aspersclerotiorone F Abiespiroside A
Minor categories
[6,6]-oxaspirolactones
[4,5]-oxaspirolactones oH O
[3,5]-oxaspirolactones

(0]
WS WwOH O, 0 0
MeO o\j \I\;/\)—V{s_
E OH
Citreoviranol Ramariolide B Jolkinolide B Taccalonolide AJ

Figure 15. Natural products containing oxaspirolactone moiety.

In this section, for ease of understanding, all oxaspirolactones are designated as [m,n]-
oxaspirolactones instead of complex IUPAC nomenclature. In a given scaffold, with or without
unsaturation, “m” and “n” refer to the ring size of the corresponding cyclic ether and the lactone
ring respectively. Oxaspirolactone-containing products are systematically classified into various
categories based on their ring sizes and their frequency of disclosure in the literature as shown in
Figure 16.1**1 Oxaspirolactones possessing [5,5] and [6,5] ring systems with a butyrolactone
scaffold were well studied and resulted in expeditious chemistry, this is because most of the natural

products fall into one of these skeletal classes. The minor category documented was [5,6], [6,6],
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[3,5] and [4,5]-oxaspirolactones. Few other miscellaneous oxaspirolactones possessing [3,4],1444]

[5,4],14117,5],1471 [4,6],1*8 and [6,7]1*"! ring systems were also found in the literature, but with very

limited chemistry.

Major categories
Nomenclature

[5,5] [6,5] m n
[m,n]-oxaspirolactone

EE— -
(0] (0]
O (0]
II II

[5,6] [6,6] [3,5] [4,5]

[Miscellaneous categories)

o (0]
O
0. 0 o0 o 0 o o O o O
DX =0 <=0

[3,4] [5,4] [7,5] [4,6] [6,7]

Figure 16. Various categories of oxaspirolactones and customary nomenclature.

Being inspired by the emerging importance of oxaspirolactones, we turned our attention toward
the synthesis of oxaspirolactone[n,3,3 |propellanes. The successful attempts in the last two sections
to access the spiro- 3- and 4-membered rings at C11 of the common propellane core structure led
us to endeavor the formation of spiro- 5-membered ring at the same position. Therefore, the
designed products would then be [5,5]-oxaspirolactone[n,3,3 |propellanes (Figure 17). In addition
to the regular features presented in our propellane skeleton, the designed molecules are comprised

of the characteristic unsaturated [5,5]-oxaspirolactone motif.

- [n,3,3]propellane (violet 1)

- [5,5]-oxaspirolactone (blue II)
- 3 chiral centers (orange Il)

- y-lactone (green Ill)

- Cycloalkane (red IlI)

275a,n =1
275b,n =2 I I I

Figure 17. Key features of the designed [5,5]-oxaspirolactone[n,3,3|propellanes.
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With the retention of the presented molecular rigidity, the alkyl or aryl functionality (R) at C13
and the alkyl ring size both increase the molecular diversity and hence widening the scope for
possible future applications. Moreover, the given a,B-unsaturated system would be used for further

functionalization, making it an important feature for further transformations.

Synthesis of oxaspirolactone from alkynols: Several synthetic methodologies reported in the

literature have been used to prepare [5,5] or [6,5] oxaspirolactones. Recently, Kontham et al. have
reviewed the advances in the synthesis of these motifs and their applications in the total synthesis
of natural products in the last 50 years.[** In 2017, the same research group developed a facile
protocol for the synthesis of unsaturated [5,5]-oxaspirolactones comprising a Lewis acid-catalyzed
cascade annulation of readily accessible alkynols (terminal and internal) with a-ketoesters via a

dual activation process (Scheme 12).5

0]

1
Rl/—OH . R3U\(0Et Bi(OTf)3 (20 mol%) R“/O 00
&—_—RZ é) CHyCly, rt., 12h =L
o R
300 301 302 R
R'=H, aryl, alkyl R3 = aryl, alkyl, alkenyl 423§x§gl1)/ple
R? = aryl, alkyl "80%
EtOH
Rl/—OH 0 0.0 Ho:
= EXL b
S = OEt
i - 300 R3 OO~
Sexo-dig B R? RT X
R3
302 A
R
o H,0
I-l + L [Bi]** )/ 2
O / R2
R
.[Bi]**

; _réﬂ N
R K>=\R2 * R3JYOEt

A B O

Scheme 12. Synthesis of [5,5]-oxaspirolactones by Kontham et al. using cascade annulation of alkynols

and o-ketoesters.
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This reaction was expected to proceed through initial formation of exocyclic enol-ether A followed
by annulation with pre-activated a-ketoesters B to give D via aldol-type addition and cyclization
through oxocarbenium species C. Dehydration of intermediate D and intramolecular
transesterification step via E furnishes oxaspirolactones 302. Diverse [5,5]-oxaspirolactones with
a high degree of substitution (alkyl, aryl, and alkenyl) on the butenolide ring and a large substrate
scope (42 examples) were prepared in moderate to excellent yields (35-80%) in CH2Cl> under

ambient reaction conditions.

Retrosynthetic analysis: By considering the cascade annulation reaction above, the designed [5,5]-

oxaspirolactone scaffolds 275a-b were then envisioned to be prepared in only one step starting
from the propargyl bicyclic y-lactones 166a-b (Scheme 13). Contrary to what has been already
observed in the synthesis of spiro-cyclopropanes 273a-b and spiro-oxetanes 286-292, this strategy
does not require the preparation and isolation of the exo enol ethers 277a-b. The latter compounds

were predicted to be formed in sifu as already shown in Scheme 12 (Intermediate A).

In situ annulation Lewis acid-catalyzed annulation

0] —

RA!\FrORZ

0]

a-ketoester

R'= aryl or alkyl
R? = Me or Et

275a-b

Scheme 13. Retrosynthetic analysis of oxaspirolactone[n,3,3]propellanes 275a-b.

e Preparation of a-ketoesters 307-309

Before examining the reactivity of alkynols 166a-b under the mentioned cascade annulation
conditions, it was necessary to encounter the synthesis of various o-ketoesters besides the
commercially available ones. The first attempts were achieved starting from acetophenone
derivatives with selenium dioxide in refluxed alcohol or pyridine as mentioned in the literature.>!!
Unfortunately, the experiments did not work properly and we struggled to isolate even traces of
the desired products. For this reason, we turned our attention toward the Friedel-Crafts reaction

between distinct aromatics 303-305 and mono-ethyl oxalyl chloride 306 (Scheme 14).55?]
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O

303; X=Me,Y=H
304; X=0OMe, Y =H

305; X = OMe, Y = OMe

0

. )H]/CI AICl3, DCM,
10 0°C-rt,3-5h
O

306

0 X
EtO

(0] Y

307 (80%); X = Me, Y = H
308 (84%); X = OMe, Y = H
309 (97%); X = OMe, Y = OMe

Scheme 14. Friedel-Crafts reaction between different aromatics and mono-ethyl oxalyl chloride 304.

Consequently, a-ketoesters 307-309 were obtained from their corresponding aromatics in

relatively short periods (3-5h) and satisfactory yields (80-97%).

Synthesis of [5.5]-oxaspirolactone[#,3.3 propellanes

To explore the feasibility of the strategy proposed by Kontham and coworkers, the reaction

between alkynol 166a/166b (1 equiv.) and the chosen a-ketoester 307-311 (1 equiv.) was

performed with commercially available Bi(OTf)s (20 mol%) in anhydrous dichloromethane at

room temperature (Table 11). Pleasingly, in most of the cases, both starting materials were

completely consumed in 16-25 hours and gave a mixture of diasterecoisomers of the desired

unsaturated y-spiroketal-y-lactones 312-317. Condensation of 166b was first tested with

commercially available esters 310 and 311 and delivered the expected spiro products 312 and 313

in 86 and 61% yield respectively. In both cases, a 1:1 mixture of diastereoisomers was observed.

Table 11. Lewis acid-catalyzed intermolecular cascade annulation of alkynols 166a/b with a-ketoesters
307-311. “ Reaction time, “Isolated yield.

\\\0
HOZ(  © i 2 Bi(
) + R1Jkn/OR

(@]

OTf)3 (20 mol%)

1
o R R! O
\
z? o) [ oq
X =0 X =0
(e} + (e}
\n \n

CH,Cly, rt. hn
Table 11

166a; n =1 307-311 | 277a | 312a-317a 312b-317b

166b; n = 2 277b
Entry Alkynol Ketoester R! R? t(h)*  Adducts Yield (%)
1 166b 310 Me Me 25 312a-b (1:1) 86
2 166b 311 Ph Me 21 313a-b (1:1) 61
3 166b 307 4-Me-Ph Et 18 314a-b (1:1) 74
4 166a 308 4-MeOPh Et 16 315a-b (1:1) 69
5 166b 308 4-MeOPh Et 19 316a-b (1:1) 87
6 166b 309 2,4-(MeO),Ph  Et 18 317a-b (1:1) 37
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This lack of diastereoselectivity could be correlated to the distance between the newly
created spiranic center and the two already existing ones. It could be related as well to the
absence of any stereogenic center in the chosen ketoesters (Scheme 15). To enhance the
scope of the reaction, additional a-ketoesters 307-309 were tested under the conditions
already used. Compounds 314-316 were isolated in similar yields and still in poor
selectivities. Interestingly, the diastereoisomers were usually separable by flash-
chromatography, except for 315a and 315b. In the case of the bis(methoxy)phenyl
derivative 309, the yield of the reaction leading to 317 was significantly reduced to 37%.
Presumably, the ortho-substituent on the aryl group could disfavor the condensation of the
enol ether 277b on the carbonyl group for both steric hindrance and electronic reasons. In
summary, we have successfully prepared six novel [5,5]-oxaspirolactone[n,3,3]-
propellanes, in only one step, from propargyl bicyclic y-lactones 166a-b.

EtQ,

Bi]--°=

OH 1
R']*13 12 O /O R 13’12 O /O
+ A X - n X - n
EtO O 0=« 0 O 0=

312a-317a

EtOF o]
R " x *
o=~ RI%Sy/ o=

312b-317b

Scheme 15. The lack of selectivity in the synthesis of 312-317.

NMR analysis: To ensure the proposed molecular structures of the obtained compounds,

several NMR experiments were performed. Tables 12 and 13, partially summarized in
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Figure 18, represent the 'H NMR assignments of 312-317. Generally, in addition to the
regular peaks of the propellane ring system, the [5,5]-oxaspirolactone motif reveals a
deshielded proton H12 in the range between 6.62 and 7.35 ppm. In the case where R'is a
methyl group (312a-b), H12 presents a long-range coupling to give a quartet (~ 6.62 ppm,
4J=1.6 Hz). However, when R!is an aromatic ring, H12 becomes slightly more deshielded
(A6 ~ 0.34-0.73 ppm) and gives a singlet around 6.97-7.35 ppm. The presence of the [5,5]-
oxaspirolactone motif was further verified by '*C NMR analysis as shown in Tables 14 and
15. The chemical shifts of the distinctive quaternary center C11 (109.6-111.1 ppm) were
similar to what have been observed in the literature for ketal carbons in oxaspirolactones. >3]
Moreover, the appearance of another two quaternary centers and one primary carbon in the range
between 130.9 and 171.1 ppm justifies the presence of an a,B-unsaturated system related to a
furanone subunit (Figure 18). These arguments, in addition to 2D NMR, IR and HRMS data

(shown in the appendix), confirm the assumed structures of 312-317.

Table 12. 'H NMR assignments of compounds 312a-317a (300 MHz, CDCl5).

H3-5,5° HS8a HS8e H10a H10e H12

312a 2.15-1.37 a:4.28d e:4.26d a:2.87d e:2.66d 6.62q
1

R'=Me m Jsa5=10.7 Jse-5a=10.7 J10a-10=147  J10e-10=147  J12m~1.6 0O R
n=2
313a 2.21-1.35 a:4.32d e:4.25d a:2.99d e:2.73d 7.08 s
R'=Ph m Jsa 5=10.7 Jse-5a=10.7 J10a-10=14.8  J10e-10~14.8
n=2
314a 2.23-1.18 a:4.32d e:4.26d a:2.98d e:2.73d 7.03s
R' = 4-Me-Ph m Jsa5=10.7 Jse-8a=10.7 J10a-10=14.8  J10e-10~14.8
n=2
316a 2.21-1.25 a:4.32d e:4.26d a:2.98d e:2.74d 6.96 s
R! = 4-MeO-Ph m Jsas=108  Jsesa=108  Jien~145  Jien~14.5 312a-317a
n=2
317a 2.26-1.37 a:4.34d e:4.23d a:3.00d e:2.70d 735s
R' =2,4-(MeO)>- m Jsa5=10.8 Jse-8a=10.8 J10a-10=14.8  J10e-10a~14.8
Ph,n=2

Table 13. '"H NMR assignments of compounds 312b-317b (300 MHz, CDCl5).

H3-5,5° H8a H8e H10a H10e HI12
R 9

312b 2.19-1.19 a:4.44d e:4.21d a:2.66d e:245d 6.62q
R'=Me m Jsa5=10.7  Jse.50=10.7 J10a-10=13.5  J10e-10=13.5  Jiome~1.6 I
n=2 12 0] O
313b 2.20-1.52 a:4.48d e:4.25d a:2.73d e:2.57d 7.10s
R'=Ph m J3a5=10.6  Jse.5.=10.6 J10a-10=13.6  Ji1pe-10~13.6
n=2
314b 2.12-1.26 a:441d e:4.18d a:2.65d e:249d 6.98 s
R = 4-Mec-Ph m Jis=109  Jusa=109  Jies0=135  Jies=13.5
n=2
316b 217137 a:449d e 424d a272d  e2.54d 6975 312b-317b
R! =4-MeO-Ph m Jsa5=10.8 Jse-5a=10.7 J10a-10=13.7 J10e-10=13.7
n=2
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317b 2.19-1.19 a:4.50d e:4.24d a:2.71d e:2.54d 735s

R =2,4-(McO)- m Jsas=11.0  Jsesa=11.0 J10a10~14.3  J10e-10~14.3
Ph,n=2

Table 14. 3C NMR assignments of compounds 312a-317a (126 MHz, CDCI;).

cl C2 34 C55 C6 c8 cl0  Cll ci2  Cl13 Cl4
523 g0 ot B0 s 00 408 1111 1450 1318 1711 R’
312a ’ ' 28 196 ' ' ’ ' ’ ' ) SNAA
284 2801 A\
313a 525 893 1803 709 410 1103 1432 1327 1689 @) o)
28 196
284 280
314a 525 892 1803 709 411 1103 1422 1326 169.0
28 196
285 280
316a 525 891 1804 709 411 1103 1408 1321 1693
28 196 312a-317a
285 282
317a 525 890 s 1o 306 710 414 1106 1442 1309 1702

Table 15. 3C NMR assignments of compounds 312b-317b (126 MHz, CDCl5).

Cl 2 34 055 C6 c8 cl0  Cll cl2  Cl13 Cl4
310 283
312b 504 888 1790 735 423 1103 1434 1340 1701
212 195
310 283
313b  s05 891 1791 73.1 424 1096 1418 1347 1678
214 196
311 283
314b 505 890 179.1 732 425 1096 1407 1346  168.0
213 196
3.1 283
316b s05 889 179.1 732 426 1096  139.1 1341  168.1
213196 312b-317b
311 284
317b  s06 886 1792 733 427 1097 1425 1311 169.0
212 196
]
o R

ﬁ 6.62-7.35 ppm (s/q, J = 1.6 Hz)
\ 12
(0]

2.45-3.00 ppm (J = 13.5-14.8 Hz) 4.21-4.50 ppm (J=10.6-11.0 Hz)

; 130.9-134.7 ppm

R/

0 139.1-145.0 ppm
A\Vig

179.0-180.6 ppm
Yo pp

A1 3
109.6-111.1 ppm "] =0
40.8-42.7 ppm 2 70.9-73.5 ppm
88.6-89.3 ppm E— 50.4-52.5 ppm

312-317

Figure 18. General 'H NMR (up) and *C NMR (down) assignments of compounds 312-317.
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Based on the calculated |A8| in Tables 16 and 17, no significant variations were observed
for neither protons (Ad ~ 0-0.29 ppm) nor carbons (A§ ~0.2-2.6 ppm) between the
diasterecoisomers. Likewise, the effect of the substituent on the furanone subunit has not

been remarkable as predicted.

Table 16. The |A8| values of the characteristic protons between the obtained isomers 312-317.

|45 H8| |48 H10| |46 H12|

o N
312a/b 0.06 021 0
313a/b 0.08 021 0.02
314a/b 0.06 0.29 0.05
316a/b 0.08 0.23 0.01
317a/b 0.09 023 0 312317

Table 17. The |AS| values of the characteristic carbons between the obtained diastereoisomers 312-317.

|ASC1| |A8C2| |A86C6| |A5C8| |A8C10| |A5C11| |A5C12| |A6C13| |ASCl4|

312a/b 1.9 0.2 13 26 1.5 0.8 1.6 22 1 R
O
14 13

12
313a/b 2 02 12 22 1.4 0.7 1.4 2 1.1 o
314a/b 2 0.2 03 1.2 23 14 0.7 1.5 2

312-317

316a/b 2 02 13 23 15 0.7 1.7 2 12
317a/b 1.9 0.4 1.4 23 13 0.9 1.7 02 12

The stereochemistry of the isolated diastereoisomers was determined by using 2D NOESY
experiments (Figure 19). According to the given data, there is no direct evidence about the
configuration at the spiroatom C11. Proton H12 does not show any remarkable cross-peaks with
neither lactone B nor the alkyl group. Nevertheless, H12 gives a strong NOE cross-peaks with the
neighboring phenyl protons in addition to either H10a (in the case of 313a) or H10e (in the case
of 313b). Moreover, the latter proton shows a clear correlation with the alkyl ring in both spectra.

Hence, the first evidence is that H10a and H10e reside toward lactone B and the alkyl group
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respectively. Consequently, when H12 correlates with H10a and not H10e, H12 then resides
toward lactone B and not the alkyl ring to give the same configuration as 313a. The inverse is true
for 313b. Other less important correlations, such as H8/H3 and H8/H10, have appeared in both

spectra without supporting any evidence about the proposed stereochemistry.
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Figure 19. 2D NOESY NMR of 313a (up) and 313b (down) (500 MHz, CDClIs).
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2.7. Further oxaspiro[n,3,3]propellanes!

So far, three novel categories of oxaspiro[#,3,3]propellanes have been developed; 273, 274 and
275 (Figure 20). Based on the number of annular atoms “A” in the designed spirocyclic system,
276 was envisioned as the next molecular target. Unfortunately, all attempts toward its synthesis
were challenging. At first, we endeavored the hetero—Diels—Alder condensation between the
electron-rich enol ethers 277a-b and electron-poor acrolein derivatives (Scheme 16).54 The
reactions did not work even after varying conditions. Presumably, the long reaction times favored
the polymerization of acrolein and the complete isomerization of the used enol ether 277a/b before
proceeding with the desired transformation. Other attempts to furnish such spirocycles were
achieved using the [4 + 2] cycloaddition between the chosen enol ether 277a and Sc(IlI)-catalyzed
o-quinone methide intermediate.[*> The desired product 276B was then isolated in low yield (15%)
due to the acidity effect of Sc(IIl) on the isomerization of the starting material.

Despite these unsatisfactory results, further future investigations could eventually be promising

to construct 276 and even larger spirocycles via alternative methods.

- A A=A K
K 0 AKAO Ao Ao
o =<0 o =<0 O7< =0 O7< =<0
‘,/"\. N, M M Mo
R™.. 0O
OI\ =0 273 274 275 276
\, I I I I
2 3 4 5 A
Oxaspiro[n,3,3]propellanes @ @ @ E‘

Figure 20. The achievements in the synthesis of novel oxaspiro[n,3,3]propellanes based on the annular

atoms A.
R
Z i
R
Oy o TH R =H
4 <o R = Me
n Cond. A
276A 277a-b 276B,n =1 (15%) 238, n=1, (35-40%)

Scheme 16. Attempts to furnish 276 A-B. Reagents and conditions: Cond. A: ZnClo/hydroquinone, benzene,
r.t., 5-10 days; Cond. B: Sc(OTf)3, CH,Cl,, r.t. 20 h.
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3. Miscellaneous propellanes obtained from propargyl bicyclic y-lactone

Besides the furnished oxaspiro[n,3,3|propellanes, other ring systems have been constructed from
the same common building blocks; propargyl bicyclic y-lactones 166a-b. The aim behind these
studies was to provide additional propellanes that are amenable to further derivatizations, which
render them useful as central units in fragment-based drug discovery or as ligand scaffolds. Herein,
we describe new approaches to the synthesis of PTAD-based [6,4,3]propellanes and iodo-
DHP[4,3,3]propellanes.

3.1. PTAD-based [6,4,3|propellanes
Triazolinedione (RTAD, R =M for methyl, and R = P for phenyl) is a strong electron acceptor and
one of the most powerful enophiles as well as dienophiles (Figure 21).°¢) RTADs afford ene
products (N-allylurazoles)” or [2 + 2] adducts (1,2-diazetidines)®! with alkenes and undergo DA
reactions with conjugated dienes.*”) The latter class of reactions is useful in characterizing
dienes,!®” protecting diene moieties,'®!! isolating dienes from complex reaction mixtures, ! and
trapping unstable or volatile intermediates./®*] On the other hand, the most important trend in the
utilization of RTADs adducts is the preparation of strained polycyclic systems.[**! Consequently,
many previously difficult-to-obtain classes of organic substances have been furnished by means
of this compound.[®*! The hydrolysis of the imide group in 1,4 cycloadducts affords azo compounds
which are labile and readily split out a molecule of nitrogen to give the corresponding

hydrocarbons upon heating or photolysis.[63!

N
\« MTAD (318), R = Me
PTAD (319), R = Ph

Figure 21. RTADs structure.

RTADs have also been used to prepare intricate cage structures from propellanes.[®** ¢! For
instance, David Ginsburg and coworkers have reported a number of PTAD-based propellanes,
such as 320-323,[96% 7 in a series of successive articles after studying the steric course of the Diels-
Alder reaction between certain propellanes and PTAD (Figure 22). As reported, some of these

products and analogues were obtained on a large scale and then used for the preparation of strained

66d, 66¢ 65a]

systems.! I This was discussed in detail in the review reported by Korobitsyna et al.

134



Q O o) @)

-N _N N H N — »\N
s Ry e =)
HO o]

320 (1977) 321 (1976) 322 (1974) 323 (1983)

Figure 22. Some PTAD-based propellanes reported by Ginsburg and coworkers.

As far as we were concerned about introducing new subunits to our propellane scaffolds, we were
interested to furnish a new PTAD-based propellane, with a higher degree of complexity, starting
from the propargyl bicyclic y-lactone 166b. The designed structure is comprised of a
[6,4,3]propellane subunit, in which the largest ring is a 1,2-oxasilocane group (Figure 23). In
addition to the propellane bridge-head carbons C1 and C2, the hexacyclic framework includes an
extra stereogenic center at position C17. The latter carbon with C18 both are directly connected to

the urazole functionality via nitrogen atoms N19 and N20 respectively.

- [6,4,3]propellane (violet I)

- 2,2-dimethyl-1,2-oxasilocane (blue II)

- 4-phenyl 1,2,4-triazolidine-3,5-diones
(burgundy 1)

- 3 chiral centers ( )]

- y-lactone (green lll)

- Cyclohexane (red Il)

Figure 23. Key features of the designed PTAD-based propellane.

The retrosynthetic analysis of the designed compound 324 is presented in Scheme 17. Our analysis

leads to PTAD and diene 325 by disconnecting C17-N19 and C18-N20 in 324 through Diels-Alder

[4+2] cycloaddition Ene-yne metathesis O-Silylation

C|—SI'5

324 166b

Scheme 17. Retrosynthesis of 324.
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reaction. Propellane 325 could be obtained by ring-closing enyne metathesis (RCEYM) of 326,
including the introduction of the 1,3-butadiene group and thus representing by far the most
challenging step in this synthesis. Enyne 326 can eventually be prepared via a silylation reaction

between the starting propargyl bicyclic y-lactone 166b and allyldimethylchlorosilane 327.

Synthesis of diene 325

The enyne containing an allylsilane group 326 was easily obtained from propargylic alcohol 166b
and allyldimethylchlorosilane 327 (1.1 eq.) in the presence of triethylamine (2 eq.) and a catalytic
amount of 4-dimethylaminopyridine (DMAP) in dichloromethane for 29 hours at room
temperature (Scheme 18).[°*) Eventually, the product 326 was then chromatographed and isolated
in a 54% yield. As already demonstrated in the literature,!®” the Lewis base (DMAP) is believed
to react with silyl chloride to form silyl pyridinium ion pairs, whose subsequent reaction with the
alcohol substrate yields the silyl ether products together with the protonated (and thus deactivated)
pyridine base.l’”) Reactivation of the catalyst then requires the action of an auxiliary base such as
EtsN.I"!] For the synthesis of diene 325, compound 326 was then subjected to ring-closing
enyne metathesis (Scheme 18). The latter reaction was achieved within 20-22 hours at 95°C using
3 mol% of Grubbs II catalyst and the metathesis product 325 was isolated in 42% yield. The poor
recovery of 325 was due to its decomposition over silica during the flash chromatography, but not

to a low conversion of 326.

18

12 _ 18 12 \ "
\\\ Q \S.:i15 g 16\ 17\\\ Q 16#{ %
cI-
HO =0 sre N osie9 =0  Grubbs I “siQ =0
Et;N, DMAP, DCM  ~ DCE, 95°C, 22h -
rt. 29h
166b 326 (54%) 325 (42%)

Scheme 18. The three-step synthesis of diene 325 starting from propargyl bicyclic y-lactone 166b.

The NMR chemical shifts of the isolated compound 325 were compared to that of the starting
material 326 as shown in Figures 24 and 25. The most characteristic feature in the 'H NMR
spectrum of 325 is the absence of the alkynyl proton H12 signal and the appearance of a new
doublet of doublet around 6.30 ppm which couples with H18a (/= 17.3 Hz) and H18b (J=11.2
Hz). This indicates that H12 has been converted from an alkynyl proton in 326 to a vinyl one in

325. Moreover, the spectrum reveals a slight downfield shift of proton H17 (A§ ~ 0.2 ppm) which
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becomes a triplet (/= 8.0 Hz) in 325 after being a multiplet in 326. Therefore, H17 is not coupling

with HI18 anymore, but still coupling with its neighboring allylic protons H16. These arguments
have been verified by '*C NMR signals which were assigned by the help of 2D HSQC analysis
(Figure 25). The signals of the alkynyl carbons C11 (§ = 80.3 ppm) and C12 (§ = 70.9 ppm) in

326 have completely disappeared in the spectrum of 325. However, new peaks have appeared in

325 at 135.4 and 139.2 ppm related to a quaternary carbon (C11) and a primary one (C12)

respectively. This ensures that both C11 and C12 have become sp? carbon atoms in 325. All these

pieces of evidence, in addition to MS, ensure the suggested structure of 325.
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Figure 24. Comparing the '"H NMR spectrum of 325 with that of 326.
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Figure 25. Comparing the characteristic '*C NMR peaks of 325 with that of 326.

Mechanism of RCEYM:
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Based on what has already been described by Lippstreu and Staub,’?! intramolecular enyne
metathesis would proceed via a [2+2]-cycloaddition of a ruthenium—carbene complex 328 with the
alkene part of enyne 326 to afford a new ruthenium carbene complex 329 (Scheme 18). The latter
species reacts with the alkyne part to produce ruthenacyclobutene 330, and its subsequent ring-
opening gives ruthenium carbene 331, which undergoes [2+2]-cycloaddition with the alkene part
of enyne 326 to produce ruthenacyclobutane 332. Ring-opening of 332 gives diene 325, and the

ruthenium carbene complex 329 is regenerated.!’”

Ring-Closing 226
Enyne Metathesis
[Ru] 12
‘5\\\ o

1ssi_o =0

329

R L CE R e TP PP ' 330

326
331

Scheme 18. Proposed mechanism of ring-closing enyne metathesis leading to 325.

Synthesis of PTAD-based propellane 324:

The metathesis product 325 which presents a 1,3-diene unit is well suited for a Diels—Alder
reaction. After 1.5 hours of agitation in deuterated chloroform at room temperature, the dienes
325 in the presence of one equivalent of 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) led to the
Diels—Alder product 324 and its “conformer” 333 in quantitative yield (Scheme 19).
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Scheme 19. Diels—Alder reaction between diene 325 and PTAD 319.

The NMR analysis of the crude reveals a complete conversion of the starting materials to a 2.5:1
mixture of 324 and 333 of similar chemical shifts (Figure 26). The major product 324 exhibits two
main AB systems related to protons H8 (4.00- 4.33 ppm, J = 10.6 Hz) and H10 (2.31- 3.02 ppm,
J = 15.1 Hz), which are comparable with the systems of previously obtained exo enol ether
propellane 277b shown at the beginning of this chapter. In addition to the most deshielded phenyl
protons H25-H29 (7.28-7.59 ppm), a broad multiplet appears at 5.89 ppm which is most likely
related to the vinyl proton H12. The latter gives three intense cross-peaks in COSY experiment,

two related to allyl protons H18 that are situated next to the lactone AB system (3.99-4.42 ppm)
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Figure 26. 'H and '>C NMR assignments of 324.
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and the other one with H10a (Figure 25). On the other hand, COSY correlation of another broad
signal, observed around 4.48 ppm, gives only one cross-peak with the a-silyl protons H16.
Presumably, this proton belongs to the stereogenic center at position 17.

The above arguments have been verified by '*C NMR analysis (Figure 26). The presence of
another minor product 333 made the analysis more challenging. Thus, further 2D NMR
experiments, such as DEPT-135, HSQC and HMBC, were needed to completely assign the carbons
of 324. In addition to the phenyl ring signals, the urazole unit gives two peaks at 152.1 and 154.5
ppm related to C21 and C22 respectively, which were far enough to be correlated by any proton
in the performed HMBC analysis. On the other hand, the alkene carbons C11 and C12, appearing
at 134.9 and 122.4 ppm respectively, were assigned by the observed HMBC correlation with their
neighboring allyl and homoallyl protons H10 and H16-H18 (Figure 25). The rest of the carbon
skeleton, including the lactone, alkyl ring and dimethylsilyl group (C1-C10, C13 and C14), was
assigned based on the *C chemical shifts of the starting material 325.

4
29 ﬁ\ ® 2 N
(@] N e /?2 (0]
Ao
10
( Si*OLA =0 ~“HMBC »— NOESY
rd 2

Figure 25. Key COSY, HMBC and NOESY features of 324.

The stereochemistry of 324 at position 17 has been deduced from 2D NOESY experiment (Figure
25). Proton H17 gives strong cross-peaks with H10e and H14 but not with H10a or H13. Indeed,
the latter protons correlate with the alkyl ring, which is not the case of their counterpart protons
H10e and H14. Moreover, the lactone proton H8e, which shows less correlation with the alkyl ring
than H8a, gives an intense cross peak with H10e and a weak one with H14. These arguments
suggest that H17, with H8e, H10e and H14, is situated toward the lactone ring and not toward the
alkyl group.

After a complete NMR analysis of 324, we turned our attention back to the resulting minor product
333. According to electrospray ionization mass spectrometry (ESI-MS), the molecular mass of 333

appears to be the same as that of 324. Furthermore, most of the 'H and '*C chemical shifts of 333
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are positioned next to their corresponding peaks of 324 (Figure 26). This can also be seen in 2°Si
NMR spectrum where two peaks related to the deshielded silicon atoms of 324 and 333 (A§ ~ 3.2
ppm) are situated in the silane region (Figure 26).7*) Apparently, compound 333 is either the
relative diastereoisomer or the rotamer of 324. However, NOESY correlations of 333 have not
supported any evidence about the presence of a new configuration at position 17 which could have
been opposite to that observed in 324. Therefore, 324 and 333 are possibly conformational isomers

and not diastereoisomers.

YN152:29Si (99.35 MHz, D-chloroform) ;\5

\\\\\\\\\\\\\\\\
9.9 9.8 97 9.6 9.5 94 9.3 92 9.1 9.0 89 88 87 86 85 84
f1 (ppm)

T T T T T T T T
20 15 10 5 0 -5 -10 -15 -20 -2
f1 (ppm)

Figure 26. Decoupled ?°Si NMR of a mixture of 324 and 333.

In general, equilibrating species, such as rotamers are most often distinguished from
nonequilibrating diastereomers by techniques such as variable-temperature (VT) NMR,[]
selective chemical-exchange NMR,[”®! solvent switching,[””! or the introduction of a complexing
agent.”®! In our case, we were curious to examine the effect of temperature on the observed
chemical shifts of 324 and 333, thereby, a VT NMR experiment has been conducted on the crude
mixture as shown in Figure 27. The '"H NMR spectrum of this mixture in CDCl; at 260 K showed
that the relative proportion of the major and minor compounds was 3.00:1.00. Upon increasing the
temperature, and by using H12 and H17 signals as markers, 324 and 333 were independently
detected since they were in slow exchange. At 320 K, the signals of the two compounds moved
even closer but were still detected. Eventually, the two signals coalesced to a single peak at ca.
5.88 ppm at a coalescence temperature, 7c, of 330 K.

The free energy of activation for the interconversion between the two unequally populated
compounds 324 and 333 can then be calculated using Eyring’s equations (a and b) as modified by
Shanan-Atidi and Bar-Eli:[""!
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Figure 27. Effect of temperature on H12 and H17 in the "HNMR (500 MHz, CDCls) spectrum.

AGia=4.57Tc {10.62 + log [X/2n (1 - AP)] + log (T¢c/ Av)} (a)
AGig=4.57Tc {10.62 + log [X/2n (1 + AP)] + log (Tc/ Av)} (b)
where X = 2ntAv and AP = P — Ps.
P4 and Pg represent the population of the conformers A and B (Pa > Pg, Pa + Pg = 1), respectively,
and t is the mean lifetime. 7c and Av are the coalescence temperature and the chemical shift
difference between conformers A and B, respectively. X is obtained using equation (c):
Pa —Pp = AP =[(X?—2)/3]**1/X (¢c)
From the "H NMR spectrum at 260 K, the frequency difference, Av, between the H12 signals was
52.73 Hz (52.73 s!). The Coalescence Temperature, Tc, was 330 K.
AP =0.77 - 0.23 = [(X? - 2)/3**1/X
X =235
AGia=4.57(330) {10.62 + log [2.35/2n (1 — 0.54)] + log (330/52.73)}

= 16063 cal.mol ! (1 cal.mol ™! = 4.184 J.mol )
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=~67.2 kl.mol™!
AGts = 4.57(330) {10.62 + log [2.35/21 (1 + 0.54)] + log (330/52.73)}
=16 855 cal.mol !
=~70.5 kJ.mol !
AG = AGtp — AGEa = ~3.3 kl.mol ™!

The VT 'H NMR studies confirmed the hypothesis that the doubling of signals in the 'H and '*C
NMR spectra at 262 K was due to the presence of two conformational isomers 324 and 333
separated by a relatively high energy barrier.

The data derived from the NOESY spectrum suggested that the conformation of the oxasilocane
unit might be behind the formed isomers.[*”) Strong cross-peaks were observed in 324 between
H12 and the respective alkyl ring protons H3-H5’, which was not the case in 333. This observation,
in addition to other minor arguments, indicated that the preferred geometry of the oxasilocane unit
is the one which is oriented toward the cyclohexyl group and not the lactone ring. Further
investigation in the future, such as molecular modeling combined with X-ray Diffraction, may

explain the observed stereochemistry and help determine the exact structure of each conformer.

3.2. Iodo-DHP[4,3,3|propellane
Today, it is safe to say that transition-metal catalyzed cross-coupling reactions were key
discoveries for a conceptional revolution that occurred in organic chemistry in recent years.!! In
one important reaction type, a main group organometallic compound of the type R-M (R = organic
fragment, M = main group center) reacts with an organic halide of the type R'-X with formation
of a new carbon-carbon bond in the product R-R'.[**) Besides their wide and versatile range of
applications in pharmaceuticals®'® and polymer chemistry,'®¥ cross-coupling reactions provide

(841 Such heterogeneity can be achieved by allowing the

new avenues for molecular diversity.
reaction of certain R-M with different R’-X, or the inverse way. We herein report a new iodo-
propellane as an important R’-X precursor for further diversity-oriented synthesis. The designed
adduct is a [4,3,3]propellane that includes the regular lactone and alkyl ring, used in the core
structure of the described propellanes in this chapter, in addition to 5-iodo-6-phenyl-dihydropyran
unit (Figure 28). The latter exhibits vinyl iodide at position 11, which could serve as a key

functionality for the future synthesis of various alkyl- or aryl-DHP[4,3,3]propellanes via cross-

143



- [4,3,3]propellane (violet I)

- 5-lodo-6-phenyl-3,4-dihydro-2H-pyran (blue II)
- 2 chiral centers (orange Il)

- y-lactone (green IlI)

- Cyclopentane (red Ill)

Figure 28. Key features of the designed iodo-DHP[4,3,3]propellane.

coupling reactions.

The retrosynthetic analysis of the designed structure is shown in Scheme 20. The DHP unit in 334
was envisioned to be derived from the nucleophilic attack of the hydroxyl group, or O9, on the
iodonium cycle at position 12 in 335. The latter intermediate could be generated from the in situ
coordination of I" to the alkyne of the Sonogashira product 336 at positions 11 and 12.
lodocyclization Sonogashira coupling |

13
B 7 13
+ 12 12
12IO 13121110 \\O @ \\O
1

337 1

0 <o ] HOUA =<0 ———» HQ <o > HO o)

334 335 336 166a

Scheme 20. Retrosynthesis of 334.

Accordingly, the synthesis of 334 commenced with the cross-coupling reaction of the readily
prepared starting material 166a and iodobenzene 337 in the presence of catalytic amounts of
Pd(PPhs)s and Cul (Scheme 21).1%) The desired product 336, having an Ryvalue similar to that of
166a, was then purified over silica gel (Petroleum ether/ethyl acetate 65:35), concentrated and

isolated in 47% yield. Eventually, the electrophilic cyclization of the obtained compound was

\\'2 0 I@ \\ Q -/

12 O
337 HO_ 1 — 9O 10
5 =0  Pd(PPhs),,Cul, Et;N E O |, NaHCO, o
= —
EtOH, 80°C, 16h MeCN, rt., 24h
166a 336 (47%) 334 (29%)

Scheme 21. Synthesis of 334.

144



initiated with NaHCO3 as base and I, as an electrophilic source to give the 6-endo-dig product 334
in a 29% yield.®® In addition to the HRMS data, the formation of the dihydropyran unit in 334
was easily observed in the NMR analysis as shown in Table 18. Protons H10, close to the triple
bond in 336, were shifted downfield in 334 (A§ ~ 3.12 ppm). Moreover, the protic hydrogen of
the hydroxyl group in 336 (~ 2.60 ppm) has disappeared in 334. The cyclization has also been
verified by '3C NMR data where the sp carbons C11 and C12, appearing at 85.3 and 85.0 ppm
respectively, were remarkably shifted downfield in 334 (A§ ~ 5.1- 67.1 ppm) indicating the

presence of the vinyl iodide group.

Table 18. 'H and *C NMR of 334 and 336 in CDCls. (“May be interchanged, “300 MHz, 126 MHz).

'H NMR” H3-5 H8a H8e OH H10a H10e H14-H18
_ a:4.32d e:4.24d a:291d e:2.79d K
336 1.15-2.26 260s 7.45-7.22
m Jsa 5=10.0 Jse-5a =10.0 J10a-10~16.9 J10e-10=16.9 m
334 1.20-2.34 a:4.46d e:4.28d ) a:3.14d e:2.83d 7.52-7.32
m Jsa5=10.1 Jse-sa=10.1 J10a-1016.6  J100.104~16.6 m 4
336
31C NMR® Cl1 C2 C3-C5 Co6 C8 C10 Cl1 Cl12 CI13 C14-C18 6 __15
36.3 128.4 ” "
336 55.1 84.0° 22.5 180.1 78.5 422 85.3 85.0° 122.2 128.6 L 1! 0
22.7 131.6 o 1\
90 V¥ =0
37.4 127.9 3 )5
334 54.8 92.7¢ 36.4 178.9 75.8 66.4 90.1¢ 152.1 136.3 129.1 !
37.4 129.2 334

Another experiment, similar to the previous one, has been conducted at a higher temperature
(Scheme 21). We found that this iodocyclization also proceeded to afford 334, but in lower yield
(16%). Furthermore, we observed the formation of regioisomer 338, or the 5-exo-dig product, in
11% yield. On the basis of these observations, the reaction mechanism can be proposed by

referring to the one mentioned in the literature for another family of compounds (Scheme 22).15¢!

9
HO =0 I, NaHcO, _ © =0
MeCN, 85°C, 21h +

336 334 (16%) 338 (11%)

Scheme 21. Synthesis of 334 at 85°C.
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336 334

—_—
Isomerization

338b 338

Scheme 22. Proposed mechanistic pathways for the iodocyclization of 336.36

Coordination of an I" equivalent to the alkyne leads to electrophilic activation of the alkyne carbon-
carbon triple bond generating iodonium intermediate 335. Nucleophilic attack by the hydroxyl
group may then take place by either of two intramolecular cyclization modes (anti-6-endo-dig or
anti-5-exo-dig, paths a and b, respectively) to give intermediates 334a or 338a, respectively.
Deprotonation of intermediate 334a leads to the iodo-DHP[4,3,3]propellane 334 that was isolated
as the major product in the performed experiments. Although the exact configuration of the alkene
unit in 338 has not been verified, presumably, isomerization of the initially formed E-isomer 338b
led to the more stable Z-isomer 338. A few examples of the isomerization of substituted cis alkenes
to the more stable corresponding trans isomers in the presence of iodine are known.’”] To
demonstrate the feasibility of the isomerization, a mixture of 338 and 338b was subjected to simple

heating and partial isomerization was observed. Based on the 'H NMR spectral data, the ratio of
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cis:trans was found to be 2.2:1 before heating and 1:1.7 after heating. The possibility that E-Z
isomerization occurs through the formation of intermediate 338¢ (deriving from 338a via proton

shift) followed by stereospecific deprotonation cannot be ruled out, however.

4. General conclusion

Throughout this chapter, we highlighted most of the accomplishments that have been done in
propellane synthesis from a common propargyl bicyclic y-lactone precursor. The study was mainly
focused on oxaspiro[n,3,3]propellanes, which have been categorized based on their number of
annular atoms attached to the common propellane subunit. The described oxaspirocyclopropane,
oxaspiro-oxetane and oxaspirolactone adducts were all prepared thermally or photochemically
from exo enol ether propellanes, which have proven to be highly useful for construction of
remarkably  strained and rigid molecular frameworks. Besides the furnished
oxaspiro[n,3,3]propellanes, other miscellaneous ring systems have been constructed from the same
bicyclic building blocks, such as PTAD-based [6,4,3]propellane and iodo-DHP[4,3,3]propellane

that can be used as future parent structures for further transformations.
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Ch. V: Hexahydroindeno|2,1-c]pyran-
based Propellanes

1. Introduction

So far, the synthesis of diverse propellane ring systems from similar building blocks has been
described in the preceding chapters (three and four). Most of these structures were associated with
elaborated motifs as promising features for possible future applications. To expand our
investigations and explore additional families of such 3D-structures, we were curious about
starting from precursors different to those used in the previous chapters. For this reason, we
endeavored new access for the synthesis of a unique family of indenopyran-based propellanes from
aldehydes and exo-olefinic alcohol (Figure 1). Throughout this chapter, besides the bibliographical

part, the new approach will be discussed and covered in detail.

