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Kurzzusammenfassung

Diese Arbeit beschreibt die Synthese von den Phloroglucinolmeroterpenoiden Cleistocaltone A
und B, die von YE, WANG und Mitarbeitern aus der Pflanze Cleistocalyx operculatus im Jahre 2019
isoliert wurden und exzellente antivirale Aktivitit gegen das respiratorische Synzytial-Virus

(RSV) gezeigt haben.

Es wurden ein konvergenter und ein linearer Syntheseweg fiir Cleistocalton A ausgehend von 2-
Acetylphloroglucinol und Geranylacetat entwickelt. Beide Strategien beinhalten eine TSUJI-TROST
Kupplung, bei der die Phloroglucinoleinheit an das Terpenfragment gekoppelt wird und eine
intramolekulare DIELS-ALDER Cycloaddition (IMDA), die den zehngliedrigen Makrozyklus und die
Cyclohexeneinheit aufbaut, als Schliisselschritte. Der konvergente Weg wurde mit einer ldngsten
linearen Sequenz von 6 Schritten und einer Gesamtausbeute von 1.7% durchgefiihrt. Der lineare
Weg wurde in 8 Schritten mit einer Gesamtausbeute von 2.2% realisiert und auf einen
Grammmafistab hochskaliert. Bei dem letzten Schritt der Synthese wurde ein interessantes
Nebenprodukt isoliert, was ein einzigartiges tetrazyklisches Ringsystem mit einem achtgliedrigen
zyklischen Ether beinhaltet. Es wurde vermutet, dass dieses Nebenprodukt auch ein Naturstoff

aus C. operculatus ist, allerdings waren alle Isolationsversuche vergeblich.

Die Synthese von Cleistocalton B wurde mit einer TSUJI-TROST Kupplung als Schliisselschritt mit
anschlieflender Eintopf-Aldol-Kondensation durchgefiihrt. Cleistocalton B wurde als

untrennbares 1:6 (Z/E) Gemisch mit seinem ungewtinschten E-Isomer isoliert.

Die antivirale Aktivitat von dem synthetischen Cleistocalton A wurde in Kollaboration mit MARTIN
LupLow und SoOPHIE KOLBE gegen einen aktuellen rekombinanten RSV-A Stamm getestet. Das
synthetische Cleistocalton A zeigte einen hoheren ICs als das isolierte Material von YE, WANG und

Mitarbeitern.

Me Me
Cleistocalton A Cleistocalton B Nebenprodukt
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Abstract

This work describes the synthesis of phloroglucinol meroterpenoids Cleistocaltones A and B
which have been isolated from Cleistocalyx operculatus by YE, WANG, and coworkers in 2019 and

displayed excellent antiviral activity against respiratory syncytial virus (RSV).

A convergent and a linear route have been developed for Cleistocaltone A starting from 2-acetyl
phloroglucinol and geranyl acetate. Both routes include a TSUJI-TROST coupling, that tethers the
phloroglucinol core to the terpene moiety and an intramolecular DIELS-ALDER cycloaddition
(IMDA), that furnishes the 10-membered macrocycle and the cyclohexene moiety, as the key-
steps. The convergent route was performed with a longest linear sequence of 6 steps with an
overall yield of 1.7%. The linear route was performed in 8 steps with an overall yield of 2.2%.
Additionally, the linear route was scaled up to a gram-scale. At the last step of the synthesis, an
interesting side product was isolated that features a unique tetracyclic ring system with an eight-
membered cyclic ether. It was suspected that this side product was a natural product from C.

operculatus as well. However, all isolation attempts were unsuccessful.

The synthesis of Cleistocaltone B was performed with a TSUJI-TROST coupling as the key-step with
a subsequent one-pot aldol condensation. Cleistocaltone B was isolated as an inseparable 1:6

(Z/E) mixture with its undesired E-isomer.