~

R-(' :' Oxaspiro-
0~ _0 y --" o [n+2,3,3]propellane
R/w"\\_ Q
@) Substituted- @)

[3,3,3]propellanes Propellane building blocks

DHP-

] =0
O

04\@ 169a
=/=0 Chapter 3 Chapter 4

[5,3,3]propellano-
bislactone

[6,4,3]propellane

Indenopyran-based propellane This chapter

Figure 1. Alternative precursors for the propellane synthesis in this chapter.
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2. Indenopyrans: a brief overview

2.1. Nomenclature
Indenopyrans are functionalized oxygen-containing heterocycles consisting of fused indene and
pyran units.!' In addition to the variability of substituents and the localization of the oxygen atom
in the pyran subunit, the position and the number of unsaturations provide wide diversity and
complexity in this tricyclic system. A selection of structures, names and standard numbering of
some indenopyrans are presented in Figure 2. The nomenclature usually starts with an ascending
order of the numbers related to the positions of hydrogen atoms in the cyclopenta[n]pyran subunit.

By convention, the numbering is chosen to give the lowest locant either to the oxygen atom or to

Fusion bond

()

9a

9
1,3,4,4a,9,9a-hexahydroindeno[2,1-c]pyran
'Y A

: 1
Base component R ~ 1 a 0
W 2 . 3
9a O : 4a 4
9 1 5
6\ 4 2,3,4,4a,9,9a-hexahydroindeno[2,1-b]pyran | 1,3,4,4a,59b-hexahydroindeno[1,2-c]pyran
Bok®; e
\ Q 2 357 ; : 3
4 a '
o 1

2,3,4,4a,5,9b-hexahydroindeno[1,2-b]pyran

3
THP 4
1H-indene Q 2 )
O

L 2,3,4,4a-tetrahydroindeno[2,1-b]pyran
Attached

931

9
1,3,9,9a-tetrahydroindeno[2,1-c]pyran

component

2,3-dihydroindeno[2,1-b]pyran

3
4
(~°
1
1,3-dihydroindeno[2,1-c]pyran

Figure 2. A selection of structures, names and standard numbering of some indenopyrans.*

*The base component is always a heterocyclic system, i.e. “pyran”. Therefore, the attached component is “indene”. However, in
such names, the prefix is generated by replacing the terminal ‘e’ in the name of the attached component by ‘0’, i.e. “indeno”. In the
name ‘indeno[1,2-b]pyran’, the numbers signify the positions of the first-named heterocycle, numbered as if it were a separate
entity, which are the points of ring fusion; the italic letter, ‘b’ in this case, designates the side of the second named heterocycle to
which the other ring is fused, the lettering deriving from the numbering of that heterocycle as a separate entity, that is, side “a” is
between atoms 1 and 2, side “b” is that between atoms 2 and 3, and so on. Note that the order of the numbers ‘2,1-’ is related to the
position of the oxygen atom with respect to the fusion bond. In other words, the first number represents the position on the fusion

bond which is closer to the oxygen atom of the pyran unit.}
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the neighboring carbon directly attached to the indene group. The rest of the name is written in the

following pattern:

Name of fused heterocycle = prefix + [alphabet] + suffix

= Attached component + [Fused bond] + Base component
= indeno[n,m-b/c]pyran

2.2. Occurrence

Indenopyrans, as oxygen-containing heterocycles, exhibit inherent biological profiles and

interesting structural features.!: 3! These compounds have been found in a variety of natural

products, including brazilin and its derivatives, cephanolides, nodulisporic acids and others

(Figure 3).

Brazilin and its derivatives: brazilin is a red dye precursor obtained from the heartwood of

several species of tropical hardwoods, principally brazilwood and sappanwood.*! The extracts
of the latter are used in traditional Asian medicine and have been the subject of continuous and
extensive biological studies.l”’ Accordingly, brazilin has been studied for the treatment of
diabetes,!®) arthritis,/’) and various cancer types.’® 81 When oxidized by contact with
atmospheric oxygen or other chemical oxidants, brazilin transforms into brazilein AP®! with a
loss of two hydrogen atoms to form a carbonyl group. In this way, it is similar to hematoxylin
[10]

in behavior and structure; the latter possesses an additional hydroxyl group.

Norditerpenoids cephanolides: plants of the Cephalotaxaceae family produce an extensive

array of structurally diverse natural products with a variety of biological properties, particularly
potent antitumor activity.!'') In 2017, Yue and co-workers isolated new structurally unique
norditerpenoids cephanolides A—D from Cephalotaxus sinensis, a finding which sheds light
on plausible biosynthetic scenarios among this large family.['”) Compared with other
cephalotaxus diterpenoids, cephanolides A—D represent the first examples that have a rarely
encountered aromatic benzenoid ring in this family.!3]

Nodulisporic acids: comprise a group of secondary metabolites isolated from the endophytic

fungus Hypoxylon pulicicidum (previously known as Nodulisporium sp.) that exhibit potent
insecticidal activities.['* These biological effects arise from the specific activation of a subset
of ligand-gated chloride ion channels found in arthropods, but not in mammals, resulting in a
potentially useful selectivity profile.'>] Detailed investigations of nodulisporic acids as a

starting point for the development of new anti-flea medications for companion animals have
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been performed, resulting in the identification of promising lead compounds.['®! In addition to
the common indoloterpenoid core, these natural products contain an indenopyran motif found

in other members of the paxilline family, such as the janthitrems!!” and shearinines.['®!

OH
O
(+)-Brazilin
OH
HO Q OH
esS: o
OH Cephanolide B
(-)-Brazilein A
O,
Croy—~¢”
S
OH
O

Cephanolide C

Cephanolide D Nodulisporic acid C

Janthitrem E: R' = H, R? = OH

3 Shearinine A:R=H 4 2
= Shearinine D: R = OH Janthitrem F: R" = Ac, R“ = OH

Shearinine E: R = OMe Janthitrem G: R" = Ac, R? = H

Figure 3. Some indenopyran-based natural products.

2.3. Synthesis
The combination of the challenging indenopyran core with the stereochemical requirements has
fascinated many chemists and driven several groups to undertake synthetic efforts towards these
compounds. Apart from stepwise syntheses, tandem reactions are extremely useful for the

synthesis of such heterocycles.
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In the course of investigating various cycloalkynes!'”) and cyclodiynes!?’! with different substituted
benzene rings, Youngs and coworkers reported an intramolecular acetylene-zipper type

bicyclization to form an indenopyran ring system (Scheme 1).2!]
OH SiMes

= Z
PdClz(PPh3)2, CUl, HNRz,
+
A ! Toluene, 90°C, 10h

339 OH " 340 (2 equiv.)

344 (45%)

Me3Si

Hetero Diels-Alder
Cycloaddition

Me;Si OH

Me;Si OH

341 342 343
Scheme 1. Palladium-copper catalyzed intramolecular acetylene-zipper type bicyclization by Youngs and

coworkers.[*!]

Treatment of o-diethynylbenzene 339 with two equivalents of 340 in the presence of the
Pd(IT)/Cu(I) catalyst in diisopropylamine-toluene as solvent under reflux (10h, 90°C) afforded an
unusual product 344 as a yellow solid in 45% isolated yield. Mechanistically it can be proposed
that the one-pot synthesis of the conjugated compound 344, having the indenopyran unit, is a result

(221 to form intermediate 341.

of a tandem reaction beginning with Sonogashira/Hagihara coupling
The latter compound is likely to undergo base-catalyzed tautomerization of one of the
hydroquinones to a ketylallene intermediate such as 342. A [4 + 2] intramolecular hetero
cycloaddition of 342 would result in the formation of the observed product 344. Intermediate 342
may be held in conformation 343 by hydrogen bonding between the OH of the hydroquinone and
the oxygen of the ketylallene moiety. This proximity effect would promote the [4 + 2]

cycloaddition.

157



In 2013, Tu and coworkers reported a multi-component domino reaction (MDR) for the
stereoselective synthesis of hexahydroindeno[2,1-c]pyran derivatives (Scheme 2).[*! As described
by the authors, the reaction was easy to perform by mixing o-phthalaldehyde 345 with cyclic 1,3-
dicarbonyls 346 in acetic acid at room temperature. Up to two new rings and four sigma-bonds
were built in these MDRs to afford 350 without using any metal catalysts. On the basis of

experimental results, a putative reaction mechanism was proposed as shown in Scheme 2.

o) (0]
|
):\b( HOAGC, r.t.
+
| O
o) 346

345
(0]

H O
+ NS
O ‘ _H e
HO -H0 o)
/ /
3 5

H-Q
347 348

Scheme 2. Bis-cyclizations of o-phthalaldehyde with cyclic 1,3-dione by Tu et al.

First, o-phthalaldehyde undergoes an aldol condensation with 5,5-dimethylcyclohexane-1,3-dione
(dimedone) 346 to afford intermediate 347, followed by intramolecular dehydration to yield 348.
Then, domino Michael addition and cyclization with the second molecule of 346 occur, affording
intermediate 349. The latter is converted into final polycyclic indenopyrans 350 via second
intramolecular hemiketalization.

132, 18] domino Prins/Friedel-Crafts cyclization is a powerful strategy for

Besides other examples,!
the stereoselective synthesis of fused heterocycles.*¥ It has been successfully employed for the
synthesis of several natural products.[>®) Recently, a few methods have been reported for the
synthesis of tetrahydrofuran derivatives through a Prins cyclization, wherein a five-membered
oxocarbenium ion is trapped with different nucleophiles.”®) However, apart from recent
investigations, 27! the formation of a five-membered ring fused tetrahydropyran system has not
yet been fully explored through a domino Prins cyclization.

In 2020, Wang and coworkers described a concise and practical strategy for the synthesis of (+)-

brazilin in overall 40% yield within 7 steps, and their synthetic approach was easily scaled up to a

gram level with high yield. The synthetic route involved a one-pot intramolecular tandem
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Prins/Friedel-Crafts reaction as the key transformation in the construction of the hybrid chromane
and indane framework (Scheme 3).27? In the presence of TFA, the desired product 354 was
smoothly obtained in 80% yield in one-step,”?’% 28 in which the C ring might have been first formed
(352).2) Subsequently, under the control of the quaternary carbon center, the B ring was then
constructed with the desired cis-fused rings. Finally, under the treatment of boron tribromide,™’!
the methoxy groups of 354 were successfully removed to deliver the desired natural product (+)-

brazilin in 79%.

OMe
OMe

. TFA, CH,Cly, rit.
‘OH
MeO O

BBr3
CH,Cl,, -78°C to r.t.

354 (80%)

OMe MeO OMe
© éH TFA "
N\ /@\ “/OH
352
0" 353

H,O
OMe MeQO

+)-brazilin (79%
(+)-brazilin (79%) y

Scheme 3. One-pot intramolecular tandem Prins/Friedel-Crafts reaction in the synthesis of (+)-brazilin.

Five years before publishing the mentioned work above, Reddy and coworkers reported two papers

about the stereoselective synthesis of indenopyrans via tandem Prins/Friedel-Crafts cyclization.

27b [27b

' In the first one,?’® the authors described the synthesis of hexahydroindeno[2,1-c]pyran
scaffolds through a domino cyclization of (£)-3,5-diphenylpent-4-en-1-ol 355 with aldehydes
using BF3.0Et; at 70°C (Scheme 4). This method provides direct access to biologically relevant
indenopyran scaffolds with four contiguous stereogenic centers in a single step. In the second
paper,*!l Reddy et al. reported a similar cascade process for the synthesis of indeno[2,1-c]pyran
and cyclopenta[c]pyran derivatives from aldehydes and exo-olefinic diols 355’ (Scheme 5). As it
can be noticed, the obtained products are related to indenopyran-based propellanes, which is a rare
family of organic compounds. However, for unknown reasons, the term “propellane” has not even

been mentioned in this paper. Mechanistically, the authors assumed that the reaction proceeds

through the formation of an oxocarbenium ion from cyclic acetal 356°, which is derived from
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aldehyde and unsaturated diol 355°. A subsequent attack of exo-olefin on the oxocarbenium ion
generates a more stable tertiary-carbocation (357-358), which is simultaneously trapped with a
tethered hydroxyl group to afford the desired product 359.

OH H
0 10 mol% BF5.0E i
A | . J\ mol% 3- t2 -~ R—

_ R H DCE, 70°C ‘HR

R

356 (73-90%) 15 examples

Scheme 4. Prins/Friedel-Crafts cyclization of (£)-3,5-diphenylpent-4-en-1-ol.

R

~

[ o ) 5
I BF3.0Et, (10 mol%) o
* R” "H DCM, 0-25 °C

359 (70-80%) 7 examples
3550 OH R = alkyl, aryl T

L :

| 50 R <\ _R ®°
o< 0. HO
® BFs ®
© HO 358
356" 357

Scheme 5. Synthesis of indeno[2,1-c]pyran scaffolds from aldehydes and exo-olefinic diols.

3. Hexahydroindeno[2,1-c]pyran-based Propellanes: Our work

3.1. Key features and retrosynthetic analysis

Inspired by the previous work about Prins reaction achieved in our group,*?! we herein report a
short access toward indenopyran-based propellanes via Prins-driven cyclization (Figure 4). The
designed family possesses a complex rigid quadracyclic or pentacyclic carbon skeleton featuring
a [4,4,3]propellane bearing three stereogenic centers (A-ring), and a hexahydroindeno[2,1-c]pyran
unit with different substituents in A and C rings. These fascinating architectural attributes, as well
as the promising biological activity of indenopyrans, have made such structures attractive and
challenging targets for synthesis.

We envisioned the five-membered ring of the indane fragment in 360 to be derived from an in situ
Friedel-Crafts reaction of 361, which comes from the Prins cyclization between exo-olefinic

alcohol 363 and the corresponding aldehyde (Scheme 6). This cascade reaction could, therefore,
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construct the C5-C6 and C4-C3 bonds and access the indenopyran motif in one-step. Finally, the
exo-olefinic alcohol 363 could be obtained from readily available starting materials 365-367 via a

sequence of classical reactions.

- [4,4,3]propellane (violet I)

- Hexahydroindeno[2,1-c]pyran (blue II)
- 3 chiral centers (orange Il)

- Extra phenyl ring (green IlI)

- Cyclohexane (red Ill)

Friedel-Crafts Prins cyclization

0
v AN 3 13 .
Wittig o / ., OR3 Ester reduction
] ]
— / —C——

Benzylation %7 {

10 15 6,27 "\J10

R iR
- 364 L\ U,
366

Scheme 6. Retrosynthetic analysis of compound 360.

3.2. Results and discussion
Our synthetic studies commenced with the preparation of benzyl bromide derivatives 366b-c¢
(Scheme 7). Commercially available benzaldehydes 368b-c underwent reduction with sodium
borohydride**! and subsequent bromination with PBr;# to deliver 366b-c in 89-97% yield over
two steps. Besides benzyl bromide 366a, the obtained products 366b-¢ were used as alkylating
reagents for the substitution reaction of B-ketoesters 160d and 369 (Table 1).%! To our delight,
the reaction proceeded at room temperature to afford the corresponding a-substituted ketoesters

from low to good yields. Notably, the alkylation with the prepared benzyl bromide derivatives
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Br

O\
1) NaBH,, MeOH, 0°C, 1-17h
o -
v OMe 2) PBra dry THF, 0°C, 1-18h

368b,Y=H
368c, Y = OMe

Scheme 7. Synthesis of benzyl bromide derivatives 366b-c.

Table 1. Benzylation of different B-ketoesters.”
O 0 Br\~

Y OMe

366b, Y =H, 97%
366¢, Y = OMe, 89%

/9\ 13
- ] OEt
1 z
e, j]:‘i* + A gt NaH, THF
e X 0°C —-r.t., 22-70h

160d/369 366a-c
Entry Ketoester Benzyl bromide  t(h)” Product (Yield)®
O (0] Brﬁ (0] (0]
1 é)LOEt Ph 22 161e (75%) é%OEt
Br Q 0
0] (0]
OEt
2 OEt 70 365b (32%)
369 MeO OMe O
366c MeO OMe
Br: o 9
O O
OEt
3 OEt 60  365c (43%)
160d MeO OMe
366¢ MeO OMe
Br O O
O O
OEt
4 OEt 63  365d (55%)
160d OMe
366b OMe

aAll products were characterized by 'H and '*C NMR spectroscopy; Preaction time; ®yield refers to pure products

isolated after column chromatography.
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366b-c took a longer time than that with benzyl bromide 366a, and hence the desired products
365b-d (Entries 2-4) were isolated in lower yields compared to 161e (Entry 1). This can be related
to the lower electrophilicity of the benzylic carbon of the electron-rich derivatives which leads to
a lower reactivity of the corresponding benzyl bromide towards substitution reactions.

With substantial amounts of the obtained ketoesters, we were in a position to prepare the exo-
olefinic alcohol derivatives, the precursors of the Prins/Friedel-Crafts cyclization (Table 2).

Table 2. Preparation of exo-olefinic alcohol derivatives 363a-d.”

t-BuOK, MeP(Ph)3Br
toluene, r.t., 1-5h

LiAIH,, Et,0
0°C, 30 min-16h

Entry Ketoester Exo-olefinic ester t (h)” Product (Yield)¢

Q OH
1 161e é%\o 1.5  363a(55%) E5<
Ph  364a Ph
OH

Et
0
40)\
2 365b 18 363b (35%)
MeO MeO O OMe

OMe 364b

Q OH
OEt
3 365c¢ 11 363c (21%)
MeO
OH

OMe 364c MeO Me
e

0
0
OEt
4 365d 6.5 363d (58%)
OMe 364d oM
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@All products were characterized by NMR spectroscopy; “reaction time of both steps; “isolated yield of a two-step synthesis.

Treatment of the chosen ketoester 161e/365b-d with a suspension of methyltriphenylphosphonium
bromide and potassium fert-butoxide in anhydrous toluene under argon resulted in the formation
of the corresponding exo-olefinic ester (364a-d).®! In each case, after being extracted and dried,
the crude mixture was subjected to reduction by lithium aluminium hydride to furnish the desired
exo-olefinic alcohol after hydrolysis in a 35-58% overall yield.*”! It should be noted that this two-
step sequence, which required only one chromatographic purification, made the synthesis of 363a-
d much easier to access.

Prins/Friedel-Crafts cyclization: the first scenario:

With the key intermediates 363a-d in hand, we subsequently focused our attention on the
construction of cis-fused pyran and indane framework of the A and B rings. Our first attempt has
been achieved on the simplest substrate 363a (Scheme 8). To a stirred solution of the latter exo-
olefinic alcohol and benzaldehyde 370 in dichloromethane was added BF3.OEt: (20 mol%) at 0°C
under an inert atmosphere,**! and the reaction mixture was kept stitring at room temperature. By
following the reaction progress, a major product has appeared on the TLC plate (Petroleum
ether/Ethyl acetate (85:15)) just one hour after launching the reaction. This was also accompanied
by a complete conversion of the starting material. After being isolated in a 45% yield, we assumed
the formed product was the desired indenopyran 360a. However, besides the characteristic AB

systems at positions 1 and 12, and the ABX system at position 4, the corresponding 'H NMR

BF3.0Et, (20 mol%)
CH2C|2, 0°C- r.t., 20h

363a

371 (45%)

Scheme 8. First attempt towards the synthesis of indenopyran-based propellane.
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Figure 5. '"H NMR (500 MHz) analysis of isochromene 371 compared to that of exo-olefinic alcohol 363a.

spectrum recorded an extra signal at 5.53 ppm related to one alkene proton (Figure 5).

Moreover, *C NMR and DEPT-135 analysis reveal the presence of two peaks at 122.7 and 142.9
ppm correlated to a primary and quaternary carbon respectively. Although these arguments
exclude the fact that Friedel-Crafts reaction has occurred between C6 and CS5, they ensure the
presence of a double bond in the D-ring between C5 and C17, thereby indicating the formation of
isochromene 371. It should be noted that the latter compound was diastereoisomerically pure, but
unfortunately, it was difficult at that level to determine the real configuration at C3 in the pyran
ring. For this reason, a plausible reaction pathway has been proposed as shown in Scheme 8.

The aldehyde is activated by BF3.OEt> for nucleophilic attack by the homoallylic alcohol 363a to

ph Ph Ph
B

— Ph =Y H — | PR 2=
% / ’ : H
372 371
363a E Ph
\ 1 0
R Y/% BT V/\ e H &

)

Scheme 8. A plausible reaction pathway leading to isochromene 371.

373" 372 eeessssssssssseooes :
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form an acetal, which after decomposition gives oxocarbenium ion 373/373°. A subsequent attack
of exo-olefin on the oxocarbenium ion generates a more stable tertiary-carbocation 372/372’,
which is simultaneously followed by a proton elimination to afford the isolated isochromene
370/370°. By taking a closer look at both paths A and B, it can be noticed that the exo-olefin attacks
preferentially in the transition state 373 and not 373’. Therefore, the less hindered conformation
of 373 results in an equatorial position of the phenyl group in 372 instead of an axial one in 372°,
which explains the relative configuration assigned to C3 in 371.[7"]

Within this context, we thought about how the Friedel-Crafts cyclization might be favoured to
allow the formation of the B-ring in 360a from 371. We expected that the regeneration of the
carbocation at C5 would give another chance for this cyclization to take place. For this reason,
isochromene 371 was stirred in the presence of triflic acid in deuterated chloroform at room
temperature for 16 hours (Scheme 9). Unfortunately, no reaction has occurred, not even after
further heating (~ 40°C) for 3 more hours. Seemingly, the phenyl ring (Ring-C) of 371 was not

electron-rich enough to quench the generated carbocation.

Scheme 9. A plausible reaction pathway for the regeneration of carbocation in 371 by means of triflic acid.
Prins/Friedel-Crafts cyclization: the second scenario

Our strategy in the second scenario was based on reinforcing the intramolecular Friedel-Crafts
cyclization to furnish the required indenopyran motif. Besides using an electron-rich C-ring as an
activated aryl group, it was necessary to further stabilize the generated carbocation at position 5
without expecting any competitive E; elimination reaction between C5 and C17. For this reason,
precursor 363b, having an aromatic system fused to the D-ring at C16-C17 bond, was the best
candidate for this attempt (Figure 6).

Under similar reaction conditions to those used for 363a, exo-olefinic alcohol 363b was reacted

with p-chlorobenzaldehyde at -78°C — r.t. for 5 hours (Scheme 10). Although we observed remark-
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able degradation of the reaction mixture over silica gel, we were able to isolate the desired
indenopyran-based propellane 360b in 29% yield. The molecular formula of C23H27ClO3 was
established for 360b by the (+)-HRESIMS ion at m/z 447.1720 [M + H]" (calcd for C23H23Cl103,
447.1721). In addition to the characteristic AB and ABX systems of the pyran and indane unit at
positions 1, 4 and 12, the '"H NMR spectrum of 360b showed that the two methoxy groups of the
C-ring appeared at different chemical shifts (3.70 and 3.92 ppm), which means the symmetry of
this phenyl ring was broken (Figure 7). Moreover, the relatively shielded signals of the C-ring
between 6.27 and 6.35 ppm were correlated to two protons, instead of three, which signifies that
this ring became tetra-substituted. Further NMR analyses were carried out as shown in Figure 8.
The DEPT-135 data revealed the presence of two methyl groups, five sp> methylenes, one sp’
methine, two sp> quaternary carbon atoms, and three substituted benzene motifs (Figure 8).

OH

2 ( Electron-rich aryl groupj
[ Quaternary carbon

BF3.0Et, (20 mol%)
CH,Cl,, -78°C- r.t., 5h

360b (29%)

Scheme 10. Second attempt towards the synthesis of indenopyran-based propellane.

"H NMR (500 MHz, CDCls)
2Jig1e = 1.7 Hz

3J3.45 = 11.5 Hz
3J34e = 1.7 Hz
4Jg.10 = 1.9 Hz

2120120 = 15.4 Hz

Figure 7. Major and minor 'HNMR correlation in the indenopyran motif of the isolated propellane 360b.
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By taking a closer look at the aryl region, 14 peaks related to 8 quaternary and 10 primary phenyl
carbon atoms showed up between 122 and 163 ppm. These signals could be correlated to the sp?
carbon atoms presented by the three substituted benzene rings. Therefore, based on the mentioned

arguments, the results ensure the suggested structure of 360b.

. .
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Figure 8. *'CNMR analysis of the isolated indenopyran-based propellane 360b (500 MHz).

Prins/Friedel-Crafts cyclization: the third scenario

On the basis of the above result, thanks to the presence of the fused E-ring, it seems that avoiding
the formation of the elimination intermediate and stabilizing the carbocation at position 5
facilitated the cascade reaction and made it go faster. However, the observed degradation and the
low reaction yield led us to explore other types of precursors. In this attempt, the reaction was
extended to 363¢ which is similar to 363b, but without an additional fused E-ring (Scheme 11).
After 14 hours from the treatment of 363¢ with p-nitrobenzaldehyde under the used conditions,
two inseparable compounds (namely 360c¢ and 376) in 1:1 ratio were isolated by flash
chromatography. It should be noted that degradation of the crude mixture over silica gel was also
observed this time, but far less than that of the previous experiment. This suggested that the E-ring
of' 363b was behind the considerable degradation observed in the preceding attempt.

As aresult of a 'H NMR experiment (Figure 9), the desired propellane 360¢ was distinguished by
its characteristic signals at 3.74 and 3.78 ppm related to the two methoxy groups and by the
shielded phenyl protons of the C-ring at 6.37 and 6.44 ppm. Moreover, the accompanied
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Scheme 11. Third attempt towards the synthesis of indenopyran-based propellane.
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Figure 9. NMR analysis of the inseparable mixture of the desired indenopyran-based propellane 360¢ and
it isochromene counterpart 376 (500 MHz).
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isochromene counterpart 376 was identified by the signal of the vinyl proton H17* at 5.60 ppm
and by its equivalent methoxy groups that appeared as one singlet at 3.80 ppm. These arguments
were then verified by '*C NMR and DEPT-135 analysis where the methoxy groups of both
compounds appeared as 3 peaks at 55.1, 55.3 and 55.4 ppm. This revealed the presence of a
symmetrical and unsymmetrical C-ring related to 376 and 360c respectively.

After the structural elucidation of 360¢ and 376, the plan was to go back and repeat what we had
done in the first scenario by treating the isochromene with a Brensted acid to regenerate the
carbocation at position 5°, and thereby promote the B-ring formation. However, this time the
situation was different; isochromene 376 was accompanied by its propellane counterpart 360c.
For this reason, to better understand the reaction course, the reaction was conducted in the presence

of deuterated trifluoroacetic acid in deuterated chloroform at room temperature (Figure 10).

0O

F,C~ oD

> (2-3 equiv.) <
—_—
CDClj, r.t., 16h

'YN4-002-
1H zg90
1H_8

t=16h: 377 + 378
(Major compounds)
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Figure 10. H-D exchange of the aromatic C-ring with CF3COOD and the corresponding '"H NMR (500
MHz) at toand t = 16h.
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After 16 hours from starting the reaction, the '"H NMR analysis showed that both compounds 360¢
and 376 underwent H-D exchange smoothly at the ortho and para positions to the methoxy groups
of the corresponding aromatic C-ring. This result is consistent with what was reported in the
literature.®®) However, neither the electron-poor F-ring protons nor H17’showed any H-D
exchange. The fact that deuteration occurred only on electron-rich aromatic rings, confirms that
the mechanism of deuteration proceeded through an -electrophilic aromatic substitution
mechanism. Moreover, the absence of H17°—D exchange showed that the unsaturation in the D-
ring was not touched by a Brensted acid. Therefore, the attempt to regenerate the carbocation at

C5’, and thereby the B-ring formation of 376 failed.

Prins/Friedel-Crafts cyclization: the last scenario

So far, the problem of degradation has been resolved by avoiding any substrate with a fused E-
ring. Furthermore, we concluded that the presence of an electron-rich C-ring is necessary for the
C5-C6 bond formation via the Friedel-Crafts reaction. However, according to the last two
scenarios, the low reaction yield of the desired indenopyran-based propellane suggested the
possibility of a steric hindrance between the methoxy group at C7 and the D-ring (Figure 11).
OMe

Figure 11. The suggested steric hindrance between the methoxy group (position 7) and the D-ring.

On this basis, we were curious to start from exo-olefinic alcohol 363d having no methoxy group
at position 7. Thus, we attempted its condensation with different benzaldehyde derivatives using
BF3.0Et: (20 mol%) at room temperature (Table 3). Interestingly, the reaction proceeded smoothly
with benzaldehydes substituted with electron-withdrawing groups to offer the desired propellanes
379-385 from moderate to very good yields. As observed on a TLC plate, the first stage of each
example was characterized by the formation of an intermediate, which was then transformed over
time into a 2.0-3.5:1 mixture of separable regioisomers.

The nature of the substituents on the aromatic ring showed some effects on the reaction yield. For
instance, results from weakly and moderately deactivated aldehydes, such as methyl 4-
formylbenzoate (Entry 7), fluoro-, chloro- and bromo-substituted benzaldehyde (entries 2-4) were

better than those obtained with strongly deactivating groups (entries 5 and 6). Except for simple
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benzaldehyde (Entry 1), major degradations were observed with weakly activating groups, such as

naphthyl (Entry 8) and toluoyl substituent (Entry 9).

Table 3. Synthesis of hexahydroindeno[2,1-c]pyran-based propellanes.

|
RZJS
BF3.0OEt, (20 mol%)

CH,Cly, 0°C- rit.

Table 3
s e
363d
Entry  Aldehyde R? t(h)*  Adducts %yield”

1¢ 370 Ph 21 379a-b (3.5:1) 46
2 387 4-F-CeH4 20 380a-b (3.0:1) 68
3 374 4-Cl-CeH4 57 381a-b (2.0:1) 69
4 388 4-Br-CeH4 15 382a-b (3.6:1) 57
5¢ 389 4-CF3-CsHa 70 383a-b (3.1:1) 41
6 375 4-NO,-CeH4 15 384a-b (3.0:1) 53
7 390 4-CO2Me-Ce¢Hs 19 385a-b (2.3:1) 72
8 391 I-naphthyl 15 - -4
9 392 4-Me-CeHy 15 - -de

“Reaction time; “isolated yield. ‘the isochromene intermediate was isolated and characterized,;
ddegradation over silica; ‘traces.

To differentiate the isolated regioisomers, it was essential to look over the NMR correlation of the
corresponding aromatic C-ring protons. Figure 12 represents an example of the characteristic 'H
NMR signals related to these protons in the nitro-adducts 384a-b. As it can be noticed, H8 in 384a,
appearing as a doublet of doublets at 6.72 ppm, couples with H7 and H10 in a short- (*J = 8.4 Hz)
and long- (*J = 2.3 Hz) range correlation respectively. However, the central C-ring proton H7 in
384b gave two long-range correlations with H6 (*.J = 7.4 Hz) and H8 (°J = 8.3 Hz). Based on this
analysis, the major isomer is the one with the C5-C6 bond and not that with the C5-C10 bond.
Therefore, the hypothesis concerning the steric hindrance between the C-methoxy group and the
D-ring was ultimately validated.

After the structural differentiation of both regioisomers, we turned our attention to investigate the
reaction mechanism (Scheme 12). Similar to that mentioned in the first scenario, the attack of exo-
olefin on the oxocarbenium ion in 393 might be behind the formation of intermediate 394. At this
level, the generated carbocation could be trapped by the C-ring at C6 or C10 via a Friedel-Crafts

reaction to afford the desired indenopyran-based propellanes 396 and 397 as a major and minor

172



product respectively. Based on previous observations, the reaction pathway could have also passed
through an isochromene intermediate 395, a product of proton elimination at position 17. To verify
this proposal, we repeated entries 1 and 5 from Table 3 and we stopped the reaction at early stages

(3-7 hours) (Figure 13).

YN3-019-A.1.fid
Proton
1H_128
384b

YN3-019-B.1.fid
Proton
1H_128 MM

A A 384a

T T T T T T T T T T
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

4.5
f1 (ppm)

H7 (dd) H6 (d) H8 (d)

384b

H7 (d)

H10 (d)

H8 (dd)

384a (major)

T T T T T T T T T T T T T T
720 715 710 705 7.00 695 690 685 680 675 670 6.65 6.60 6.55
f1 (ppm)

Figure 12. Differentiation of regioisomers by NMR analysis of the corresponding aromatic C-ring protons.
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396 (major)

Scheme 12. Plausible reaction mechanism.

'd ~\
OMe
F3;C
370 HO 389 3
Cond. A, 3h Cond. A, 7h
363d
379¢ (59%) L J
'YN3-008-B.1.fid
Proton
1H_128 2
24
la
\ 14,15
17 s 128 le 12e 4o 16
f\ 4a
'YN3-031-ALK.1.fid
Proton
1H_128 1
24
19-22
-— CDC\:3
la
7 68,10 16 14,15
17 3 \ 12a le 12e se
\ i N
8‘.5 E‘.U 7‘ 5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 3‘.5 3‘.0 2‘.5 Z‘.U 1‘.5 1‘.0 0‘.5 D‘.D

T
4.5 4.0
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Figure 13. Isolation and '"H NMR assignment of isochromenes 379¢ and 383¢. (Cond. A: BF3.OEt; (20
mol%), CH:Cl,, 0°C- r.t.).
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As expected by these control experiments, the isolated major products were isochromenes 379¢
and 383c which were easily identified by the characteristic 'H NMR chemical shifts of their
corresponding vinyl protons at position 17. Furthermore, the latter compounds were each treated
with conditions A for a long period to afford their corresponding propellanes 379a-b and 383a-b
(qualitative analysis). Back to Scheme 12, it can be said that isochromene product 395 was formed
faster than its indenopyran counterparts 396 and 397, and hence the activation energy of 395 was
suggested to be lower than those of 396 and 397. In such a case 395 can be considered as the
kinetic product and is favoured under kinetic control, whereas 396 and 397 are thermodynamic

products and are favoured under thermodynamic control.

3.3. Characterization of the isolated indenopyran-based propellanes
1D NMR:
The chemical structures of the isolated hexahydroindeno[2,1-c]pyran-based propellanes 379-385
were defined by the '*C NMR data and HRESIMS analysis. The '"H NMR of the characteristic
indenopyran-based propellane skeleton (A-D ring) revealed the presence of two main AB systems
at positions 1 and 12 in addition to one ABX system at position 4 (tables 4 and 6). The most
deshielded proton of these systems was correlated to H3 (X of the ABX system) and appeared as
a doublet of doublets (> = 1.9—12.0 Hz) in the range between 4.45 and 4.63 ppm. However, the
neighboring protons H4a,e were the most shielded protons and showed up in the alkyl region
between 1.26 and 2.70 ppm. Besides the already characterized three phenyl protons at positions 7,
8 and 10 (or 6) in the aromatic C-ring (Figure 12), the methoxy group H24 appeared as a singlet
around 3.60—3.80 ppm. Finally, the alkyl D-ring was distinguished by its six shielded protons
situated between 1.25 and 2.01 ppm.
By comparing the '"H NMR chemical shifts among isomers of different substituents on the para
position of the aromatic F-ring (R?-group), no major variations were noticed in the indenopyran-
based propellane framework. Likewise, apart from the aromatic C-ring protons, the difference in
the chemical shift between each couple of regioisomers gave minor deviations (|A8| ~ 0.01-0.14
ppm) especially for protons H1, H3 and H12 (Table 8). However, |A§| increased slightly for H4a,e
(0.11-0.27 ppm), possibly because of the effect of the methoxy group position in the aromatic C-
ring which is characteristic for each isomer.
The detailed '*C NMR assignments of propellanes 379-385 are presented in Tables 5, 7 and the

|A8| values of carbon atoms C1, C3 and C7-C9 between some of the obtained regioisomers are
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summarized in Table 9. Similar to what was observed by the 'H NMR analysis, altering the F-ring
substituent at the para position also has no effect on the carbon skeleton of the indenopyran
subunit. However, by comparing each pair of isomers, the main features presented were the
chemical shifts of the aromatic C-ring carbon atoms. For instance, remarkable variation for C7
(|A8| ~ 5.7-5.9 ppm), situated at meta position relative to the methoxy group, was noticed as a
result of its shielded position in 379a-385a (121.8—121.19 ppm) and slightly deshielded position
in 379b-385b (127.8—127.9 ppm). However, other neighboring carbon atoms, such as C8 and C9,
showed slighter variation (|A8| ~ 1.9-2.6 ppm), but still more considerable than those of the carbon
atoms in the rest of the propellane skeleton. Therefore, the electron density on the aromatic C-ring
might have been altered distinctively based on the formed C5-C6 or C5-C10 bond.

2D NMR:
Table 4. "H NMR assignments of compounds 279a-385a (300 MHz/500MHz, CDCl5).

H1 H3 H4 H7 HS8 H10 H12
379a a:391d 4.45dd 1.55-1.26 6.88d 6.69 dd 6.76 d a:345d
R?=Ph J1a1=12.0 0 Jsg=113 J7.578.2 Js.7=8.2 J10.572.5 Ji2a-12=15.1
e:3.74d J3.472.6 Js.172.5 e:2.23d
J1a-1~12.0 J12e-12=15.1
380a a:3.99d 4.51dd 1.61-1.49 6.95d 6.71 dd 6.85d a:3.52d
R?= 4-F-Ph Jer=121 Jeam104 Jr58.1 Js.~8.1 Jis=2.4 Jian=154
e:3.82d J3.4=3.3 Js. 1724 e:2.31d
J1a-1~12.1 Ji12e-124=15.4
381a a:3.99d 4.51dd 1.55-1.47 6.88d 6.62 dd 6.76 d a:3.51d
R?=4-CI-Ph Jia-1=12.3 J3.47-8.4 J7.5=8.2 Js.7~82 Jis=2.3 J12a-12=15.0
e:3.83d J3.47=5.0 Js.1072.3 e:231d
J1a-1512.3 J12e-12=15.0 " ;’
382a a:3.98d 4.49 dd 1.53-1.43 6.96d 6.62 dd 6.76 d a:3.50d
R?*=4-Br-Ph Jia-1=12.1 J3.47=8.5 J7.5=8.3 Js.7~8.3 Jis=2.3 J124-122=15.3
e:3.81d J3.47=5.5 Js.172.3 e:2.30d
Jra1=12.1 Jire12a=153 379a-385a
383a a:4.00d 4.58 dd 1.50-1.26 6.96d 6.71 dd 6.85d a:3.50d
R%= 4-CF5-Ph Jier=12.1 Jy~88 Jr=82 Js. =82 Jing=2.4 Jiar=153
e:3.84d J3.4=5.3 Js. 1724 e:2.31d
Ji1a-1~12.1 Ji12e-124=15.3
384a a:4.00d 4.63 dd 1.51-1.31 6.97d 6.71 dd 6.85d a:3.49d
R?=4-NO;-Ph Jia-1=12.4 J3.4=11.5 J7.5=8.4 Js.7=8.4 Ji.s=2.3 J120-12=15.9
e:3.86d J3.4772.9 Js.1072.3 e:2.32d
117124 J12e-124=15.9
385a a:3.99d 4.58 dd 1.52-1.27 6.96d 6.71 dd 6.85d a:3.51d
R?*=4-CO:Me- Jia-1=12.1 J3.47=8.1 J7.5=8.2 Js.7~82 Jis=2.4 J12a-12=15.2
Ph e:3.86d J3.47=5.9 Js.1=2.4 e:231d
Ji1a-1=12.1 Ji12e-124=15.2
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Table 5. '*C NMR assignments of compounds 279a-385a (75 MHz/101 MHz/ 126 MHz, CDCl5).

Cl €3 CI2c4 C5C13 €7 cs 9 Cl0  Cl4Cl7 €24
379a 46.0, 464, 31.4,28.4,
701 755 1219 1116 1587 1121 553
R?=Ph 414 443 226,223
380a 46.0, 464, 313,283,
701 748 1218 1116 1587 1121 553
R?=4-F-Ph 413 442 225,223
381a 46.0, 464, 313,283,
700 748 1218 1116 1587 1121 553
R?=4-CI-Ph 413 442 225,223
382a 45.9, 464, 313,283,
, 700 748 121.8 1116 1587 1121 553
R?=4-Br-Ph 413 442 225,223
383a 46.1, 464, 31.4,28.4, )
701 749 1219 1117 1588 1122 55.4 379a-385a
R?=4-CFs-Ph 412 44.1 226,224
384a 46.1, 46.4, 312,283,
699 745 1219 1117 1588 1121 553
R?=4-NO;-Ph 412 44.1 225,222
385a
46.0, 46.4, 31.3,28.3,
R =4- 700 75.1 1219 1116 1587 1121 553
413 442 225,223
CO:Me-Ph

Table 6. 'H NMR assignments of compounds 279b-385b (300 MHz/500MHz, CDCI3).

H1 H3 H4 H6 H7 H8 H12
380b a:3.94d 4.56 dd a: 1.82 6.79d 7.13dd 6.60d a:3.49d
R?*=4-F-Ph Jia-1=12.3 J3.4~11.8 Jia-4=13.8 J6.7~1.5 J7.6=1.5 Js.7=8.2 J12a-12=12.3
e:3.80d J3.4=1.9 e: 1.49 Jr.5=8.2 e:2.32d
J14-1~12.3 Jua-3=11.8 Ji12e-124=12.3
381b a:4.01d 4.55dd a: 1.87 6.87d 7.12dd 6.68d a:3.49d
R?*=4-CI-Ph Jia-1=12.1 J3.4~11.9 J4a-4=13.9 J6.7~1.3 J7.6=1.3 Js.7=8.2 J12a-12=13.2
e:3.79d J3.472.2 e:1.53 Jr.5=8.2 e:2.32d
J1a-1~12.1 Jaa3=11.2 J12e-124=13.2
382b a:4.00d 4.53dd a: 1.80 6.78 d 7.05 dd 6.68d a:3.48d
R*=4-Br-Ph Jia1=122 0 J3g=119 Jsa-se=? J5.7~1.6 J7.6=1.6 Js.7=8.3 Ji2a-12=12.2
e:3.78d J3.472.0 e: 1.45 J7.5=8.3 e:231d
Jia-1=12.2 Jua=11.9 J12e-12=12.2
383b a:3.95d 4.56 dd a: 1.83 6.79d 7.05dd 6.61d a:342d
R?=4-CF3-Ph Jia-1=12.1 J347=11.2 Jia-4=" Js.7~17.3 J7.6=1.3 Js.7=8.2 Ji2a-12=13.1 379b-380
e:3.72d J3.4~1.6 e: 1.47 J7.5=8.2 e:2.26d
Ji1a-1~12.1 Jsa3=11.2 Ji12e-124=13.1
384b a:3.94d 4.60 dd a: 1.84 6.79d 7.06 dd 6.62d a:347d
R?=4-NO;-Ph Jia-1~12.2 J3.4=11.7 J4a-4=13.9 Js.7~=7.4 Jr.=1.4 Js.7=8.3 J12a-12=12.2
e:3.85d J3.4~1.9 e: 143 J7.58.3 e:2.35d
J1a-1712.2 Jaas=11.7 J12e-124~12.2
385H a:395d  456dd a: 1.82 679d 7.05 dd 661d a:343d
R'=4-COMe-  Jium121  Juym120  Juam138 JoT4 Jr=T4 Js. =82 Jize12=13.2
Ph e:3.72d J3.462.2 e: 1.47 Jr.g=8.2 e:2.26d
J1a-1~12.1 J4a-3=12.0 Ji12e-124=13.2
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Table 7. '*C NMR assignments of compounds 279b-385b (300 MHz/500MHz, CDCI;).

C1 C3 Cl2,c4 C5C13 c6 c7 c8 c9 C14-C17 C24
380b 43.9, 489, 317,279,

69.7 744 1187 1276 109.1  156.8 55.1
R?=4-F-Ph 41.7 434 233,226
381b 4328, 489, 317,279,

69.7 743 1187 1276 109.1  156.8 55.1
R?=4-CI-Ph 41.7 434 233,226
382b 4328, 489, 31.7,27.9,

69.7 744 1187 1276 109.1  156.8 55.1
R?*=4-Br-Ph 417 434 233,226
383D 69.6 746 38 489, 1187 1278  109.1  156.8 317,279, 55.1
R2=4-CF:-Ph ' : 417 434 ' ' ‘ T 233,26 : 379b-385b
384b 43.9, 489, 31.6,27.9,

69.6  74.1 1187 1278 109.1  156.8 55.1
R?=4-NO:-Ph 416 434 232,226
385b

4328, 489, 31.7,27.9,
R =4- 69.6  74.6 1187 1276 109.1  156.8 55.1
417 434 233,226

CO:Me-Ph

Table 8. The |AS| values of protons H1, H3, H4 and H12 between the obtained regioisomers.

|48 H1| |46 H3| |48 H4| |46 H12|

a: 0.05 a: 0.03
380a/b 0.05 ~0.11

e: 0.02 e: 0.01

a: 0.02 a: 0.02
381a/b 0.04 ~0.19

e: 0.04 e: 0.01

a: 0.02 a: 0.02
382a/b 0.04 ~0.15

e: 0.03 e: 0.01

a: 0.05 a: 0.08
383a/b 0.02 ~0.27 379-385

e:0.12 e: 0.05

a: 0.06 a: 0.02
384a/b 0.03 ~0.23

e: 0.01 e: 0.02

a: 0.04 a: 0.08
385a/b 0.02 ~0.25

e:0.14 e: 0.05

Table 9. The |AS| values of carbon atoms C1, C3 and C7-C9 between some of the obtained regioisomers.

148 C1] |48 €3] |48 C7| |48 C8| |48 €9|
380a/b 0.4 04 5.8 25 19
381a/b 0.3 05 58 25 19
382a/b 0.3 04 5.8 25 19
384a/b 0.3 04 59 26 2.0 379-385
385a/b 0.4 05 57 25 19

In addition to the proton splitting patterns in the 'H NMR spectrum, the three major systems in the
A- and B-ring were confirmed by COSY analysis (H1a/ Hle, H3/ H4a, H3/ H4e, H4a/ H4e, H12a/
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H12e) as a supplementary 2D NMR experiment (Figure 14 (left)). Moreover, the 2D HSQC
correlations of these systems have also supported the achieved *C NMR assignments as shown in
the previous section. However, the configuration at position 3 was determined by the 2D NOESY
experiment as shown in Figure 14 (right). The signal of the benzyl proton H3 in 384b (~4.69 ppm)
gave strong NOE cross-peaks with H4a (~4.02 ppm) and Hla (~1.90 ppm) in addition to a weak
correlation with H4b (~3.84 ppm). Likewise, Hla gave strong cross-peaks with two protons that
are most likely to be those at position 14 of the alkyl D-ring. Although its geminal proton Hle
correlates with one of these alkyl protons, it showed weak cross-peaks with the benzyl protons at
position 12. This suggested that H3, H4a and H1a reside toward the alkyl D-ring, whereas Hle
and H4e were more directed toward the indane subunit. This proposal was then verified by the
major cross peak observed between H4e and H12a revealing the correct configuration at position

3, and thereby supported the given mechanisms in the first and last scenarios.

12.2Hz 7.4Hz

384b, R? = 4-NO,-Ph

1a te " . de
12a e
3
YN3-018-A4.5er &
1H_cosygp.ab CDCI3 /opt/topspin test_500 10 . 10

Ll

1 (ppm)

Figure 14. 2D COSY (left) and NOESY (right) NMR of 384b (500 MHz, CDCl3).
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4. Conclusion

In summary, we have achieved the synthesis of novel and complex hexahydroindeno[2,1-c]pyran-
based [4,4,3]propellanes in only four or five steps from aldehydes and exo-olefinic alcohol
derivatives. The synthesis featured a Prins/Friedel-Crafts cascade annulation reaction, which
enabled a rapid construction of the common indenopyran subunit. We anticipate that the synthetic
strategy described herein may find further use in the preparation of other complex and diverse

indenopyran-based propellanes.
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Ch. VI: Toward the Total Synthesis of
Cordycol, Idesolide Monomer and
Analogue

Cordycol

1. Introduction

Angiogenesis is the process by which new blood vessels form, allowing the delivery of oxygen
and nutrients to the body’s tissues (Figure 1). It is a vital function, required for growth and
development as well as the healing of wounds.[' But it also plays an important role in the formation
of cancer because, like any other body part, tumors need a blood supply to thrive and grow.?! In
the early 1970s, the late investigator Judah Folkman first reported research showing that the
formation of cancer depends on angiogenesis. Since then, many antiangiogenic compounds have
been developed to stop cancers from growing or progressing — the idea being that choking off the

blood supply would starve the tumor."*!

Figure 1. The process of angiogenesis (A) in the blood vessels.

Today there are about a dozen antiangiogenic cancer drugs that have been approved by the US
Food and Drug Administration, such as bevacizumab (Avastin®),[* which is used in the treatment
of glioblastoma brain tumors and kidney, lung, and colorectal cancers. There are other
antiangiogenic drugs in use as well, including several for treating kidney cancer.”) In addition,
there are many experimental angiogenesis inhibitors in clinical development.

Fumagillin 398 (Figure 2), isolated in 1949 by Elbe and Hanson!®! from the microbial organism

Aspergillus fumigatus, was originally described as an antimicrobial agent, but in 1990, it was
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reported to be a potent, selective inhibitor of angiogenesis.[”! Semisynthetic compounds, such as
TNP-470 399,72 and CKD-732 401,®) underwent trials for the treatment of a variety of cancers.
Ovalicin 405! also inhibits angiogenesis and is more stable than 398 or 399, whereas 5-
demethylovalicin 406,!'”) isolated in 2002, was found to be as potent angiogenesis inhibitor as 405.
Chlovalicin 407 was isolated together with 405 from Sporothrix sp. FO-4649 1 by Omura.l'!l
Compounds 398, 399, and 405 have been shown to specifically bind to type 2 methionine
aminopeptidase (MetAP2).%!

In 2004, Osada, Kakeya, and co-workers isolated RK-805 404 from the fungus Neosartora sp.!'*]
and RK-95113 402 from Aspergillus fumigatus var. fumigatus sp.,"'*] both of which are inhibitors
of angiogenesis. Although all these natural products are anti-angiogenesis compounds, FR65814
403,15 despite its similar structure, displays a completely different biological activity, that of an
immunosuppressant. Later on, fumagillin 398 has been found to reverse the growth inhibitory
activity of Viral protein R (Vpr) in yeast and human cells and to inhibit the HIV-1 infection of

human macrophages.!¢!

B 0
R= WOH Fumagillin OMe
o 4 398 R = A CKD-732
401
H o)
| N
R = r‘in/ Cl TNP-470
\n/\ 399 X)L Me
(0] (0] R = 3 RK-95113
o 402
R=H Fumagillol
400

“"OMe

FR65814 RK-805 R = Me, ovalicin 405 Chlovalicin 407
403 404 R = H, 5-demethylovalicin 406

Figure 2. Fumagillin and ovalicin analogues.
In 2013, Li and coworkers reported the isolation and characterization of a new fumagillol analogue,
cordycol 408, in addition to three new unusual spiro[4.5]decane sesquiterpenes 409-411 from

cultured mycelia of Cordyceps ophioglossoides (Figure 3).171 The cytotoxic activities were also

evaluated, compounds 408 and 411 showing their ICso values in the range of 12 — 33 mg/ml against
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HeLa and HepG2. In addition, they were not harmful towards normal liver cell lines LO2, showing
ICso values above 80 mg/ml. Therefore, the activities of 408 and 411 suggested that they could be

promising lead compounds to treat human hepatic carcinoma.

H
[ ,OH H
'l,, O ’l,, ‘“OH
= = OH
Cordycol 408 Cordycepol A Cordycepol B Cordycepol C
409 410 41

Figure 3. The structure of cordycol and cordycepol A-C.

Structurally, cordycol is comprised of a cyclohexane framework, one epoxide (C7-C8), a hydroxyl
group at C5 and four stereogenic centers, two of which are situated on the cyclohexane ring (Figure
4). These interesting attributes, as well as the biological activities, have made 408 an attractive and
challenging target for total synthesis. From the viewpoint of the synthetic chemist, this molecule
also provides an ideal platform for the development of new synthetic strategies and the discovery
of novel synthetic methodologies. Herein we describe a new approach toward the total synthesis

of cordycol from abundant and inexpensive starting materials.

- Cyclohexane (violet I)

- Hydroxyl group (blue II)

- An epoxide (red II)

- Two double bonds (green Ill)

- Four chiral centers (orange Ill)

Figure 4. Key features of cordycol.

Our strategy, based upon the retrosynthetic analysis outlined in Scheme 1, features a key
intermediate 416 that could be used as a building block to furnish the major functionalities of
cordycol at C1, C2 and CS5. For instance, 416 could be transformed, via a series of reactions, to
establish diene 413, which is similar to intermediates obtained by Sorensen!'®! and Eustache!'”!
during their total synthesis of fumagillol 400. After selective epoxidation at alkene C7-C8, Wittig
reaction at C2 and alcohol deprotection at C5, 413 might afford the targeted structure of cordycol.
Consequently, we envisaged that 416 could be synthesized from the samarium iodide-promoted

Reformatsky reaction between a-bromoketone 417 and 421 to set up C1-C7 bond.
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OH Cordycol 408 OTBDPS 412 OTBDPS 413 OTBDPS 415

OH ) OH ' 0
)7\/9\OH <j:| )7\/9\0THP <I:| )J\/Q\OTHP
+

Qo) Q) e

OTBDPS OTBDPS OTBDPS OTBDPS 416
418

Scheme 1. Our retrosynthetic analysis of Cordycol. Reactions; a: (i) Wittig reaction (C2), (ii) alcohol
deprotection (C5); b: epoxidation (C7-C8); ¢: Negishi coupling (C9-C10); d: (i) dehydration reaction (C1-
C7 double bond formation), (ii) photochemical 1,5 hydrogen shift (double bond migration (C7-C8)) (if
necessary), (iii) alcohol deprotection (C9), (iiii) Appel reaction (C9); e: samarium iodide-promoted
Reformatsky reaction (C1-C7); f: oa-bromination (C1); g: alcohol oxidation (C2); h: alcohol protection
(C5); i: alcohol oxidation (C7); j: alcohol protection (C9).

2. Results and discussion

Our synthetic studies commenced with the preparation of a-bromoketone 417 (Scheme 2).
Commercially available 1,4-cyclohexanediol 420 underwent selective protection of one of the
presented hydroxyl groups at C2 and C5 to give the mono-protected alcohol 419. The latter
compound was oxidized to afford ketone 418 in 96% yield, which was then exposed to N-
bromosuccinimide before delivering 417 as a mixture of diastereoisomers in a ratio of 2.4:1. In
parallel, ketone 421 was prepared in a two-step synthesis from 1,3-butanediol via alcohol
protection at C9 followed by alcohol oxidation at C7.

Having compounds 417 and 421 in hand, we turned our attention toward a coupling reaction that
can lead to C1-C7 bond formation. The intermolecular Reformatsky-type coupling of a-
haloketones with ketones traditionally requires harsh Lewis acids or elevated temperatures to
obtain a serviceable yield of the desired product.?®! However, the diiodosamarium method used
by Jamison and coworkers?! revealed an efficient coupling between acyclic a-chloro- or o-

bromoketones with a variety of carbonyl compounds to form the f-hydroxyketones with excellent
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P

OTBDPS OTBDPS OTBDPS
420 419 (61%) 418 (96%) 417 (73%) d
OH OH o OTBDPS
416 (11%)
)\/\OH LN )\/\OTHP L» /u\/\OTHP |
423 422 (55%) 421 (51%)

Scheme 2. Synthesis of 416. Reactions and conditions: (a) TBDPS-CI, imidazole, THF, r.t., 20h, 61%; (b)
PCC, CHyCly, r.t., 16h, 96%; (c) NBS, TsOH (10 mol%), CH,Cl,, 0°C- reflux (45°C), 17h, 73%; (d) Sml,
(0.1M in THF), THF, -78— 0°C, 2h, 11%; (e) 3,4-dihydropyran, PPTs (10 mol%), dry CH,Cl,, 24h, 55%;
(f) PCC, pyridine, Celite, CH,Cl,, 16 h, 51%.

O

Me N ;
2 O Me : O O—CUCNU
430

| : :
I\/Ie OFt . ]
O/ E OH I OMOM E

= / . F/7 E

OTBDPS OTBDPS OTBDPS e
418 424 (36%) 426 (0% :
(36% 6 (0%) ' 431 432 (48% over
OTMS Q o 2steps) .
C
430 +432 OMOM
OTBDPS OTBDPS BDPS-0
427 (76%) 428 (86%) 433 (0%)
OMOM
434 _h
o)
TBDPS-O TBDPS-© TBDPS-© OJ
435 (80%) 436 (93%) 437 (62%)

Scheme 3. Attempts for a- or B- functionalization of 418. Reactions and conditions: (a) Dean- Stark, NH,-
NMe,, TFA, benzene, 100 °C, 4h, 36%; (b) i. LDA, THF, -78°C, ii. THF, -78— 0°C, 0%; (c) TMSCI, Nal,
Et;N, THF, r.t., 12h, 76%; (d) Pd(OAc)2, MeCN, r.t, 5h, 86%; () n-BuLi, -78°C- r.t., 1 h, 0%; (f) Av (366
nm), 1,3-dioxolane, benzophenone, r.t., 20h, 80% ; (g) NaBH4, MeOH, r.t., 15 min., 93%; (h)
dimethoxymethane, LiBr, TsOH, r.t., 20h, 62%.
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diastereoselectivity. Unfortunately, the treatment of a-bromoketone 417 with the carbonyl
electrophile 421 in a solution of diiodosamarium in tetrahydrofuran afforded the desired product
416 with a low yield. The major side reaction was the debromination of 417 to give the starting
ketone 418 in 30% yield. This process is initiated by initial electron transfer from Sml> to either
the bromide substituent at the a position or the carbonyl moiety. A second reduction immediately
follows, after which either protonation or elimination-tautomerization affords 418.12?)

As a result, we wanted to endeavor other synthetic routes to functionalize either position o or
position § of 418 (Scheme 3). Attempts to obtain the 1,4-adduct 426 from the Michael addition of
dimethyl hydrazine intermediate 424 with ethyl 2-butynoate 425 were all failed. Similarly, the 1,4-
addition on the already synthesized enone 428 using vinyl iodide 432 and the lower order mixed
cuprate, derived from CuCN and 2-lithiothiophene (i.e., 2-ThCu(CN)Li 430),*! was found to be
unsuccessful. However, the photoinduced Michael-type radical addition of 1,3-dioxolane 434 on
428 furnished the p-functionalized product 435 in 80% yield.**] The latter compound was then
converted in two steps to afford 437, a trisubstituted cyclohexane product, which might be useful
for the future synthesis of cordycol 408.

Idesolide monomer and analogues

Idesia polycarpa Maxim. is a deciduous tree of the Flacourtiaceae family.?>! This tree is native to
some Asian countries such as Korea, China, Japan, and Taiwan.[?) In Korea, the seeds of this tree
have been used as an insecticide, and the leaves have been known to have hemostatic activity.!¢]
In 2005, Kim and coworkers reported the isolation of (-)-idesolide from the fruit of this plant.[2®]
The discovered compound is a hemiketal/ketal dimer of methyl 1-hydroxy-6-oxo-2-
cyclohexenecarboxylate 438 which has also been isolated from several sources, including Idesia
polycarpa and Salix subserrata (Figure 5).*71 Both (-)-idesolide and 438 inhibit lipopolysaccharide-
induced NO production in BV2 microglia at micromolar concentrations.?® 2’} The 1-hydroxy-6-
oxo-2-cyclohexenecarboxylate motif is also a significant unit of various willow and poplar
glycosides that are related to the discovery and development of aspirin.?®! It is a component of
salicortin,!*”! idescarpin,®®! tremulacin,*” cochinchiside B,**! and 4-hydroxytremulacin (Figure
5).27%1 Although the structures of salicortin and tremulacin were assigned in 1970,7°! the synthesis

of the densely functionalized 1-hydroxy-6-oxo0-2-cyclohexenecarboxylate moiety has not been

reported until 2007.3! Prompted by the unique structure and the interesting biological activity of
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438, we also embarked on toward its total synthesis using the photo-deconjugation reaction and

ring-closing metathesis as key transformations.

HO,  CH,OH
MeO,C Ho, $OMe o HO o)
2.0, 7 $
CO,Me RO 0 O O
& R' = R? = R® = H (salicortin)
=0 OH R2
= 0 R'=R3=H, R? = OH (idescarpin)
OH 1 2_p3 -
' HO R' =Bz, R* = R® = H (tremulacin)
Idesolide 438 R'! =Bz, R? = OH, R® = H (cochinchiside B)
R3 R' =Bz, R? = H, R® = OH (4-hydroxytremulacin)

Figure 5. Some naturally occurring 1-hydroxy-6-oxo-2-cyclohexenecarboxylate esters.

Our retrosynthetic analysis of 438 is shown in Scheme 4. Assuming that 438 might be formed from
the unsaturated ketoester 439 via metal-catalyzed o-hydroxylation,'*?] we set the preparation of
440 as our major task. Compound 440 would be obtainable by ring-closing metathesis of 441,
which in turn could be derived from readily available starting material via photo-deconjugation
reaction, ketone reduction, Knoevenagel condensation and subsequent a-allylation of methyl

acetoacetate 446.

0 0 OH OH OH
CO,Me CO,Me b CO,Me CO,Me J CO,Me
a C
o JI—> —> X —> ——>
438 439 440 | |
441 442

0
CO,Me

0
Q )l\(co Me 9
/\./Br + J]\/COQMG <i| —_— ’ + H/k/\<f:| _:\/\

447 446 H 444
| 445 || 443

Scheme 4. Retrosynthetic analysis of 438. Reactions; a: a-hydroxylation reaction; b: alcohol oxidation; c:
ring-closing metathesis (RCM); d: photo-deconjugation reaction; e: Luche reduction; f: Knoevenagel

condensation; g: ketone allylation.

According to our synthetic plan, the y-position of methyl acetoacetate 446 was functionalized by
an allyl group using the standard methodology described by Huckin and Weiler to afford
compound 445 in 71% yield (Scheme 5).%3] The latter was then subjected to a Knoevenagel
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condensation with butyraldehyde 444 to give diene 443 in 64% yield as a mixture of separable
isomers. At this level, all attempts to deconjugate the introduced double bond at the a-position of
ketoester 443 were unsuccessful (Table 1). Generally, degradation of the reaction mixture (entries
1, 2 and 5) and/or E/Z isomerization (entries 3 and 4) were the only observed processes at 254 and
300 nm respectively. We assumed that the ketone group in compound 443 further stabilized the
double bond in the a-position and blocked the photo-deconjugation step. For this reason, we

wanted to reduce 443 under Luche conditions and retest the photochemical process.*¥

0
0
Ao CO,Me H COzMe CO,Me
.JJ\/COZMe a
—_—
446

I 445 (71%) 443 (64%) 442 (42%)

OH
CO,Me CO,Me
-
440 (69%) 441 (62%)

Scheme 5. Synthesis of intermediate 440. Reactions and conditions: (a) i. NaH, THF, 0°C, ii. n-BuLi, -
78°C, iii. allyl bromide, 2h, (71%); (b) i. LiBr, Ac,0O, ii. butyraldehyde, 80°C—r.t., (64%); (c) NaBHs,,
CeCl3.7H,0, MeOH, 0°C/r.t., (42%); (d) Av (254 nm), CH>Cl,, N,N-DMEA (10 mol%), 48°C, 1h (62%);
(e) Grubbs I catalyst (7%), CH»Cl, 40°C, 25h, (69%).

Table 1. The unsuccessful attempts to photo-deconjugate the tested unsaturated-p-ketoesters.

O 0O
R COsR' hv, 48°C:/II/nert atm.' R CO,R'
Table 1

Entry R R’ Solvent  Time (h)* A (nm)® Additive Result

1 Me Et CHxCl, 4 254 N,N-DMEA* —d

2 Me Et CH,Cl, 1 254 N,N-DMEA¢ —d

3 (CH,)CH=CH, Me CHCl; 14 300 N,N-DMEA° E/Z Tsomerization
4 (CH2),CH=CH, Me CH2Cl, 4.5 300 N,N-DMEA“ E/Z Tsomerization
5 (CH2):CH=CH, Me  CHxCl 6.5 254 N,N-DMEA* —de

“Irradiation time; “Irradiation wavelength; °N, N-dimethylethylamine; “degradation by Norrish typel ; °E/Z Isomerization.
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Fortunately, when irradiated at 254 nm in the presence of catalytic amounts of N,N-
dimethylethylamine in dichloromethane for 4 hours, 442 afforded the deconjugated product 441
as a mixture of diastereoisomers in 62% yield. A subsequent ring-closing metathesis of 441

furnished the targeted intermediate 440 which might easily be converted to the final product.

One of the proposed unnatural analogues of idesolide monomer 438 could be compound 448
(Scheme 6). This congener is an unsaturated a-hydroxy B-ketoester comprised of a 7-membered
ring with the double bond being at two carbon atoms from the a-position of the ester group. We
assumed that 448 might be derived from ketoester 449, which was already described in the
literature as a starting material for the total synthesis of aspterric acid.**) We envisioned the
synthesis of this intermediate from 450 via ring-closing metathesis. The latter compound could be
prepared by the classical double allylation process from the same starting materials as those used

in the previous synthesis of 440.

0 0 o 0 0
COo,Me COMe CO,Me )K/COzMe AL _coame
OH a b - c S~ d 446
-I- / < > (] +
448
449 450 445 447 447

Scheme 6. Retrosynthetic analysis of 448. Reactions; a: a-hydroxylation reaction; b: ring-closing

metathesis (RCM); ¢ = d: ketone allylation.

We started this short synthesis from readily prepared unsaturated ketoester 445 which was
converted to diene 450 via a second allylation reaction (Scheme 7). A subsequent ring-closing
metathesis (RCM) afforded 449 and its tautomer 449’ in 87% yield. One more step from the latter

intermediates could furnish the targeted congener 448.

H
i COzMe Coz'V'e 1 CO,Me
JI\/C02M6 a
446
445 (71%) 449 (ketone) + 449’ (enol)
450 (53% (87%, 2.7:1)

Scheme 7. Synthesis of intermediate 451. Reactions and conditions: (a) i. NaH, THF, 0°C, ii. n-BuLi, -
78°C, iii. allyl bromide, 2h, (71%); (b) i. NaH, THF, 0°C, ii. allyl bromide, r.t., 2h, (53%); (c) Grubbs I
catalyst (7 mol%), CHxCly, r.t. 24h, (87%).
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3. General Conclusion

Throughout this chapter, we described our attempts toward the total synthesis of cordycol,
idesolide monomer and one of its analogues. The preparation of a trisubstituted cyclohexane
intermediate in the cordycol synthesis featured photoinduced Michael-type radical addition of 1,3-
dioxolane on a readily prepared enone. This reaction served as a key element to functionalize the
cyclohexane core with a third substituent, and hence opened the door for further installation of the
required functionalities in the targeted molecule. On the other hand, the construction of significant
intermediates for the synthesis of natural idesolide monomer and its proposed unnatural analogue
was developed from readily cheap starting material via ring-closing metathesis and photo-
deconjugation reaction as key steps. Further investigation on the a-hydroxylation reaction could

expand the synthetic scope and therefore complete the synthesis of the addressed compounds.
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General Conclusion and Perspective

In conclusion, this thesis reports the synthesis of novel and intricate structures via photochemistry
and cascade reactions. The use of photo-hydroxymethylation, along with other methodologies, to
access o-(hydroxymethyl)cycloalkanols has been reviewed and applied on different terpenones
and a-substituted B-ketoesters. The isolated products from the latter cyclic derivatives were found
to undergo in situ lactonization providing bicyclic y-lactones. These compounds were of high
interest for the synthesis of diverse propellanes as detailed in chapters 3 and 4. For instance, from
an allyl bicyclic y-lactone, we reported the synthetic feasibility of highly functionalized
[3,3,3]propellanes and [5,3,3]propellano-bislactone. However, from a propargyl bicyclic y-
lactone, the study was mainly focused on oxaspiro[#,3,3 ]propellanes, which have been categorized
based on their number of annular atoms attached to the common propellane subunit. Besides the
furnished oxaspiro[n,3,3]propellanes, other miscellaneous ring systems have been constructed
from the same bicyclic building blocks, such as PTAD-based [6,4,3]propellane and iodo-
DHP[4,3,3]propellane that can be used as future parent structures for further transformations. We
have also achieved the synthesis of novel and complex hexahydroindeno[2,1-c]pyran-based
[4,4,3]propellanes in only four or five steps from aldehydes and exo-olefinic alcohol derivatives
via a Prins/Friedel-Crafts cascade annulation reaction. The reaction was optimized by analyzing
different synthetic scenarios to ultimately reach a collection of indenopyran-based propellanes.
Finally, we presented our attempts toward the total synthesis of cordycol, idesolide monomer and
analogues. The final products were not attained, but we were able to isolate significant
intermediates using photoinduced Michael-type radical addition, ring-closing metathesis and
photo-deconjugation reaction as key steps. Further biological tests of the isolated products could

be useful for promising applications.
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Appendix

1. Experimental part

1.1.General working methods
The analytical data were obtained with the help of the following types of equipment:
NMR spectroscopy: 'H and '*C NMR spectra were acquired on a Bruker Avance 300 (300 MHZ),
400 (400 MHZ), or 500 (500 MHZ). in CDCI3 as a solvent. The chemical shifts were reported
relative to CDCl3 (8 = 'H: 7.26 ppm, '*C: 77.16 ppm). The multiplicities of the signals are

described using the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, p =
quintuplet, brd = broad. The spectra were evaluated with the software MestReNova.

Mass spectra: were obtained on an electrospray (ESI) (Spectrométre amaZon SL Bruker or
Spectrometre QTOF Impact II - Bruker).

IR spectra: were measured on a JASCO FT/IR-4100 Spectrometer. Characteristic absorption
1

bands are displayed in wavelengths V in cm”

Manager from JASCO.

and were analyzed with the software Spectral

Melting points: were measured on a B-540 from the company BUCHL

Chromatography: Reaction progress was monitored by thin-layer chromatography on aluminium

backed silica gel plates (silica gel 60 with fluorescent indicator UV2s4 from Macherey-Nagel
(MN)), visualizing with UV light (A = 254 nm). The plates were developed using KMnO4 dip
solution (3.0 g potassium permanganate, 5.0 mL NaOH-solution (5 w/w), 300 mL dest. water), cer
dip solution (5.0 g phosphomolybdic acid, 16.0 mL conc. sulfuric acid, 200 mL dest. water, 2.0 g
cer(IV)-sulfate) or an anisaldehyde solution (450 mL ethanol, 25.0 mL anisaldehyde, 25.0 mL
conc. sulfuric acid, 8.0 mL acetic acid). Flash chromatography was performed using silica gel M60
from Macherey-Nagel (MN) (particle size: 40-63 um).

Reagents and Solvents: Reactions with air or moisture-sensitive substances were, if not otherwise

indicated, carried out under an argon atmosphere with the help of the Schlenk technique. All other
reagents and solvents were used as purchased from commercial suppliers unless otherwise noted.
Anhydrous solvents were purified with the solvent purification system PURE SOLV (Innovative
Technology (it)). Water-free DMF was purchased from Acros Organics in AcroSeal-bottles under
Argon atmosphere with molecular sieves (4 A). The solvents (ethyl acetate, petroleum ether,

pentane) used for column chromatography and workup were purified from commercially available
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technical grade solvents by distillation under reduced pressure with the help of rotatory evaporators

(BUCHI) at 40 °C water bath temperature. Compound names are derived from Chemdraw and are

not necessarily identical to the [IUPAC nomenclature.

Chapter 2

+ oa-substituted p-ketoesters 161a-o
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To a suspension of 60% sodium hydride in THF was added a solution of cyclic B-ketoesters in

THF at 0 °C and the mixture was stirred for 3 hours. To this solution was added allyl bromide and

then the mixture was stirred at room temperature for 3 hours. The reaction mixture was quenched

by adding water, extracted with ether, washed with aqueous NaHCO5 solution and then dried over
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MgS0,. Evaporation of the solvent gave a crude mixture, which was chromatographed on silica

gel to give the desired product.!)

* FEthyl 1-methyl-2-oxocyclopentane-1-carboxylate 161a

CoH1403 (170.21), colorless oil, yield: 83% (1.9 g isolated from ethyl cyclopentanonecarboxylate
(2.1 g)). R = 0.350 (silica gel, Petroleum ether: EtOAc (95:5)). "TH NMR (300 MHz, CDCl3) &
4.14 (q, J = 7.1 Hz, 2H), 2.58 — 2.22 (m, 3H), 2.11 — 1.78 (m, 3H), 1.29 (s, 3H), 1.23 (t, J="7.1

Hz, 3H). Spectroscopic data matches that reported in the literature.!”

= Ethyl 1-methyl-2-oxocyclohexane-1-carboxylate 161b

C10H1605 (184.24), colorless oil; yield: 97% (2.1 g isolated from ethyl cyclohexanonecarboxylate
(2.0 g)). Ry = 0.475 (silica gel, Petroleum ether: EtOAc (95:5)). "TH NMR (300 MHz, CDCl3) &
4.24 -4.15(q,J=17.1 Hz, 2H), 2.54 — 2.42 (m, 3H), 2.05 — 1.98 (m, 1H), 1.78 — 1.60 (m, 3H),
1.49 — 1.42 (m, 1H), 1.28 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H) ppm. Spectroscopic data matches that

reported in the literature.”’

= Methyl 1-benzyl-2-oxocyclopentane-1-carboxylate 161c

C14H1603 (232.28), pale yellow oil; yield: 77% (2.5 g isolated from methyl cyclopentanonecarbo-
xylate (2.0 g)). Ry = 0.388 (silica gel, Petroleum ether: EtOAc (85:15)). 'TH NMR (300 MHz,
CDCl3) 8 7.36 — 7.07 (m, 5H), 3.74 (s, 3H), 3.24 (d, J =12.2 Hz, 1H), 3.13 (d, J =12.2 Hz, 1H),
2.52 = 2.31 (m, 2H), 2.15 - 2.82 (m, 3H), 1.70 — 1.53 (m, 1H). Spectroscopic data matches that

reported in the literature.!

= FEthyl 1-benzyl-2-oxocyclopentane-1-carboxylate 161d

Ci15H1803 (246.31), colorless oil; yield: 90% (2.8 g isolated from ethyl cyclopentanonecarboxylate
(2.0 2)). Ry = 0.353 (silica gel, Petroleum ether: EtOAc (90:10)). '"H NMR (300 MHz, CDCl;) &
7.38—7.09 (m, 5H), 4.20 (q, /= 7.0 Hz, 2H), 3.25 (d, /= 13.6 Hz, 1H), 3.15 (d, /= 13.6 Hz, 1H),
2.5-2.3 (m, 2H), 2.13—1.83 (m, 3H), 1.70— 1.55 (m, 1H), 1.28 (t, J = 6.8 Hz, 3H). Spectroscopic

data matches that reported in the literature.!
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= Ethyl 1-benzyl-2-oxocyclohexane-1-carboxylate 161e

Ci16H2003 (260.33), colorless oil; yield: 75% (2.3 g isolated from ethyl cyclohexanonecarboxylate
(2.0 g)). Ry = 0.413 (silica gel, Petroleum ether: EtOAc (90:10)). TH NMR (300 MHz, CDCls) &
7.18 (dd, J=18.0, 6.7 Hz, 3H), 7.09 (d, J= 6.8 Hz, 2H), 4.06 (q, J = 6.8 Hz, 2H), 3.28 (d, /= 13.7
Hz, 1H), 2.85 (d,J=13.7 Hz, 1H), 2.51-2.31 (m, 3H), 1.97 (m, 1H), 1.76— 1.51 (m, 3H), 1.43 (m,
1H), 1.14 (t, J = 6.8 Hz, 3H). Spectroscopic data matches that reported in the literature ')

= Methyl 1-allyl-2-oxocyclopentane-1-carboxylate 161f

C10H1403 (182.22), colorless oil; yield: 69% (1.8 g isolated from methyl cyclopentanonecarbox-
ylate (2.0 g)). Ry = 0.35 (silica gel, Petroleum ether: EtOAc (90:10)). TH NMR (300 MHz, CDCls)
85.75-5.54 (m, 1H), 5.16 —4.99 (m, 2H), 3.68 (s, 3H), 2.73 — 2.58 (m, 1H), 2.53 — 2.10 (m, 4H),

2.09 — 1.79 (m, 3H). Spectroscopic data matches that reported in the literature.

= Ethyl 1-allyl-2-oxocyclopentane-1-carboxylate 161g

C11H1603 (196.25), pale yellow oil; yield: 62% (1.56 g isolated from Ethyl cyclopentanecarbox-
ylate (2 g)), Ry = 0.375 (silica gel, Petroleum ether: EtOAc (90:10)). TH NMR (300 MHz, CDCl5)
8 =5.68 (ddt, J=16.5, 10.3, 7.3, 1H), 5.14 — 5.04 (m, 2H), 4.15 (q, J= 7.1 Hz, 2H), 2.65 (ddt, J=
13.9, 7.2, 1.2 Hz, 1H), 2.51 —2.29 (m, 3H), 2.29 — 2.15 (m, 1H), 2.07 — 1.86 (m, 3H), 1.23 (t, J=

7.1 Hz, 3H). Spectroscopic data matches that reported in the literature.’!

=  Methyl 1-allyl-2-oxocyclohexane-1-carboxylate 161h

C11H1603 (196.25), colorless oil; yield: 53% (2.0 g isolated from methyl cyclohexanonecarbo-
xylate (3.0 g)). Ry = 0.400 (silica gel, Petroleum ether: EtOAc (92:8)). '"H NMR (300 MHz,
CDCl3) 6 = 5.73 (m, 1H), 5.04 (m, 1H), 4.99 (m, 1H), 3.69 (s, 3H), 2.59 (ddt, J = 13.9, 6.8, 1.2
Hz, 1H), 2.52-2.38 (m, 3H), 2.37-2.25 (ddt, J = 13.9, 8.0, 0.9 Hz, 1H), 2.05-1.92 (m, 1H), 1.81-
1.53 (m, 3H), 1.52-1.38 (m, 1H). Spectroscopic data matches that reported in the literature.r’!

= Ethyl 1-allyl-2-oxocyclohexane-1-carboxylate 161i

C12H1803 (210.27), colorless oil; yield: 77% (1.9 g isolated from ethyl cyclohexanonecarboxylate
(2 g)). Ry = 0.400 (silica gel, Petroleum ether: EtOAc (90:10)). '"H NMR (300 MHz, CDCl3) 8 =
5.57-5.66 (m, 1H), 5.01 (d, /= 9.5 Hz, 1H), 5.02 (d, J = 17.0 Hz, 1H), 4.08 (q, J = 7.0 Hz, 2H),
2.58 (dd, J=13.5,7.0 Hz, 1H), 2.26-2.40 (m, 3H), 2.12-2.19 (m, 1H), 1.82-1.99 (m, 3H), 1.17 (t,

J=7.0 Hz, 3H). Spectroscopic data matches that reported in the literature.”)
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= Ethyl 1-(2-ethoxy-2-oxoethyl)-2-oxocyclopentane-1-carboxylate 161n

C12H1805 (242.27), pale yellow oil; yield: 84% (2.6 g isolated from ethyl cyclopentanonecarbox-
ylate (2.0 g)). Ry = 0.388 (silica gel, Petroleum ether: EtOAc (85:15)). '"H NMR (300 MHz,
CDCl3) 6 4.16 (q,J=6.8 Hz, 2H), 4.11 (q, J= 7.0 Hz, 2H), 2.97 (d, /= 16.7 Hz, 1H), 2.81 (d, J
=16.7 Hz, 1H), 2.63 —4.36 (m, 3H), 2.19 — 1.94 (m, 3H), 1.23 (t, /= 6.8 Hz, 3H), 1.23 (t,J=7.0

Hz, 3H). Spectroscopic data matches that reported in the literature.'"’

= Methyl 1-(2-methylallyl)-2-oxocyclopentane-1-carboxylate 1610

C11H1603 (196.25), colorless oil; yield: 85% (2.3 g isolated from methyl cyclopentanonecarbox-
ylate (2.0 g)). Ry =0.363 (silica gel, Petroleum ether: EtOAc (90:10)). 'H NMR (300 MHz,
CDCls) 6 4.84 (s, 1H), 4.70 (s, 1H), 3.71 (s, 3H), 2.83 (d, J = 14.5 Hz, 1H), 2.67 — 2.50 (m, 1H),
2.47 —2.20 (m, 2H), 2.28 (d, J = 14.5 Hz, 1H), 2.07 — 2.83 (m, 3H) 1.64 (s, 3H). Spectroscopic
data matches that reported in the literature.'"]

1.1.2. General procedure: Condition B

To a suspension of potassium zerz-butoxide (49.1 mmol, 1.2 equiv.) in tert-butanol (200.0 ml) was
added a solution of the chosen cyclic B-ketoester (42.8 mmol, 1.0 equiv.) in tert-butanol at room
temperature and the mixture was stirred for 30 minutes. To this solution was added propargyl
bromide (80% in toluene) (49.1 mmol, 1.2 equiv.) and then the mixture was refluxed for 4 hours.
The reaction mixture was quenched by adding water, extracted with ether, washed with aqueous
NaHCO:s solution, and then dried over MgSOa. Evaporation of the solvent gave a crude mixture,

which was chromatographed on silica gel to give the desired a-propargyl B-ketoester.!

* Methyl 2-oxo0-1-(prop-2-yn-1-yl)cyclopentane-1-carboxylate 161j

C10H1203 (180.20), yellow oil; yield: 97% (8.4 g from methyl cyclopentanonecarboxylate (6.9 g)).
Ry = 0.375 (silica gel, Petroleum ether: EtOAc (88:12)). '"H NMR (300 MHz, CDCl3) & 3.71 (s,
3H), 2.71 (dd, J = 2.6, 1.2 Hz, 2H), 2.57 — 2.40 (m, 2H), 2.29 (m, 2H), 2.06 (m, 2H), 1.97 (t, J =

2.7 Hz, 1H). Spectroscopic data matches that reported in the literature.!>)

= Ethyl 2-oxo-1-(prop-2-yn-1-yl)cyclopentane-1-carboxylate 161k

C11H1403 (194.23), yellow oil; yield: 97% (4.8 g from ethyl cyclopentanonecarboxylate (4.0 g)).
Ry = 0.350 (silica gel, Petroleum ether: EtOAc (92:8)). '"H NMR (300 MHz, CDCl3) § 4.16 (q, J
=7.1 Hz, 2H),2.71 (dd, J=2.7, 1.5 Hz, 2H), 2.57 — 2.40 (m, 2H), 2.37 — 2.18 (m, 2H), 2.18 — 1.99
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(m, 2H), 1.97 (t,J=2.7 Hz, 1H), 1.25 (t,J="7.1 Hz, 3H). Spectroscopic data matches that reported

in the literature.'

* Methyl 2-ox0-1-(prop-2-yn-1-yl)cyclohexane-1-carboxylate 1611
C11H1405 (194.23), yellow oil; yield: 76% (1.9 g from methyl cyclohexanonecarboxylate (2.0 g)).
Ry = 0.35 (silica gel, Petroleum ether: EtOAc (90:10)). "H NMR (300 MHz, CDCl3) & 3.71 (s,

3H), 2.70 (d, J = 2.7 Hz, 2H), 2.85 — 2.14 (m, 4H), 2.03 (t, J = 2.7 Hz, 1H), 1.91 — 1.45 (m, 4H).

Spectroscopic data matches that reported in the literature.'”!

= Ethyl 2-oxo0-1-(prop-2-yn-1-yl)cyclohexane-1-carboxylate 161m

C12H1605(208.26), colourless oil; yield: 85% (4.2 g from ethyl cyclohexanonecarboxylate (4.0 g)).
Ry = 0.378 (silica gel, Petroleum ether: EtOAc (95:5)). '"H NMR (400 MHz, CDCl3) § 4.24 (q, J
=7.1 Hz, 2H), 2.82 - 2.71 (dd, /= 17.0, 2.7 Hz, 1H), 2.70 (dq, J = 13.7, 3.3 Hz, 1H), 2.58 (dd, J
=17.0,2.7 Hz, 1H), 2.48 (m, 2H), 2.14 — 1.98 (m, 2H), 1.83 (m, 2H), 1.74 — 1.56 (m, 2H), 1.29 (t,

J="17.1Hz, 3H). Spectroscopic data matches that reported in the literature.!*"

% Dichlorotitanium diisopropoxide TiCl2(OiPr):

\CI -|—| \O—< Hexane (dry), Ar ) OT| \Cl
’ " 69%, 2-3 h )\o I

Preparation: The reagent can either be obtained commercially or prepared by the reaction of TiCls
and Ti(OiPr)s. As the quality of commercially supplied TiCl2(OiPr); can be variable, it is
recommended to prepare the reagent freshly. To a solution of distilled Ti(OiPr)s (6.4 mL, 21.0
mmol, 1.1 equiv.) in a flame-dried Schlenk flask under an atmosphere of dry N> was added dry
hexanes (20.0 mL), followed by the dropwise addition of TiCls (2.2 mL, 20.0 mmol, 1.0 equiv.) at
room temperature. The warm solution was stirred for 15 minutes then left for crystallization
(usually 2-3 hours). The colorless crystals were separated from the supernatant liquid by
decantation under a stream of dry N> and washed with dry hexanes (5%2 mL). Drying in vacuum
afforded the title compound (6.5 g, 69% yield) as colorless crystals. TiCl>(OiPr), can be handled

on-air for weighting and can be kept in a closed container for several months without loss in
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performance. Upon extended exposure to moisture, crystals of TiClo(OiPr), turn from a sticky

paste into a liquid.!'”!

L)

% Titanium-catalyzed photochemical hydroxymethylation

General procedure: Argon gas was passed through a solution of the chosen a-propargyl -ketoester

(5.2 mmol, 1.0 equiv.) in methanol (51.5 ml) containing titanium (IV) catalyst (TiCl2(OiPr)2) (2.6
mmol, 0.5 equiv.) for 15 min. The degassed solution was irradiated with UV light (254 nm) for
48-72 h at 40-48°C. After irradiation, the solution was concentrated, poured into water, and

extracted four times with ethyl acetate. The organic phase was dried over MgSO, and the solvent

was removed under reduced pressure. The residual was purified via column chromatography.!8]
0 0
OR, hv (254 nm), cat. 5
MeOH, 25- 48 °C
h R
161a-p
Q 0
0 HO. 0
Ho [~ 2 HO o 0
o Ot
Me
OH
163a 163b 1630 164b
0 o 0
| HO. Ho [~ 2 Ho. 4
OEt o 0 o)
OH
164d I [ N

166a 166b 169a

* 3a-hydroxy-6a-methylhexahydro-1H-cyclopenta[c]furan-1-one 163a

CsH1203(156.18), colourless oil (volatile); yield: ~7% (16 mg isolated from 161a (255 mg)). Ry =
0.275 (silica gel, Petroleum ether: EtOAc (6:40)). "TH NMR (300 MHz, CDCl3) 6 4.17 (d, J=7.0
Hz, 1H), 4.13 (d,J=7.0 Hz, 1H), 2.93 (brd, 1H), 1.94 — 1.55 (m, 6H), 1.15 (s, 3H). 3C NMR (101
MHz, CDCl3) 6 182.7, 84.4, 77.56, 55.4, 40.6, 38.0, 22.6, 17.1.