The antiviral activity of synthetic Cleistocaltone A was tested in a collaboration with MARTIN
LupLow and SOPHIE KOLBE against a contemporary recombinant RSV-A strain. Synthetic
Cleistocaltone A displayed a modestly higher ICso than the isolated material from YE, WANG, and

coworkers.

Me Me
Cleistocaltone A Cleistocaltone B side product
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1. Introduction

1.1 Natural Product Synthesis

Natural products (NPs) can be categorized into primary and secondary metabolites. Primary
metabolites, consisting of carbohydrates, lipids, amino acids, and nucleic acids, are essential for
fundamental cellular processes such as energy production, cell structure formation, and genetic

information storage.[12]

Secondary metabolites, on the other hand, are not directly involved in growth, development, or
reproduction. Instead, they serve diverse ecological functions, playing a role in chemical
communication between organisms, defence against predators or pathogens, and competition
with other species.[31 This ecological significance drives the high structural diversity of secondary
metabolites, resulting in a wide range of interesting biological and pharmacological activities

often optimized through millions of years of evolution.[l

Accordingly, NPs have always been a rich and valuable source of therapeutics. Since the dawn of
time humanity relied on NPs by utilizing plants, animals, microorganisms, and marine organisms
for the treatment of various diseases and ailments.[5] The significance of NPs in modern drug
discovery can also not be understated. Out of the 1211 approved drugs from 1981 to 2014, 33%
were either NPs or NP-derivatives. Out of the 67% synthetic drugs, 27% mimic the mode of action

of a NP.[6l

Artemisinin (2)

Paclitaxel (1)

Figure 1: Structures of Paclitaxel (1) and Artemisinin (2).

Prominent examples of NPs that are approved to be used as therapeutics are the terpenoids
Paclitaxel (1, Figure 1), a cancer drug that was isolated from the barks of Taxus brevifolia in 1971
by WANI, WALL, and coworkers!’l and Artemisinin (2, Figure 1), a drug against malaria that was
discovered in 1972 from the plant Artemisia annua by TU and coworkers.[8! Since then, several

total syntheses have been successfully executed for Paclitaxel (1)[9-201 and Artemisinin (2).[21-25]



Typically, the abundance of specific natural products within their natural sources is extremely
low, requiring kilograms of the organism to extract only milligrams of the desired compound.
Furthermore, the extraction and purification process is often highly complex due to the presence

of thousands of different compounds in the crude extract.[26]

To enable further research, a synthetic access to the desired compound is essential, offering a
more sustainable and scalable supply. Accordingly, NP synthesis has been an important field in

organic chemistry for decades.[27]

NP synthesis also plays a crucial role in structure confirmation. When no crystal structure (XRD)
of the NP is obtainable, the synthesis can confirm or contradict the proposed structure of the
compound. In some cases, the proposed structure differs significantly from the actual structure of
the NP. A notable example is Thiasporine A (3), where the NMR-spectra of the initially proposed
structure 4 were inconsistent with the spectra of the isolated compound. This discrepancy led to

arevision of the structure (Figure 2).[28

O
NH, N NH, S
Thiasporine A Thiasporine A (3)
proposed structure 4 revised structure

Figure 2: Proposed and revised structures for Thiasporine A.[28]

Lastly, NP synthesis is an important tool for drug discovery and development. When the synthetic
route to the NP is established, it opens up the possibility to modify the structure of the NP at
various stages of the synthesis. These derivatives and the intermediates of the synthesis that
would otherwise not be available enable structure-activity relationship (SAR) studies to identify

the mechanism of action and obtain even more active compounds.[29]