204



* 3a-hydroxy-7a-methylhexahydroisobenzofuran-1(3H)-one 163b

CoH1403 (170.21), colourless oil (volatile); yield: 5-10% (12-25 mg from 161b (276 mg)). Ry =
0.275 (silica gel, Petroleum ether: EtOAc (65:35)). "TH NMR (300 MHz, CDCl3) 8 4.24 (d,J=9.6
Hz, 1H), 4.05 (d, J=9.6 Hz, 1H), 2.11 (brd, 1H), 1.86 — 1.31 (m, 8H), 1.21 (s, 3H).

» 3a-hydroxy-6a-(2-methylallyl)hexahydro-1H-cyclopenta[c]furan-1-one 1630

C11H1603 (196.25), colorless oil; yield: 12% (~35 mg from 1610 (294 mg)). Ry = 0.325 (silica
gel, Petroleum ether: EtOAc (70:30)). '"H NMR (300 MHz, CDCl3) 8 4.95 (s, 1H), 4.90 (s, 1H),
4.28 (d,J=9.8 Hz, 1H), 4.09 (d,/=9.8 Hz, 1H), 2.74 (d, J = 14.2 Hz, 1H), 2.64 (d, /= 14.2 Hz,
1H), 2.31 — 1.63 (m, 6H), 1.66 (s, 3H).

= Ethyl 1-(hydroxymethyl)-2-oxocyclopentane-1-carboxylate 164b

CoH1404(186.21), colourless oil; yield: 41% (115 mg from ethyl cyclopentanonecarboxylate (234
mg)). Ry = 0.375 (silica gel, Petroleum ether: EtOAc (60:40)). '"H NMR (300 MHz, CDCl3) &
4.18 (q,J = 6.7 Hz, 2H), 3.95-3.78 (m, 2H), 3.03 (br s, 1H), 2.57-1.95 (m, 6H), 1.25 (t, J=6.7
Hz, 3H). ¥3C NMR (101 MHz, CDCl3) §214.9, 171.1, 89.9, 63.4, 61.6, 61.4, 38.3, 30.7, 19.5, 13.8

ppm. Spectroscopic data matches that reported in the literature.!'”!

= Ethyl 1-(hydroxymethyl)-2-oxocyclohexane-1-carboxylate 164d

C10H1604 (200.23), colourless oil; yield: 38% (114 mg from ethyl cyclohexanonecarboxylate (225
mg)). Ry = 0.375 (silica gel, Petroleum ether: EtOAc (65:35)). '"H NMR (400 MHz, CDCl3) 3
4.24 (q,J="7.1 Hz, 2 H), 3.82, 3.69 (AB, J=11.4 Hz, 2 H), 2.23-2.93 (m, 4H ), 1.95-2.12 (m, 1
H), 1.40-1.84 (m, 4H ), 1.28 (t,J= 7.1 Hz, 3 H). >*C NMR (101 MHz, CDC13)211.3, 171.5, 66.5,
62.5, 61.7, 40.9, 32.7, 26.8, 21.8, 14.0. Spectroscopic data matches that reported in the

literature.l*"]

* 3a-hydroxy-6a-(prop-2-yn-1-yl)hexahydro-1H-cyclopenta[c]furan-1-one 166a

Ci0H1203 (180.20), pale orange oil; yield: 12% (520 mg from 161j (4.81 g)). Ry = 0.35 (silica gel,
Petroleum ether: EtOAc (64:36)). '"H NMR (500 MHz, CDCl3) 6 4.32 (d, J=9.9 Hz, 1H), 4.24 (d,
J=9.9 Hz, 1H), 2.70 (dd, J=16.9, 2.7 Hz, 1H), 2.60 (dd, /= 16.9, 2.7 Hz, 1H), 2.55 (s, 1H), 2.22
(t,J=2.7 Hz, 1H), 2.22 — 2.10 (m, 2H), 2.08 — 1.94 (m, 2H), 1.90 — 1.80 (m, 1H), 1.54 — 1.40 (m,
1H). 3C NMR (126 MHz, CDCl3) & 180.0, 84.8, 80.6, 78.5, 72.0, 54.6, 42.2, 36.2, 22.4, 21.7.
HRMS (ESI): m/z [M + Na]™* calcd for C;oH,;NaO5 : 203.0679; found 203.0672.
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» 3a-hydroxy-7a-(prop-2-yn-1-yl)hexahydroisobenzofuran-1(3H)-one 166b

C11H1403 (194.23), yellow-orange oil; yield: 21% (782 mg from 1611 (4.0 g)). Ry = 0.288 (silica
gel, Petroleum ether: EtOAc (65:35)). 'H NMR (300 MHz, CDCl3) 6 4.17 (d, J = 9.6 Hz, 1H),
4.06 (d, J=9.6 Hz, 1H), 2.62 — 2.52 (d, J = 2.8 Hz, 2H), 2.50 (brd, 1H), 2.09 (t, J = 2.8 Hz, 1H),
2.02 —1.52 (m, 6H), 1.52 — 1.24 (m, 2H). 3C NMR (126 MHz, CDCl3) & 178.8, 80.4, 76.9, 74.1,
72.4, 47.9, 32.8, 31.0, 22.4, 20.8, 20.7. HRMS (ESI): m/z [M + Na]* caled for C;;H4NaOs :
217.0835; found 217.0838.

= 6a-allyl-3a-hydroxyhexahydro-1H-cyclopenta[c]furan-1-one 169a

CioH1403 (182.22), yellow oil; yield: 32% (0.174 g isolated from 161f (0.546 g)). Ry = 0.400
(silica gel, Petroleum ether: EtOAc (65:35)). '"H NMR (300 MHz, CDCl3) 6 5.92 (dddd, J = 17.0,
10.1,7.8, 6.8 Hz, 1H), 5.34 — 5.12 (m, 2H), 4.23 (d, /=9.7 Hz, 1H), 4.11 (d, J=9.7 Hz, 1H), 2.64
—2.40 (m, 2H), 2.22 - 2.01 (m, 2H),1.96 — 1.71 (m, 3H), 1.66 — 1.32 (m, 2H). '3C NMR (75 MHz,
CDCl3) 5 180.6, 133.8,119.5, 84.9, 77.5, 55.6,42.5, 36.6, 36.4, 22.8. HRMS (ESI): m/z [M+ Na*]
caled for C;oH14NaO3 : 205.0835; found 205.0830.

»  Uncatalyzed photochemical hydroxymethylation

0O O 0
éﬁ%/\ hv (254 nm) N
MeOH, 25- 48 °C, 45 h S
Il 63 % S
161m 167 07 O

Procedure: Argon gas was passed through a solution of the chosen a-propargyl -ketoester 161m
(1.5 mmol, 1.0 equiv.) in methanol (15 ml) for 15 min. The degassed solution was irradiated with
UV light (254 nm) for 45 h at 40 °C. After irradiation, the solution was concentrated, poured into
water, and extracted four times with ethyl acetate. The organic phase was dried over MgSO, and
the solvent was removed under reduced pressure. The residual was purified via column

chromatography.!®!

= Ethyl 7,7-dimethoxy-2-(prop-2-yn-1-yl)hept-4-enoate 167

Ci4H2204 (254.15), pale yellow oil; yield: 63% (240 mg from 161m (312 g)). Ry = 0.775 (silica
gel, Petroleum ether: EtOAc (65:35)). E-isomer: "TH NMR (300 MHz, CDCls) & 5.72 — 5.53(dt, J
=15.41, 6.42 Hz, 1H), 5.53 —5.32 (dt, J=15.41, 8.16 Hz, 1H), 4.37 -4.32 (t, J=5.72 Hz, 1H),
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4.21-4.06 (q,J="7.18 Hz, 2H), 3.30 — 3.27 (s, 6H), 3.22 - 3.09 (q, /= 7.21 Hz, 1H), 2.65 — 2.34
(m, 2H), 2.22 — 2.03 (m, 2H), 1.96 (t, J = 2.54 Hz, 1H), 1.73 — 1.59 (m, 2H), 1.32 - 1.15 (t, J =
7.18 Hz, 3H). Z-isomer: '"H NMR (300 MHz, CDCl3) § 5.72 — 5.53(m, 1H), 5.53 — 5.32 (m, 1H),
4.37-432(t,J=3.45Hz, 1H), 4.21 —4.06 (q, J=7.18 Hz, 2H), 3.60 — 3.48 (m, 1H), 3.32 - 3.29
(s, 6H), 2.65 — 2.34 (m, 2H), 2.22 — 2.03 (m, 2H), 1.96 (t, J = 2.54 Hz, 1H), 1.73 — 1.59 (m, 2H),
1.32 — 1.15 (t, J = 7.18 Hz, 3H). E-isomer: 13C NMR (76 MHz, CDClz) & 172.7, 133.5, 126.4,
103.8, 81.2, 69.9, 60.8, 52.7, 48.0, 31.8, 27.5, 21.9, 14.1. Z-isomer: 3C NMR (76 MHz, CDCl;3)
8 172.5,133.0,126.2, 103.8, 81.2, 69.8, 60.9, 52.6,43.1, 32.1, 22.9, 21.9, 14.1. HRMS (ESI): m/z
[M + Na]™ caled for C;,H,,NaO, : 277.1410; found 277.14009.

¢ Photochemical hydroxymethylation of various terpenoids
HO HO OH H OH
176 177 178

(The same procedure as previously described)

*  (1R,25)-2-(Hydroxymethyl)-1,7,7-trimethyl-bicyclo[2.2.1]heptan-2-ol 176

C11H200: (184.28), white solid; yield: 8% (26 mg isolated from (+)-camphor (153 mg)). Ry =
0.357 (silica gel, Petroleum ether: EtOAc (60:40)). 13C NMR (75 MHz, CDCls) § 80.52, 69.31,
52.09, 49.30, 44.45, 42.46, 29.58, 26.82, 21.55, 21.23, 10.91. Spectroscopic data matches that

reported in the literature.*")

" (28,5R)-1-(hydroxymethyl)-2-isopropyl-5-methylcyclohexan-1-ol 177

C11H2202 (186.30), colorless solid; yield: 54% of 177°/177° (7.1:1.0) (131 mg isolated from
menthone (200 mg)). 177°: Ry = 0.413 (silica gel, Pentane: EtOAc (73:27)). '"H NMR (300 MHz,
CDCl;) 6 3.72 (d, J = 10.9 Hz, 1H), 3.43 (d, J=10.9 Hz, 1H), 2.15 — 1.98 (m, 1H), 1.87 — 1.35
(m, 9H), 1.23 — 1.10 (m, 1H), 1.07 — 0.76 (m, 9H). 1*C NMR (76 MHz, CDCl3)  76.9, 59.1, 53.9,
46.9, 35.0,32.4,30.1, 24.8, 24.7, 24.0, 22.3, 19.4. 177”*: Ry = 0.225 (silica gel, Pentane: EtOAc

(73:27)). BC NMR (76 MHz, CDCl3) 8 77.1, 59.6, 48.2, 43.4, 41.0, 30.9, 29.0, 25.9, 25.4, 22.7,

22.1, 20.8. Spectroscopic data matches that reported in the literature.*?!
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*  (1S5,4R,5R)-3-(hydroxymethyl)-1-isopropyl-4-methylbicyclo[3.1.0]hexan-3-o0l 178

C11H2002 (184.28), pale-yellow oil; yield: 20% (one isomer) (48 mg isolated from Thuyone (200
mg)). Ry = 0.250 (silica gel, Petroleum ether: EtOAc (70:30)). 'H NMR (300 MHz, CDCls3) &
3.42 (d, J=10.9 Hz, 1H), 3.36 (d, J = 10.9 Hz, 1H), 2.05 — 1.54 (m, 7H), 1.37 — 1.17 (m, 2H),
1.12 - 0.72 (m, 9H). ¥C NMR (126 MHz, CDCls) & 86.4, 70.0, 43.6, 41.5, 33.7, 33.4, 30.2, 22.6,
20.2,19.9, 15.5.

¢ Olefinic esters 183j,m

OR;, MeP(Ph)3Br, tBuOK,
Toluene, r.t., 21- 24 h.

n || 81- 88% n ||
161j,m 183j,m
[t i
OMe OEt
If If
183j 183m

General Procedure: To a well-stirred suspension of methyltriphenylphosphonium bromide (5.5

mmol, 2.0 equiv.) in anhydrous toluene (12.0 ml), under argon, was added -BuOK (5.5 mmol, 2.0
equiv.). The mixture was stirred at room temperature for one hour, then a solution of the chosen
a-propargyl -ketoester (2.8 mmol, 1.0 equiv.) in toluene was added dropwise. The mixture was
kept stirring for 20-23 hours. After being poured to cold ether/water (1:1), the mixture was
extracted by EtOAc, washed, dried, and chromatographed on silica gel to give the desired olefinic

esters 183j,m.1>’!

* Methyl 2-methylene-1-(prop-2-yn-1-yl)cyclopentane-1-carboxylate 183

C11H1402 (178.23), pale yellow oil; yield: 81% (0.398 mg from 161j (0.500 g)). Ry = 0.675 (silica
gel, Petroleum ether: EtOAc (80:20)). 'H NMR (400 MHz, CDCl3) § 5.06 (t, J=2.1 Hz, 1H), 5.04
(t,J=2.1 Hz, 1H), 3.70 (s, 3H) 2.77 (dd, J=16.7, 2.6 Hz, 1H), 2.50 — 2.42 (dd, J = 16.7, 2.6 Hz,
1H), 2.46 — 2.35 (m, 3H), 1.97 (m, 1H), 1.93 (t, J = 2.6 Hz, 1H), 1.90 — 1.78 (m, 1H), 1.72 (m,
1H). '3C NMR (101 MHz, CDCl3) & 174.7, 153.8, 108.0, 81.6, 69.3, 55.4, 52.3, 35.4, 34.0, 27.9,
24.1. HRMS (ESI): m/z [M + Na]™* calcd for C;;H,4,NaO, : 201.0886; found 201.0894.
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» Ethyl 2-methylene-1-(prop-2-yn-1-yl)cyclohexane-1-carboxylate 183m

Ci3His02 (206.29), yellow oil; yield: 88% (0.871 g from 161m (1 g)). Ry = 0.788 (silica gel,
Petroleum ether: EtOAc (80:20)). "TH NMR (300 MHz, CDCls) 6 4.93 (s, 1H), 4.83 (s, 1H), 4.20
(q,J=7.0 Hz, 2H), 2.71 (dd, J = 16.5, 2.5 Hz, 1H), 2.55 (dd, J = 16.5, 2.5 Hz, 1H), 2.30 (m, 2H),
2.18 —2.05 (m, 1H), 2.03 (t, /= 2.5 Hz, 1H), 1.78 — 1.56 (m, 3H), 1.53 — 1.31 (m, 2H), 1.26 (t,J
= 7.0 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 173.6, 148.3, 109.2, 80.3, 71.1, 60.9, 52.4, 35.0,
34.5,27.8,26.8,22.9, 14.2. HRMS (ESI): m/z [M + Na]* caled for C;3H gNaO, : 229.119901;
found 229.119978.

= Spiroepoxides 184j-j’ and 184m-m’

o}
OR1 m-CPBA, DCM
rt, 17-23 h
n | 80- 81%
183j-m
¢ o= © o—= O o—= O
S| S S| S
(f (f If f
184j 184j" 184m 184m'

General Procedure: m-CPBA (3.4 mmol, 3.0 equiv.) has been added in one portion to a solution

of the chosen olefinic ester (1.1 mmol, 1.0 equiv.) at room temperature in DCM (12.0 ml). The

resulting solution has been kept stirring for 17-23 hours before its classical work up.**

* Methyl 4-(prop-2-yn-1-yl)-1-oxaspiro[2.4]heptane-4-carboxylate 184j-j’

C11H1403 (194.23), pale yellow oil; yield: 81% (175 mg from 183j (200 mg)).
Ry dgiasterioisomers) = 0.375 (silica gel, Petroleum ether: EtOAc (90:10)). The ratio of the two
inseparable diasterioisomers 184j/184;j’ is 2.3:1. 184j: "TH NMR (300 MHz, CDCl3) 8 3.65 (s, 3H),
2.82 (d,J=4.6 Hz, 1H), 2.78 (d, J=4.6 Hz, 1H), 2.46 —2.36 (dd, J=16.9, 2.7 Hz, 1H), 2.33 —
2.23 (dd, J=16.9, 2.7 Hz, 1H), 2.15 — 1.84 (m, 4H), 1.89 — 1.85 (t, J=2.7 Hz, 1H) 1.82 — 1.63
(m, 2H). 184j’: '"H NMR (300 MHz, CDCl3) & 3.64 (s, 3H), 2.88 (d, /= 4.3 Hz, 1H), 2.74 (d, J =
4.3 Hz, 1H), 2.56 (dd, J=16.8, 2.8 Hz, 1H), 2.39 (dd, /= 16.8, 2.8 Hz, 1H), 2.14 — 1.92 (m, 4H),
1.89 (t, J = 2.8, Hz, 1H), 1.83 — 1.64 (m, 2H). 184j: 3C NMR (126 MHz, CDCl3) § 172.6, 79.3,
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67.6, 65.2, 51.7, 50.3, 48.6, 33.7, 31.4, 20.4, 20.0. 184j’: '3C NMR (126 MHz, CDCl3) & 170.2,
78.6, 68.1, 66.0, 52.3, 50.2, 47.7, 31.7, 31.0, 22.8, 20.2. HRMS (ESI): m/z [M + Na]* calcd for
Cy1Hy4NaOs: 217.0111; found 217.0123.

= Ethyl (35,4R)-4-(prop-2-yn-1-yl)-1-oxaspiro[2.5]octane-4-carboxylate 184m
Ci3Hi1803(222.28), colourless oil; yield: 50% (0.755 g from 183m (1.0 g)). Ry = 0.650 (silica gel,
Petroleum ether: EtOAc (90:10)). '"H NMR (300 MHz, CDCl3) 6 4.22 (q,J=7.1 Hz, 2H), 3.18 (d,
J=4.0 Hz, 1H), 2.59 (d, J=4.0 Hz, 1H), 2.41 (dd, J=16.8, 2.7 Hz, 1H), 2.36 — 2.25 (m, 1H),
2.21(dd,J=16.8,2.7Hz, 1H),2.03-1.9 (t,J=2.7 Hz, 1H), 2.03 — 1.86 (m, 1H), 1.77 — 1.37 (m,
6H), 1.28 (t,J = 7.1 Hz, 3H). ¥C NMR (101 MHz, CDCl3) & 172.9, 80.2, 71.1, 60.9, 59.5, 52.2,
50.1, 32.9, 32.7, 23.3, 23.1, 22.9, 14.2. HRMS (ESI): m/z [M + Na]* caled for C;3H,gNaO; :
245.1148; found 245.1148.

=  Ethyl (3R,4R)-4-(prop-2-yn-1-yl)-1-oxaspiro[2.5]octane-4-carboxylate 184m’

Ci3His03, (222.28), white solid; yield: 30% (0.38 g from 183m (1.0 g)). Ry = 0.525 (silica gel,
Petroleum ether: EtOAc (90:10)). "H NMR (300 MHz, CDCls) § 4.21 (q,J= 7.1 Hz, 2H), 3.02 (d,
J=4.3 Hz, 1H), 2.65 (dd, J=16.6,2.7 Hz, 1H), 2.48 (d,J=4.3 Hz, 1H), 2.48 —2.30 (dd, /= 16.6,
2.7 Hz, 1H), 2.01 (t,J=2.7 Hz, 1H), 1.86 — 1.41 (m, 8H), 1.29 (t, J= 7.1 Hz, 3H). 3C NMR (101
MHz, CDCl3) 6 172.4,79.7,71.1, 61.0, 59.9, 50.4, 50.2,32.4,31.4, 24.4,23.1, 21.6, 14.1. HRMS
(ESI): m/z [M + Na]* calcd for C;3H,gNaO5 : 245.1148; found 245.1148.

= Epoxide opening of 184j,m

To a suspension of the chosen spiroepoxide (0.8 mmol, 1.0 equiv.) in H2O:CH2Cl> (1:1) (6.0 mL)
was added HCI (15 mol%) at 70 °C for 4-5 h. After completion, the mixture was extracted with
EtOAc, washed with brine, dried over MgSOs, and then concentrated to give the crude product.
Purification by silica gel flash column chromatography provided the desired bicyclic lactone.?!
166a: 64% yield (66 mg isolated from 184j (110 mg)). 166b: 70% yield (107 mg isolated from
184m (175 mg)).
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Chapter 3

%+ lodoetherification

| H o) H o)
0 ){
HO,, “ =0 ~ o)
. <o _l2. NaHCO3, MeCN 0 oL~
“ 0-25°C, 8-24h +
75-80%
a /)

169 231a (60) 231b (40)

General Procedure: Iodine (2.39g, 9.45 mmol) was added in one portion to a solution of alcohol

169a (0.572g, 3.124 mmol) and sodium hydrogen carbonate (0.82, 9.88 mmol) in acetonitrile (80
mL) at room temperature. The mixture was stirred in the dark for 24 h before quenching with an
aqueous saturated solution of sodium thiosulfate (20 mL). The acetonitrile was removed under
reduced pressure and the residue partitioned between ethyl acetate (20 mL) and water (20 mL).
The aqueous phase was further extracted with ethyl acetate and the combined organic extracts
dried with MgSO4, filtered, and concentrated. The crude residue was purified by flash
chromatography to give the two iodinated cyclized diastereoisomers 231a and 231b (60:40) of
75% yield.[2®]

*  (2R,3aS)-2-(iodomethyl)tetrahydro-4H-3a,6a-(methanooxymethano)cyclopenta[b]furan-9-
one 231a

CioH13103 (308.12), white solid; yield: 45% (0.436 g isolated from 169a (0.572 g)). Ry = 0.388
(silica gel, Petroleum ether: EtOAc (75:25)). "TH NMR (300 MHz, CDCls) 6 4.38 (d, J = 10.6 Hz,
1H), 4.29 (d, J=10.6 Hz, 1H), 3.86 (dq, J = 10.0, 5.0 Hz, 1H), 3.32 (m, 2H), 2.64 (dd, J=12.9,
5.0 Hz, 1H), 2.21 (dd, J=12.6, 5.4 Hz, 1H), 2.04 (dd, J = 14.0, 3.7 Hz, 3H), 1.95 — 1.68 (m, 3H).
13C NMR (101 MHz, CDCl3) 5 180.0, 97.7, 79.4, 78.2, 61.9, 44.5, 39.1, 3.4, 27.4, 7.0. HRMS
(ESI): m/z [M+ Na*] caled for CoH,3INaO5 : 330.9802; found 330.9787.

= (25,3a5)-2-(iodomethyl)tetrahydro-4 H-3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one
231b

CioH13103 (308.12), yellow liquid; yield: 30% (0.288 g isolated from 169a (0.572 g)) Ry = 0.363

(silica gel, Petroleum ether: EtOAc (75:25)). '"H NMR (300 MHz, CDCl3) 6 4.55 — 4.46 (dd, , J =

10.3,2.5 Hz, 1H), 4.56 — 4.45 (m, 1H), 4.23 —4.13 (dd, /= 10.3, 2.4 Hz, 1H), 3.25 (d, /= 5.6 Hz,

2H), 2.29 (m, 2H), 2.07 — 1.73 (m, 5H), 1.57 (ddd, J= 6.9, 6.1, 4.3 Hz, 1H). '3C NMR (101 MHz,
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CDCl3) 6 =179.9, 98.0, 80.9, 77.6, 61.8, 43.8, 37.7, 36.1, 26.3, 7.0. HRMS (ESI): m/z [M+ Na*]
calcd for C;oH,3INaO; : 330.9802; found 330.9797.

*

< Preparation of azido[3,3,3]propellanes 232a and 232b

N3
'—a;/Ho Nsﬂ‘ /o H)? o
O:&O e © ’\< g = + oK °
231alb 232a 232b

231a (0.5g, 1.62 mmol) was dissolved in DMF (80 ml) and NaNj3 (1g, 16.2 mmol) was added to
the mixture. After stirring for 15 h at 60 °C, ethyl acetate (60 mL) was added. The organic phase
was washed three times with a saturated solution of ammonium chloride (30 mL) and a saturated
NaCl solution (30 mL). The organic layer was then dried over MgSQs, filtered, concentrated, and
then chromatographed over silica gel to give the title compound 232a. A similar procedure was

then used to prepare 232b.7!

*  (2R,3aS)-2-(azidomethyl)tetrahydro-4H-3a,6a-(methanooxymethano)cyclopenta[b]furan-9-
one 232a

Ci0H13N303 (223.23), white solid; yield: 86% (0.311 g isolated from 231a (0.500 g)), Ry = 0.378
(silica gel, Petroleum ether:EtOAc (75:25)). "TH NMR (300 MHz, CDCls) & 4.36 (d, J = 10.6 Hz,
1H), 4.28 (d, J=10.6 Hz, 1H), 4.15 (m, 1H), 3.57 (dd, J = 13.3, 3.2 Hz, 1H), 3.21 (dd, J = 13.3,
4.8 Hz, 1H), 2.46 (dd, J = 12.9, 5.2 Hz, 1H), 2.26 — 2.09 (m, 1H), 2.09 — 1.72 (m, 6H). 3C NMR
(75 MHz, CDCI3) 6 180.02, 97.62, 79.86, 78.06, 61.77, 52.37, 40.49, 39.09, 36.35, 27.35. HRMS
(ESI): m/z [M + Na™] calcd for C;oH;3N3NaO; : 246.0849 ; found 246.0841

= (25,3a5)-2-(azidomethyl)tetrahydro-4H-3a,6a-(methanooxymethano)cyclopenta[b]furan-9-
one 232b

Ci0H13N303 (223.23), pale-yellow oil; yield: 76% (0.106 g isolated from 231b (0.192 g). Ry =
0.338 (silica gel, Petroleum ether: EtOAc (73:27)). '"H NMR (300 MHz, CDCl3) § 4.52 (dd, J =
10.3, 0.9 Hz, 1H), 4.39 — 4.28 (m, 1H), 4.12 (d, /= 10.3 Hz, 1H), 3.49 (dd, /= 13.1, 3.5 Hz, 1H),
3.29 (dd,J=13.1, 5.7 Hz, 1H), 2.43 — 2.30 (m, 1H), 2.20 — 1.75 (m, 6H), 1.69 — 1.5 (m, 1H). 13C
NMR (101 MHz, CDCl3) 6 180.02, 97.96, 80.45, 77.51, 61.65, 53.18, 40.42, 37.47, 36.16, 26.36.
HRMS (ESI): m/z [M + Na*] calcd for C;oH,3N3NaO5 : 246.0849; found 246.0838.
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¢ Preparation of Thiocyano[3,3,3]propellanes 233a and 233b

NCS
—a Ho NCSWH o H)? o
)= %) D=0 2 )=
O 0 KSCN o) ‘%ﬁ ., © ‘60
231alb 233a 233b

To a solution of iodo[3,3,3]propellane (231a or 231b) (1 equiv.) dissolved in acetonitrile,
potassium thiocyanate (5 equiv.) was added. The reaction mixture was refluxed for 15 hours. After
cooling, the reaction mixture was concentrated by reduced pressure. The residue was dissolved in
EtOAc and washed successively with water and brine. The organic layer was then dried over
anhydrous MgSQys, filtered, concentrated, and purified over silica gel to yield the corresponding

thiocyano[3,3,3]propellanes 233a or 233b.?¢!

* (2R,3aS)-2-(thiocyanatomethyl)tetrahydro-4 H-3a,6a-(methanooxymethano)cyclopenta[b]-
furan-9-one 233a

C11H13NOsS (239.29), pale-yellow oil; yield: 91% (57 mg isolated from 231a (80 mg)). Ry = 0.35
(silica gel, Petroleum ether: EtOAc (60:40)). "TH NMR (500 MHz, CDCls) 6 4.38 (d, J = 10.7 Hz,
1H),4.32 (d,J=10.7 Hz, 1H), 4.32 —4.25 (m, 1H), 3.36 (dd, /= 13.7, 4.3 Hz, 1H), 3.07 (dd, J =
13.7, 5.4 Hz, 1H), 2.63 (dd, /= 12.9, 5.0 Hz, 1H), 2.24 — 2.16 (m, 1H), 2.08 — 1.93 (m, 3H), 1.93
—1.79 (m, 3H). 3C NMR (126 MHz, CDCl3) § 179.50, 111.94, 97.82, 78.58, 77.96, 61.99, 42.25,
38.99, 36.83, 36.40, 27.45. HRMS (ESI): m/z [M + Na*] caled for C;1H 3N Na05S : 262.0508;
found 262.0501.

= (28,3a5)-2-(thiocyanatomethyl)tetrahydro-4 H-3a,6a-(methanooxymethano)cyclopenta[b]-
furan-9-one 233b

C11H13NOsS (239.29), yellow oil; yield: 94% (43 mg isolated from 231b (60 mg)). Ry = 0.375
(silica gel, Petroleum ether: EtOAc (60:40)). "TH NMR (500 MHz, CDCl3) & = 4.53 (dd, J=10.5,
0.9 Hz, 1H), 4.45 (dddd, J = 10.1, 6.5, 5.6, 4.5 Hz, 1H), 4.11 (d, J = 10.5 Hz, 1H), 3.23 (dd, J =
13.6,4.5 Hz, 1H), 3.06 (dd, J = 13.6, 6.6 Hz, 1H), 2.42 — 2.34 (m, 1H), 2.32 (dd, /= 13.2, 5.6 Hz,
1H), 2.12 — 1.79 (m, 5H), 1.66 — 1.53 (m, 1H). ¥C NMR (126 MHz, CDCl3)  179.67, 111.72,
98.17, 79.35, 77.25, 61.78, 42.26, 37.20, 36.95, 36.01, 26.32. HRMS (ESI): m/z [M + Na*] calcd
for C;1H13N Na03S : 262.0508; found 262.0506.
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+ Formation of endo enol ether [3,3,3]propellane 239

|
H))o O /O
% ’al
04/ 0 NaCN )
—=— 0
238

231al/b

Procedure: 231b (93 mg, 0.302 mmol) was added to a rapidly stirred partially soluble mixture of
sodium cyanide (22 mg, 0.452 mmol) in dimethyl sulfoxide (15 ml). The temperature of the
mixture was kept at 140°C for 15 minutes in which the reaction was complete. The brown reaction
mixture was cooled, diluted with water, and extracted with ether (3 x 15 ml). The pale-yellow ether
extracts were then dried, concentrated, and purified over silica gel to give the unexpected

compound 239.%]

»  (3a§,6aR)-2-methyl-5,6-dihydro-4 H-3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one
239

C10H1205 (180.20), colorless liquid; highly volatile; yield: 53% (29 mg isolated from 231b (93
mg)). Ry = 0.370 (silica gel, Petroleum ether: EtOAc (85:15)). '"H NMR (500 MHz, CDCl3) 5
4.71 (d,J=0.9 Hz, 1H),4.45 (d, /J=10.3 Hz, 1H), 4.33 (d, /= 10.3 Hz, 1H), 2.19 — 2.05 (m, 2H),
2.01(dd,J=13.7,6.9 Hz, 1H), 1.95 - 1.82 (m, 2H), 1.81 (d, /= 1.1 Hz, 3H), 1.68 (dt, J=12.8,
6.5 Hz, 1H). 3C NMR (126 MHz, CDCl3) § 178.5, 157.1, 99.5, 96.9, 77.9, 65.7, 39.2, 36.5, 26.0,
13.5. HRMS (ESI): m/z [M + H*] calcd for C;oH,305 : 181.0859; found 181.0856.

¢ Preparation of triazolo[3,3,3]propellanes via click reaction

General procedure: a reaction vessel was charged in air with the azide (1.0 equiv.), copper(Il)

sulfate pentahydrate (0.5 equiv.), Na ascorbate (2 equiv.), and the neat alkyne (3.0 equiv.). To this
was added 1:1 water/fert-butanol solution. The resulting suspension stirred vigorously at room
temperature in an air atmosphere for the time specified. The mixture was diluted with EtOAc and
shaken with a saturated solution of ammonium chloride. The organic layer was dried over (MgSQO4)
and concentrated under reduced pressure. The residue was purified using a conventional flash

chromatography as specified, to give the desired 1,4-substituted triazole.*!
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=  (2R,3aS5)-2-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4 H-3a,6a-(methanooxymeth-
ano)cyclopenta[b]furan-9-one 240a

CisH19N303 (325.37), white solid; yield: 91% (58 mg isolated from 232a (44 mg)). Ry =0.402
(silica gel, Petroleum ether: EtOAc (40:60)). 'H NMR (500 MHz, CDCls) & 7.88 (s, 1H), 7.85 —
7.79 (m, 2H), 7.43 (t, J = 7.6 Hz, 2H), 7.34 (d, J = 7.4 Hz, 1H), 4.66 (dd, J = 14.6, 3.2 Hz, 1H),
4.56 (dd, J=14.6, 5.0 Hz, 1H), 4.37 (m, 1H), 4.34 (d, J=10.6 Hz, 1H), 4.27 (d, /= 10.6 Hz, 1H),
2.57 (dd, J = 13.1, 5.1 Hz, 1H), 2.09 — 2.00 (m, 1H), 1.94 — 1.60 (m, 6H). *C NMR (75 MHz,
CDCls) 6 179.5, 147.8, 130.4, 128.8, 128.2, 125.7, 121.1, 97.7, 78.8, 77.9, 61.6, 51.7, 40.2, 39.0,
36.1, 27.1. IR (neat, cm™1) 3148, 2968, 2905, 1762, 1075, 760. HRMS (ESI): m/z [M + Na*]
calcd for C;gH19N3NaO5 : 348.1319; found 348.1311.

= (2R,3aS5)-2-((4-butyl-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4H-3a,6a-(methanooxymethan-
o)cyclopenta[b]furan-9-one 241a

Ci6H23N303 (305.38), pale yellow solid; yield: 77% (52 mg isolated from 232a (50 mg)). Ry =

0.405 (silica gel, Petroleum ether: EtOAc (40:60)). "TH NMR (300 MHz, CDCl3) 8 7.37 (s, 1H),

4.56 (dd, J=14.5, 3.6 Hz, 1H), 4.49 (dd, J = 14.5, 4.5 Hz, 1H), 436 —4.22 (m, 1H), 4.33 (d, J =
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10.1 Hz, 1H), 4.26 (d, J=10.1 Hz, 1H), 2.76 — 2.66 (m, 2H), 2.53 (dd, J=13.1, 5.1 Hz, 1H), 1.72
(m, 9H), 1.47 — 1.27 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H). 3C NMR (101 MHz, CDCl3) 5 179.5,
148.4, 122.1, 97.6, 78.9, 77.9, 61.5, 51.4, 40.2, 39.0, 36.1, 31.5, 27.1, 25.3, 22.2, 13.8. IR (neat,
ecm™1) 3117, 2927, 1752, 1126, 1011. HRMS (ESI): m/z [M + Na*] calcd for C;¢H,3N3NaOs :

328.1632; found 328.1622.

" (2R,3a5)-2-((4-(dimethyl(phenyl)silyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4H-3a,6a-
(methanooxymethano)cyclopenta[b]furan-9-one 242a

C20H25N3038i (383.52), white solid; yield: 22% (18 mg isolated from 232a (50 mg)). Ry = 0.350
(silica gel, Petroleum ether: EtOAc (40:60)). "TH NMR (500 MHz, CDCl3) 8 7.60 — 7.54 (m, 2H),
7.56 (s, 1H), 7.41 —7.32 (m, 3H), 4.61 (dd, /= 14.4, 4.0 Hz, 1H), 4.57 (dd, J = 14.4, 3.7 Hz, 1H),
4.30 (m, 1H), 4.30 (d,J=10.5 Hz, 1H), 4.24 (d, /= 10.5 Hz, 1H), 2.51 (dd,/J=13.2, 5.1 Hz, 1H),
1.93 — 1.75 (m, 2H), 1.74 — 1.62 (m, 2H) 1.57 — 1.42 (m, 2H), 0.62 (s, 3H),0.6 (s, 3H). 1*C NMR
(126 MHz, CDCls) 6 179.5, 160.7, 145.1, 137.1, 133.8, 133.8, 131.5, 129.4, 127.9, 97.6, 78.7,
77.9, 61.6, 50.8, 50.7, 39.9, 38.9, 36.1, 26.9, -2.4, -2.5. HRMS (ESI): m/z [M + Na*] calcd for
Co0H,5N3Na03Si: 406.1557; found 406.1557.

= (2R,3aS5)-2-((4-(4-acetylphenyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4H-3a,6a-(methan-
ooxymethano)cyclopenta[b]furan-9-one 243a

C20H21N304 (367.41), white solid; yield: 48% (39 mg isolated from 232a (50 mg)). Ry = 0.375
(silica gel, Petroleum ether: EtOAc (30:70)). 'H NMR (300 MHz, CDCls) 8 8.07 — 8.00 (d, J =
8.7 Hz, 2H), 7.98 (s, 1H), 7.94 (d, J = 8.7 Hz, 2H), 4.71 (dd, J = 14.5, 3.2 Hz, 1H), 4.58 (dd, J =
14.5,5.1 Hz, 1H), 4.44 — 4.32 (m, 1H), 4.40 - 4.32 (d, J=10.6 Hz, 1H), 4.29 (d,/=10.6 Hz, 1H),
2.64 (s, 3H), 2.65-2.59 (dd, J = 13.1, 5.1 Hz, 1H), 2.12 — 1.59 (m, 7H). '3C NMR (101 MHz,
CDCl3) 6 197.4,179.4,146.7, 136.6, 134.8, 129.0, 125.6, 122.0, 97.8, 78.8, 77.9, 61.6, 51.9, 40.3,
39.0, 36.1, 27.2, 26.6. IR (neat, cm™1) 3084, 2966, 2900, 1750, 1674, 1066. HRMS (ESI): m/z
[M + Na*] caled for C,oH,; N3NaO, : 390.1424; found 390.1418.

*  (2R,3aS5)-2-((4-(4-bromophenyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4 H-3a,6a-(metha-
nooxymethano)cyclopenta[b]furan-9-one 244a

CisHisBrN3Os3 (404.26), white solid; yield: 94% (86 mg isolated from 232a (50 mg)). Ry = 0.425

(silica gel, Petroleum ether: EtOAc (30:70)). '"H NMR (300 MHz, CDCls) & 7.88 (s, 1H), 7.74 —
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7.66 (d, J = 8.75 Hz, 2H), 7.59 — 7.51 (d, J = 8.75 Hz, 2H), 4.67 (dd, J = 14.5, 3.2 Hz, 1H), 4.55
(dd, J=14.5,5.1 Hz, 1H), 4.41 — 4.22 (m, 1H), 4.34(d, J=10.70 Hz, 1H), 4.27(d, J = 10.70 Hz,
1H), 2.59 (dd, J = 13.1, 5.1 Hz, 1H), 2.10 — 1.97 (m, 1H), 1.97 — 1.53 (m, 6H). '*C NMR (101
MHz, CDCl3) 6 179.4, 146.8, 132.0, 129.4, 127.2, 122.1, 121.1, 97.7, 78.8, 77.9, 61.6, 51.8, 40.3,
39.0,36.1,27.1. IR (neat, cm~1) 3135, 2958, 1758, 1018, 815. HRMS (ESI): m/z [M + Na*] calcd
for C;gH1gBrN3;NaO5 : 426.0424; found 426.0417.

*  (2R,3a5)-2-((4-(3,5-bis(trifluoromethyl)phenyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4 H-

3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one 245a
C20H17F6N303 (461.36), white solid; yield: 97% (100 mg isolated from 232a (50 mg)). Ry = 0.35
(silica gel, Petroleum ether: EtOAc (60:40)). "H NMR (300 MHz, CDCls) & 8.31(s, 1H), 8.26 (s,
1H), 8.05 (s, 1H), 7.84 (s, 1H), 4.74 (dd, J = 14.5, 3.2 Hz, 1H), 4.56 (dd, J = 14.5, 5.6 Hz, 1H),
4.38 (m, 1H), 4.34 (d, J=10.7 Hz, 1H), 4.29 (d, /= 10.7 Hz, 1H), 2.64 (dd, J=13.1, 5.0 Hz, 1H),
2.14 — 1.62 (m, 7H). 3C NMR (101 MHz, CDCls) § 179.3, 145.1, 132.8, 132.6, 132.5, 132.1,
131.8, 127.2, 125.5, 124.5, 122.0, 121.8, 121.7, 121.6, 121.6, 97.9, 78.8, 77.8, 77.2, 61.6, 52.2,
40.5, 39.0, 36.1, 29.6, 27.2. '’F NMR (282 MHz, CDCl3) & -62.99. IR (neat, cm™1) 3138, 2945,
1766, 1275, 1126. HRMS (ESI): m/z [M + Na*] caled for CyoH,;7FgN3sNaO5 : 484.1066; found
484.1051.

= (25,3a5)-2-((4-(3,5-bis(trifluoromethyl)phenyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4 H-
3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one 245b

C20H17F6N303 (461.36), colorless oil; yield: 81% (69 mg isolated from 232b (41 mg)). Ry = 0.5
(silica gel, Petroleum ether: EtOAc (50:50)). 'TH NMR (300 MHz, CDCl3) & 8.28 (s, 1H), 8.28 (s,
1H), 8.06 (s, 1H), 7.85 (s, 1H), 4.76 (dd, J = 13.5, 2.3 Hz, 1H), 4.63 — 4.45 (m, 3H), 4.15 (d, J =
10.4 Hz, 1H), 2.47 —2.28 (m, 2H), 2.13 — 1.78 (m, 5H), 1.71 — 1.50 (m, 1H). ¥C NMR (101 MHz,
CDCl3) 0 179.5,145.2,132.7, 132.6, 132.4, 132.1, 131.7, 127.2, 125.6, 124.5, 121.8, 121.7, 121.6,
121.6, 121.5, 98.3, 79.5, 77.2, 61.4, 53.1, 40.7, 37.0, 35.8, 26.2. HRMS (ESI): m/z [M + Na*]
calcd for CogH17FgN3NaO5 : 484.1066; found 484.1043.
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" (2R,3aS5)-2-((4-(4-(dimethylamino)phenyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4 H-
3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one 246a

C20H24N403 (368.44), pink solid; yield: 81% (67 mg isolated from 232a (50 mg)). Ry = 0.325
(silica gel, Petroleum ether: EtOAc (30:70)). '"H NMR (300 MHz, CDCl3) & 7.74 (s, 1H), 7.70 (d,
J=8.9 Hz, 2H), 6.77 (d, J = 8.9 Hz, 2H), 4.64 (dd, J = 14.5, 3.4 Hz, 1H), 4.55 (dd, J = 14.6, 4.7
Hz, 1H), 4.37 — 4.29 (m, 1H), 4.36 —4.33 (d, /= 10.6 Hz, 1H), 4.29 — 4.26 (d, /= 10.6 Hz, 1H),
2.99 (s, 6H), 2.57 (dd, J=13.1, 5.1 Hz, 1H), 2.04 (dd, J = 12.6, 6.9 Hz, 1H), 1.96 — 1.54 (m, 6H).
13C NMR

(126 MHz, CDCl3) 6 179.6, 150.4, 148.3, 126.6, 122.4, 119.6, 112.4,97.6, 78.9, 77.9, 61.6, 51.5,
40.4, 40.2, 39.0, 36.1, 27.1. IR (neat, cm™1) 3140, 2958, 2900, 1760, 1618, 1018, 808. HRMS
(ESI): m/z [M + H*] caled for CpgH,5N,05 : 369.1921; found 369.1913.

= (25,3a5)-2-((4-(4-(dimethylamino)phenyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4 H-
3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one 246b

C20H24N403 (368.44), pink solid; yield: 88% (58 mg isolated from 232b (40 mg)). Ry = 0.375
(silica gel, Petroleum ether: EtOAc (20:80)). 'TH NMR (300 MHz, CDCl3) & 7.72 (s, 1H), 7.71—
7.68 (d, J=8.9 Hz, 2H), 6.77 (d, /= 8.9 Hz, 2H), 4.63 (dd, J=13.4, 2.8 Hz, 1H), 4.57 — 4.37 (m,
3H), 4.10 (d, J = 10.4 Hz, 1H), 2.99 (s, 6H), 2.38 (ddd, J = 8.0, 6.7, 1.8 Hz, 1H), 2.28 (dd, J =
13.1, 5.1 Hz, 1H), 1.90 (m,5H), 1.67 — 1.46 (m, 1H). 3C NMR (101 MHz, CDCl3) § 179.6, 150.4,
148.4,126.7,119.1,118.6,112.4,98.0,79.8,77.2,61.3,52.7,40.8,40.4,37.1,35.8, 26.2. IR (neat,
cm™1) 3140, 2967, 2900, 1760, 1618, 1066. HRMS (ESI): m/z [M + Na*] calcd for
Cy0H,4Ny,NaO5 : 391.1741; found 391.1737.

= (25,3a5)-2-((4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl)methyl)tetrahydro-4 H-3a,6a-
(methanooxymethano)cyclopenta[b]furan-9-one 247b

Ci9H21N304 (355.39), yellow oil; yield: 62% (65 mg isolated from 232b (66 mg)). Ry =0.425

(silica gel, Petroleum ether: EtOAc (30:70)). "TH NMR (300 MHz, CDCl3) § 7.78 (s, 1H), 7.73 —

7.77 (d, J = 8.9 Hz, 2H), 6.99 (d, J= 8.9 Hz, 2H), 4.68 (dd, /= 13.5, 2.6 Hz, 1H), 4.60 — 4.41 (m,

3H), 4.13 (d, /= 10.4 Hz, 1H), 3.85 (s, 3H), 2.47 — 2.35 (m, 1H), 2.31 (dd, J=13.1, 5.1 Hz, 1H),

2.10-1.75 (m, 5H), 1.56 (ddd, J=12.8, 6.2,
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1.8 Hz, 1H). *C NMR (126 MHz, CDCl3) § 179.6, 159.6, 147.8, 127.0, 123.1, 119.8, 114.2, 98.1,
79.7, 77.2, 61.3, 55.3, 52.8, 40.8, 37.1, 35.8, 26.2. HRMS (ESI): m/z [M + Na*] calcd for
C1oHy1 NsNaO, : 378.1424; found 378.1418.

= (2R,2'R,3aS,3a'S)-2,2'-((propane-1,3-diylbis(1H-1,2,3-triazole-4,1-diyl))bis(methylene))bis-
(tetrahydro-4H-3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one) 258

C27H34N6Os (538.61), yellow oil; yield: 72% (70 mg isolated from 232a (81 mg)). Ry =0 (silica
gel, Petroleum ether: EtOAc (30:70)). [a]2° +4.6° (c = 1.3, DCM). 'H NMR (300 MHz, CDCls)
8 7.45 (s, 2H), 4.57 (dd, J = 14.6, 3.7 Hz, 2H), 4.47 (dd, J = 14.6, 4.9 Hz, 2H), 4.32 (d, J = 10.6
Hz, 2H), 4.26 (d, J=10.6 Hz, 2H), 4.36 — 4.22 (m, 2H), 2.77 (t,J= 7.4 Hz, 4H), 2.58 — 2.48 (dd,
J=13.2,49 Hz, 2H), 2.14 — 1.62 (m, 14H), 1.65 — 1.53 (dd, J = 13.2, 11.4 Hz, 2H). 3C NMR
(101 MHz, CDCl3) 6 179.5, 147.5,122.5,97.7,78.8,77.9, 61.5, 51.7, 51.6, 40.4, 40.4, 39.0, 36.1,
29.1, 27.1, 24.9. HRMS (ESI): m/z [M + Na*] caled for C,;H3,NgNaOg : 561.2432; found

561.2435.

¢ Preparation of the bis-alkene product 264

(e}

Q CK”\% 265 Q
o=\ o=\
1) nBuLi, THF, -78°C, 30 min.
OH  2) Acryloyl chloride 265, r.t., 6 h 0
VY 76% Vi
: | 0 264

169a

Procedure: To a solution of 169a (200 mg, 1.1 mmol) in dry THF (60 mL) under an inert
atmosphere at -78°C was added n-BuLi (98 mg, 1.5 mmol). After 30 minutes, acryloyl chloride
(0.18 ml, 2.2 mmol) was added dropwise, and the resulting mixture was stirred for an additional 6
hours at room temperature. The reaction mixture was quenched by slow addition of water at 0°C,
extracted with ether, washed with aqueous ammonium chloride solution, and then dried over
MgS0,. Evaporation of the solvent gave a crude mixture, which was chromatographed on silica

gel to give the desired product.

= (6aS)-6a-allyl-1-oxotetrahydro-1H-cyclopenta[c]furan-3a(3H)-yl acrylate 264

Ci3Hi604 (236.27), colorless oil; yield: 76% (197 mg isolated from 169a (200 mg)). Ry =0.525
(silica gel, Petroleum ether: EtOAc (80:20)). '"H NMR (300 MHz, CDCls)  6.46 (dd, J = 17.2,
1.3 Hz, 1H), 6.22 - 6.09 (dd, J=17.2, 10.3 Hz, 1H), 5.95 (dd, /= 10.3, 1.3 Hz, 1H), 5.93 — 5.78
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(m, 1H), 5.25 - 5.13 (m, 2H), 4.72 (d, J = 10.6 Hz, 1H), 4.32 (dd, J = 10.6, 1.6 Hz, 1H), 2.60 (d,
J=17.3 Hz, 1H), 2.60 (m, 1H), 2.30 — 2.01 (m, 2H), 1.92 — 1.77 (m, 2H), 1.62 — 1.43 (m, 1H), 0.88
(d,J=7.3Hz, 1H). 3C NMR (101 MHz, CDCl3) § 178.5, 166.5, 135.3, 131.3, 128.2, 115.7, 76.8,
72.4,59.6,37.3,33.8,27.4, 17.0. HRMS (ESI): m/z [M + Na*] calcd for C;3H,cNaO, : 259.0941;
found 259.0945.

*

< Preparation of [5,3,3]propellano-bislactone 263

0
0= 0= \
Grubbs I
9 DCM, 45°C, 24 h 9

Y/ 69% X
I N0 264 o 263

Procedure: To a stirred solution of 264 (80 mg, 0.338 mmol) in deoxygenated dichloromethane
(100 ml), Grubbs II catalyst (28 mg, 10 mol%) was added in one portion. The reaction mixture

was then refluxed for 24 hours before being treated and purified to offer the desired product.l®!]

= (5a8)-7,8-dihydro-6H-5a,8a-(methanooxymethano)cyclopenta[b]oxepine-2,11(5H)-dione 263
C11H1204 (208.21), brown solid; yield: 69% (48 mg isolated from 264 (80 mg)). Ry =0.375 (silica
gel, Petroleum ether: EtOAc (60:40)). '"H NMR (300 MHz, CDCl3) 6 6.72 - 6.61 (dt,J=11.5, 6.7
Hz, 1H), 6.14 (d, /= 11.5 Hz, 1H), 4.47 (d, /= 11.0 Hz, 1H), 4.22 (d, /= 11.0 Hz, 1H), 2.81 —
2.61 (m, 2H), 2.29 — 2.17 (m, 2H), 2.06 — 1.81 (m, 2H), 1.52 — 1.36 (m, 1H). *C NMR (101 MHz,
CDCls) 6 178.3, 167.1, 144.8, 121.7, 78.9, 72.0, 59.2, 36.9, 33.0, 27.8, 17.4. HRMS (ESI): m/z
[M + Na*] caled for C;;H,;NaO, : 231.0628; found 231.0628.

Chapter 4

+ Preparation of exo enol ether propellanes 277a-b

HO,, Q le)
/ S Ag,CO3, Benzene ) o
— = 2 =
60°C, 15-24 h OW
n

,
Ih 54- 64% Mo

166a-b 277a-b

220



General Procedure: To a stirred solution of the chosen alkynol (1.0 mmol, 1.0 equiv.) in benzene

(15.0 ml), was added at room temperature silver carbonate (0.2 mmol, 0.2 equiv.). The mixture
was heated at 60°C until TLC showed the disappearance of the starting acetylenic alcohol. The
heterogeneous mixture, which gradually turned from green to brown then black, was filtered over
Celite and concentrated in vacuo. The resulting crude mixture was then purified using column
chromatography to afford the corresponding a-methylene heterocycle. (Remark: Triethylamine

(1.0 vol%) was added to the used eluent before each purification to neutralize silica).*?!

= (6a5)-2-methylenetetrahydro-4H-3a,6a-(methanooxymethano)cyclopenta[b]furan-9-one 277a
CioH1203 (180.20), pale yellow oil; yield: 54 % (278 mg from 166a (520 mg)). Ry = 0.35 (silica
gel, Petroleum ether: EtOAc (85:15)). 'H NMR (400 MHz, DMSO) & 4.39 (s, 2H), 4.18 (dd, J =
3.7, 1.7 Hz, 1H), 3.86 (dd, J=3.7, 1.7 Hz, 1H), 2.95 (dt, /= 16.7, 1.5 Hz, 1H), 2.85 (dt, /= 16.7,
1.7 Hz, 1H), 2.03 (m, 2H), 1.96 — 1.84 (m, 3H), 1.82 — 1.70 (m, 1H). "H NMR (300 MHz, CsDs)
0 4.38 (d, J=2.0 Hz, 1H), 3.96 (dd, J=10.4, 1.7 Hz, 1H), 3.70 (d, /=2 Hz, 1H), 3.46 (dd, J =
10.4, 3.9 Hz, 1H), 2.79 (d, J=16.7 Hz, 1H), 2.19 (d, J=16.7, 1H), 1.81 — 1.64 (m, 1H), 1.53 (m,
1H), 1.36 — 0.88 (m, 4H). 3C NMR (101 MHz, DMSO) § 179.1, 162.0, 99.9, 81.9, 76.0, 59.0,
39.1, 36.3, 34.6, 26.3. 13C NMR (101 MHz, CsDs) 8 178.0, 161.8, 99.3, 82.4, 75.8, 58.9, 39.7,
37.2,35.7,26.2. HRMS (ESI): m/z [M + H]* caled for C;qH,305 : 181.0859; found 181.0860.

= (7aS)-2-methylenehexahydro-3a,7a-(methanooxymethano)benzofuran-10-one 277b

C11H1403 (194.23), pale yellow oil; yield: 51% (357 mg from 166b (700 mg)). Ry = 0.375 (silica
gel, Petroleum ether: EtOAc (80:20)). 'TH NMR (300 MHz, C¢Ds) 6 4.34 (d, J = 10.5 Hz, 1H),
4.28 (dt,J=1.3,2.2 Hz, 1H), 4.21 (d, J=10.5 Hz, 1H), 3.91 (dt, J= 1.3, 2.2 Hz, 1H), 2.99 (dt, J
=16.4,2.2 Hz, 1H), 2.78 (dt,J=16.4, 2.2 Hz, 1H), 2.00 (m, 2H), 1.88 — 1.73 (m, 1H), 1.73 - 1.07
(m, 5H). 3C NMR (101 MHz, CDCI3) § 179.8, 158.2, 87.8, 82.7, 71.3, 50.2, 35.1, 29.1, 28.0,
22.5,20.0. HRMS (ESI): m/z [M + Na]* calcd for C;;H,4,NaO5 : 217.0835; found 217.0834.

¢+ Preparation of propellanes 281

& 0, HO,/ o
./} )=0 3
0 Celite® (wet) ORAS =0
P DCM, rt.,, 2-4 h ),
100%

277b
281, n=2
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The chosen exo enol ether 8b adduct (0.1 mmol, 1.0 equiv.) was added in one portion to a
suspension of wet Celite® (100 mg) in dichloromethane (7 ml). After stirring for 4 h at room
temperature, the reaction mixture was filtered, extracted and purified over silica gel to afford a

mixture of inseparable diastereoisomers of the corresponding hemiacetal propellanes 9b-b’.33]

=  2-hydroxy-2-methylhexahydro-3a,7a-(methanooxymethano)benzofuran-10-one 281.
C11H1604 (212,25), White solid; yield: 100% (20 mg from 277b (19 mg)). R, giastereoisomers) =
0.350 (silica gel, Petroleum ether: EtOAc (50:50)). The ratio of the two inseparable
diastereoisomers is 1:1. 281°: 'H NMR (300 MHz, CDCl3) & 4.36 — 4.28 (d, J = 10.36 Hz, 1H),
4.20-4.13 (d, J=10.36 Hz, 1H), 2.78 — 2.63 (brd, OH), 2.65 — 2.55 (d, J = 14.40 Hz, 1H), 2.40
—-2.30(d,J=14.40 Hz, 1H), 1.98 — 1.27 (m, 8H), 1.54 (s, 3H). 281°>: "TH NMR (300 MHz, CDCl;)
d4.15 (s, 2H), 2.56 —2.48 (d, /= 13.03 Hz, 1H), 2.56 — 2.42 (brd, OH), 2.15 - 2.05 (d, J=13.03
Hz, 1H), 1.47 (s, 3H), 2.02 — 1.06 (m, 8H). 281°: 13C NMR (101 MHz, CDCl3) 5 181.4, 105.4,
86.7, 73.5, 52.5, 44.5, 31.2, 29.6, 28.2, 23.1, 19.8. 281°*: 13C NMR (101 MHz, CDCls) & 181.1,
104.0, 86.4, 71.5, 50.8, 44.4, 29.8, 28.2, 28.1, 21.8, 19.8. HRMS (ESI): m/z [M + Na]™* calcd for
C11H16NaO, : 235.0941; found 235.0934.

*

< Preparation of propellanes 238

»\ 0 \ O
%) )=0 —Y )=0
o HCI (cat.) 0o
CDCly, rt., 4 h
97%

277a 238

A catalytic amount of HCI (~10 mol%) was dissolved in a solution of the corresponding exo enol
ether adduct 277a (1 equiv.) in deuterated chloroform (0.07 M) at ambient temperature. Four hours
later, a quantitative isomerization to its counterpart endo enol ether adduct 238 has been observed

by '"H NMR analysis. (Spectral data has already been described in Chapter 3).

<+ Preparation of oxaspirocyclopropane[n,3,3]propellanes 273a-b

&\ J 2 P
3 “ =0 Et,Zn, CHyl, o",\ =0
_—-
My CH,Cl,, 40°C, 1h M

277a,n =1 273a, (61%)
277b,n=2 273b, (79%)
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General Procedure: The chosen exo enol ether adduct (0.7 mmol, 1.0 equiv.), methylene iodide

(3.4 mmol, 5.0 equiv.), and diethylzinc (1 M in hexane) (4.8 mmol, 7.0 equiv.) were stirred at
reflux in anhydrous dichloromethane (8.0 ml) for 1 hour. After completion, the reaction mixture
was quenched by adding water, extracted with diethyl ether, washed with aqueous NaHCOj3
solution, and then dried over MgSQO4. Evaporation of the solvent gave a crude mixture, which was

chromatographed on silica gel to give the desired oxaspirocyclopropane [n,3,3]propellane.*#

= Dihydro-3'H,4'H-spiro[cyclopropane-1,2'-[3a,6a](methanooxymethano)cyclopenta[ ] furan]-
9'-one 273a

C11H1403 (194.23), colourless oil; yield: 61% (80 mg from 277a (123 mg)). Ry = 0.370 (silica
gel, Petroleum ether: EtOAc (82:18)). '"H NMR (300 MHz, CDCls) 6 4.47 —4.41 (d, J=10.20 Hz,
1H), 4.22 4.18 (d, J = 10.20 Hz, 1H), 2.23 (s, 2H), 2.18 — 1.70 (m, 6H), 0.98 — 0.87 (ddd, J =
11.51, 6.58, 5.67 Hz, 1H), 0.85 — 0.75 (ddd, J = 11.51, 6.36, 5.10 Hz, 1H), 0.66 — 0.56 (ddd, J =
10.47, 6.36, 5.10 Hz, 1H), 0.53 — 0.43 (ddd, J = 10.47, 6.58, 5.67 Hz, 1H). 3C NMR (76 MHz,
CDCl;) 6 180.7, 97.3, 78.4, 65.6, 62.4, 43.7, 38.8, 36.3, 27.1, 10.6, 7.2. HRMS (ESI): m/z [M +
Na]* calcd for C;;H,4NaO5 : 217.0835; found 217.0837.

» Tetrahydro-3'H-spiro[cyclopropane-1,2'-[3a,7a](methanooxymethano)benzofuran]-10'-one
273b

Ci2H1603 (208.26), colourless oil; yield: 79% (91 mg from 277b (108 mg)). Ry = 0.375 (silica
gel, Petroleum ether: EtOAc (80:20)). "TH NMR (500 MHz, CDCls) 6 4.26 —4.19 (d, J=10.50 Hz,
1H),4.19-4.13 (d,/J=10.50 Hz, 1H), 2.40 — 2.33 (d, /= 12.44 Hz, 1H), 2.33 - 2.26 (d, /= 12.44
Hz, 1H), 2.12 - 1.99 (m, 1H), 1.88 — 1.11 (m, 7H), 0.90 — 0.84 (ddd, /= 11.50, 6.72, 5.44 Hz, 1H),
0.81 —0.74 (ddd, J = 11.50, 6.68, 5.33 Hz, 1H), 0.60 — 0.53 (ddd, J = 10.84, 6.72, 5.33 Hz, 1H),
0.52 —0.46 (ddd, J=10.84, 6.68, 5.44 Hz, 1H). 13C NMR (126 MHz, CDCl3)  181.3, 85.6, 72.4,
62.4, 52.9, 39.2, 29.2, 28.5, 22.4, 20.2, 10.9, 10.8. HRMS (ESI): m/z [M + Na]* calcd for
Ci2H16NaO5 : 231.0992; found 231.0997.

+» Paterno-Biichi reaction

Exo enol-ether propellane derivative (1 equivalent) was dissolved in benzene (0.06 M) in the
presence of the carbonyl compound (1.5 equivalent). The mixture was flushed with argon for 1

hour and, then, irradiated at 350 nm at room temperature. At the end of the reaction, the removal
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of the solvent yielded a crude product that was chromatographed on silica gel. The elution with

petroleum ether/ethyl acetate in the presence of 1% of triethylamine gave pure products.*”

o] R, O o) ‘RR
)\ 0 RJLR R-‘S? 0 9‘0
OSA/=O v (1 =350-366) OXpf/=0 . O=pf/=0
Mo Benzene, r.t., 21-52h Mo Mo
277a,n = 1 286a-292a 286b-292b
277b,n =2
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Yield: 56% (97 mg from 277a (86 mg)) (System of isomers 286a/286b (3:1)).
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e (3R,6a'S)-2,2-diphenyldihydro-3'H,4'H-spiro[oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 286a

C23H2204 (362.43), colorless oil; Ry = 0.350 (silica gel, Petroleum ether: EtOAc: EtsN (82:17:1)).
TH NMR (300 MHz, C¢Ds) & 7.80 (d, J= 8.2 Hz, 2H), 7.56 (d, J= 8.2 Hz, 2H), 7.15 (m, 3H), 7.06
(m, 3H), 4.45 (d,J=5.8 Hz, 1H), 4.31 (d, /= 5.8 Hz, 1H), 3.63 (d, /= 10.7 Hz, 1H), 3.33 (d, J =
10.7 Hz, 1H), 2.57 (d, J = 13.5 Hz, 1H), 1.68 (d, J = 13.5 Hz, 1H), 1.76-0.87 (m, 6H). HRMS
(ESI): m/z [M + Na™*] calcd for C,3H,,Na0O, : 385.1410; found 385.1412.

e (35,6a'S)-2,2-diphenyldihydro-3'H,4'H-spiro[ oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 286b

C23H2204 (362.43), colorless oil; Ry = 0.450 (silica gel, Petroleum ether: EtOAc: EtsN (82:17:1)).
TH NMR (500 MHz, CsDs) 6 7.76 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 8.2 Hz, 2H), 7.21 (m, 3H), 6.99
(m, 3H), 4.47 (d, /= 6.1 Hz, 1H), 4.15 (d, /= 6.1 Hz, 1H), 4.05 (d, /= 10.2 Hz, 1H), 3.34 (d, J =
10.2 Hz, 1H), 2.48 (d, J= 14.5 Hz, 1H), 1.71 (d, J = 14.5 Hz, 1H), 1.87-0.80 (m, 6H). '3C NMR
(126 MHz, CsDs) 6 178.4, 142.0, 141.8, 131.7, 129.8, 128.3, 128.2, 127.3, 127.0, 126.5, 125.4,
98.5, 95.7, 91.7, 80.5, 76.3, 60.3, 45.0, 38.0, 35.5, 25.7. HRMS (ESI): m/z [M + Na*] calcd for
C,3H,,NaO, : 385.1410; found 385.1412.

e (2R,3a'R)-4,4-diphenyldihydro-3'H,4'H-spiro[oxetane-2,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 293

C23H2204 (362.43), white solid; Ry = 0.320 (silica gel, Petroleum ether: EtOAc: EtsN (82:17:1)).
TH NMR (500 MHz, CsDs) & 7.46 (d, J = 7.54Hz, 2H), 7.27 (d, J = 7.54Hz, 2H), 7.16-7.08 (m,
6H), 4.02 (d, J=10.2 Hz, 1H), 3.44 (d, J=10.2 Hz, 1H), 3.16 (d, /= 12.3 Hz, 1H), 2.90 (d, J =
12.3 Hz, 1H), 2.24 (d, J = 13.8 Hz, 1H), 1.93 (d, J = 13.8 Hz, 1H), 2.24-0.96 (m, 6H).
I3C NMR (126 MHz, CsD¢) 5 178.6, 146.3, 145.5,128.1, 127.9, 127.7,127.6, 127.0, 126.9, 125.7,
125.5, 112.6, 98.2, 80.2, 76.9, 59.9, 48.4, 46.7, 38.8, 35.6, 25.8. HRMS (ESI): m/z [M + Na*]
calcd for C,3H,,NaO, : 385.1410; found 385.1412.

o 287
Yield: 17% of 287b (40 mg from 277a (100 mg)) (System of isomers 287a/287b (?:?)).
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e (3R,6a'S)-2,2-bis(4-methoxyphenyl)dihydro-3'H,4'H-spiro[ oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 287a
CasH2606 (422.48), Ry = 0.350 (silica gel, Petroleum ether: EtOAc: EtN (75:24:1)).

e (35,6a'S)-2,2-bis(4-methoxyphenyl)dihydro-3'H,4'H-spiro[ oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 287b

C25H260¢ (422.48), white solid; Ry = 0.238 (silica gel, Petroleum ether: EtOAc: EtsN (75:24:1)).
TH NMR (300 MHz, C¢Ds¢) 8 7.71 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8
Hz, 2H), 6.66 (d, J = 8.8 Hz, 2H), 4.54 (d, /= 6.2 Hz, 1H), 4.26 (d, J= 6.2 Hz, 1H), 4.04 (d, J =
10.2 Hz, 1H), 4.38 (d, /= 10.2 Hz, 1H), 3.29 (s, 3H), 3.26 (s, 3H), 2.55 (d, /= 14.5 Hz, 1H), 1.79
(d,J=14.5Hz, 1H), 1.91-0.77 (m, 6H). 3C NMR (101 MHz, C¢D¢) 6 178.7, 159.1, 159.0, 134.3,
134.1,128.2,127.8,127.6,127.2,113.8, 113.4, 113.0, 98.5, 96.0, 92.3, 80.4, 76.5, 60.5, 54.6, 54.4,
45.2, 38.2, 35.8, 25.8. HRMS (ESI): m/z [M + Na*] calcd for C,5sH,sNaOg : 445.1622; found
445.1625.

o 288
Yield: 45% (86 mg from 277a (87 mg)) (System of isomers 288a/288b (3:1)).

e (3R,6a'S)-2,2-bis(4-fluorophenyl)dihydro-3'H,4'H-spiro[ oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 288a

C23H20F204 (398.41), colorless oil; Ry = 0.488 (silica gel, Petroleum ether: EtOAc: EtsN (75: 24:
1)). 'H NMR (500 MHz, C¢De) & 7.55-7.48 (m, 2H), 7.27-7.21 (m, 2H), 6.92-6.84 (m, 2H), 6.81-
6.74 (m, 2H), 4.34 (d, J= 6.0 Hz, 1H), 4.23 (d, /= 6.0 Hz, 1H), 3.63 (d, J=10.7 Hz, 1H), 3.35 (d,
J=10.7 Hz, 1H), 2.48 (d, J = 10.8 Hz, 1H), 1.43 (d, J = 10.8 Hz, 1H), 1.55-0.94 (m, 6H). 13C
NMR (126 MHz, CsDs) 6 178.4, 163.2, 163.2, 161.3, 161.2, 128.5, 128.5, 115.2, 115.0, 114.5,
114.3,97.8,93.7,89.9, 79.8, 77.5, 59.6, 45.9, 37.9, 35.1, 27.1. HRMS (ESI): m/z [M + Na*] calcd
for C,3H,0F,NaO, : 421.1222; found 421.1214.

o (35,6a'S)-2,2-bis(4-fluorophenyl)dihydro-3'H,4'H-spiro[ oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 288b
C23H20F204 (398.41), yellow oil; Ry = 0.363 (silica gel, Petroleum ether: EtOAc: EtsN (75: 24:

1)). "H NMR (500 MHz, C¢Ds) 5 7.51-7.44 (m, 2H), 7.33-7.27 (m, 2H), 6.69-6.83 (m, 2H), 6.83-
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6.76 (m, 2H), 4.35 (d, J = 6.3 Hz, 1H), 4.06 (d, J= 6.3 Hz, 1H), 3.96 (d, /= 10.1 Hz, 1H), 3.33 (d,
J=10.1 Hz, 1H), 2.27 (d, J = 14.3 Hz, 1H), 1.65 (d, J = 14.3 Hz, 1H), 1.87-0.80 (m, 6H). 1*C
NMR (126 MHz, CsDs) 8§ 178.3, 163.1, 161.19, 137.4, 137.2, 128.3, 127.9, 127.6, 127.3, 115.1,
114.5,98.5,95.0,91.3, 80.5, 76.1, 60.2, 44.9, 37.8, 35.4, 25.6. HRMS (ESI): m/z [M + Na*] calcd
for Cp3HyoFyNaO, : 421.1222; found 421.1214.

o 289
Yield: 19% of 289b (36 mg from 277a (80 mg)) (System of isomers 289a/289b (?:?)).

e (3R,6a'S)-2,2-bis(4-chlorophenyl)dihydro-3'H,4'H-spiro[oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 289a
C23H20C1204 (431.31); Ry = 0.425 (silica gel, Petroleum ether: EtOAc: EtN (75:24:1)).

e (35,6a'S)-2,2-bis(4-chlorophenyl)dihydro-3'H,4'H-spiro[ oxetane-3,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 289b

C23H20C1204 (431.31), white solid; Ry = 0.325 (silica gel, Petroleum ether: EtOAc: EtsN
(75:24:1)). 'TH NMR (300 MHz, C¢Ds) 6 7.44-6.84 (m, 8H), 4.31 (d, J= 6.3 Hz, 1H), 4.01 (d, J =
6.3 Hz, 1H), 3.95(d, /J=10.3 Hz, 1H), 3.32 (d, /J=10.3 Hz, 1H), 2.26 (d, J = 14.8 Hz, 1H), 1.59
(d, J = 14.8 Hz, 1H), 1.70 — 0.75 (m, 6H). '3C NMR (126 MHz, CsDs) & 178.2, 139.9, 139.8,
133.6, 133.2, 127.9, 127.6, 98.6, 94.7, 91.2, 80.6, 76.1, 60.3, 44.7, 37.8, 35.3, 26.8. HRMS (ESI):
m/z [M + Na*] calcd for C,3H,oCl,NaO, : 453.0631; found 453.0631.

o 290
Yield: 49% (93 mg from 277b (97 mg)) (System of isomers 290a/290b (4:1)).

e (3R,7a'S)-2,2-diphenyltetrahydro-3'H-spiro[oxetane-3,2'-
[3a,7a](methanooxymethano)benzofuran]-10'-one 290a

C24H2404 (376.45), white solid; Ry = 0.388 (silica gel, Petroleum ether: EtOAc: EtsN (75:24:1)).

TH NMR (300 MHz, C¢Ds) & 7.90-7.80 (d, J = 7.9 Hz, 2H), 7.66-7.59 (d, J = 7.9 Hz, 2H), 7.33-

7.21 (m, 3H), 7.20-7.06 (m, 3H), 4.59 (d, /= 5.8 Hz, 1H), 4.54 (d, J= 5.8 Hz, 1H), 3.70 (d, J =

10.3 Hz, 1H), 3.40 (d, J=10.3 Hz, 1H), 2.44 (d, J=13.5 Hz, 1H), 2.00 (d, /= 13.5 Hz, 1H), 1.53-

0.66 (m, 8H). *C NMR (126 MHz, CsD¢) 6 179.1, 142.6, 142.0, 128.2, 127.9, 127.6, 127.1, 126.9,
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125.5,95.1, 86.6, 86.5, 81.1, 71.3,50.1,40.2, 30.7, 27.4, 22.6, 19.7. HRMS (ESI): m/z [M + Na*]
calcd for Co4HyuNaO, : 399.1567; found 399.1566.

e (3S8,7a'S)-2,2-diphenyltetrahydro-3'H-spiro[oxetane-3,2'-
[3a,7a](methanooxymethano)benzofuran]-10'-one 290b

C24H2404 (376.45), colorless oil; Ry = 0.313 (silica gel, Petroleum ether: EtOAc: Et;N (75:24:1)).
TH NMR (500 MHz, CDCl3) 8 7.90-7.82 (m, 4H), 7.30-7.20 (m, 4H), 7.10-6.94 (m, 2H), 4.54 (d,
J=6.1 Hz, 1H), 4.25 (d, /= 6.1 Hz, 1H), 3.84 (d, J=10.3 Hz, 1H), 3.39 (d, /= 10.3 Hz, 1H),
2.86 (d, J = 14.7 Hz, 1H), 1.48 (d, J = 14.7 Hz, 1H), 1.88-0.76 (m, 8H). 3C NMR (101 MHz,
CsDe) 6 179.4,142.8,142.2,131.7,129.8, 128.4, 127.2, 126.7, 126.2, 125.6, 96.4, 87.3, 86.9, 82.1,
69.9,51.6,40.0,29.0,27.6,26.8,22.2,19.4. HRMS (ESI): m/z [M + Na*] calcd for C,,H,4NaO, :

399.1567; found 399.1566.

e 201
Yield: 50% (101 mg from 277b (90 mg)) (System of isomers 291a/291b (4:1)).

e (3R,72a'S)-2,2-bis(4-methoxyphenyl)tetrahydro-3"H-spiro[oxetane-3,2'-
[3a,7a](methanooxymethano)benzofuran]-10'-one 291a

Ca6H2s806 (436.50), Pale yellow oil; Ry = 0.363 (silica gel, Petroleum ether: EtOAc: EtsN
(71:28:1)). 'TH NMR (300 MHz, CsD¢) & 7.79 (d, J = 8.7 Hz, 2H), 7.57 (d, J = 8.7 Hz, 2H), 6.91
(d, J= 8.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 4.66 (d, J = 6.0 Hz, 1H), 4.62 (d, /= 6.0 Hz, 1H),
4.75 (d, J=10.2 Hz, 1H), 4.42 (d, /= 10.2 Hz, 1H), 3.31 (s, 3H), 3.27 (s, 3H), 2.55 (d, /= 13.5
Hz, 1H), 2.05 (d, J = 13.5 Hz, 1H), 1.57 — 0.70 (m, 8H). *C NMR (126 MHz, CsDs) & 179.2,
159.0, 158.9, 135.0, 134.2, 128.4, 127.9, 127.9, 127.6, 127.2, 113.5, 113.0, 95.3, 86.9, 86.4, 81.2,
71.4,54.4,50.2,40.3,30.7,27.4,22.6,19.7. HRMS (ESI): m/z [M + Na*] calcd for C,sH,gNa O :

459.1778; found 459.1779.

e (35,7a'S)-2,2-bis(4-methoxyphenyl)tetrahydro-3'H-spiro[oxetane-3,2'-
[3a,7a](methanooxymethano)benzofuran]-10'-one 291b

C26H2805 (436.50), colorless oil; Ry = 0.300 (silica gel, Petroleum ether: EtOAc: EtsN (71:28:1)).

TH NMR (300 MHz, CsDs) 8 7.80 (d, J = 8.8 Hz, 2H), 7.77 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8

Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 4.60 (d, /= 6.2 Hz, 1H), 4.32 (d, /= 6.2 Hz, 1H), 3.89 (d, J =

228



10.1 Hz, 1H), 3.42 (d, J=10.1 Hz, 1H), 3.28 (s, 3H), 3.24 (s, 3H), 2.91 (d, J= 14.7 Hz, 1H), 1.57
(d,J=14.7 Hz, 1H), 1.53-0.67 (m, 8H). 3C NMR (101 MHz, CsDs) 6 179.5, 159.0, 158.7, 135.3,
134.4,127.8, 127.5, 127.2, 113.8, 113.0, 96.5, 87.4, 86.9, 82.1, 70.0, 54.3, 51.6, 40.0, 29.1, 27.6,
22.3,19.5. HRMS (ESI): m/z [M + Na*] calcd for C,¢H,gNaOg : 459.1778; found 459.1779.

o 292
Yield: 26% of 292a (44 mg from 277b (81 mg)) (System of isomers 292a/292b (3:1)).

e (3R,72a'S)-2,2-bis(4-fluorophenyl)tetrahydro-3'H-spiro[oxetane-3,2'-
[3a,7a](methanooxymethano)benzofuran]-10'-one 292a

C24H22F204 (412.43), white solid; Ry = 0.488 (silica gel, Petroleum ether: EtOAc: EtsN
(75:24:1)). '"H NMR (500 MHz, CsD¢) & 7.65-7.53 (m, 4H), 6.96-6.83 (m, 4H), 4.44 (d, J = 6.3
Hz, 1H), 4.15 (d, J= 6.3 Hz, 1H), 3.77 (d, /= 10.4 Hz, 1H), 3.39 (d, /= 10.4 Hz, 1H), 2.67 (d, J
=14.7 Hz, 1H), 1.45 (d, J=10.4 Hz, 1H), 1.52-0.91 (m, 8H). 3C NMR (126 MHz, CsDs)  179.3,
163.2, 163.0, 161.2, 161.1, 138.3, 138.3, 137.5, 137.5, 128.0, 127.9, 127.8, 127.6, 115.3, 115.1,
114.4,114.3, 95.8, 87.1, 86.9, 82.0, 69.8, 51.6, 39.6, 29.0, 27.4, 22.2, 19.3. HRMS (ESI): m/z [M
+ Na*] calcd for C,,H,,F,NaO, : 435.1378; found 435.1377.

o (3S5,7a'S)-2,2-bis(4-fluorophenyl)tetrahydro-3"H-spiro[oxetane-3,2'-
[3a,7a](methanooxymethano)benzofuran]-10"-one 292b

C24H22F204 (412.43), Ry = 0.375 (silica gel, Petroleum ether: EtOAc: EtN (75:24:1)).

*

s Friedel-Crafts reaction

. O __ACl, DCM, )H]/Q/
t T0°C-rt, 3-5h

303-305 307-309 (80-97%)

W@W@%«@

308

General Procedure: In a three-necked round-bottomed flask mounted with a cooling system under

inert conditions, AICI3 (22 mmol, 2.2 equiv.) was suspended in CH2Cl> (20 mL) at 0 °C. To this
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mixture mono-ethyl oxalyl chloride (22 mmol, 2.2 equiv.) was added dropwise over 15 min. at 0
°C an arene (10 mmol, 1.0 equiv.) was added dropwise in about 10 min., then the solution was
stirred at r.t. for 2 h. After completion of the reaction, as determined by TLC, the mixture was
cooled and carefully added 20 g of crushed ice and 20 mL of concentrated hydrochloric acid.
Extraction was performed with CH2Cl (3 x 50 mL), the organic layer was collected and washed
with 1 N NaOH (50 mL) and brine (50 mL). After the organic layer was separated and dried over
Na>S0s, the solvent was evaporated, and the crude ethyl ester product was purified by column

chromatography. 3¢

= Ethyl 2-0x0-2-(p-tolyl)acetate 307

C11H1203 (192.21), colourless oil; yield: 80% (500 mg from toluene (300 mg)). Ry = 0.475 (silica
gel, Petroleum ether: EtOAc (90:10)). '"H NMR (300 MHz, CDCl3) 6 7.93 — 7.86 (d, J=7.91 Hz,
2H), 7.33 - 7.27 (d, J=7.91 Hz, 2H), 4.44 (q, J = 7.04 Hz, 2H), 2.46 — 2.37 (s, 3H), 1.41 (t, J =
7.04 Hz, 3H). 13C NMR (126 MHz, CDCl3) 6 186.1, 164.0, 146.2, 130.1, 130.0, 129.6, 62.2, 21.9,

14.1. Spectroscopic data were in agreement with those previously reported in the literature.*®!

= Ethyl 2-(4-methoxyphenyl)-2-oxoacetate 308

C11H1204 (208.21), yellow oil; yield: 84% (323 mg from anisole (200 mg)). Ry = 0.35 (silica gel,
Pentane: EtOAc (85:15)). 'TH NMR (300 MHz, CDCl3) 6 8.00 — 7.92 (d, J = 8.97 Hz, 2H), 6.97 —
6.89 (d, J = 8.97 Hz, 2H), 4.40 (q, J = 7.15 Hz, 2H), 3.85 (s, 3H), 1.38 (t, J = 7.15 Hz, 3H). 13C
NMR (76 MHz, CDCl3) 6 184.9, 165.0, 164.1, 132.5, 125.4, 114.2, 62.1, 55.6, 14.1. Spectroscopic

data were in agreement with those previously reported in the literature.>®!

= Ethyl 2-(2,4-dimethoxyphenyl)-2-oxoacetate 309

Ci2H140s (238.24), violet oil; yield: 97% (630 mg from 1,3-dimethoxybenzene (375 mg)). Ry =
0.370 (silica gel, Petroleum ether: EtOAc (75:25)). "TH NMR (300 MHz, CDCl3) 8 7.91 (d, J= 8.8
Hz, 1H), 6.60 (dd, J= 8.8, 2.3 Hz, 1H), 6.44 (d, J=2.3 Hz, 1H), 4.38 (q,J = 7.1 Hz, 2H), 3.89 (s,
3H), 3.85 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz, CDCl3) § 185.0, 166.7, 166.0,
162.3,132.9,115.8,106.7,98.1, 61.6, 55.9, 55.7, 14.1. Spectroscopic data were in agreement with

those previously reported in the literature.”)
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+ Lewis acid-catalyzed intermolecular cascade annulation of alkynols 166a/b with a-

ketoesters 307-311.

General Procedure: The chosen alkynol (0.66 mmol, 1.0 equiv.) and a-ketoester (0.66 mmol, 1.0

equiv.) were taken into a single neck round bottom flask, then dissolved in anhydrous CH>Cl» (5.0
ml). Bi(OTf); (0.13 mmol, 20 mol%) was then added under an argon atmosphere at room
temperature (r.t.). The resulting reaction mixture was stirred at r.t. for respective reaction time.
After completion of the reaction (typically after 14 h, monitored by TLC, visualized using UV and
KMnOy staining solutions) the reaction was quenched with a saturated aqueous NaHCO3 solution,
then extracted with CH>Clz (2x10 mL). The combined organic layers were dried over anhydrous
NazS0y4, and filtered through sintered glass funnel. The filtrate was concentrated under reduced
pressure and purified using silica-gel column chromatography to afford the corresponding

oxaspirolactone[n,3,3]propellanes.*®!