1.1.1 Biomimetic Natural Product Synthesis

An noteworthy approach to the synthesis of NPs are biomimetic strategies. The principle behind
biomimetic NP synthesis is that in nature the syntheses of compounds are performed very
efficiently as they have been optimized through the process of evolution. Consequently, by taking
inspiration and imitating key steps from the biosynthetic pathway to certain NPs, one can
synthesize complex structural motifs of the desired compounds in an elegant and step-efficient
manner.301 These strategies are supposed to exploit the innate reactivity of the molecule and
therefore achieve the synthesis without the excessive use of protecting groups. As a result,
biomimetic strategies have emerged in recent years as a powerful way to synthesize complex

chemical structures.31



An exceptional example for this concept is the total synthesis of the meroterpenoid
Peshawaraquinone (5) by GEORGE and coworkers from 2023.32] It was proposed that 5 is
produced in nature via an unsymmetrical dimerization of dehydro-a-lapachone (6). According to
the proposed biosynthesis (Scheme 1), lapachol (7) is converted to 6 through an oxidative
cyclization. 6 then isomerizes through a LEWIS acid catalyzed retro-6m-electrocyclization to 8
which dimerizes through an intermolecular MICHAEL addition by its deprotonated form 9 to
produce dimer 10. 10 then reacts in a 6m-electrocyclization to give the precursor 11 for the

intramolecular (3+2) cycloaddition which ultimately results in Peshawaraquinone (5).32]

(0] 0 o o
OH oxidative (o) Me (‘O . (\O_
cyclization N Me retro-6n H
Me | L 1 Me I
AN SN 25
(0] Me (0] (0] Me 0 M
) 8

e

lapachol (7 dehydro-a-lapachone (6) 9

MICHAEL reaction

Jintermolecular

Peshawaraquinone (5) - intramolecular
(3+2) cycloaddition

Scheme 1: Proposed biosynthesis of Peshawaraquinone (5).32]

Synthetically, dehydro-a-lapachone (6) was obtained by reacting lawsone (12) in an KNOEVENAGEL
condensation with prenal followed by a subsequent oxa-6m-electrocyclization. Afterwards, using
DMAP as a base, 12 was converted to Peshawaraquinone (5) and its 11’-epimer with 46% yield
and a d.r. of 2.2:1. Combining these two steps was successful and Peshawaraquinone (5) was

formed in a single step with 8% isolated yield (Scheme 2).[32]

Oy =
PhMe, 110 °C,
0 17%, 2.6:1 d.r.
Lawsone (12)

Peshawaraquinone
(5, 8% isolated yield)

Scheme 2: One-step total synthesis of Peshawaraquinone (5) by GEORGE and coworkers.[32]

Two other NPs that has been efficiently synthesized utilizing a biomimetic strategy, also by GEORGE

and coworkers[33] are Atrachinenins A (13, Scheme 3) and B (14, Scheme 3), two meroterpenoids

3



featuring a complex cage-like tetracyclic ring system with six contiguous stereocenters for 13 and
a pentacyclic ring system with seven contiguous stereocenters and a peroxyhemiacetal bridge for
14. The proposed biosynthesis commences with a DIELS-ALDER cycloaddition between geranyl-
quinone 15 and the monoterpene E-B-ocimene (16) to give 17 which, after enolization to 18,
undergoes a (3+2) cycloaddition completing the tetracyclic structure in 19. An oxidative
cyclization completes the peroxyhemiacetal bridge and furnishes Atrachinenin B (14) which is

transformed to Atrachinenin A (13) through reduction.[33!

Me
Me
Me A Me._ _Me Me Me, (’O Ger
| / Me
o ~ "Me . DIELS-ALDER " " enolization .ﬂ
Me o Me ¢ HO™ )
Me—— H
= Me
o) 16 18
15 l(3+2)
e} (¢} 0
HO o) Ger OCol Ger oxidative Hoy Ger M
Me € reduction Me cyclization Me e
H5O
Me Me Me
Me Me Me
Atrachinenin A (13) Atrachinenin B (14) 19

Scheme 3: Proposed biosynthesis of Atrachinenins A (13) and B (14) by GEORGE and
coworkers.[33]

All these steps of the biosynthesis were successfully mimicked synthetically by GEORGE and
coworkers (Scheme 4). Geranylation and oxidation of 4-methoxy-2-methylphenol gave 15 in two
steps with 76% yield. The intermolecular DIELS-ALDER cycloadditon of 15 with 16 was promoted
by LiClO4 and gave all possible endo-diastereomers resulting in a 24% isolated yield of 17. The
(3+2) cycloaddition was successfully executed by using DABCO in PhMe at 95 °C yielding 19 with
32%. The oxidative cyclization was achieved by utilizing KOt-Bu under aerobic conditions in
DMSO furnishing the cyclic peroxide in Atrachinenin B (14) with 57% yield which was then
reduced with PPh; to yield Atrachinenin A (13) with 95%.[33]

Without requiring any protecting groups and furnishing complex natural products such as
Peshawaraquinone (5) and Atrachinenins A (13) and B (14) in very few steps, these syntheses

excellently showcase the power of biomimetic strategies.



enolization/
(3+2)
DABCO

DIELS ALDER M
L|C|O4
X Me Et20 RT
24%

(76% over two steps from
4-methoxy-2-methylphenol)

o oxidative o)

HO o ? Ger reduction O~o/ Ger cyclization Hoy Ger

PPh3 Me Me KOt-Bu, air e Me

THF, RT 4, 1° DMSO, RT
Me ) Me
95% 57%
Me Me

Atrachlnenln A (13) Atrachinenin B (14) 19

Scheme 4: Biomimetic total synthesis of Atrachinenins A (13) and B (14) by GEORGE and
coworkers.[33]



1.2 Respiratory Syncytial Virus (RSV): Disease Burden
and Treatment Challenges

Respiratory syncytial virus (RSV) is a single-stranded RNA-virus within the Paramyxoviridae
family which possesses a non-segmented genome.[341 RSV was first discovered in 1956 in a colony
of chimpanzees with coryza and was therefore labelled coryza agent. Later it was re-termed RSV
due to causing a fusion of infected cells with neighbouring cells leading to a formation of large

multinucleated syncytia.[35

Since its discovery, RSV has emerged as a leading global cause of illness and death, particularly for
infants in the first six months of life.341 With 33.0 million RSV-associated acute lower respiratory
infection episodes in children aged 0-60 months in 2019 resulting in 3.6 million hospital
admissions, it is the most common cause of childhood acute respiratory infection (ARI) and thus,
one of the biggest reason for infant hospitalization. In 2019, RSV was attributable for 26 300 in-
hospital deaths and 101 400 overall deaths in this age group.361 RSV’s impact on vulnerable adults,
including the frail elderly and immunocompromised individuals, can also not be understated. In
2019, RSV-ARI was attributed to 470 000 hospitalizations and 33 000 in-hospital deaths for 260-
aged-adults in high-income countries.[371 In resource-limited settings, RSV is an even more
significant cause of death due to lower respiratory tract infections, second only to pneumococcal
pneumonia and Haemophilus influenzae type B. These regions experience more than double the
rate of severe RSV disease compared to developed countries and account for 99% of global RSV-
related deaths.[34l In recent years, the amount of RSV-specific antibodies in all age groups
decreased significantly due to the social distancing measures against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Lifting of those measures caused an increase of RSV-

related hospitalizations, exceeding the amount observed in regular seasons.[38

O

</N\”/“\NH2

N-N
HO
O

OH OH
Ribavirin (20)

Figure 3: Structure of Ribavirin (20).

Due to the lack of specific therapies, treatment mostly relied on supportive care and passive
immunization. Recently, four promising therapeutics against RSV have been approved. This
includes RSVPreF3 and RSVPreF which are subunit vaccines and Palivizumab and Nirsevimab that

are monoclonal antibodies. The only approved small-molecule drug against RSV is Ribavirin (20,



Figure 3) which, as a nucleoside analogue, targets the polymerase of RSV. However, its use is
highly limited due to safety concerns and its high cost.391 To diversify treatment options, the

development of novel small-molecule antivirals against RSV is highly desirable.