R o
\\\ 0
—0 o] ) o
HO . OR? Bi(OTf); (20 mol%)
M R CH,Cly, rt.
0

» o)
3= /=0
\n
166a; n =1 307-311 277a 312a-317a 312b-317b

166b; n =2 277b

o 0 o o 0
\
0 0 [ _og | _oq [ oo
) )=0 ) )=0 J=J)=0 L j)=o
\n \n \n \H
312a (n=2) 312b (n=2) 313a(n=2) 313b (n=2) 314a (n=2) 314b (n=2)
—0, _o,
0 0
| oo | oo
040 040
\n \n
315a (n=1) 315b (n = 1) 316a (n=2) 316b (n = 2) 317a(n=2) 317b (n = 2)

o 312
Yield: 86% (117 mg from 166b (100 mg)) (System of isomers 312a/312b (1:1)).
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o (25,7a'S)-4-methyl-4',5',6',7'"-tetrahydro-3'H,5 H-spiro[ furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 312a
Ci4H160s (264.28), white solid; Ry = 0.688 (silica gel, Petroleum ether: EtOAc (50:50)). m.p. =
145-147 °C. '"H NMR (300 MHz, CDCl3) & 6.62 (q, J = 1.66 Hz, 1H), 4.32 — 4.24 (d, J=10.74
Hz, 1H), 4.24 —4.21 (d, J=10.74 Hz, 1H), 2.91 —2.83 (d, /= 14.71 Hz, 1H), 2.67 —2.58 (d, J =
14.71 Hz, 1H), 2.15 — 1.83 (m, 5H), 1.90 —1.87 (d, J = 1.66 Hz, 3H), 1.53 — 1.37 (m, 3H). 13C
NMR (76 MHz, CDCl;) & 180.3, 171.1, 145.0, 131.8, 111.1, 89.0, 70.9, 52.3, 40.8, 28.4, 28.0,
22.8,19.6, 10.1. IR: v = 3081, 2960, 2861, 2170, 1977, 1760, 1460, 768 cm™'. HRMS (ESI): m/z
[M + Na]™* caled for C;,H ¢NaOs : 287.0890; found 287.0890.

e (2R,7a'S)-4-methyl-4',5',6',7'-tetrahydro-3'H,5 H-spiro[ furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 312b

Ci4H160s5 (264.28), white solid; Ry = 0.219 (silica gel, Petroleum ether: EtOAc (50:50)). m.p. =
194-196 °C. 'TH NMR (300 MHz, CDCl3) 8 6.64 — 6.60 (q, J = 1.60 Hz, 1H), 4.48 —4.40 (d, J =
10.67 Hz, 1H), 4.25 —4.16 (d, J = 10.67 Hz, 1H), 2.68 — 2.59 (d, J = 13.49 Hz, 1H), 2.48 — 2.39
(d,/=13.49 Hz, 1H), 2.19 — 1.98 (m, 2H), 1.96 — 1.86 (d, /= 1.60 Hz, 3H), 1.84 — 1.45 (m, 5H),
1.29 — 1.19 (m, 1H).13C NMR (76 MHz, CDCl3) § 179.0, 170.1, 143.4, 134.0, 110.3, 88.8, 73.5,
50.4, 42.3, 31.0, 28.3, 21.2, 19.5, 10.5. IR: v = 2930, 2865, 2170, 1976, 1766, 1449, 766 cm™.
HRMS (ESI): m/z [M + Na]* calcd for C;4H,cNaOs : 287.0890; found 287.0890.

e 313
Yield: 61% (102 mg from 166b (100 mg)) (System of isomers 313a/313b (1:1)).

e (2S,7a'S)-4-phenyl-4',5',6',7'-tetrahydro-3'"H,5SH-spiro[ furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 313a

Ci9H180s (326.35), white solid; Ry = 0.488 (silica gel, Petroleum ether: EtOAc (50:50)). m.p. =
168-170 °C. 'TH NMR (300 MHz, CDCl3) 4 7.84 — 7.75 (m, 2H), 7.44 — 7.35 (m, 3H), 7.08 (s,
1H),4.35-4.29(d,/J=10.70 Hz, 1H), 4.28 —4.22 (d, J=10.70 Hz, 1H), 3.04 —2.94 (d, /= 14.84
Hz, 1H), 2.77 — 2.69 (d, J = 14.84 Hz, 1H), 2.21 — 1.86 (m, 4H), 1.78 — 1.35 (m, 4H).13C NMR
(126 MHz, CDCl) 6 180.3, 168.9, 143.2, 132.7, 130.0, 128.7, 128.3, 127.5, 110.3, 89.3, 70.9,
52.5,41.0,28.4, 28.0, 22.8, 19.6. IR: ¥ = 2937, 2170, 1977, 1767, 1460, 779 cm™'. HRMS (ESI):
m/z [M + Na]* calcd for CyoH,gNaOs : 349.1046; found 349.1043.
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» (2R,7a'S)-4-phenyl-4',5',6',7'-tetrahydro-3'H,5 H-spiro[ furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 313b

Ci9H1805 (326.35), pale yellow solid; Ry = 0.363 (silica gel, Petroleum ether: EtOAc (50:50)).
m.p. = 200-202 °C. "TH NMR (300 MHz, CDCl3) 6 7.86 —7.76 (m, 2H), 7.44 — 7.35 (m, 3H), 7.10
(s, IH), 4.51 —4.45 (d, J=10.63 Hz, 1H), 4.27 — 4.22 (d, /= 10.63 Hz, 1H), 2.77 - 2.69 (d, J =
13.59 Hz, 1H), 2.60 — 2.53 (d, J = 13.59 Hz, 1H), 2.20 — 2.01 (m, 3H), 1.90 — 1.77 (m, 1H), 1.75
—1.52 (m, 4H).3C NMR (101 MHz, CDCl3) & 179.1, 167.8, 141.8, 134.7, 130.0, 128.7, 128.5,
127.5,109.6, 89.1, 73.1, 50.5, 42.4, 31.0, 28.3, 21.4, 19.6. IR: v = 3080, 2942, 2866, 2170, 1977,
1762, 1496, 747 cm™'. HRMS (ESI): m/z [M + Na]* calcd for C;qH;gNaOs : 349.1046; found

349.1043.

o 314
Yield: 74% (128 mg from 166b (100 mg)) (System of isomers 314a/314b (1:1)).

o (25,7a'S)-4-(p-tolyl)-4',5',6',7'-tetrahydro-3'H,5 H-spiro| furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 314a

C20H200s (340.38), white solid; Ry = 0.625 (silica gel, Petroleum ether: EtOAc (65:35)). m.p. =
140-142 °C. 'TH NMR (500 MHz, CDCl3) 6 7.73 — 7.68 (d, J = 8.27 Hz, 2H), 7.22 - 7.18 (d, J =
8.27 Hz, 2H), 7.03 (s, 1H), 4.34 — 4.29 (d, /= 10.70 Hz, 1H), 4.27 — 4.24 (d, J = 10.70 Hz, 1H),
3.00-2.95 (d, J=14.80 Hz, 1H), 2.75 - 2.70 (d, J = 14.80 Hz, 1H), 2.36 (s, 3H), 2.23 — 1.87 (m,
4H), 1.77 — 1.69 (m, 1H), 1.54 — 1.40 (m, 2H), 1.30 — 1.18 (m, 1H). 3C NMR (126 MHz, CDCl5)
0 180.3, 169.0, 142.2, 140.3, 132.6, 129.4, 127.4, 125.4, 110.3, 89.2, 70.9, 52.5, 41.1, 28.4, 28.0,
22.8,21.4,19.6.IR: $=2937, 1976, 1766, 1126, 821.69 cm™'. HRMS (ESI): m/z [M + Na]* calcd
for C,oH,oNaOs : 363.1203; found 363.1191.

e (2R,7a'S)-4-(p-tolyl)-4',5',6',7'-tetrahydro-3'H,5 H-spiro[ furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 314b

C20H2005 (340.38), white solid; Ry = 0.240 (silica gel, Petroleum ether: EtOAc (65:35)). m.p. =

197-199 °C. 'H NMR (500 MHz, CDCl3) 6 7.67 — 7.62 (d, J = 7.91 Hz, 2H), 7.15 - 7.11 (d, J =

7.91 Hz, 2H), 6.98 (s, 1H), 4.43 —4.39 (d, /= 10.98 Hz, 1H), 4.20 — 4.15 (d, /= 10.98 Hz, 1H),

2.68-2.62 (d,J=13.47 Hz, 1H), 2.52 —2.47 (d, /= 13.47 Hz, 1H), 2.29 (s, 3H), 2.12 — 1.98 (i,

2H), 1.82 — 1.72 (m, 1H), 1.68 — 1.47 (m, 4H), 1.39 — 1.26 (m, 1H).!3C NMR (126 MHz, CDCls)
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0 179.1, 168.0, 140.7, 140.3, 134.6, 129.4, 127.4, 125.7, 109.6, 89.0, 73.2, 50.5, 42.5, 31.1, 28.3,
21.4,21.3,19.6. IR: ¥ = 2945, 2169, 1976, 1764, 962, 661 cm™'. HRMS (ESI): m/z [M + Na]*
caled for C,gH,oNaOs : 363.1203; found 363.1191.

o 315
Yield: 69% (99 mg isolated from 166a (76 mg)) (System of isomers 315a/315b (1:1)).

e (25,6a'S)-4-(4-methoxyphenyl)-5',6'-dihydro-3'H,4'H,5 H-spiro[ furan-2,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-5,9'-dione 315a

Ci19oH1506 (342.35), orange oil; Ry = 0.775 (silica gel, Pentane: EtOAc (54:46)). '"H NMR (500
MHz, CDCl) 6 8.05 — 7.96 (d, J = 8.80 Hz, 2H), 7.26 (s, 1H), 7.00 — 6.95 (d, J = 8.28 Hz, 2H),
4.56 —4.51 (d,J=10.21 Hz, 1H), 4.31 —4.26 (d, J=10.21 Hz, 1H), 3.89 (s, 3H), 3.16 — 3.09 (d,
J=16.80 Hz, 1H), 2.93 — 2.85 (d, /= 16.80 Hz, 1H), 2.31 — 2. 7. (m, 6H). 13C NMR (126 MHz,
CDCls) 6 180.5, 165.0, 164.1, 132.2, 131.8, 128.5, 109.1, 97.4, 80.0, 62.1, 55.6, 41.9, 39.9, 38.4,
36.7,29.7,27.1. HRMS (ESI): m/z [M + H]" caled for C;9H,90; : 343.1176; found 343.1177 and

m/z [M + Na]* calcd for CyoH,gNaOg : 365.0996; found 365.0994.

e (2R,6a'S)-4-(4-methoxyphenyl)-5',6'-dihydro-3'H,4'H,5 H-spiro[ furan-2,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-5,9'-dione 315b

Ci9His0s6 (342.11), yellow solid; Ry = 0.350 (silica gel, Pentane: EtOAc (54:46)). m.p. = 195—
197 °C. "TH NMR (500 MHz, CDCl3) 4 7.81 — 7.78 (d, J = 8.28 Hz, 2H), 7.06 (s, 1H), 6.95 — 6.90
(d,J=8.28 Hz, 2H), 4.74 - 4.69 (d, /= 11.88 Hz, 1H), 4.34 —4.69 (d, /= 11.88 Hz, 1H), 3.84 (s,
3H),2.87-2.79 (d, J= 13.68 Hz, 1H), 2.37 — 2.32 (d, /= 13.68 Hz, 1H), 2.31 — 2. 7. (m, 6H). 13C
NMR (126 MHz, CDCl3) & 178.6, 168.1, 161.1, 137.6, 129.1, 120.9, 114.2, 113.8, 100.2, 78.6,
61.0, 55.3, 48.8, 46.7, 39.7, 37.2, 27.3. IR: v =2952, 1981, 1760, 1617, 1268, 827 cm™'. HRMS
(ESI): m/z [M + H]* caled for C;9H190; : 343.1176; found 343.1177 and m/z [M + Na]* calcd for

C1oH1sNaOg : 365.0996; found 365.0994.

e 316
Yield: 87% (146 mg from 166b (91 mg)) (System of isomers 316a/316b (1:1)).
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e (25,7a'S)-4-(4-methoxyphenyl)-4',5',6',7'-tetrahydro-3'H,5 H-spiro| furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 316a

C20H2006 (356.37), white solid; Ry = 0.775 (silica gel, Petroleum ether: EtOAc (50:50)). m.p. =
161-163 °C. "TH NMR (500 MHz, CDCl3) § 7.81 — 7.76 (d, J = 9.05 Hz, 2H), 6.96 (s, 1H), 6.94 —
6.89 (d, J=9.05 Hz, 2H), 4.34 — 4.30 (d, /= 10.84 Hz, 1H), 4.28 — 4.24 (d, J = 10.84 Hz, 1H),
3.83 (s, 3H), 3.00 - 2.95 (d, J=14.51 Hz, 1H), 2.75 - 7.70 (d, J = 14.51 Hz, 1H), 2.21 — 2.05 (m,
2H), 2.03 — 1.89 (m, 2H), 1.75 (m, 1H), 1.54 — 1.43 (m, 2H), 1.25 (m, 1H).3C NMR (126 MHz,
CDCl3) 6 180.4,169.2,160.9, 140.8, 132.1,129.0, 120.8, 114.1, 110.3, 89.1, 70.9, 55.3, 52.5, 41.1,
28.5,28.0,22.8, 19.6. IR: $=2947, 2160, 1978, 1772, 1630, 1511, 1001, 849 cm™'. HRMS (ESI):
m/z [M + Na]* calcd for C,oHyoNaOg : 379.1152; found 379.1145.

e (2R,7a'S)-4-(4-methoxyphenyl)-4',5',6',7'-tetrahydro-3'H,5SH-spiro[furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 316b

C20H2006 (356.37), pale yellow solid; Ry = 0.425 (silica gel, Petroleum ether: EtOAc (50:50)).
m.p. =201-203 °C. 'TH NMR (500 MHz, CDCl3) 8 7.82 — 7.78 (d, J = 8.80 Hz, 2H), 6.97 (s, 1H),
6.94 - 6.89 (d, J=8.80 Hz, 2H), 4.51 —4.46 (d, /= 10.75 Hz, 1H), 4.26 — 4.22 (d, J = 10.75 Hz,
1H), 3.83 (s, 3H), 2.74-2.70 (d, J=13.67 Hz, 1H), 2.56 — 7.52 (d, J=13.67 Hz, 1H), 2.17 - 2.04
(m, 2H), 1.87 — 1.78 (m, 1H), 1.72 — 1.55 (m, 4H), 1.46 — 1.37 (m, 1H). 3C NMR (126 MHz,
CDCl3) 6 179.1,168.1, 161.0, 139.1, 134.1, 129.0, 121.1, 114.1, 109.6, 88.9, 73.2, 55.3, 50.5, 42.6,
31.1, 28.3,21.3, 19.6. IR: v = 2949, 1977, 1764, 1612, 1268, 824 cm™'. HRMS (ESI): m/z [M +
Na]* calcd for C,qH,oNaOg : 379.1152; found 379.1145.

o 317
Yield: 37% (61 mg from 166b (82 mg)) (System of isomers 317a/317b (1:1)).

o (25,7a'S)-4-(2,4-dimethoxyphenyl)-4',5',6',7'-tetrahydro-3'H,5 H-spiro[ furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 317a

C21H2207 (386.40), white solid; Ry = 0.613 (silica gel, Petroleum ether: EtOAc (50:50)). '"H NMR

(300 MHz, CDCl3) 6 8.27 — 8.18 (d, J=8.72 Hz, 1H), 7.35 (s, 1H), 6.53 — 6.50 (dd, /= 8.72, 2.47

Hz, 1H), 6.50 — 6.46 (d, J=2.47 Hz, 1H), 437 — 4.30 (d, J=10.75 Hz, 1H), 4.25 -4.21 (d, J =

10.75 Hz, 1H), 3.86 (s, 3H), 3.83 (s, 3H), 3.04 —2.95 (d, J = 14.78 Hz, 1H), 2.74 — 2.65 (d, J =

14.78 Hz, 1H), 2.26 — 2.09 (m, 2H), 2.03 — 1.83 (m, 2H), 1.65 — 1.37 (m, 4H). 13C NMR (126
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MHz, CDCl3) & 180.6, 170.2, 161.8, 159.8, 144.2, 130.9, 127.2, 110.6, 110.4, 104.3, 98.5, 89.0,
71.0, 55.4, 55.4, 52.5, 41.4, 28.5, 28.2, 22.8, 19.6. HRMS (ESI): m/z [M + Na]* caled for
C,1H,,Na0, : 409.1258; found 409.1251.

e (2R,7a'S)-4-(2,4-dimethoxyphenyl)-4',5',6',7'-tetrahydro-3'H,5 H-spiro[ furan-2,2'-
[3a,7a](methanooxymethano)benzofuran]-5,10'-dione 317b

C21H2207 (386.40), pale yellow solid; Ry = 0.313 (silica gel, Petroleum ether: EtOAc (50:50)). 'H
NMR (300 MHz, CDCl;3) 6 8.30 — 8.22 (d, J = 9.00 Hz, 1H), 7.35 (s, 1H), 6.57 — 6.51 (dd, J =
9.00,2.57 Hz, 1H), 6.51 — 6.47 (d, J=2.57 Hz, 1H), 4.53 —4.46 (d,J=11.03 Hz, 1H), 4.27 —4.20
(d,J=11.03 Hz, 1H), 3.88 (s, 3H), 3.83 (s, 3H), 2.75 - 2.66 (d, /= 14.29 Hz, 1H), 2.58 —2.49 (d,
J=14.29 Hz, 1H), 2.19 — 2.04 (m, 2H), 1.76 — 1.52 (m, 4H), 1.35 — 1.19 (m, 2H). ¥*C NMR (126
MHz, CDCI3) 6 179.2, 169.0, 161.8, 159.7, 142.5, 131.1, 129.2, 110.7, 109.7, 104.3, 98.6, 88.6,
73.3, 55.4, 55.4, 50.6, 42.7, 31.1, 28.4, 21.2, 19.6. HRMS (ESI): m/z [M + Na]* calcd for
C;1H,,Na0; : 409.1258; found 409.1251.

L)

% Preparation of 2-(hydroxy(phenyl)methyl)phenol

OH O OH OH
©/H Ph-| MgBr
Salicylaldehyde 2-(hydroxy(phenyl)methyl)phenol

To a solution of magnesium (23.0 mmol) and a granule of I; in anhydrous Et2O (10 ml) was added
dropwise a solution of bromobenzene (23.0 mmol) in anhydrous Et,O (6 ml), controlling the speed
to maintain ether boiling. After adding, the system was refluxed for 30 min. Then cooled to 0 °C,
a solution of salicylaldehyde (5.73 mmol) in THF (6 ml) was added dropwise to the mixture in 15
min, and then the system was refluxed for a subsequent 30 min. After fefluxing, saturated NH4Cl
was added dropwise to the system at 0 °C, then the resulting solution was extracted with Et,O (20
mlx 3). The combined organic extracts were dried with anhydrous sodium sulphate and
concentrated in vacuo. The residue was chromatographed on silica gel to give la 2-

(hydroxy(phenyl)methyl)phenol.*”]
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e 2-(hydroxy(phenyl)methyl)phenol

Ci3H1202 (200.24), white solid; yield: 75% (860 mg isolated from salicylaldehyde (700 mg)); Ry =
0.738 (silica gel, Petroleum ether: EtOAc (75:25)). '"H NMR (300 MHz, CDCl3) & 7.91 (s, 1 H),
7.32-7.29 (m, 5 H), 7.14-7.12 (m, 1 H), 6.85-6.76 (m, 3 H), 591 (d, J=2.70 Hz, 1 H), 3.35 (d, J
=2.70 Hz, 1 H); 3C NMR (75 MHz, CDCIl3) § 154.9, 142.0, 129.1, 128.6, 128.3, 127.9, 127.3,
126.8, 120.1, 116.9, 76.1. Spectroscopic data matches that reported in the literature.”*”

% Spiroketal 276B

To a mixture of 2-(hydroxy(phenyl)methyl)phenol (0.07 mmol), 277a (0.166 mmol) and Sc(OT*)3
(0.03 mmol, 40 mol %) under argon atmosphere, 2 mL of dry DCM was added. The reaction
system was stirred at room temperature for 20 hours. After the reaction was completed (determined
by TLC analysis), the reaction mixture was filtered and evaporated under reduced pressure, and

purified by column chromatography to give the desired product 276B.*"!

OH OH
O O _Sc(0Ths, CHyCla,
r.t. 20 h
277a 2-(hydroxy(phenyl)

276B (15%)

methyl)phenol

e (25,4R,6a'S)-4-phenyl-5',6'-dihydro-3'H,4'H-spiro[chromane-2,2'-
[3a,6a](methanooxymethano)cyclopenta[b]furan]-9'-one 276 B

C23H2204 (362.43), white oil; yield: 15% (9 mg isolated from 277a (30 mg)). Ry = 0.125 (silica

gel, Petroleum ether: EtOAc: EtsN (75:24:1)). "TH NMR (300 MHz, C¢Ds) 8 7.18-6.81 (m, 9H),

4.60 (d, J=10.3 Hz, 1H), 3.70 (d, /= 10.3 Hz, 1H), 3.76 (dd, J=9.5, 7.2 Hz, 1H), 2.24 (dd, J =

13.4,9.5 Hz, 1H), 1.95 (dd, /= 13.4, 7.2 Hz, 1H), 1.74-1.02 (m, 8H).

% O-Silylation reaction of 166b

\\\ o \ >\\ o
o~
HO =0 I 327\/\ _si0 =0
Et;N, DMAP, DCM =
rt. 20h

166b 326 (54%)
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Compound 327 (0.17 ml, 1.13 mmol) was added dropwise to a stirred solution of propargylic
alcohol 166b (1.03 mmol), NEt3 (0.29 ml, 2.06 mmol) and DMAP (13 mg, 0.10 mmol) in CH2CI2
(10 ml). The reaction mixture was stirred at room temperature for 29 h. Distilled water (2 ml) was
then added to the reaction, the aqueous layer was extracted with CH2CI2 (10 ml). The combined
organic layers were dried with MgSO4 and filtered. The solvent was removed under reduced

pressure and the crude product was purified by flash chromatography to afford 326.14!)

e (3aS)-3a-((allyldimethylsilyl)oxy)-7a-(prop-2-yn-1-yl)hexahydroisobenzofuran-1(3H)-one
326

Ci6H2403851 (292.45), yellow oil; yield: 54% (162 mg isolated from 166b (200 mg)). Ry = 0.350
(silica gel, Petroleum ether: EtOAc (93:7)). "TH NMR (500 MHz, CDCl3) 6 5.74 (m, 1H), 4.88 (dd,
J=15.6,1.4Hz, 1H),4.88 (d,/=11.5, 1.4 Hz, 1H), 4.15 (d,J=9.2 Hz, 1H), 4.12 (d,/=9.2 Hz,
1H),2.58 (dd, J=17.5,2.8 Hz, 1H), 2.47 (dd, J=17.5, 2.8 Hz, 1H), 2.05 (t, /= 2.7 Hz, 1H), 1.93-
1.83 (m, 2H), 1.80-1.57 (m, 6H), 1.47-1.35 (m, 2H), 0.16 (s, 3H), 0.15 (s, 3H). *C NMR (126
MHz, CDCl3) 6 178.1, 133.4, 114.3, 80.4, 79.2,73.7,71.3,48.8, 33.4, 29.7, 25.9, 22.1, 21.1, 21.1,
0.1, 0.0. HRMS (ESI): m/z [M + Na]* calcd for C;cH,4,Na03Si : 315.1387; found 315.1382.

\
>\\ (0] F{ (0]
S5i"ONK O Grubbs i SO0
: DCE, 95°C, 22h  °

326 (54%) 325 (42%)

% Synthesis of diene 325

To a round-bottom flask under an argon atmosphere, Grubbs II (7.40 mg, 3 mol%), enyne 326 (85
mg, 0.29 mol) and 87 ml of degassed dichloromethane were introduced. The reaction mixture was
then heated at 95°C for 22 hours. The solvent was then removed under vacuum and the crude

product was purified by flash chromatography to give diene 325.[414!

e (10aS,E)-2,2-dimethyl-5-vinyl-3,6,7,8,9,10-hexahydro-2H-6a,10a-
(methanooxymethano)benzo[g][1,2]oxasilocin-13-one 325

Ci6H2403851 (292.45), pale orange oil; yield: 42% (36 mg isolated from 326 (85 mg)). Ry = 0.350

(silica gel, Petroleum ether: EtOAc (95:5)). 'H NMR (500 MHz, CDCl3) 8 6.33 (dd, J=17.8, 11.0

Hz 1H), 5.94 (t,J=8.3 Hz, 1H), 5.20 (d,/=17.7 Hz, 1H), 491 (d,/J=11.0 Hz, 1H), 4.40 (d, J =
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8.4 Hz, 1H), 3.74 (d, J = 8.4 Hz, 1H), 2.49 (d, J = 14.4 Hz, 1H), 2.45 (d, J = 14.4 Hz, 1H), 2.04-
1.13 (m, 10H), 0.13 (s, 3H), 0.20 (s, 3H). *C NMR (126 MHz, CDCl3) § 178.1, 137.9, 134.4,
130.0, 109.7, 77.3, 73.5, 51.3, 37.5, 30.3, 24.9, 21.7, 20.6, 19.6, 0.0, -0.2. HRMS (ESI): m/z [M +
Na]* calcd for C;6H,4NaO3Si: 315.1387; found 315.1382.

s PTAD-based [6,4,3|propellane

To a solution of diene 325 (26.0 mg, 1.0 equiv.) in deuterated chloroform (0.7 ml), 4-phenyl-1,2,4-
triazoline-3,5-dione (PTAD) (16.3 mg, 1.1 equiv.) was added in one portion. The obtained solution
was kept stirring at room temperature for 1.5 hours which was accompanied by a radical change
in color (from red to brown). The reaction mixture was then filtered and characterized without
further purification. NMR analysis revealed a complete conversion of the starting material to 324

and its rotamer 333 in a ratio of 3:1.[43]

\ A
o” N
(:% (o} O H?% o
Si-O =<0 N/« CDCljg, r.t., 1.5h SI-O =0
7 to “uanttae T 7 * Rotamer 333 (1)
o

325 319 324 (3)

e (7aR,10a85)-9,9-dimethyl-5-phenyl-2,7a,8,11,12,13,14,15-octahydro-4H,9H-10a,14a-
(methanooxymethano)benzo[7,8][1,2]oxasilocino[4,5-c][1,2,4]triazolo[ 1,2-a]pyridazine-
4,6,16(5H)-trione 324/333

C24H29N305Si (467.60), pale green oil; 96% (40 mg isolated from 325 (26 mg)). 324: 'H NMR

(500 MHz, CDCI3) 6 7.54-7.34 (m, 5H), 5.90 (brd, 1H), 4.48 (brd, 1H), 4.38-4.31 (dd, J = 16.2,

1.7 Hz, 1H), 4.10-4.03 (dd, J=16.2, 1.7 Hz, 1H), 4.33-4.28 (d, /= 9.7 Hz, 1H), 4.03-3.99 (d, J =

9.7 Hz, 1H), 3.01-2.95 (d, J = 14.9 Hz, 1H), 2.39-2.32 (d, J = 14.9 Hz, 1H), 2.19-1.20 (m, 8H).

1.38-1.28 (m, 2H), 0.27 (s, 3H), 0.18 (s, 3H). 333: '"H NMR (500 MHz, CDCl3) 8 7.54-7.34 (m,

5H), 5.85 (brd, 1H), 4.50 (brd, 1H), 4.33-4.28 (m, 1H), 4.02-3.97 (m, 1H), 4.25-4.21 (d, J = 8.3

Hz, 1H), 3.94-3.91 (d, J = 8.3 Hz, 1H), 2.64-2.56 (d, /= 15.5 Hz, 1H), 2.15-2.09 (d, /= 15.5 Hz,

1H), 2.19-1.20 (m, 8H). 1.38-1.28 (m, 2H), 0.33 (s, 3H), 0.14 (s, 3H). 324: 13C NMR (126 MHz,

CDCl3) 6 181.1, 154.5, 152.1,134.9,131.9, 129.9, 128.9, 126.0, 125.9, 81.3,75.6, 57.1, 50.8, 45.3,

38.1,33.6,32.5,24.2,23.3,21.5,2.8,0.0. 333: 3C NMR (126 MHz, CDCl3) § 179.3, 155.4, 152.4
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134.5, 130.2, 129.97, 129.94, 126.5, 126.4, 78.7, 74.6, 52.9, 45.3, 45.1, 39.57, 32.9, 32.5, 24.2,
24.1,23.3,21.4, 2.1, 0.6. HRMS (ESI): m/z [M + Na]* caled for C,4HyoNsNaOsSi : 490.1769;
found 490.1768.

+ Sonogashira coupling of 166a with iodobenzene

A mixture of iodobenzene (2.15 mmol), Pd(PPh3)s (0.007 mmol), Cul (0.064 mmol), and
triethylamine (1.71 mmol) in EtOH (20 mL) was stirred for 30 min under a nitrogen atmosphere.
To this mixture was added alkyne 166a (1.07 mmol) slowly, and the mixture was refluxed. The
reaction was monitored by thin-layer chromatography (TLC). The mixture was then cooled to
room temperature and filtered through celite; EtOH was removed under reduced pressure. The
residue was diluted with water (50 mL) and extracted with EtOAc (3 x 25 mL). The organic layers
were collected, combined, washed with water (2 x 25 mL), dried over anhydrous Na>SOg, filtered,
and concentrated. The residue thus obtained was purified by column chromatography to afford the

title compound 336.[44]

\\O I\@ \O

= HO. =
O Pd(PPhy),,Cul, Et;N o
EtOH, 80°C, 16h

HO

166a 336 (47%)

= (6aS)-3a-hydroxy-6a-(3-phenylprop-2-yn-1-yl)hexahydro-1H-cyclopenta[c]furan-1-one 336
Ci6Hi1603 (256.30), yellow oil; yield: 47% (128 mg isolated from 166a (194 mg)). Ry = 0.413
(silica gel, Petroleum ether: EtOAc (65:35)). 'TH NMR (300 MHz, CDCl3) & 7.45-7.22 (m, 5H),
4.32 (d, J=10.0 Hz, 1H), 4.24 (d, J=10.0 Hz, 1H), 2.91 (d, J=16.9 Hz, 1H), 2.79 (d, J=16.9
Hz, 1H), 2.60 (s, 1H), 2.26-1.15 (m, 6H). 3C NMR (126 MHz, CDCl3) § 180.1, 131.6, 128.6,
128.4, 122.2, 85.3, 85.0, 84.0, 78.5, 55.1, 42.2, 36.3, 22.7, 22.2. HRMS (ESI): m/z [M + Na]*
calcd for C14H,6NaO5 : 279.0992; found 279.0992.

¢+ Preparation of iodo-DHP[4,3,3]propellane 334

To a solution 0f 336 (70.0 mg, 0.27 mmol) in CH3CN (20 mL) was added NaHCO3 (69.0 mg, 0.82
mmol), followed by I» (208.0 mg, 0.82 mmol) at room temperature with stirring. The resulting

mixture was allowed to stir at room temperature for 24 hours. The excess I> was removed by adding
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a saturated aqueous solution of Na>S>03, followed by stirring for 5-10 min. The phases were
separated, and the aqueous phase was extracted with Et2O (2 x 10 mL). The combined organic
phases were dried (Na>SO4) and concentrated under vacuum. The crude products were purified by

column chromatography to give 334.1°]

HO = =
O I, NaHCO, o
R E——— .
MeCN, r.t., 24h

336 334 (29%)

= (4aS)-3-i0do-2-phenyl-6,7-dihydro-4H,5H-4a,7a-(methanooxymethano)cyclopenta[b]pyran-
10-one 334

Ci6Hi5103 (382.20), yellow-orange oil; yield: 29% (30 mg isolated from 336 (70 mg)). Ry = 0.338
(silica gel, Petroleum ether: EtOAc (85:15)). 'TH NMR (300 MHz, CDCl3) & 7.52-7.32 (m, 5H),
4.46 (d, J=10.1 Hz, 1H), 4.28 (d, /= 10.1 Hz, 1H), 3.14 (d, /= 16.6 Hz, 1H), 2.83 (d, /= 16.6
Hz, 1H), 1.20-2.34 (m, 6H). 3C NMR (126 MHz, CDCl3) § 178.9, 152.1, 136.3, 129.2, 129.1,
127.2, 92.7, 90.1, 75.8, 66.4, 54.8, 37.4, 37.4, 36.4. HRMS (ESI): m/z [M + Na]* caled for
Ci6H15INaO; : 404.9958; found 404.9951.

Chapter 5

= Preparation of benzylic alcohol derivatives 367b-c

o\ HO
NaBH,4, MeOH
_—
°C, 1-17h
Y OMe o°C, Y OMe
368b, Y = H 367b,Y =H, 97%
368c, Y = OMe 367c, Y = OMe, 92%

General procedure: the selected aldehyde (1 eq.) was dissolved in MeOH (0.2 M) and cooled to

0°C. NaBH4 (2.5 eq.) was added in portions over a period of 30 min and stirred further for 30 min
at 25 °C. MeOH was removed under reduced pressure, then water and ethyl acetate were added.
The organic layer was separated and washed with saturated NaCl, dried (Na2SOs4) and evaporated.

After column chromatography on silica gel, the desired alcohol was isolated.*®]
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*  (3-methoxyphenyl)methanol 367b

CsHi100:2 (138.17), colorless oil; yield: 97% (2.9 g isolated from m-Anisaldehyde (3 g)). Ry =
0.375 (silica gel, Petroleum ether: EtOAc (75:25)). "TH NMR (300 MHz, CDCl3) 6 7.29 (td, J =
8.0, 0.5 Hz, 1H), 6.95 (m, 2H), 6.89 — 6.79 (ddd, J = 8.2, 2.8, 2.3 Hz, 1H), 4.66 (s, 2H), 3.80 (s,
3H), 2.16 (brd, 1H). Spectroscopic data matches that reported in the literature.*”)

= (3,5-dimethoxyphenyl)methanol 367¢

CoH1205 (168.19), yellow solid; yield: 92% (3.72 g isolated from 3,5-dimethoxybenzaldehyde (4
g)). Ry = 0.125 (silica gel, Petroleum ether: EtOAc (75:25)). '"H NMR (300 MHz, CDCl3) § 6.42
(d, J=2.22 Hz, 2H), 6.28 (t,J=2.22 Hz, 1H), 4.53 (s, 2H), 3.68 (s, 6H), 1.96 (brd, 1H). 13C NMR
(101 MHz, CDCIl3) & 160.9, 143.4, 104.5, 99.6, 65.2, 55.3. Spectroscopic data matches that

reported in the literature.'*")

= Preparation of benzylic bromide derivatives 366b-c

HO. Br
/6:'\ PBrs, Dry THF /Ej\
_— >
0,
Y ome  ©0°C.1-18h Y OMe

367b,Y =H 366b, Y =H, 97%
367c, Y = OMe 366¢c, Y = OMe, 89%

General procedure: PBr3 (0.33 eq.) was added to cooled solution (0 — 5°C) of the appropriate

alcohol (1 eq.) in dry ether (0.5 M) and the reaction mixture was stirred for 2 hours at room
temperature. Saturated aqueous NaHCO3 was added and the product was extracted with ether. The
extracts were washed with brine, dried with Na>SO4 and evaporated. Compounds 366b and 366¢

were sufficiently pure and used for the next step without further purification.*’]

*  ]-(bromomethyl)-3-methoxybenzene 366b
CsHoBrO (201.06), pale yellow oil; yield: 98% (4.85 g isolated from m-anisyl alcohol (3.4 g)).
Ry = 0.725 (silica gel, Petroleum ether: EtOAc (80:20)). "H NMR (300 MHz, CDCl;) 8 7.25 —

7.11 (dd, J=8.2, 7.9 Hz, 1H), 6.95 — 6.80 (m, 2H), 6.82 — 6.69 (dd, J=2.8, 2.1 1H), 4.39 (s, 2H),

3.73 (s, 3H). Spectroscopic data matches that reported in the literature.™”

» 1-(bromomethyl)-3,5-dimethoxybenzene 366¢
CoH11BrO2 (231.09), light yellow solid; yield: 97% (5 g isolated from 367¢ (3.72 g)). Ry = 0.788
(silica gel, Petroleum ether: EtOAc (75:25)). '"H NMR (300 MHz, CDCls) § 6.47 (d, J = 2.1 Hz,
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2H), 6.32 (t,J=2.1 Hz, 1H), 4.36 (s, 2H), 3.71 (s, 6H). Spectroscopic data matches that reported

in the literature.!]

= Preparation of p-ketoester 369

0} o O
NaH, diethyl carbonate OEt
THF, 70°C, 72 h
1-tetralone 369 (97%)

A three-necked round-bottomed flask equipped with an overhead stirrer and a dropping funnel was
charged with NaH (60% mineral oil dispersion, 54.72 mmol). To this was added THF (50 mL) and
diethyl carbonate (6.56 mL, 54.72 mmol). The mixture was warmed to 70°C with vigorous stirring,
whereupon 1-tetralone (3.6 mL, 27.36 mmol) was added dropwise over 1 hour. After a further 72
hours, the mixture was cooled, quenched by dropwise addition of glacial acetic acid, and poured
into H>O. The mixture was extracted to EtOAc and the combined extracts washed with H>O, dried
(MgSO0y4) and concentrated in vacuo. The crude product was purified by column chromatography
to give 369.52!

» Ethyl 1-tetralone-2-carboxylate 369

Ci3H1403 (218.25), dark brown oil; yield: 97% (5.8 g isolated from a- tetralone (4 g)). Ry = 0.688
(silica gel, Petroleum ether: EtOAc (85:15)). "TH NMR (500 MHz, CDCls) 6 12.56 (s, 1H), 7.83
(dd,J=17.6,1.2 Hz, 1H), 7.32-7.25 (m, 2H), 7.18 (d, /= 7.0 Hz, 1H), 4.33-4.24 (m, 2H), 2.82 (dd,
J=9.0, 6.6 Hz, 2H), 2.59 (dd, J = 9.0, 6.6 Hz, 2H), 1.37 (t, J = 7.2 Hz, 3H). Minor peaks due to
the keto-tautomer observed at 6 8.07 (dd, J= 7.8, 0.8 Hz, 1H), 7.50 (td, J= 7.6, 1.2 Hz, 1H), 3.61
(dd, J=10.6, 4.8 Hz, 1H), 3.09-2.96 (m, 2H), 2.54-2.46 (m, 1H), 2.40-2.33 (m, 1H), 1.32 (t, J =
7.2 Hz, 3H). BC NMR (101 MHz, CDCl3) § 172.7, 165.0, 139.3, 130.4, 130.0, 127.4, 126.8, 124.2,
97.0, 60.5,27.7, 20.5, 14.3. Minor peaks due to the keto-tautomer observed at 193.3, 170.2, 143.7,
133.8, 131.7, 128.8, 127.6, 126.5, 61.2, 54.6, 27.6, 26.3, 14.1. Spectroscopic data matches that

reported in the literature.!>”
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+ Benzylation of B-ketoester

Procedure: Same as that reported in Chapter 2.

O (0] Br.
N OEt o
] =z N
. b)L @ L
~ NS 0°C - r.t., 22-70h

160d/369 366a-c
O O O o O O O O
MeO I OMe MeO OMe OMe
161e 365b 365¢c 365d

» Ethyl 2-(3,5-dimethoxybenzyl)-1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate 365b
Ci3H1403 (218.25), yellow oil; yield: 33% (82 mg isolated from 369 (687 mg)). Ry = 0.788 (silica
gel, petroleum ether: EtOAc (80:20)). 'TH NMR (300 MHz, CDCl3) & 8.07 (dd, J = 7.9, 1.5 Hz,
1H), 7.44 (td, J="7.5, 1.5 Hz, 1H), 7.30 (d, /= 7.9 Hz, 1H), 7.16 (d, /= 7.5 Hz, 1H), 6.38 (d, J =
2.3 Hz, 2H), 6.30 (t, J= 2.3 Hz, 1H), 4.13 (q, /= 7.1 Hz, 2H), 3.73 (s, 6H), 3.45 (d, J = 13.6 Hz,
1H), 3.21 (d, /= 13.6 Hz, 1H), 3.08 (m, 1H), 2.84 (m, 1H), 2.48 (m, 1H), 1.99 (m, 1H), 1.15 (t, J
= 7.1 Hz, 3H). 3C NMR (101 MHz, CDCI3) & 194.6, 171.5, 160.4, 143.2, 138.8, 133.4, 132.3,
128.6, 128.1, 126.6, 108.8, 98.7, 61.5, 58.5, 55.2, 40.1, 30.3, 26.0, 14.02. HRMS (ESI): m/z
[M + Na ]*caled for CyyHugNaOqg : 759.3140; found 759.3127.

= Ethyl 1-(3,5-dimethoxybenzyl)-2-oxocyclohexane-1-carboxylate 365¢

CisH2405 (320.39), colorless oil; yield: 43% (405 mg isolated from 160d (500 mg)). Ry = 0.375
(silica gel, petroleum ether: EtOAc (85:15)). "TH NMR (300 MHz, CDCl3) 6 6.31 (dd, J=2.8, 2.7
Hz, 2H), 6.27 (t, /= 2.8 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 3.74 (s, 6H), 2.45 (m, 2H), 2.57-2.47
(m, 2H), 2.05-1.93 (m, 5H), 1.27 (m, 1H), 1.20 (t, /= 7.1 Hz, 3H). '3C NMR (101 MHz, CDCls)
6 207.2, 171.0, 160.4, 138.9, 108.9, 98.6, 62.2, 61.3, 55.2, 41.3, 40.7, 35.9, 27.6, 22.5. HRMS
(ESI): m/z [M + Na ]*caled for C;gH,,NaOs : 343.1516; found 343.1517.

= Ethyl 1-(3-methoxybenzyl)-2-oxocyclohexane-1-carboxylate 365d
Ci17H2204  (290.36), colorless oil; yield: 55% (469 mg isolated from ethyl 2-
cyclohexanonecarboxylate (500 mg)). Ry = 0.370 (silica gel, petroleum ether: EtOAc (90:10)).

244



TH NMR (300 MHz, CDCls) § 7.15 — 6.96 (dd, J = 8.2, 8.0, 1H), 6.75 — 6.55 (m, 3H), 4.13 — 3.92
(q,J=7.1 Hz, 2H), 3.77 — 3.61 (s, 3H), 3.27 - 3.12 (d, J = 13.4 Hz, 1H), 2.87 — 2.72 (d, J = 13.4
Hz, 1H), 2.46 — 2.23 (m, 3H), 1.94 (m, 1H), 1.73 — 1.27 (m, 4H), 1.19 — 1.02 (t, J = 7.1 Hz, 3H).
13C NMR (101 MHz, CDCls) §207.2, 171.0, 159.2, 138.1, 128.9, 122.7, 116.2, 111.9, 62.0, 61.2,
55.1, 41.2, 40.4, 35.9, 27.6, 22.5, 13.9. HRMS (ESI): m/z [M + Na]*calcd for C;,H,,Na0, :
313.1410; found 313.1410.

+ Wittig reaction: isolation of intermediates 364b,d

tBuOK, MeP(Ph);Br
toluene, r.t., 1-5h

OMe OMe
364b 364d

General procedure: To a well stirred suspension of methyltriphenylphosphonium bromide (2.0

equiv.) in anhydrous toluene under argon was added tBuOK (2.0 equiv.). The mixture was stirred
at room temperature for 2 hours then the solution of the desired ketone (1.0 equiv., 1.24 M) in
toluene was added. The mixture was then stirred for one more hour. After being poured to cold
ether water, the mixture was extracted by ethyl acetate, then dried over MgSO,. Evaporation of the
solvent gave a crude mixture, which was chromatographed on silica gel to give the desired

product.[?*]

= Ethyl 2-(3,5-dimethoxybenzyl)-1-methylene-1,2,3,4-tetrahydronaphthalene-2-carboxylate
364b

C23H2604 (366.46), white solid; yield: 71% (35 mg isolated from 365b (50 mg)). Ry = 0.373 (silica
gel, petroleum ether: EtOAc (90:10)). "H NMR (300 MHz, CDCl3) § 7.55 — 7.45 (m, 1H), 7.15 —
7.05 (m, 2H), 7.05 — 6.97 (m, 1H), 6.29 (d, J=2.2 Hz, 1H), 6.29 (s,1H), 6.27(d, J = 2.2 Hz, 1H),
5.59 (s, 1H), 5.26 (s, 1H), 4.06 (q, J= 7.1, 2H), 3.67 (s, 6H), 3.37 (d, /= 13.9 Hz, 1H), 2.97 — 2.65
(m, 2H), 2.77 (d, J=13.9 Hz, 1H), 2.28 —2.11 (m, 1H), 1.70 (ddd, /= 13.7, 8.0, 5.8 Hz, 1H), 1.11
(t,J=7.1 Hz, 3H). 13C NMR (76 MHz, CDCl3) § 174.5, 160.3, 146.2, 139.8, 136.5, 134.8, 128.4,
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127.8,126.2, 125.6, 110.8, 108.4, 98.4, 60.7, 55.2, 51.7,43.3, 29.1, 26.3, 14.0. HRMS (ESI): m/z
[M + Na]*caled for Cy3H,sNaO, : 389.1723; found 389.1719.

= Ethyl 1-(3-methoxybenzyl)-2-methylenecyclohexane-1-carboxylate 364d

C23H2604 (366.46), colorless oil; yield: 75% (223 mg isolated from 365d (300 mg)). Ry = 0.475
(silica gel, petroleum ether: EtOAc (95:5)). "TH NMR (300 MHz, CDCls3) 6 7.08 (dd, J = 8.2, 8.0
Hz, 1H), 6.67 (dt, J= 8.0, 2.8 Hz, 1H), 6.58 (m, 2H), 4.89 (d, /= 1.3 Hz, 1H), 4.88 (d, /= 1.3 Hz,
1H), 4.12 -3.95 (q, J= 7.1 Hz, 2H), 3.70 (s, 3H), 3.24 (d, J=13.1 Hz, 1H), 2.72 (d, /= 13.1 Hz,
1H), 2.29 (m, 1H), 2.14 — 1.98 (m, 1H), 1.90 (m, 1H), 1.73 — 1.43 (m, 3H), 1.40 — 1.29 (m, 2H),
1.23 -1.05 (t,J=7.1 Hz, 3H). 3C NMR (126 MHz, CDCl3) 8 173.9, 159.2, 150.9, 138.9, 128.8,
122.6, 116.1, 111.7, 108.3, 60.4, 55.1, 53.5, 43.1, 35.3, 34.5, 28.2, 23.0, 14.1. HRMS (ESI): m/z
[M + Na ]*caled for CgH,uNaO5 : 311.1618; found 311.1610.