1.3 Cleistocaltones A and B

1.3.1 Discovery and Biological Activity

Cleistocalyx operculatus (Roxb.) Merr. and Perry (alternative name: Syzygium nervosum A.Cunn.
ex DC.) is a tree belonging to the Myrtaceae family and is native to tropical areas of South East
Asia. Watery extracts of its leaves and flowers were used in traditional Vietnamese and Chinese
medicine internally to treat digestive conditions and externally for various skin conditions.
Additionally, in traditional Chinese medicine (TCM) the extraction of the plants flowers was used
for the treatment of influenza.[*%l These therapeutical capabilities can be attributed to various NPs,
especially phloroglucinols, that are produced in the plant. The major constituent of the crude
extract of C. operculatus is 2’,4’-dihydroxy-6’"-methoxy-3’,5’-dimethylchalcone (DMC, 21, Figure 4)
ranging from 0.75% to 1.85%.[41.42] Different studies have shown that 21 possesses cytotoxic,[43-
45] antidiabetic,[46] antioxidant,[47] and anti-inflammatory effects.[48491 C, operculatus also contains
antiviral compounds. A structurally interesting example is Cleistoperlone A (22, Figure 4) which

displayed activity against herpes simplex virus type-1 (HSV-1).[501

Intrigued by C. operculatus’ application in TCM against respiratory illnesses such as influenza, YE,
WANG, and coworkers investigated the activity of the compounds from the plant’s extract against
respiratory syncytial virus (RSV). In their studies, they isolated two novel phloroglucinol

meroterpenoids Cleistocaltones A (23, Figure 4) and B (24, Figure 4).151

O OH
Me OH
X e ;
MeO OH .
Me e
DMC (21) O
Cleistoperlone A (22)

Me Me
Cleistocaltone A (23) Cleistocaltone B (24)

Figure 4: Structures of various phloroglucinols isolated from the extracts of C. operculatus.

As phloroglucinol meroterpenoids, 23 and 24 are both composed of a methylated phloroglucinol

part containing a cinnamoyl moiety originating from Champanone B (25) and a monoterpene part
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consisting of an oxidized geranyl chain. In 23 the terpene part is fused to the phloroglucinol part
with 3 C-C bonds (C-4-C-1’, C-8-C-5’, and C-9-C- 8") which is unique for this class of compounds.
Both compounds were isolated as a racemic mixture. The structure of 23 was confirmed with XRD
analysis. This was not possible for 24 since it was isolated as a viscous oil. Additionally, 24 was
always present as a mixture of two interconverting diastereomers (24a and 24b, Scheme 5) which

gave two sets of signals in the 1H and 13C-NMR.[5]

Me Me
24b

Scheme 5: [somerization of Cleistocaltone B (24).

The antiviral activity of Cleistocaltones A (23) and B (24) against RSV was investigated through a
cytopathic effect (CPE) reduction assay. Ribavirin (20) was used as the positive control. With an
[Cs50 0of 6.75 + 0.75 uM for 23 and 2.81 = 0.31 puM for 24, they showed better inhibition against RSV
than Ribavirin (20) with an ICso of 15.00 = 1.00 pM.[51]

1.3.2 Proposed Biosynthesis of Cleistocaltone A

There are many examples of phloroglucinol meroterpenoids in which the terpene partis supposed
to originate from a geranyl side-chain. In these compounds, the biosynthesis commences with the
geranylation of a phloroglucinol precursor with geranyl pyrophosphate (26) to form a
geranylated phloroglucinol species. Then, the geranyl chain undergoes several oxidation and
cyclization steps to form the NP. One example is the proposed biosynthesis of Elodeoidol G (27,
Scheme 6): In geranyl phloroglucinol 28, both carbon-carbon double bonds of the geranyl chain
are epoxidized. Afterwards, 29 undergoes an epoxide opening cascade to produce 27.152] Here, the

phloroglucinol part is bound to the terpene part with an additional C-0-bond.



Me = Z“Me [0] Me off Me
Me Me
07 “on 0 K e
Me Me Me Me H
28 29
epoxide
opening
cascade

Elodeoidol G (27)

O OH Me H*
Me ¥z A A\O
e—>
Me |—
Me
HO OH OH
31

jcycllzatlon
Me OH
O OH Me
%)
HO OH
Japonicol D (30) 33

Scheme 6: Proposed biosyntheses of Elodeoidol G (27) and Japonicol D (30).[52531

The biosynthesis of Japonicol D (30, Scheme 6) begins with a similar geranyl phloroglucinol 31,
except that only one carbon-carbon double bond of the geranyl chain is epoxidized. Subsequently,
in 32 the remaining double bond attacks the epoxide, generating cation 33 as an intermediate

which is then hydrolyzed to produce Japonicol D (30).[53

YE, WANG, and coworkers proposed a similar biosynthetic pathway to Cleistocaltone A (23) and B
(24) which commences with Champanone B (25, Scheme 7) as the phloroglucinol fragment. 25 is
first geranylated with geranyl pyrophosphate (26) generating geranyl Champanone B 34. 34
could then be hydroxylated selectively at the C-9’ methyl group of the geranyl chain to produce
Cleistocaltone B (24). Alternatively, a dehydrogenation and olefin isomerization at the terminus
of the geranyl chain in 34 could yield triene 35. 35 is the precursor for an intramolecular DIELS-
ALDER cycloaddition (IMDA). The electron-rich diene at the terminus of the terpene chain reacts
with the electron-deficient dienophile of the cinnamoyl moiety in an endo-transition state (TS)
which results in the formation of the 10-membered macrocycle and the cyclohexene in 36. In the
last step the a-position C-2’ of the carbon-carbon double bond contained in the macrocycle is

hydroxylated to furnish Cleistocaltone A (23).51]
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26
oo '\(/;IS A dehyd tion &
ehydrogenation
Me / = O OH olefin isomerization OH
HO 0 C-alkylation
Me Me Me Me Me Me
Champanone B (25) 34 35
allylic
hydroxylation
Me Me
Cleistocaltone B (24)
IMDA
t
allylic
hydroxylation

Cleistocaltone A (23) endo-TS

Scheme 7: Biosynthetic pathway to Cleistocaltones A (23) and B (24) as proposed by YE, WANG,
and coworkers.[51]

11



1.4 Retrosynthetic Analysis of Cleistocaltone A

Cleistocaltone A (23)

Me Me OR

o oH N

Me)ﬁ@\ ||na|y| derivatives Me”™ X 0
HO OH TSUJI-TRER/

Me Me M
2-acetyl phloroglucinol (39) /‘\/\/v e
Me OR o

geranyl derivatives

methylation

Scheme 8: Biosynthesis-inspired retrosynthetic analysis of Cleistocaltone A (23).

In line with the principle of biomimetic synthesis, the retrosynthetic analysis of Cleistocaltone A
(23, Scheme 8) was inspired by the proposed biosynthesis of YE, WANG, and coworkers.[51
Accordingly, the first retrosynthetic step is the oxidation of the carbon backbone which leads to
intermediate 37. 37 features a cyclohexene moiety which, according to the proposed biosynthesis,
could be formed in an IMDA. The key-intermediate 38 required for the IMDA features an electron-
rich diene located at the terpene part and an electron-deficient dienophile located at the
phloroglucinol part of the molecule. The diene is to be formed out of the terminus of the geranyl
fragment in intermediate 34 via a desaturation sequence. The geranyl moiety could be installed
through a TSuUjI-TROST alkylation, 54 the cinnamoyl moiety through an aldol condensation and the
methyl groups through nucleophilic substitution reactions. This ultimately leads to the
commercially available 2-acetyl phloroglucinol (39) as the phloroglucinol part. For the terpene
part, different options are imaginable such as linalyl and geranyl derivatives featuring various

allylic leaving groups that are suitable for the TSUJI-TROST alkylation.
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1.5 Synthesis of Key-Structural Motifs