«» Reduction of exo-olefinic ester derivatives 363a-d

2 OEt  {BUOK, MeP(Ph);Br
toluene, r.t., 1-5h S

LiAlHy, diethyl ether
0°C, 30 min-16h

“ OH ” OH l OH éé\
MeO I OMe MeO OMe OMe

363a 363b 363c 363d

General procedure: to a well stirred solution of an exo-olefinic ester (or its crude mixture in case

if it is not isolated) (1.0 equiv., 0.5 M) in anhydrous diethyl ether under argon was added LiAlH4
(2.0 equiv.) at 0 °C. The mixture was then stirred for 1.5-18 hours. At the end of the reaction, water
was added to decompose the excess of the reagent. It is important to ensure that all the excess
reagent is destroyed before continuing. The organic layer was separated and washed with sulfuric
acid (0.1M), saturated NaCl, dried (Na2SO4) and evaporated. After column chromatography on

silica gel, the desired alcohol was isolated.
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= (I-benzyl-2-methylenecyclohexyl)methanol 363a

Ci5H200 (216.32), colorless oil; yield: 55% (for 2 steps) (1.01 g isolated from 161e (2.2 g)). Ry =
0.638 (silica gel, petroleum ether: EtOAc (85:15)). '"H NMR (400 MHz, CDCl3) § 7.33 — 7.07 (m,
5H),4.96 (d, J=1.2 Hz, 1H), 4.68 (d, /= 1.2 Hz, 1H), 3.58 (d,/=11.0 Hz, 1H), 3.38 (d,/=11.0
Hz, 1H), 3.16 (d, J=13.1 Hz, 1H), 2.56 (d, J=13.1 Hz, 1H), 2.45 — 2.32 (m, 1H), 2.32 — 2.20 (m,
1H), 1.75 — 1.38 (m, 6H), 1.38 — 1.19 (Brd, 1H). 3C NMR (101 MHz, CDCl3) & 151.0, 138.1,
130.6, 127.7, 126.0, 109.9, 64.4, 44.9, 40.0, 33.9, 33.6, 27.8, 21.8. HRMS (ESI): m/z
[M + Na [*caled for Cy5HogNaO : 239.1406; found 239.1403.

= (2-(3,5-dimethoxybenzyl)-1-methylene-1,2,3,4-tetrahydronaphthalen-2-yl)methanol 363b
C21H2403 (324.42), brown oil; yield: 35% (154 mg isolated from 365b (500 mg)). Ry = 0.600
(silica gel, petroleum ether: EtOAc (60:40)). TH NMR (300 MHz, CDCl3) § 7.67 — 7.58 (m, 1H),
7.23 -7.18 (m, 2H), 7.15 - 7.08 (m, 1H), 6.33 (d, /= 1.0 Hz, 3H), 5.70 (s, 1H), 5.00 (s, 1H), 3.75
(s, 6H), 3.64 (d, J=11.0 Hz, 1H), 3.58 (d, /= 11.0 Hz, 1H), 2.97 (d, J = 13.2 Hz, 1H), 2.85 (m,
2H), 2.69 (d, J=13.2 Hz, 1H), 1.91 — 1.79 (m, 2H). 3C NMR (126 MHz, CDCl3) 6 160.2, 147.3,
140.3, 136.4, 135.0, 128.7, 127.7, 126.3, 125.4, 109.8, 108.7, 98.1, 66.6, 55.2, 43.6, 40.7, 29.9,
25.8. HRMS (ESI): m/z [M + Na ]*calcd for C,;Hy4NaO5 : 347.1618; found 347.1618.

*  (1-(3,5-dimethoxybenzyl)-2-methylenecyclohexyl)methanol 363c

Ci7H2403 (276.38), colorless oil; yield: 21% (72 mg isolated from 365¢ (400 mg)). Ry = 0.375
(silica gel, petroleum ether: EtOAc (80:20)). "H NMR (300 MHz, CDCl3) & 6.33 (m, 3H), 4.96 (s,
1H), 4.69 (s, 1H), 3.77 (s, 6H), 3.62-3.4 (AB, 2H), 3.10 (d, 1H), 2.50 (d, 1H), 2.25-2.07 (m, 2H),
1.68-1.39 (m, 6). HRMS (ESI): m/z [M + Na]*caled for C,;Hy4NaO5: 299.1618; found
299.1612.

*  (1-(3-methoxybenzyl)-2-methylenecyclohexyl)methanol 363d

Ci6H2202 (246.35), colorless oil; yield: 69% (63 mg isolated from 365d (107 mg)). Ry = 0.275
(silica gel, petroleum ether: EtOAc (80:20)). '"H NMR (400 MHz, CDCl3) 8 7.14 — 7.01 (dd, J =
8.2, 8.0 Hz, 1H), 6.75 — 6.60 (m, 3H), 4.88 (d, /= 1.2 Hz, 1H), 4.59 (d, /= 1.2 Hz, 1H), 3.71 (s,
3H), 3.49 (d, J=14.3 Hz, 1H), 3.34 (d, J = 14.5 Hz, 1H), 3.05 (d, /= 13.1 Hz, 1H), 2.46 (d, J =
13.1 Hz, 1H), 2.34 — 2.23 (m, 1H), 2.19 (m, 1H), 1.54 (m, 3H), 1.46 — 1.30 (m, 3H), 1.30 — 1.16
(Brd, 1H). 13C NMR (101 MHz, CDCl3) & 159.1, 151.1, 139.8, 128.6, 123.1, 116.5, 111.2, 109.9,

247



64.6,55.1,44.9,40.1,34.1,33.6,27.8,21.8. HRMS (ESI): m/z [M + Na ]*calcd for C;¢H,,NaO, :
269.1512; found 269.1509.

L)

% Prins/Friedel-Crafts cyclization
General procedure: To a stirred solution of the chosen exo-olefinic alcohol (0.25 mmol) and

aldehyde (0.25 mmol) in anhydrous dichloromethane (1.0 mL) was added BF3.OEt; (0.05 mmol)

at 0°C under argon atmosphere. After the addition, the reaction mixture was stirred at room
temperature for the specified time. The reaction mixture was then quenched with sat. NaHCOs(aq.)
(3 mL) and extracted with ethyl acetate (20 mL, 10 mL x 2). The combined organic layers were
washed with brine (20 mL), dried over sodium sulfate and concentrated. The crude product was
purified by column chromatography, and the product was characterized and analyzed as stated
below.!

o,

** First scenario

BF3.0Et, (20 mol%)
CHCl,, 0°C- r.t., 20h

371 (45%)

363a
= (35)-8a-benzyl-3-phenyl-3,4,6,7,8,8a-hexahydro-1H-isochromene 371
C22H240 (304.43), white solid; yield: 45% (63 mg isolated from 363a (100 mg)). Ry = 0.812

(silica gel, petroleum ether: EtOAc (85:15)). TH NMR (300 MHz, CDCl3) 8 7.41 — 7.33 (m, 2H),
7.33 —7.23 (m, 2H), 7.23 — 7.19 (m, 3H), 7.17 — 7.05 (m, 3H), 5.52 — 5.40 (dd, J = 5.4, 1.7 Hz,
1H), 4.35-4.20 (dd, J=11.7,2.7 Hz, 1H), 3.84 - 3.68 (d, /J=12.4 Hz, 1H), 3.15(d,J=13.2 Hz,
1H), 2.99 - 2.87 (d, J=13.2 Hz, 1H), 2.78 — 2.64 (d, /= 12.4 Hz, 1H), 2.71 — 2.51 (m, 1H), 2.16
(dd, J=11.7, 2.7 Hz, 1H), 2.01 — 1.79 (m, 2H), 1.66 — 1.32 (m, 3H), 0.88 — 0.64 (m, 1H). 3C
NMR (75 MHz, CDCl3) 6 142.8, 138.9, 138.4, 131.0, 128.5, 128.0, 127.6, 126.1, 125.9, 122.6,
82.0, 75.6,40.5,39.3, 39.0,27.8, 25.6, 17.9. HRMS (ESI): m/z [M + Na ]*calcd for C,,H,,NaO :

327.1719; found 327.1721.
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% Second scenario

o}
|
3
o 374
Cl

BF3.0Et, (20 mol%)
CH,Cl,, -78°C- .., 5h

363b 360b (29%)

= (6aS,11bS,135)-13-(4-chlorophenyl)-9,11-dimethoxy-5,6-dihydro-7H-11b,6a-
(ethanooxymethano)benzo[c]fluorene 360b
C23H27ClO;3 (446.97), white solid; yield: 29% (10 mg isolated from 363b (25 mg)). Ry = 0.413
(silica gel, petroleum ether: EtOAc (90:10)). "TH NMR (500 MHz, CDCl3) & 7.69 — 6.80 (m, 8H),
6.35(d, J=19 Hz, 1H), 6.27 (d, J= 1.9 Hz, 1H), 4.28 —4.19 (dd, J=11.5, 1.7 Hz, 1H), 3.92 (s,
3H), 3.70 (s, 3H), 3.64 — 3.57 (d, J=11.7 Hz, 1H), 3.13 - 3.06 (dd, J = 14.1, 1.8 Hz, 1H), 3.05 —
2.96 (d,J=15.4 Hz, 1H),2.92 -2.79 (dd, J=16.9, 6.3 Hz, 1H), 2.60 — 2.45 (m, 1H), 2.03 — 1.93
(d, J=15.4 Hz, 1H), 1.80 — 1.65 (m, 2H), 1.32 — 1.05 (m, 2H). 1¥*C NMR (126 MHz, CDCls) &
160.4, 157.9, 145.4, 144.2, 141.5, 132.9, 132.7, 128.8, 128.7, 128.3, 127.0, 126.5, 125.7, 125.3,
102.9,97.5,75.6,55.4,55.2,53.3,44.8,40.9, 36.5,26.3, 25.1. HRMS (ESI): m/z [M + Na ]*calcd
for C,gH,7CINaO; : 469.1541; found 469.1541.

*

¢ Third scenario

(]
|
3
OH
g O,N 375 OzN Q O A
‘ BF3.0Et; (20 mol%) 3 A\ OMe
I H "

CH,Cly, 0°C- r.t., 14h 7 e
@ 24% 360 4 376
c (1 1
MeO " M

OMe
363c

= (4aS,12S)-5,7-dimethoxy-12-(4-nitrophenyl)-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 360c¢ + (3S)-8a-(3,5-dimethoxybenzyl)-3-(4-nitrophenyl)-
3.,4,6,7,8,8a-hexahydro-1 H-isochromene 376

C24H27NOs (409.48), yellow solid; yield: 24% (25 mg isolated from 363¢ (71 mg)). Ry = 0.500

(silica gel, petroleum ether: EtOAc (85:15)). "TH NMR (300 MHz, CDCl3) 8 8.24 (d, J = 8.8 Hz,

2H), 8.14 (d, J=8.8 Hz, 2H), 7.64 - 7.57 (d, /= 8.8 Hz, 2H), 7.52 — 7.46 (d, /= 8.8 Hz, 2H), 6.43

(d, J=2.3 Hz, 3H), 6.37 (t, J= 2.3 Hz, 1H), 6.26 (d, /= 2.3 Hz, 1H), 5.61 (dd, J=3.7, 1.8 Hz,
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1H), 4.65 (dd, J=11.9, 2.2 Hz, 1H), 4.50 (dd, J= 11.6, 3.0 Hz, 1H), 3.98 (dd, J = 15.4, 11.7 Hz,
2H), 3.80 (s, 3H), 3.78 (s, 3H), 3.73 (s, 3H), 3.43 (d, J = 15.4 Hz, 1H), 3.17 — 3.03 (m, 2H), 2.72
(dd, J=13.7, 10.3 Hz, 2H), 2.64 — 2.37 (m, 1H), 2.37 — 2.24 (m, 2H), 1.96 — 1.81 (m, 3H), 1.78 —
1.12 (m, 16H). 3C NMR (126 MHz, CDCl3) § 160.4, 160.1, 157.4, 150.6, 150.1, 147.2, 146.9,
144.2, 140.4, 137.8, 127.8, 126.4, 126.3, 126.1, 123.7, 123.5, 123.5, 123.4, 109.2, 102.7, 97.8,
97.0, 80.5, 75.7, 74.2, 69.6, 55.3, 55.2, 55.1, 48.2, 44.3, 43.6, 42.2, 40.3, 39.2, 39.2, 31.6, 27.9,
27.9, 25.5, 23.2, 22.6, 17.7. HRMS (ESI): m/z [M + Na ]*calcd for C,4H,,NNaOs : 432.1781;

found 432.1779.

s Fourth scenario

OH ('J)
R2
‘ BF3.0Et, (20 mol%)
CH,Cly, 0°C- rt.
@ 41-72%
OMe 379a-385a 379b-385b

363d

379a 379 380a 380b

383a 383b 384a 384b

MeO,C L [ﬂ o MeO,C Q o ,lﬂ
OMe
385a 38sb
= (4a8,9aS,125)-7-methoxy-12-phenyl-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 379a
C23H2602 (334.46), colorless oil; Ry = 0.350 (silica gel, petroleum ether: EtOAc (95:5)). '"H NMR
(500 MHz, CDCIl3) 6 7.29 — 7.19 (m, 4H), 7.12 (m, 1H), 6.88 (d, /= 8.2 Hz, 1H), 6.76 (d, /= 2.5
Hz, 1H), 6.68 — 6.60 (dd, J=8.2, 2.5 Hz, 1H), 449 —4.40 (dd, J=11.3,2.6 Hz 1H),3.91 (d,J =
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12.0, 1H), 3.77 -3.72 (d, /= 12.1, 1H), 3.71 (s, 3H), 3.50 — 3.39 (d, /= 15.1 Hz, 1H), 2.23 (d, J
= 15.2 Hz, 1H), 2.06 — 1.95 (m, 1H), 1.91 (d, /= 14.1 Hz, 1H), 1.60 — 1.39 (m, 3H), 1.38 — 1.07
(m, 5H). 3C NMR (126 MHz, CDCl3) § 158.7, 143.0, 142.6, 142.4, 128.2, 127.3, 125.8, 121.9,
112.1, 111.6, 75.5, 70.1, 55.3, 46.4, 46.0, 44.3, 41.4, 31.4, 28.4, 22.6, 22.3. HRMS (ESI): m/z
[M + Na ]*caled for Cp3H,6NaO,, - 357.1825; found 357.1823.

= 380
Yield: 68% (93 mg isolated from 363d (96 mg)) (380a/380b (3:1)).

= (4a8,9aS$,125)-12-(4-fluorophenyl)-7-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 380a

C23H2sFO2 (352.45), colorless oil; Ry = 0.325 (silica gel, Petroleum ether: EtOAc (95:5)). 'H
NMR (300 MHz, CDCl3) 6 7.33 — 7.24 (m, 2H), 7.02 — 6.94 (m, 2H), 6.97 - 6.92 (d, /= 8.1 Hz,
1H), 6.85 (d, J=2.4 Hz, 1H), 6.71 (dd, /= 8.1, 2.4 Hz, 1H), 4.51 (dd, /= 10.4, 3.3 Hz, 1H), 4.04
-394 (d,J=12.1 Hz, 1H),3.85-3.76 (d,J=12.1 Hz, 1H), 3.83 —3.72 (s, 3H), 3.52 (d, J=15.4
Hz, 1H), 2.31 (d,J=15.4 Hz, 1H), 2.12 - 1.91 (m, 2H), 1.69 — 1.55 (m, 2H), 1.55 — 1.42 (m, 2H),
1.39-1.12 (m, 4H). 3C NMR (75 MHz, CDCl3) 5 163.6, 158.7, 142.9, 142.2, 138.5, 127.5, 127 .4,
121.8, 115.1, 114.9, 112.1, 111.6, 74.8, 70.1, 55.3, 46.4, 46.0, 44.2, 41.3, 31.3, 28.3, 22.5, 22.3.
YF NMR (282 MHz, CDCl3) 8 -115.39. HRMS (ESI): m/z [M + Na ]*calcd for C,3H,5FNaO, :

375.173079; found 375.173132.

= (4aR,9aS,12S)-12-(4-fluorophenyl)-5-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 380b

C23H2sFO2 (352.45), pale yellow oil; Ry = 0.463 (silica gel, petroleum ether: EtOAc (95:5)). 'H
NMR (300 MHz, CDCl3) 6 7.27 — 7.18 (m, 2H), 7.13 (dd, J = 8.2, 7.5 Hz, 1H), 6.92 — 6.84 (m,
2H), 6.79 (d,J=7.5 Hz, 1H), 6.60 (d, /= 8.2 Hz, 1H), 4.56 (dd, J=11.8, 1.9 Hz, 1H), 3.94 (d, J
=12.3 Hz, 1H), 3.76 — 3.70 (d, /= 12.3 Hz, 1H), 3.70 — 3.63 (s, 3H), 3.42 (d, J = 14.8 Hz, 1H),
2.25(d,J=14.8 Hz, 1H), 1.91 — 1.72 (m, 2H), 1.67 — 1.52 (m, 1H), 1.52 — 1.42 (m, 2H), 1.40 —
1.03 (m, 5H). 13C NMR (101 MHz, CDCl3) & 163.2, 160.8, 156.8, 143.6, 138.7, 135.8, 127.6,
118.7,115.0, 109.1, 74.4, 69.7, 55.1, 48.9, 43.8,43.4,41.7, 31.7, 27.9, 23.3, 22.6. ’F NMR (282
MHz, CDCl3) 8 -115.58. HRMS (ESI): m/z [M + Na ]*calcd for C,3H,5FNaO, : 375.1731; found

375.1730.
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= 381
Yield: 69% (93 mg isolated from 363d (90 mg)) (381a/381b (2.0:1)).

= (4a$,9aS,12S)-12-(4-chlorophenyl)-7-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 381a

C23H25ClO> (368.90), white solid; Ry = 0.375 (silica gel, petroleum ether: EtOAc (95:5)). 'H
NMR (300 MHz, CDCIl3) & 7.17 (s, 4H), 6.88 (d, J = 8.2 Hz, 1H), 6.76 (d, J = 2.3 Hz, 1H), 6.62
(dd, J=8.2,2.3 Hz, 1H), 4.48 —4.36 (dd, /= 8.4, 5.0 Hz, 1H), 3.92 — 3.85 (d, /= 12.3 Hz, 1H),
3.78 -3.68 (d,J=12.3 Hz, 1H), 3.75 - 3.64 (s, 3H), 3.47 - 3.35 (d, J=15.0 Hz, 1H), 2.26 — 2.13
(d, J=15.0 Hz, 1H), 2.01 — 1.83 (m, 2H), 1.58 — 1.45 (m, 1H), 1.45 — 1.35 (m, 2H), 1.32 - 1.02
(m, 5H). BC NMR (75 MHz, CDCl3) § 158.7, 142.9, 142.1, 141.2, 132.9, 128.3, 127.2, 121.8,
112.1, 111.6, 74.8, 70.0, 55.3, 46.4, 46.0, 44.2, 41.3, 31.3, 28.3, 22.5, 22.3. HRMS (ESI): m/z
[M + Na ]*caled for Cy3H,5CINaO, : 391.1435; found 391.1438.

= (4aR,9aS,12S5)-12-(4-chlorophenyl)-5-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 381b

C23H25ClO> (368.90), pale yellow oil; Rg = 0.450 (silica gel, petroleum ether: EtOAc (95:5)). 'H
NMR (300 MHz, CDCl3) 6 7.26 (s, 4H), 7.12 (dd, /= 8.2, 7.3 Hz, 1H), 6.87 (d, J= 7.3 Hz, 1H),
6.68 (d, /= 8.3 Hz, 1H), 4.55 (dd, J=11.9, 2.2 Hz, 1H), 4.01 (d, J=12.1 Hz, 1H), 3.79 (d, J =
12.1 Hz, 1H), 3.76 (s, 3H), 3.54 —3.43 (d, /J=13.2 Hz, 1H), 2.32 (d, /J=13.2 Hz, 1H), 1.99 - 1.79
(m, 2H), 1.70 — 1.59 (m, 1H), 1.59 — 1.48 (m, 2H), 1.43 — 1.15 (m, 5H). 3C NMR (101 MHz,
CDCh) & 156.8, 143.6, 141.5, 135.7, 132.8, 128.3, 127.6, 127.2, 118.7, 109.1, 74.3, 69.7, 55.1,
489, 438, 434, 41.7, 31.7, 279, 23.3, 22.6. HRMS (ESI): m/z [M+ Na]*caled for
C,3H,5CINaO, : 391.143528; found 391.143977.

= 382
Yield: 57% (77 mg isolated from 363d (80 mg)) (382a: 382b (3.6:1)).

= (4a$,9aS,12S)-12-(4-bromophenyl)-7-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 382a

C23H2sBrO; (413.36), colorless oil; Ry = 0.425 (silica gel, Petroleum ether: EtOAc (90:10)). "H
NMR (300 MHz, CDCl3) 6 7.36 — 7.27 (d, J = 8.3 Hz, 2H), 7.14 — 7.05 (d, J = 8.3 Hz, 2H), 6.91

252



—6.84 (d,J=8.3 Hz, 1H), 6.76 (d, J=2.3 Hz, 1H), 6.62 (dd, J=8.3,2.3 Hz, 1H), 4.46 — 4.34 (dd,
J=8.5,5.5Hz, 1H), 3.95-3.85(d,J=12.1 Hz, 1H), 3.79 - 3.66 (d, /= 12.1 Hz, 1H), 3.72 - 3.63
(s, 3H), 3.46 — 3.33 (d, J = 15.3 Hz, 1H), 2.28 — 2.14 (d, J = 15.3 Hz, 1H), 2.03 — 1.81 (m, 2H),
1.62 — 1.45 (m, 2H), 1.41 (dd, J=11.9, 6.4 Hz, 2H), 1.34 — 1.03 (m, 4H). 1*C NMR (101 MHz,
CDCls) 6 158.7, 142.9, 142.1, 141.7, 131.3, 127.5, 121.8, 121.0, 112.1, 111.6, 74.8, 70.0, 55.3,
46.4, 459, 442, 41.3, 31.3, 28.3, 22.5, 22.3. HRMS (ESI): m/z [M+ Na]*calcd for
Cy3H,5BrNaO, : 435.0930; found 435.0927.

* (4aR,9aS,125)-12-(4-bromophenyl)-5-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 382b

C23H2sBrO; (413.36), white solid; Ry = 0.525 (silica gel, petroleum ether: EtOAc (90:10)). 'H
NMR (300 MHz, CDCl3) 6 7.36 — 7.28 (d, J = 8.4 Hz, 2H), 7.15 - 7.08 (d, J = 8.4 Hz, 2H), 7.05
(dd,J=8.3,7.6 Hz, 1H), 6.78 (d, /= 7.6 Hz, 1H), 6.64 — 6.55 (d, /= 8.3 Hz, 1H), 4.50 — 4.39 (dd,
J=11.9, 2.0 Hz, 1H), 3.98 — 3.89 (d, J = 12.2 Hz, 1H), 3.81 — 3.70 (d, J = 12.2 Hz, 1H), 3.68 —
3.62 (s,3H), 3.39 (d, J=15.3 Hz, 1H), 2.30 - 2.14 (d, /= 15.3 Hz, 1H), 1.80 (m, 1H), 1.65 — 1.38
(m, 2H), 1.37 — 1.04 (m, 7H). '3C NMR (126 MHz, CDCl3) & 156.8, 143.6, 142.0, 135.7, 131.2,
127.6, 127.5, 120.9, 118.7, 109.1, 74.4, 69.6, 55.1, 48.9, 43.8, 43.4, 41.7, 31.7, 27.9, 23.3, 22.6.
HRMS (ESI): m/z [M ]*calcd for Co3Hy5Br0, : 412.1032; found 412.1024.

= 383
Yield: 68% (59 mg isolated from 363d (98 mg)) (383a/383b (3.1:1)).

= (4aS,9a8S,12S)-7-methoxy-12-(4-(trifluoromethyl)phenyl)-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 383a

C24H25F30; (402.46), colorless oil; Ry = 0.378 (silica gel, Petroleum ether: EtOAc (95:5)). "H
NMR (300 MHz, CDCl3) 6 7.58 — 7.49 (d, J = 8.2 Hz, 2H), 7.47 — 7.39 (d, J = 8.2 Hz, 2H), 6.96
(d, J=8.2 Hz, 1H), 6.85 (d, /J=2.4 Hz, 1H), 6.71 (dd, J = 8.2, 2.4 Hz, 1H), 4.58 (dd, /=8.8, 5.3
Hz, 1H), 4.00 (d, /= 12.1 Hz, 1H), 3.84 (d, /= 12.1 Hz, 1H), 3.80 (s, 3H), 3.50 (d, /= 15.3 Hz,
1H), 2.31 (d, J= 15.3 Hz, 1H), 2.13 — 1.93 (m, 2H), 1.63 (m, 2H), 1.46 — 1.10 (m, 6H). 13*C NMR
(101 MHz, CDCIl3) & 158.8, 146.4, 142.9, 142.0, 126.2, 126.0, 125.2, 125.2, 121.9, 112.2, 111.7,
74.9,70.1,55.4,46.4,46.1,44.1,41.2,31.4,28.4,22.6,22.4. HRMS (ESI): m/z [M + Na ]*calcd
for C,4H,5F3Na0, : 425.1699; found 425.1706.
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= (4aR,9aS,12S)-5-methoxy-12-(4-(trifluoromethyl)phenyl)-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 383b

C24H25F30:2 (402.46), yellow oil; Ry = 0.600 (silica gel, petroleum ether: EtOAc (90:5)). 'HNMR
(400 MHz, CDCls) 6 7.46 (d, J=8.3 Hz, 2H), 7.37 (d, J = 8.3 Hz, 2H), 7.05 (dd, J = 8.2, 7.3 Hz,
1H), 6.79 (d, J=7.3 Hz, 1H), 6.61 (d, J=8.2 Hz, 1H), 4.56 (dd, J=11.2, 1.6 Hz, 1H), 3.95 (d, J
=12.1 Hz, 1H),3.72 (d,J=12.1 Hz, 1H), 3.69 (s, 3H), 3.42 (d,/=13.1 Hz, 1H), 2.26 (d, /= 13.1
Hz, 1H), 1.90 — 1.76 (m, 2H), 1.60 (d, /= 13.7 Hz, 1H), 1.37 — 1.11 (m, 7H). *C NMR (101 MHz,
CeDs) 6 156.8 146.7, 142.1, 141.9, 127.8, 126.5, 126.1, 125.4, 124.8, 118.7, 109.1, 74.6, 69.6,
55.1,48.9,43.8,43.4,41.7,31.7,27.9, 23.3, 22.6. ’F NMR (376 MHz, CDCl3) § -62.44. HRMS
(ESI): m/z [M + Na ]*caled for C,,Hys FsNaO, : 425.1699; found 425.1695.

> 384
Yield: 53% (65 mg isolated from 363d (80 mg)) (384a/384b (3:1)).

» (4a$,9aS,12S)-7-methoxy-12-(4-nitrophenyl)-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 384a

C23H2sNO4 (379.46), white solid; Ry = 0.388 (silica gel, Petroleum ether: EtOAc (90:10)). 'H
NMR (400 MHz, CDCls) 6 8.08 (d, /=9.7 Hz, 2H), 7.43 (d, J=9.7 Hz, 2H), 6.97 (d, J = 8.4 Hz,
1H), 6.85 (d, /= 2.3 Hz, 1H), 6.71 (dd, /= 8.4, 2.3 Hz, 1H), 4.63 (dd, J=11.5, 2.9 Hz, 1H), 3.97
—3.84(d,J=12.4 Hz, 1H), 3.86 (d, /= 12.4 Hz, 1H), 3.70 (s, 3H), 3.46 — 3.36 (d, J = 15.9 Hz,
1H), 2.32-2.18 (d, J=15.9 Hz, 1H), 2.07 — 1.86 (m, 2H), 1.53 (m, 1H), 1.47 - 1.27 (m, 3H), 1.23
—1.03 (m, 4H). 3C NMR (75 MHz, CDCl3) § 158.8, 150.2, 147.0, 142.8, 141.7, 126.4, 123.5,
121.9,112.1, 111.7, 74.5, 69.9, 55.3, 46 .4, 46.1, 44.1, 41.2, 31.2, 28.3, 22.5, 22.2. HRMS (ESI):
m/z [M + Na ]*calcd for C,3H,sNNaO, : 402.1676; found 402.1676.

» (4aR,9aS,12S)-5-methoxy-12-(4-nitrophenyl)-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluorene 384b

C23H25NOg4 (379.46), yellow oil; Ry = 0.428 (silica gel, petroleum ether: EtOAc (90:10)). H

NMR (500 MHz, CDCl3) 6 8.10 — 8.02 (d, /= 8.7 Hz, 2H), 7.45 — 7.39 (d, J = 8.7 Hz, 2H), 7.06

(dd,J=8.3,7.4 Hz, 1H), 6.79 (d,J= 7.4 Hz, 1H), 6.62 (d, /= 8.3 Hz, 1H), 4.60 (dd, /J=11.7, 1.9

Hz, 1H), 3.94 (d, J = 12.2 Hz, 1H), 3.85 - 3.74 (d, J = 12.2 Hz, 1H), 3.74 — 3.66 (s, 3H), 3.44 —

3.34(d, J=16.0 Hz, 1H), 2.32 -2.19 (d, /= 16.0 Hz, 1H), 1.88 — 1.79 (m, 2H), 1.58 (d, J=13.7
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Hz, 1H), 1.50 — 1.39 (m, 2H), 1.35 — 1.01 (m, 5H). 3C NMR (126 MHz, CDCl;3) § 156.8, 150.5,
147.0, 143.4,135.3,127.8,126.4,123.4,118.7,109.1, 74.1, 69.6, 55.1,48.9,43.9,43.4,41.6,31.6,
27.9,23.2,22.6. HRMS (ESI): m/z [M ]*calcd for C,3H,5NO, : 379.1778; found 379.1777.

= 385
Yield: 72% (104 mg isolated from 363d (90 mg)) (385a/385b (2.3:1)).

=  Methyl 4-((4aS,9aS,12S)-7-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluoren-12-yl)benzoate 385a

C25H2304 (392.50), white solid; Ry = 0.300 (silica gel, petroleum ether: EtOAc (90:10)). '"H NMR
(300 MHz, CDCl3) & 7.96 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.3 Hz, 2H), 6.96 (d, J = 8.2 Hz, 1H),
6.85(d,J=2.4 Hz, 1H), 6.71 (dd, J=8.2, 2.4 Hz, 1H), 4.58 (dd, J=8.1, 5.9 Hz, 1H),3.99 (d, J =
12.1 Hz, 1H), 3.89 (s, 3H), 3.86 (d, /= 12.1 Hz, 1H), 3.78 (s, 3H), 3.51 (d, J=15.2 Hz, 1H), 2.31
(d,J=15.2 Hz, 1H), 2.13 — 1.93 (m, 2H), 1.62 (m, 1H), 1.56 — 1.48 (m, 1H), 1.46 — 1.32 (m, 3H),
1.32—1.16 (m, 3H). BC NMR (76 MHz, CDCl3) & 167.0, 158.7, 147.9, 142.9, 142.0, 129.6, 129.0,
125.6, 121.9, 112.1, 111.6, 75.1, 70.0, 55.3, 52.0, 46.4, 46.0, 44.2, 41.3, 31.3, 28.3, 22.5, 22.3.
HRMS (ESI): m/z [M + Na " calcd for C,sH,gNaO, : 415.187980; found 415.187921.

= Methyl 4-((4aR,9aS,12S)-5-methoxy-1,2,3,4-tetrahydro-9H-4a,9a-
(ethanooxymethano)fluoren-12-yl)benzoate 385b

CasH2304 (392.50), pale yellow oil; Ry = 0.370 (silica gel, petroleum ether: EtOAc (90:10)). "H
NMR (300 MHz, CDCl3) 6 7.88 (d, J= 8.5 Hz, 2H), 7.35 - 7.29 (d, J= 8.5 Hz, 2H), 7.05 (dd, J =
8.2,7.4Hz, 1H), 6.79 (d,J= 7.4 Hz, 1H), 6.61 (d, J=8.2 Hz, 1H), 4.56 (dd, /= 12.0, 2.2 Hz, 1H),
3.95(d, J=12.1 Hz, 1H), 3.81 (s, 3H), 3.72 (d, J = 12.1 Hz, 1H), 3.68 (s, 3H), 3.43 (d, /= 13.2
Hz, 1H), 2.26 (d, J = 13.2 Hz, 1H), 1.79 (m, 2H), 1.68 — 1.53 (m, 1H), 1.53 — 1.39 (m, 2H), 1.40
—1.02 (m, 5H). 3C NMR (126 MHz, CDCls3) & 167.0, 156.8, 148.2, 143.6, 135.6, 129.5, 128.9,
127.6, 125.6, 118.7, 109.1, 74.6, 69.6, 55.1, 52.0, 48.9, 43.8, 43.4, 41.7, 31.7, 27.9, 23.3, 22.6.
HRMS (ESI): m/z [M + Na ]*calcd for C,sHygNaO, : 415.187980; found 415.187767.
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+» Isolation of isochromenes 379¢ and 383¢

OMe

Cond. A, 3h | 4o Cond. A, 7h F3C

379¢ (59%) 363d 383c (36%)

(Cond. A: BF3.0Et, (20 mol%), CH,Cl,, 0°C- r.t.).

Procedure: “same as that of Prins/Friedel-Crafts cyclization”

» (35)-8a-(3-methoxybenzyl)-3-phenyl-3,4,6,7,8,8a-hexahydro-1H-isochromene 379¢

C23H2602 (334.46), colorless oil; yield: 59% (50 mg isolated from 363d (63 mg)). Ry = 0.625
(silica gel, petroleum ether: EtOAc (90:10)). "TH NMR (300 MHz, CDCl3) & 7.52 — 7.18 (m, 6H),
6.90 (m, 1H), 6.86 — 6.83 (m, 1H), 6.79 (m, 1H), 5.58 (dd, /=3.7, 1.9 Hz, 1H), 4.41 (dd, J=11.6,
2.9 Hz, 1H), 3.90 (d, J = 11.3 Hz, 1H), 3.82 (s, 3H), 3.26 (d, /= 13.3 Hz, 1H), 3.07 (d, J=11.3
Hz, 1H), 2.80 (d, J = 13.3 Hz, 1H), 2.71 (m, 1H), 2.29 (dd, J = 14.1, 3.0 Hz, 1H), 2.04 (m, 2H),
1.63 (m, 3H), 0.90 (m, 1H)."*C NMR (126 MHz, CDCl3) & 159.3, 142.8, 140.0, 138.8, 128.8,
128.4,127.5,125.8, 123.5, 122.6, 116.9, 111.1, 81.8, 75.7, 55.1, 40.5, 39.3, 39.0, 27.9, 25.5, 17.9.
HRMS (ESI): m/z [M + Na ]*caled for C,3HyNaO, : 357.182501; found 357.182607.

= (35,8a5)-8a-(3-methoxybenzyl)-3-(4-(trifluoromethyl)phenyl)-3,4,6,7,8,8a-hexahydro-1H-
isochromene 383c

C24H25F302 (402.46), pale yellow oil; yield: 36% (57 mg isolated from 363d (98 mg)). Ry = 0.538
(silica gel, petroleum ether: EtOAc (95:5)). "TH NMR (300 MHz, CDCl3) & 7.67 (d, J = 8.4 Hz,
2H), 7.63 — 7.56 (d, J = 8.4 Hz, 2H), 7.29 — 7.22 (dd, J = 8.0, 7.39 Hz, 1H), 6.91 (d, J = 7.3 Hz,
1H), 6.85 (d, J=2.5 Hz, 1H), 6.82 (dd, J= 8.0, 2.5 Hz, 1H), 5.60 (m, 1H), 4.49 (dd,/J=11.8,2.3
Hz, 1H), 3.92 (d, J=11.4 Hz, 1H), 3.83 (s, 3H), 3.24 (d, /= 13.7 Hz, 1H), 3.09 (d, /= 11.4 Hz,
1H), 2.80 (d, J=13.7 Hz, 1H), 2.74 — 2.58 (m, 1H), 2.33 (dd, /= 14.0, 2.9 Hz, 1H), 2.05 (m, 2H),
1.77 — 1.54 (m, 3H), 1.01 — 0.84 (m, 1H). ¥C NMR (126 MHz, CDCls) & 159.3, 146.7, 139.8,
138.2, 128.8, 125.9, 125.3, 125.3, 125.3, 123.4, 123.1, 116.9, 111.1, 81.0, 75.6, 55.1, 40.4, 39.2,
38.9,27.8,25.5, 17.8. Y'F NMR (471 MHz, CDCl3) & -62.4. HRMS (ESI): m/z [M + Na ] *caled
for C,4H,5F3Na0, : 425.1699; found 425.1695.
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Chapter 6

Part 1: Cordycol

*

s Alcohol protection of 420

OH OH
TBDPS-CI, imidazole
THF, r.t., 20h
OH OTBDPS
420 419 (61%)

Procedure: To a solution of cis/trans mixture of 1,4-cyclohexanediol (6.85 g, 58.9 mmol) and
imidazole (1.07 g, 15.7 mmol) in THF (189 mL) was added TBDPSCI (5.46 g, 19.6 mmol) at 0
°C. After stirring at ambient temperature for 20 hours, the resulting mixture was quenched with
brine, extracted with EtOAc, dried over anhydrous MgSO4 and concentrated in vacuo. The crude

mixture was chromatographed on silica gel to give cis/trans mixture of 419.
% 4-((Tert-butyldiphenylsilyl)oxy)cyclohexan-1-ol 419

C22H300:281 (354.57), colorless oil; yield: 61% (4.28 g isolated from 420 (6.85 2)). Ry isomera =
0.375, Ry isomer g = 0.313, (silica gel, petroleum ether: EtOAc (75:25)). 'H NMR (300 MHz,

CDCl3) § 7.64-7.69 (m, 4H), 7.33-7.45 (m, 6H), 3.62-3.88 (m, 2H), 1.14-1.95 (m, 9H), 1.05-1.07

(s, 9H). 3C NMR (75 MHz, CDCls) § 135.7, 134.5, 129.5, 127.5, 70.7, 69.3, 32.3, 32.3, 27.02,

26.9, 19.19. Spectroscopic data matches that reported in the literature.>*

+* Alcohol oxidation of 419

OH o)
PCC, CH,Cl,
r.t- 45°C, 16h
OTBDPS OTBDPS
419 418 (96%)

Procedure: To a stirred solution of 419 (1.15 g, 3.24 mmol) in dichloromethane (35 ml), PCC (1.05
g, 4.86 mmol) was added in one portion at room temperature. The reaction mixture was refluxed
at 45°C for one hour and then kept stirring at room temperature for 15 hours. At the end of the
reaction, the obtained mixture was filtered over a Celite pad, and the filtrate was evaporated under
reduced pressure to give a brown solid crude. The latter was further purified over silica gel to

afford the title compound 418.
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» 4-((tert-butyldiphenylsilyl)oxy)cyclohexan-1-one 418

C22H280,S1 (352.55), brown solid; yield: 96% (1.10 g isolated from 419 (1.15 g)). The ratio of the
diastereoisomers is 2.4:1. R¢ = 0.713 (silica gel, petroleum ether: EtOAc (93:7)). '"H NMR (300
MHz, CDCl3) 6 7.68 (d,J= 7.5 Hz,4 H), 7.45 (t, J=7.5 Hz, 2 H), 7.39 (t, J="7.5 Hz, 4 H), 4.14—
4.17 (m, 1 H), 2.70-2.80 (m, 2 H), 2.18-2.25 (m, 2 H), 1.92-1.98 (m, 2 H), 1.74-1.80 (m, 2 H),
1.10 (s, 9 H). BC NMR (101 MHz, CDCl3) 8 211.5, 135.4, 133.7, 129.6, 127.5, 66.7, 36.7, 33.5,
26.7,19.0. HRMS (ESI): m/z [M + Na ]*calcd for C,,H,gNa0,Si : 375.1750; found 375.1744.53

% a-Bromination of 418

(o}
Br
NBS, TsOH (10 mol%)
CH,Cl,, 0°C- r.t.,17h
OTBDPS OTBDPS
418 417 (73%)

Procedure: A solution of cycloalkanones 418 (500 mg, 1.42 mmol) in CH>Cl, (10 mL) was added
dropwise to a solution of n-bromosuccinimide (302 mg, 1.7 mmol) and p-TsOH (24 mg, 0.14
mmol) in CH2Cl, (20 mL) at 0°C. The reaction mixture was then brought to reflux for 17 hours.
After addition of H2O (40 mL), the organic layer was separated, and the aqueous layer was
extracted with CH2Cl2 (2 % 30 mL). The combined organic layers were washed with saturated
aqueous NaHCOs3 (30 mL) and brine (40 mL), dried over anhydrous Na>SO4, and concentrated
under reduced pressure. Finally, column chromatography on silica gel provided a-bromo

cycloalkanone 417.

» 2-Bromo-4-((tert-butyldiphenylsilyl)oxy)cyclohexan-1-one 417

C22H27BrOsSi (431.45), pale orange oil; yield: 73% (450 mg isolated from 418 (500 mg)). The
ratio of the diastereoisomers (A/B) is 2.4:1. Rf jsomer 4 = 0.525, Ry isomer g = 0.375 (silica gel,
petroleum ether: EtOAc (90:10)). Isomer A (major): "H NMR (300 MHz, CDCl3) § 7.73 — 7.63
(m, 4H), 7.52 — 7.35 (m, 6H), 4.92 (m, 1H), 4.31 — 4.22 (m, 1H), 2.90 — 1.69 (m, 6H), 1.11 (s, 9H).
Isomer A (minor): 'H NMR (300 MHz, CDCl3) & 7.73 — 7.63 (m, 4H), 7.52 — 7.35 (m, 6H), 4.40
(m, 1H), 4.07 (m, 1H), 2.90 — 1.69 (m, 6H), 1.07 (s, 9H). Both isomers (A+B): 3C NMR (126
MHz, CDCl3) 6 202.0, 201.1, 135.8, 135.8, 135.7, 133.4, 133.4, 130.1, 130.1, 127.9, 127.9, 127.9,
127.8, 68.8,67.5,51.4,50.4,45.5,45.4,35.3,35.2,34.4,34.1,27.1,27.0, 26.9, 19.3, 19.1. HRMS
(ESI): m/z [M + Na ]*caled for C,,H,7BrNa0,Si : 453.0856; found 453.0861.
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% Arbuzov reaction

(0] O 9
Br __ P(OEt),
Triethyl phosphate
neat, 120°C, 15h
OTBDPS OTBDPS
417 YN2-122 (98%)

Procedure: Bromoketone 417 (403 mg, 0.93 mmol) was mixed with P(OEt)3 (232.5 mg, 0.25 ml,
1.40 mmol) and heated at 120°C for 15 hours (monitoring by TLC). The resulting crude mixture
was then isolated by column chromatography to afford p-ketophosphonate YN2-122.15¢

» Diethyl (5-((tert-butyldiphenylsilyl)oxy)-2-oxocyclohexyl)phosphonate YN2-122
C26H3705PSi (488.64), pale yellow oil; yield: 98% (450 mg isolated from 417 (403 mg)). Ry =
0.375 (silica gel, petroleum ether: EtOAc (75:25)). Hint: only one diastereoisomer was observed.
'TH NMR (500 MHz, CDCl3) 8 7.66 (t, J= 7.0 Hz, 4H), 7.46 — 7.33 (m, 6H), 4.17 — 4.05 (m, 4H),
2.42-2.27 (m, 1H), 2.14 (m, 3H), 1.77 (m, 3H), 1.43 — 1.26 (m, 7H), 1.05 (s, 9H). 3C NMR (126
MHz, CDCIl3) 6 208.0, 146.9, 146.8, 135.8, 134.4, 134.3, 129.6, 129.6, 127.7, 127.6, 127.6, 107.6,
67.0,64.2,64.2,64.1, 64.1, 63.7, 63.6, 32.6, 30.8, 27.0, 25.5, 25.5, 19.2, 16.1. HRMS (ESI): m/z
[M + Na ]*caled for C,gH37;NaOsPSi: 511.2040; found 511.2038.

¢ Alcohol protection of 423

OH OH

3,4-dihydropyran, TsCl (10 mol%
A~on ydropy ( O, A~omp

dry CH,Cl,, 24h
423 422 (55%)

Procedure: 1,3-Dihydroxybutane (1.0 g, 11 mmol), 3,4-dihydro-2H-pyran (1.0 g, 12 mmol) and
catalytic amount of PPTS (0.28 g, 1.1 mmol) were stirred in dry CH>Cl> (25 mL) at room
temperature for 24 hours. Evaporation and chromatography afforded the product 422, along with

some 3-protected byproduct.®7!

» 4-((Tetrahydro-2H-pyran-2-yl)oxy)butan-2-ol 422

CoHi1303 (174.24), pale yellow oil; yield: 55% (1.05 g isolated from 423 (1.00 g)). Ry jsomera =
0.400, Ry jsomer g = 0.275 (silica gel, petroleum ether: EtOAc (60:40)). '"H NMR (300 MHz,
CDCl3) 6 4.57-4.51 (m, 1H), 4.09-4.06 (m, 1H), 3.86- 3.69 (m, 2H), 3.50-3.35 (m, 2H), 1.84-1.41
(m, 8H), 1.24-1.22 (m, 3H), 0.87 (s, 1H, OH). ¥C NMR (75 MHz, CDCl3) & 101.8, 67.3, 66.4,
62.1, 34.8, 30.6, 25.3, 20.5. Spectroscopic data matches that reported in the literature.*®
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«* Alcohol oxidation of 422

OH (0]

PCC, pyridine, Celite
)\/\OTHP L )I\/\OTHP

CH,Cly, r.t.,16 h
422 421 (51%)

Procedure: Alcohol 422 (1 g, 5.74 mmol) in CH2Cl> (10 mL) was added to a suspension of PCC
(1.9 g, 8.78 mmol), pyridine (0.73 mL, 9.18 mmol), and Celite (4 g) in CH>Cl> (30 mL) at room
temperature and refluxed for 4 hours. After the usual workup, the crude product was

chromatographed on SiO: and eluted with to give ketone 421.5°

» 4-((Tetrahydro-2H-pyran-2-yl)oxy)butan-2-one 421

CoH1603 (172.22), pale pink oil; yield: 51% (0.51 g isolated from 422 (1.00 g)). Ry = 0.312 (silica
gel, petroleum ether: EtOAc (70:30)). "TH NMR (300 MHz, CDCl3) & 4.55 (dd, J = 4.5, 2.9 Hz,
1H), 4.01 —3.91 (m, 1H), 3.87 — 3.75 (m, 1H), 3.70 — 3.60 (m, 1H), 3.53 —3.41 (m, 1H), 2.67 (td,
J=6.2,1.5Hz, 2H), 2.15 (s, 3H), 1.81 — 1.69 (m, 1H), 1.69 — 1.57 (m, 1H), 1.57 — 1.41 (m, 4H).
I3C NMR (101 MHz, CDCl3) § 207.3, 99.2, 62.7, 62.4, 43.8, 30.7, 30.6, 25.5, 19.6. HRMS (ESI):
m/z [M + Na ]*calcd for CoH;gNaO; : 195.0992; found 195.0990.157]

< Smlz2-promoted Reformatsky reaction between 417 and 421

O O
0 o

Br N
. )l\/\OTHP Sml, (0.1M in THF) OTHP

THF, -78- 0°C, 2h
421
OTBDPS OTBDPS
417 416 (11%)

Procedure: A 250 ml teardrop-shaped flask equipped with a stir bar was charged with a 0.1M
solution of diiodosamarium in tetrahydrofuran (20.5 ml, 2.05 mmol, 5 eq.) and cooled to —78 °C.
A solution of the a-haloketone 417 (0.41 mmol, 1 eq.) and the carbonyl electrophile 421 (0.41
mmol, 1 eq.) in 25 ml tetrahydrofuran was prepared. This solution was then added to the intensely
blue solution of diiodosamarium over 25 minutes such that the solution ran down the side of the
flask. The blue solution was stirred for an additional 1 h, maintaining a temperature of —78 °C. The
reaction was then exposed to air, and air was bubbled through the solution, warming to room
temperature. After 5-10 minutes, the solution turned bright yellow and was immediately poured
onto a mixture of saturated aqueous sodium thiosulfate, saturated aqueous sodium bicarbonate,

brine, and diethyl ether. The layers were separated, and the aqueous layer was extracted thrice with
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diethyl ether. The organic layers were combined, washed once with brine, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure. The resulting clear to slightly yellow oil

was then purified by a classical column chromatography.[®”]

» 4-((tert-butyldiphenylsilyl)oxy)-2-((2R)-2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)butan-
2-yl)cyclohexan-1-one 416

C31H14058i (524.77), colorless oil; yield: 11% (23 mg isolated from 417 (176 mg)). Ry jsomera =
0.375, Rf isomer g = 0.350, (silica gel, petroleum ether: EtOAc (75:25)). '"H NMR (300 MHz,
CDCl3) 6 7.69 — 7.50 (m, 4H), 7.45 - 7.21 (m, 6H), 4.55 — 4.38 (m, 1H), 4.22 —4.11 (m, 1H), 4.10
—3.65 (m, 2H), 3.45 (m, 2H), 3.20 — 3.03 (m, 1H), 2.98 — 2.76 (m, 1H), 2.74 — 2.57 (m, 1H), 2.23
—1.40 (m, 10H), 1.36 (s, 6H), 1.12 — 0.93 (m, 9H). 3C NMR (101 MHz, CDCl3) 8 211.8, 135.7,
135.7, 135.7, 135.7, 134.8, 133.9, 129.8, 129.5, 127.7, 127.5, 94.6, 94.4, 66.9, 63.8, 62.9, 36.9,
33.7, 31.9, 30.7, 27.0, 27.0, 26.9, 26.9, 26.5, 25.4, 25.2, 20.2, 19.7, 19.3. HRMS (ESI): m/z
[M + Na]*caled for C3,H,uuNaOsSi : 547.2850; found 547.2855.

% Preparation of dimethyl hydrazine 424

o M92N~N
I Dean- Stark, NH,-NMe,, TFA I
benzene, 100°C, 4h
OTBDPS OTBDPS
418 424 (36%)

Procedure: The cycloalkanone 418 (1.10 g, 3.17 mmol) was dissolved in benzene (50 ml). N,N-
dimethylhydrazine (0.31 g, 5.08 mmol) and trifluoroacetid acid (4 drops) were then added. The
resulting mixture was heated to reflux for 4 hours using a Dean-Stark device. After completion,
nearly all of the benzene was removed from the reaction mixture using the Dean-Stark equipment.
The mixture was then diluted with diethyl ether (30 mL) and hydrolyzed with a saturated aqueous
solution of NaHCOs3 (25 mL). The aqueous layer was extracted with diethyl ether (3 x 30 mL).
The combined organic layers were dried (Na2SO4), filtered and concentrated under vacuum. The

crude material was purified by distillation under reduced pressure to afford the title compound.[¢!!

» 2-(4-((Tert-butyldiphenylsilyl)oxy)cyclohexylidene)-1,1-dimethylhydrazine 424
C24H34N208i (394.63), pale yellow oil; yield: 36% (451 mg isolated from 418 (1.1 g)). Ry = 0.300
(silica gel, petroleum ether: EtOAc (75:25)). '"TH NMR (300 MHz, CDCl3) & 7.68 (m, 4H), 7.47 —
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7.32 (m, 6H), 4.01 (m, 1H), 2.84 — 2.61 (m, 2H), 2.61 — 2.47 (m, 2H), 2.43 (s, 6H), 2.29 — 2.04 (m,
2H), 1.96 (m, 1H), 1.87 — 1.47 (m, 1H), 1.09 (s, 9H). 3C NMR (101 MHz, CDCls) § 169.2, 135.7,
135.7, 129.8, 129.6, 127.7, 127.6, 68.6, 66.9, 47.5, 36.9, 34.6, 33.7, 33.7, 31.2, 27.0, 23.9, 19.2.
HRMS (ESI): m/z [M + H ]*calcd for CyyHzsN,0Si : 395.2513; found 395.2505.

L)

% Preparation of silyl enol ether 427

oI OTMS
TMSCI, Nal, Et;N
THF, rt., 12h
OTBDPS OTBDPS
418 427 (76%)

Procedure: A RBF containing a mixture of ketone 418 (1.50 g, 4.25 mmol) and pre-dried sodium
iodide (0.76 g, 5.10 mmol) was evacuated and filled with nitrogen three times, and dry THF (4 ml)
was added, stirring for 5 min at room temperature. To the resulting solution, triethylamine (0.64
g, 6.38 mmol) was added, followed by chlorotrimethylsilane (0.65 ml, 5.10 mmol). The reaction
mixture was then stirred for 12 hours at room temperature. The reaction was quenched with a
mixture of ethyl acetate (50 mL) and saturated NH4Cl1 (50 mL) at 0°C. The organic phase was
separated, and the aqueous layer was extracted with ethyl acetate (2 x 30 mL). The combined
organic fractions were washed with ice-water (50 mL) and saturated NH4Cl (50 mL), and then
dried over anhydrous MgSQOs. The solvent was removed under reduced pressure and the residue

was purified by column chromatography to give the desired product.[6?!

= Tert-butyldiphenyl((4-((trimethylsilyl)oxy)cyclohex-3-en-1-yl)oxy)silane 427

C2sH360:2S12 (424.73), yellow oil; yield: 76% (1.32 g of isolated from 418 (1.50 g)). Ry = 0.988
(silica gel, petroleum ether: EtOAc (98:2)). 'H NMR (300 MHz, CDCl3)$ 7.75 — 7.64 (m, 4H),
7.48 —7.33 (m, 6H), 4.67 (m, 1H), 3.96 (m, 1H), 2.30 —2.06 (m, 3H), 1.98 (m, 1H), 1.74 (m, 2H),
1.08 (s, 9H), 0.18 (s, 9H). 13C NMR (76 MHz, CDCIl3) § 149.3, 135.4, 134.3, 134.2, 129.2, 129.1,
127.2,127.1,100.7, 67.4, 32.6, 30.8, 27.2, 26.6, 18.8, 0.0. HRMS (ESI): m/z [M + Na ]*calcd for
Co5H36Na0,Si, : 447.2146; found 447.2143.
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+ The Saegusa—Ito oxidation: preparation of enone 428

OTMS ?
Pd(OAc),
MeCN, rt., 16h
OTBDPS OTBDPS
427 428 (86%)

Procedure: To a clear solution of Pd(OAc): (90 mg, 0.40 mmol) in 4 mL of acetonitrile, of 1 -
trimethylsilyloxy-1-cyclohexene 427 (164 mg, 0.40 mmol) was added with stirring under nitrogen
at room temperature, and then the mixture was stirred for 16 hours. After classical extraction, the
combined organic fractions were dried over anhydrous MgSO4. The solvent was removed under

reduced pressure and the residue was chromatographed to give the title compound.[%*!

» 4-((tert-butyldiphenylsilyl)oxy)cyclohex-2-en-1-one 428

C22H260251 (350.53), yellow oil; yield: 86% (1.30 g isolated from 427 (1.84 g)). Ry = 0.163 (silica
gel, petroleum ether: EtOAc (95:5)). "TH NMR (300 MHz, CDCI3) 8 7.72 — 7.64 (m, 4H), 7.42 (m,
6H), 6.79 (ddd, J=10.2, 2.6, 1.1 Hz, 1H), 5.87 (dd, J = 10.2, 0.9 Hz, 1H), 4.56 — 4.43 (m, 1H),
2.50 (m, 1H), 2.27 - 2.00 (m, 3H), 1.09 (s, 9H). 3C NMR (76 MHz, CDCl3) § 198.9, 153.2, 135.7,
135.7,133.4, 133.4, 130.0, 130.0, 128.7, 127.8, 127.8, 67.6, 35.3, 32.6, 26.8, 19.1. HRMS (ESI):
m/z [M + Na ]*calcd for C,,Hy,gNa0,Si : 373.1594; found 373.1594.

¢ The photoinduced Michael-type radical addition of 1,3-dioxolane 434 on 428

(e} (o}
| |
. |/\O hv (366 nm), benzophenone
o/ rt., 20h O
434 J

OTBDPS (Solvent) TBDPS’O O
428 435 (80%, dr: 1.2:1)

Procedure: A solution of unsaturated ketone 428 (200.0 mg, 0.57 mmol) and benzophen-
one (16 mg, 0.09 mmol) in 1,3-dioxolane 434 (46 mL) was poured into pyrex tubes and placed
around a photochemical immersion well equipped with a cooling system. The resulting clear
solution was then bubbled with argon for 10 minutes, and irradiation was carried out until complete
disappearance of the starting material (TLC control). The solution was concentrated under vacuum

and purified by flash-chromatography on silica to afford compound 435.1
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= 4-((tert-butyldiphenylsilyl)oxy)-3-(1,3-dioxolan-2-yl)cyclohexan-1-one 435

C25H3204Si (424.61), colorless oil; yield: 80% (193 mg isolated from 428 (200 mg)). Ry jsomera =
Ry isomer p = 0.688 (silica gel, petroleum ether: EtOAc (90:10)). Major isomer: 'H NMR (300
MHz, CDCl3) 6 7.78 — 7.62 (m, 4H), 7.52 — 7.30 (m, 6H), 4.77 (d, J=2.63 Hz, 1H), 4.15 (m, 1H),
4.01 — 3.63 (m, 4H), 2.74 — 1.75 (m, 6H), 1.71 — 1.52 (m, 1H), 1.09 (s, 9H). Minor isomer: 'H
NMR (300 MHz, CDCl3) & 7.78 — 7.62 (m, 4H), 7.52 — 7.30 (m, 6H), 5.09 (d, J = 5.3 Hz, 1H),
4.48 —4.34 (m, 1H), 4.01 — 3.63 (m, 4H), 2.74 — 1.75 (m, 6H), 1.71 — 1.52 (m, 1H), 1.10 (s, 9H).
Both isomers: *C NMR (126 MHz, CDCl3) § 210.6, 209.9, 135.9, 135.8, 135.7, 135.7, 135.7,
134.1, 133.9, 133.5, 133.4, 129.8, 129.8, 129.8, 127.7, 127.7, 127.6, 127.6, 103.5, 103.4, 68.3,
67.9, 65.1, 64.9, 64.8, 64.7, 47.4, 47.0, 37.7, 36.5, 36.4, 35.9, 31.4, 30.8, 27.1, 27.1, 27.0, 19.5,
19.3. HRMS (ESI): m/z [M + Na ]*calcd for C,sH3,Na0,Si: 447.1962; found 447.1958.

*

s Ketone reduction of 435

OH

NaBH,
—_—
o. MeOH, rt., 15 min. o)

TBDPS-O O TBDPS-© OJ
435 436 (93%)

Procedure: NaBH, (29 mg, 0.75 mmol) was added in one portion to a solution of compound 435
(160 mg, 0.38 mmol) in methanol (5 ml). A vigorous gas evolution occurred and then stirring was
continued for 15 minutes before the pH was adjusted to neutrality with diluted aqueous HCI. The
mixture was extracted with diethyl ether (three times), then the combined organic extracts were
dried over MgS0,. Evaporation of the solvent gave a crude mixture, which was chromatographed

on silica gel to give the desired product 436.

= 4-((tert-butyldiphenylsilyl)oxy)-3-(1,3-dioxolan-2-yl)cyclohexan-1-ol 436

C25H3404Si (426.63), white solid; yield: 93% (150 mg isolated from 435 (160 mg)). Ry jsomers =
0.225 (silica gel, petroleum ether: EtOAc (75:25)). All isomers: "TH NMR (300 MHz, CDCls) &
7.80 —7.56 (m, 9H), 7.50 — 7.28 (m, 14H), 5.28 (d, /=2.1 Hz, 1H), 4.82 (d, /J="7.3 Hz, 1H), 4.31
—4.19 (m, 1H), 3.99 — 3.50 (m, 13H), 2.15 - 1.17 (m, 19H), 1.06 (m, 23H). All isomers: *C NMR
(101 MHz, CDCls) 6 136.1, 136.1, 136.0, 135.9, 135.9, 135.8, 134.8, 134.6, 133.9, 133.8, 129.6,
129.6, 129.5,129.5,129.5, 129.4,127.5,127.5, 127.4,127.4,127.3, 104.3, 102.9, 72.0, 69.8, 69.2,
67.2, 65.2, 65.0, 64.9, 64.5, 64.4, 45.9, 45.8, 32.5, 32.3, 31.3, 30.5, 29.3, 27.2, 27.0, 27.0, 27.0,
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19.6, 19.5, 19.4. HRMS (ESI): m/z [M + Na]*caled for C,sHs,NaO,Si: 449.2099; found
449.2095.

¢+ Alcohol protection of 436 using dimethoxymethane

OH OMOM

Dimethoxymethane (solvent)
O, LiBr, TsOH, r.t., 20h

TBDPS-© O TBDPS-O0 oJ
436 437 (62%)

Procedure: To a stirred solution of alcohol 436 (125 mg, 0.29 mmol) in dimethoxymethane (2 mL)
were added lithium bromide (10 mg, 0.12 mmol) and then p-toluenesulfonic acid (0.1 mg, 5.86
x 10~* mmol). The resulting mixture was kept stirring at room temperature for 20 hours. The
mixture was hydrolyzed with a saturated sodium chloride solution and extracted with diethyl ether.
The organic layer was dried over sodium sulfate, evaporated, and purified by column

chromatography on silica gel.[¢]

=  ((2-(1,3-dioxolan-2-yl)-4-(methoxymethoxy)cyclohexyl)oxy)(tert-butyl)diphenylsilane 437
C27H330s5S1 (470.68), white oil; yield: 62% (86 mg isolated from 436 (125 mg)). Ry isomers =
0.650 (silica gel, petroleum ether: EtOAc (80:20)). All isomers: 'H NMR (500 MHz, CDCls3) &
7.69 — 7.52 (m, 10H), 7.40 — 7.22 (m, 16H), 5.27 (d, J = 2.3 Hz, 1H), 4.71 (d, J= 7.7 Hz, 1H),
4.67 —4.41 (m, 5H), 4.18 (d, /= 2.6 Hz, 1H), 3.84 — 3.66 (m, 10H), 3.62 — 3.52 (m, 1H), 3.50 —
3.36 (m, 2H), 3.30 (s, 3H), 3.22 (s, 3H), 2.03 — 1.08 (m, 19H), 1.06 — 0.87 (m, 25H). All isomers:
13C NMR (126 MHz, CDCl3)$ 136.1, 136.0, 135.9, 135.9, 135.8, 135.8, 134.9, 134.6, 134.0,
133.8, 129.5, 129.5, 129.5, 129.4, 129.4, 127.5, 127.4, 127.4, 127.4, 127.3, 127.3, 127.3, 104.5,
102.8,94.4,94.3,74.6, 74.2, 72.4, 67.1, 65.1, 65.0, 64.4, 64.4, 55.2, 55.1, 46.2, 46.2, 33.1, 30.8,
30.2,28.4,27.9,27.2,27.1,27.0,27.0, 26.9, 26.4, 19.6, 19.5. HRMS (ESI): m/z [M + Na ]*caled
for C,7,H3gNaOsSi : 493.2112; found 493.2113.

< Preparation of a 0.1 M THF solution of 2-ThCu(CN)Li 430

_ nBuli O_ CuCN @-CUCNU
THF, 20°C THF,-78°C- (-40°C)

S

429 430

Procedure: Thiophene (10.2 mmol, 0.82 mL) is added to THF (10 mL) in a 20 mL 2-neck pear
flask at -78°C, followed by n-BuLi (10.0 mmol, 3.12 M, 3.18 mL). Stirring is continued at this

265



temperature for 15 minutes, then at -20°C for 30 minutes. The solution is transferred, via cannula,
into a slurry of CuCN (10.0 mmol, 0.896 g) and THF (10 mL), with a wash of 10 mL of THF.
Warming to -40°C gives a clear, light-tan solution which is diluted with THF (66 mL) and
transferred, via cannula, to a dry storage vessel (100 ml Aldrich bottle) which is maintained under

a positive argon atmosphere.[6®!

¢ Preparation of vinyl iodide 431’
Red-Al, I,

__ OH EtOAc, dry Et,0 >=/—OH
-78°C-rt., 19h

431 431 (71%)

Procedure: A solution of Red-Al (9 ml, 31.50 mmol) was added dropwise over one hour to a
solution of 2-butyn-1-ol 431 (1.7 ml, 22.7 mmol) in dry diethyl ether (35 ml) at 0°C under an inert
atmosphere. The reaction mixture was allowed to warm slowly to r.t. and was stirred at ambient
temperature overnight. After the starting material had been completely consumed (TLC
monitoring), the mixture was cooled to 0°C and ethyl acetate was added dropwise. The mixture
was then cooled to -78°C and a solution of I> (8.65 g, 34.1 mmol) in THF (25 ml) was added
dropwise over 1.5 hours. After 30 minutes, the cooling bath was removed and stirring was
continued at r.t. for 1 hour. The mixture was then poured into an ice-cold aqueous saturated
solution of Na>S20s and extracted with diethyl ether. The combined organic fractions were dried

over NaxSOy, filtered, concentrated and purified to give the title compound 431°.67]

= 3-iodobut-2-en-1-ol 431’

C4H7IO (198.00), yellow oil; yield: 71% (3.2 g isolated from 431 (1.6 g)). Ry = 0.375 (silica gel,
petroleum ether: EtOAc (80:20)). 'H NMR (400 MHz, CDCl3) & 6.44-6.38 (m, 1H), 4.09 (t, J =
6.0 Hz, 2H), 2.45 (d, J = 0.7 Hz, 3H), 1.46 (brd, 1H). 3C NMR (101 MHz, CDCl3) & 139.8, 98.7,

60.1, 28.1. The data are consistent with those reported in the literature.'®!

¢ Alcohol protection of 431’

>=/_OH Dimethoxymethane (solvent) >=/_OMOM
LiBr, TsOH, r.t., 15h

431 432 (73%)

Procedure: To a stirred solution of alcohol 431° ( 1.12g, 5.61mmol) in dimethoxymethane ( 7mL)
were added lithium bromide ( 98mg, 1.12 mmol) and then p-toluenesulfonic acid ( 11mg, 5.6 1

X 1072 mmol). The resulting mixture was kept stirring at room temperature for 15hours. The
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mixture was hydrolyzed with a saturated sodium chloride solution and extracted with diethyl ether.
The organic layer was dried over sodium sulfate, evaporated, and purified by column

chromatography on silica gel to afford the title compound 432.1%]

* 3-Jodo-1-(methoxymethoxy)but-2-ene 432

CeH11102 (242.06), orange oil; yield: 73% (0.95 g isolated from 431° (1.11 g)). Ry = 0.363 (silica
gel, petroleum ether: EtOAc (95.5:4.5)). "H NMR (300 MHz, CDCl3) 8 5.74 (m, 1H), 4.65 (s, 2H),
4.10 (m, 2H), 3.39 (s, 3H), 2.55 (m, 3H). 3C NMR (126 MHz, CDCl3) 4 131.9, 102.7, 96.0, 71.8,

55.3, 33.7. The data are consistent with those reported in the literature ')

Part 2: Idesolide monomer and analogues

% Allylation of methyl acetoacetate 446

(o]

i. NaH, THF, 0°C
CO,Me
)J\,C02Me ii. n-BuLi, -78°C 2
iii. /\/Br |
445 (71%)

Procedure: To sodium hydride (10.33 mmol, 1.2 eq.) in THF (25 ml) under nitrogen stirred at 0°C,
was added methyl acetoacetic (8.61 mmol, 1 eq.) dropwise. After 10 minutes, the temperature was
lowered to -78°C, and n-BuLi (10.33 mmol, 4.5 ml, 2.5 M) was added to give a yellow solution.
After 20 minutes, allyl bromide (10.33 mmol, 1.2 eq.) was added, and the solution was then
allowed to warm to room temperature over 2-2.5 hours. The mixture was poured into a solution of
ammonium chloride and extracted four times with diethyl ether. The organic phase was dried over
MgS0, and the solvent was removed under reduced pressure. The residual was purified via column

chromatography to afford the addressed compound.®”]

* Methyl 3-oxohept-6-enoate 445

CsH1203 (156.18), yellow oil; yield: 71% (1.9 g isolated from methyl acetoacetate 446 (1 g)). Ry =
0.425 (silica gel, petroleum ether: EtOAc (85:15)). "TH NMR (300 MHz, CDCl3) 6 5.79 (ddt, J =
16.7, 10.2, 6.5 Hz, 1H), 5.12 — 4.90 (m, 2H), 3.73 (s, 3H), 3.45 (s, 2H), 2.64 (t,J = 7.3 Hz, 2H),
2.34 (m, 2H). BC NMR (75 MHz, CDCls) 6 201.8, 167.5, 136.5, 115.5, 52.3, 49.0, 42.0, 27.3.

Spectroscopic data matches that reported in the literature.l’’)

+ Knoevenagel condensation of 445/446 with butyraldehyde
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0] (e} @)
RJI\/COZMG HJK/\ R I CO,Me

LiBr, Ac,0, 80°C- r.t.
445, R = allyl 443 (64%)

446, R = methyl YN1-034 (68%)
(0] (0]
CO,Me CO,Me
<\£/Z\ Me)‘\[/l
I 443 (64%) YN1-034 (68%)

Procedure: To a round-bottom flask, acetic anhydride (2 eq.), lithium bromide (30 mol%), and
444/446 (1 eq.) were added, stirred, and heated to 80°C for 0.5 hour. Butyraldehyde (3 eq.) was
then added dropwise at room temperature. The resulting mixture was refluxed for one more hour
before keeping it stirring at room temperature till the end of the reaction. After classical extraction,
acetic anhydride was removed under reduced pressure and the crude residual was purified via

column chromatography to afford the desired compound.!”")

= Methyl 2-butylidene-3-oxohept-6-enoate 443

Ci12H1803 (210.27), yellow oil; yield: 64% (2.3 g of a mixture of E/Z isomers (A and B) isolated
from 445 (2.7 g)). Ry isomer a = 0.625, Ry jsomer g = 0.563, (silica gel, petroleum ether: EtOAc
(85:15)). Major isomers: '"H NMR (300 MHz, CDCl3) 6 6.85 (t, J = 7.7 Hz, 1H), 5.91 — 5.70 (m,
1H), 5.11 —4.90 (m, 2H), 3.82 (s, 3H), 2.72 (m, 2H), 2.42 - 2.22 (m, 4H), 1.52 (q, J= 7.4 Hz, 2H),
0.94 (t, J = 7.4 Hz, 3H). Minor isomer: "H NMR (300 MHz, CDCls) § 6.85 (t, J = 7.7 Hz, 1H),
591-5.70 (m, 1H), 5.11 —=4.90 (m, 2H), 3.79 (s, 3H), 2.72 (m, 2H), 2.42 — 2.22 (m, 3H), 2.06 (m,
1H), 1.52 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). HRMS (ESI): m/z [M + Na ]*calcd for C;,H,gNaO; :
233.1148; found 233.1142.

* Methyl 2-acetylhex-2-enoate YN1-034

CoH1403 (170.21), yellow oil; yield: 68% (2.0 g isolated from methyl acetoacetate 446 (2.0 g)).
The ratio of the obtained isomers A/B is 42:58. Ry jsomera = 0.385, Ry jsomer g = 0.300, (silica
gel, petroleum ether: EtOAc (90:10)). Spectroscopic data matches that reported in the

literature.l’!
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+* Luche reduction

% OH
CO,M CO,M
R)‘\(/Z\e NaBH,, CeCly.7H,0 R/KE/Z\G
MeOH, 0°C/r.t.
443 R = allyl 442 (42%)
YN1-031, R = methyl YN1-049 (57%)
OH OH
CO,Me CO,Me
| "
| 442 (42%) YN1-049 (57%)

Procedure: NaBH, (2 eq.) was added in one portion to a solution of compound 433 or YN1-031
(1 eq.) in methanol (0.08 M). The solution was then kept stirring for 1-2 hours at room temperature
before the pH was adjusted to neutrality with diluted aqueous HCI. The mixture was extracted with
diethyl ether (three times), then the combined organic extracts were dried over MgSO,.
Evaporation of the solvent gave a crude mixture, which was chromatographed on silica gel to give

the desired product alcohol 442 or YN1-049.

=  Methyl 2-butylidene-3-hydroxyhept-6-enoate 442

C12H2005 (212.29), Isomer A: colorless oil; Isomer B: white solid; yield: 42% (846 mg isolated
from 443 (one isomer) (2 2)). Ry isomera = 0.438, Ry isomer p = 0.350, (silica gel, petroleum
ether: EtOAc (85:15)). Isomer A: "H NMR (300 MHz, CDCl3)  6.13 — 5.98 (t, J = 7.2 Hz, 1H),
5.75 (m, 1H), 5.07 — 4.84 (m, 2H), 4.18 (brd, 1H), 3.71 (s, 3H), 2.53 (brd, 1H), 2.33 (q, /= 7.4 Hz,
2H), 2.19 - 1.91 (m, 2H), 1.76 — 1.50 (m, 3H), 1.39 (h, J= 7.4 Hz, 2H), 0.86 (t, J = 7.3 Hz, 3H).
Isomer B: '"H NMR (300 MHz, CDCl3) 8 6.77 (t, J = 7.6 Hz, 1H), 5.82 (m, 1H), 5.12 — 4.89 (m,
2H),4.24 (t,J=6.8 Hz, 1H), 3.76 (s, 3H), 2.71 — 1.85 (m, 4H), 1.80 — 1.14 (m, 5H), 0.94 (m, 3H).
HRMS (ESI): m/z [M + Na ]*calcd for C;,H,oNaOs : 235.1305; found 235.1305.

* Methyl 2-(1-hydroxyethyl)hex-2-enoate YN1-049

CoHi1603 (172.22), colorless oil; yield: 57% (461 mg isolated from YN1-031 (800 mg)).
Ry isomera = 0.313, Ry isomer 8 = 0.250, (silica gel, petroleum ether: EtOAc (80:20)). Isomer A
'TH NMR (300 MHz, CDCl3) $ 6.14 (td, J= 7.4, 1.0 Hz, 1H), 4.47 (q, J= 6.4 Hz, 1H), 3.86 — 3.72
(s, 3H), 2.70 (s, 1H), 2.45 — 2.30 (m, 2H), 1.74 — 1.04 (m, 5H), 0.99 — 0.73 (m, 3H). Isomer B: 'H
NMR (300 MHz, CDCl3) & 6.14 (td, J= 7.4, 1.0 Hz, 1H), 4.47 (q, J = 6.5 Hz, 1H), 3.76 (s, 3H),
2.81-2.52 (brd, 1H), 2.37 (q, J= 7.4 Hz, 1H), 1.66 — 1.10 (m, 6H), 0.89 (m, 3H).
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¢ Photo-deconjugation reaction

OH OH

R COMe ., (254 nm), N,N-DMEA (10 mol%) g COMe
CH,Cly, 48°C, 1-5h X
442, R = allyl 441 (62%)
YN1-049, R = methy| YN1-053 (60%)
OH OH
CO,Me CO,Me
2 Me 2
X N
I 4 (62%) YN1-053 (60%)

Procedure: A solution of unsaturated ester 442 or YN1-049 (1 eq.) and 2-dimethylaminoethanol
(N,N-DMEA) (0.3 eq.) in dichloromethane (0.02M) was poured into a quartz tube and bubbled
with argon for 10 minutes. The resulting clear solution was then placed in the Rayonet, and
irradiation at 254 nm was carried out until the complete disappearance of the starting material
(TLC control). The solution was concentrated under vacuum and purified by flash-

chromatography on silica to afford compound 441 or YN1-053.

= Methyl 2-(but-1-en-1-yl)-3-hydroxyhept-6-enoate 441

C12H2003 (212.29), pale yellow oil; yield: 62% (309 mg isolated from 442 (500 mg)). The ratio of
the E/Z isomers is 66:34. Ry jsomer a4 = 0.378, Ry isomer g = 0.275 (silica gel, petroleum ether:
EtOAc (85:15)). Isomer A: 'TH NMR (300 MHz, CDCl3) 8 5.93 — 5.60 (m, 2H), 5.51 (ddt, J=15.4,
7.6, 1.4 Hz, 1H), 5.11 — 4.88 (m, 2H), 3.95 — 3.82 (m, 1H), 3.70 (m, 3H), 3.51 — 3.29 (s, 1H), 3.00
(dd, J=9.1,4.7 Hz, 1H), 2.75 - 1.91 (m, 4H), 1.87 — 1.10 (m, 2H), 1.07 — 0.81 (m, 3H). Isomer
B: '"H NMR (300 MHz, CDCl3) § 5.90 — 5.56 (m, 2H), 5.39 (ddt, J=15.4, 9.1, 1.6 Hz, 1H), 5.11
—4.87 (m, 2H), 3.81 (q, /= 6.6, 5.1 Hz, 1H), 3.70 (s, 3H), 3.05 (dd, /=9.1, 7.7 Hz, 1H), 2.48 (brd,
1H), 2.32 — 1.90 (m, 4H), 1.73 — 1.27 (m, 2H), 1.06 — 0.90 (m, 3H). HRMS (ESI): m/z
[M + Na]*caled for C,,H,oNaO5 : 235.1305; found 235.1298.

= Methyl 2-(1-hydroxyethyl)hex-3-enoate YN1-053

CoH1603 (172.22), colorless oil; yield: 60% (70 mg isolated from YN1-049 (116 mg)). Ry = 0.523
(silica gel, petroleum ether: EtOAc (70:30)). '"H NMR (300 MHz, CDCls) & 5.68 (dt, J =15.4, 6.3
Hz, 1H), 5.38 (ddt, J = 15.5, 9.2, 1.7 Hz, 1H), 4.03-3.97 (m, 1H), 3.7 (s, 3H), 2.98 (dd, J =9.2,
8.6 Hz, 1H), 2.51 (s, 1H), 2.10-2.00 (m, 2H), 1.17 (d, J = 6.4 Hz, 3H), 0.98 (t, J = 7.5 Hz, 3H);

Spectroscopic data matches that reported in the literature.l””]

270



+ Ring-closing metathesis (RCM) of 441

OH OH

COzMe Grubbs I catalyst (7 mol%) COzMe
X CH,Cl, 40°C, 25h
I 440 (69%)

441

Procedure: Diene 441 (150 mg, 0.71 mmol) was dissolved in freshly distilled and degassed
CH:Cl2 (100 mL) under an argon atmosphere. Ruthenium complex (Grubs I catalyst) (40 mg, 7
mol%) was then added. After 25 hours of stirring the solution at reflux (40°C), the conversion was
complete as indicated by TLC. Evaporation of the solvent gave a crude mixture, which was

chromatographed on silica gel to give the desired product.l’*

* Methyl 6-hydroxycyclohex-2-ene-1-carboxylate 440

CsH1203 (156.18), pale brown oil; yield: 69% (76 mg isolated from 441 (150 mg)). Ry jsomera =
0.360, Ry jsomer g = 0.313 (silica gel, petroleum ether: EtOAc (65:35)). Major isomer: '"H NMR
(300 MHz, CDCl3)8 5.92 — 5.77 (m, 1H), 5.74 — 5.56 (m, 1H), 4.18 (m, 1H), 3.72 (s, 3H), 3.36 —
3.22 (m, 1H), 2.98 (brd, 1H), 2.36 — 2.17 (m, 1H), 2.15 - 1.87 (m, 2H), 1.84 — 1.64 (m, 1H). Minor
isomers: '"H NMR (300 MHz, CDCl3) 4 5.97 — 5.80 (m, 1H), 5.78 — 5.59 (m, 1H), 4.21 (m, 1H),
3.74 (s, 3H), 3.31 (m, 1H), 2.89 (brd, 1H), 2.37 — 0.97 (m, 4H). Both isomers: '3*C NMR (101
MHz, CDCl3) 6 173.5, 129.6, 121.5, 66.4, 51.9, 46.2, 27.7, 22.0. HRMS (ESI): m/z
[M + Na ]*caled for CgH ,NaOs : 179.0679; found 179.0681.

% Allylation of 445
[e] (o]
NaH, THF
q\/COZMe 0°C-r.t., 2h COMe
44“\/Br
| 7\
445
450 (53%)

Procedure: “See the general procedure of a-alkylation in Chapter 2.1

= Methyl 2-allyl-3-oxohept-6-enoate 450
C11H1603 (196.25), pale yellow oil; yield: 53% (1.67 g isolated from 445 (1 g)). Ry = 0.362 (silica

gel, Petroleum ether: EtOAc (95:5)). "TH NMR (300 MHz, CDCl3) 8 5.74 (m,H), 5.19 — 4.85 (m,
4H), 3.73 (s, 3H), 3.55 (t, /= 7.4 Hz, 1H), 2.77 — 2.45 (m, 4H), 2.42 — 2.19 (m, 2H). Spectroscopic

data matches that reported in the literature.l’
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*

* Ring-closing metathesis of 450

(o]
COzMe CO,Me CO,Me
Grubbs | catalyst (7 mol%)
/ \ CH,Cly, r.t., 24h

(87%)
449 (2.7) 449' (1)

450

Procedure: Diene 450 (200 mg, 1.02 mmol) was dissolved in freshly distilled and degassed
CH2Cl> (80 mL) under an argon atmosphere. Ruthenium complex (Grubs I catalyst) (25.5 mg,
0.031 mmol, 3 mol%) was then added. After 24 hours of stirring the solution at room temperature,
the conversion was complete as indicated by TLC. Evaporation of the solvent gave a crude

mixture, which was chromatographed on silica gel to give the desired product.[’#!

= Methyl 7-oxocyclohept-3-ene-1-carboxylate 449 and methyl 2-hydroxycyclohepta-1,5-diene-
1-carboxylate 449°

CoH 1203 (168.19), orange oil; yield: 87% (150 mg isolated from 450 (200 mg)). Ry = 0.360 (silica
gel, Petroleum ether: EtOAc (85:15)). The ketone to enol ratio is 2.7:1. "TH NMR (300 MHz,
CDClI3) 6 12.55 (s, 1H), 5.88 —5.71 (m, 5H), 5.71 — 5.62 (m, 1H), 5.58 (m, 1H), 3.81 (dd, J=10.7,
3.8 Hz, 3H), 3.74 (s, 4H), 3.72 (s, 8H), 3.07 — 2.98 (m, 3H), 2.90 — 2.76 (m, 3H), 2.76 — 2.66 (m,
2H), 2.66 — 2.35 (m, 13H), 2.30 (m, 6H). 3C NMR (101 MHz, CDCl3) & 207.4, 177.1, 172.5,
170.2,130.1, 128.8, 127.5,127.0, 100.5, 57.6, 52.2,51.5,41.9, 32.0, 26.8, 24.7, 23.8, 22.4. HRMS
(ESI): m/z [M+ Na*] caled for CoH ,NaO5 : 191.0681; found 191.0679.

% Ketone reduction of 449

H{
[*] OH
} CO,Me CO,Me
NaBH,, CeCl3.7H,0
MeOH, r.t., 1h
449 + 449' YN2-086

(48%, dr: 1.2:1)
Procedure: Compound 449 and its tautomer 449’ (470 mg, 2.8 mmol) and CeCl;.7H,0 (1.561 g,
4.19 mmol) were dissolved in 50 ml of methanol. NaBH, (158 mg, 4.19 mmol) was then added in
one portion with stirring. A vigorous gas evolution occurred and then stirring was continued for
one hour before the pH was adjusted to neutrality with diluted aqueous HCI. The mixture was

extracted with diethyl ether (three times), then the combined organic extracts were dried over
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MgS0,. Evaporation of the solvent gave a crude mixture, which was chromatographed on silica

gel to give the desired product.”!

* methyl 7-hydroxycyclohept-3-ene-1-carboxylate YN2-086

CoH1405 (170.21), colorless oil; yield: 48% (231 mg isolated from 449 and 449’ (470 mg)).
Ry (firstisomer) = 0.373, Ry (second isomer) = 0.487 (silica gel, petroleum ether: EtOAc (65:35)).
The ratio of the two diastereoisomers is 1.2:1. "TH NMR (400 MHz, CDCl3) & 5.83 (dt, J = 11.8,
6.0 Hz, 1H), 5.78 — 5.68 (m, 1H), 4.19 (d, J = 3.7 Hz, 1H), 3.69 (s, 3H), 3.17 (d, /= 4.3 Hz, 1H),
2.74 (s, 2H), 2.44 —2.28 (m, 1H), 2.12 (dd, J = 13.8, 7.9 Hz, 1H), 1.99 — 1.65 (m, 3H). 1*C NMR
(101 MHz, CDCls) & 175.58, 133.30, 129.36, 129.35, 71.55, 51.81, 47.76, 32.44, 24.16, 22.15.
HRMS (ESI): m/z [M+ Na™] calcd for CoH;,NaO5 : 193.0830; found 193.0835.

¢ Alcohol protection of YN2-086

OH OTBDPS
COyMe CO,Me
TBDPSCI, Imidazole
CH,Cl,, rt., 22h
YN2-086 YN2-087 (67%)

Procedure: Compound YN2-086 (one of the separable diastereoisomers) (100 mg, 0.588 mmol)
and Imidazole (6 mg, 0.088 mmol) were dissolved in 12 ml of dichloromethane. TBDPS-CI (0.23
ml, 0.882 mmol) was then added dropwise at room temperature. After one day of stirring, the
conversion was complete as indicated by TLC. The mixture was extracted with ethyl acetate (two
times), then the combined organic extracts were dried over MgSO,. Evaporation of the solvent

gave a crude mixture, which was chromatographed on silica gel to give the desired product.

= Methyl 7-((tert-butyldiphenylsilyl)oxy)cyclohept-3-ene-1-carboxylate YN2-087

C25H3,038Si (408.61), colorless oil; yield: 67% (160 mg isolated from YN2-086 (100mg)). Ry =
0.475, (silica gel, Petroleum ether: EtOAc (95:5)). '"H NMR (400 MHz, CDCl3) & 7.78 — 7.55 (m,
4H), 7.39 (m, 6H), 5.76 (m, 2H), 4.60 (dd, J = 3.45, 7.04 Hz, 1H), 3.42 (s, 3H), 2.98 — 2.74 (m,
1H), 2.56 (m, 1H), 2.37 (m, 2H), 1.73 (m, 2H), 1.44 (m, 1H), 1.04 (s, 9H). HRMS (ESI): m/z [M+
Na*] calcd for C,5H3,Na05Si: 431.2013; found 431.2005.

®.
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Photochimie et Réactions en Cascade: Acces aux
Propellanes et aux Produits Naturels

Résumé

L'augmentation remarquable du nombre de nouveaux médicaments cibles peut se traduire
directement par une demande de nouvelles méthodes pour construire rapidement de petites
molécules trés pures qui possédent un niveau de complexité structurelle toujours croissant. Ces
processus doivent également étre plus efficaces, plus propres pour I'environnement et conduire a
une plus grande diversité structurelle en peu de temps. Ces besoins ont conduit au développement
de nouvelles stratégies, qui ont aidé a produire des composés a un rythme plus élevé que ce que
l'on pensait possible auparavant. La photochimie ainsi que les réactions en cascade font partie de
ces stratégies dans lesquelles elles sont tres recherchées pour leur efficacité a construire un certain
nombre de liaisons et de cycles et a augmenter la complexité moléculaire des produits qui en
résultent. Cette these rapporte 'utilisation de la photochimie et des réactions en cascade pour la
synthese de structures complexes, telles que des propellanes et de certains produits naturels. Le
chapitre 1 donne un apergu de la conception et de la synthése des a- (hydroxyméthyl) cycloalcanols
et le chapitre 2 decrit 1'utilisation de la photo-hydroxymethylation pour synthése des ¢éléments
constitutifs du propellane. Les chapitres 3 a 5 concernent la synthése de divers systémes de cycles
de propellane avec une architecture structurelle esthétiquement attrayante alors que, le dernier
chapitre donne bri¢vement nos tentatives vers la synthése totale de cordycol, le monomeére de

I’idesolide et d’un analogue.

Mots-clefs:

Photochimie — Réactions en cascade — Propellanes — Spirocycles — Synthese totale — Cordycol -

Lactones.
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