1.5.1 TsujI-TRoST Reaction

One of the key steps in the synthesis of Cleistocaltones A (23) and B (24) is an allylic alkylation,
coupling the terpene and phloroglucinol fragments. A powerful tool for this type of reaction is the
TsuJI-TROST allylation.[54 This reaction has been discovered by Tsujl and coworkers in 1965 and
further developed by TROST and coworkers.[5455] In this palladium-catalyzed process, a substrate
containing an allylic leaving group 40 reacts with a Pd(® or Pd® source, typically a phosphine

ligand, and a nucleophile (with an optional base) resulting in coupling product 41 (Scheme 9).

Pd(© or Pd(" complexes
phosphine ligand

Nu, (base)
R NN X R NN Nu
40 solvent 41
R = alkyl, aryl

Scheme 9: General setup for the TSUJI-TROST reaction.[56]

Mechanistically (Scheme 10), the TsUjI-TROST reaction commences with the in situ formation of
the active catalyst L,Pd® through reduction of the Pd® precursor and coordination of the
phosphine ligand (L). The carbon-carbon double bond of the allylic substrate 40 then coordinates
to the L,Pd©® complex, facilitating an oxidative addition that generates a cationic Pd m-allyl
complex 42. The nucleophile attacks the m-allyl moiety in a substitution step. Finally, a reductive
elimination releases the coupled product 41 and regenerates the L,Pd(® catalyst, completing the

catalytic cycle.[57]

Pd() or Pd© precatalysts

R \/\/ Nu
41 L,Pd©
coordination
R \/\/ Nu
d<0 d<°
substitution
then reductive
elimination oxidative
addition
R \/\ X

®Pd

L
42 R = alkyl, aryl

Scheme 10: Mechanistic cycle of the TSUJI-TROST reaction.[57]
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Within the TsSUjI-TROST mechanism, variations in the substitution step can occur depending on the

nature of the nucleophile.[>7]

e Soft nucleophiles (e.g., stabilized carbanions or certain heteroatom nucleophiles) tend to
undergo an outer sphere attack, directly attacking the carbon of the m-allyl moiety

(Scheme 11).[58]

¢ Hard nucleophiles (e.g., unstabilized enolates, primary amines, alcoholates), on the other
hand, favour an inner sphere attack. In this case, the nucleophile initially attacks the Pd
center in 42, forming a new Pd complex 43 with the nucleophile coordinated to the metal.
Subsequently, reductive elimination occurs, coupling the nucleophile and allyl fragment

to form the final product 41 and regenerating the catalyst (Scheme 11).[58]

Outer sphere attack:

T “
R oY RNy
-Pd -L,Pd© M
L
42
Inner sphere attack:
reductive
N Nu~ s, - elimination S
RGY RUY ———R ¥ Ny
L/Pf’ L/P'\J -L,Pd©® 41
L Nu*
42 43
R = alkyl, aryl

Scheme 11: Outer and inner sphere attack of nucleophiles.[57]

Furthermore, the TSUJI-TROST reaction can proceed via two distinct regiochemical pathways,
depending on the site of nucleophilic attack on the m-allyl complex 44 (Scheme 12): Path a where
the nucleophile attacks the less substituted terminal carbon of the m-allyl complex 44 and path b
where the nucleophile attacks the more substituted internal carbon of the m-allyl complex 44. The
preference for one pathway over the other primarily depends on stereo-electronic factors,
including the steric environment around the allyl carbons and the electronic properties of the
nucleophile and the electrophile.l>¥ Consequently, two different constitutional isomers, 45 and

46, could potentially be formed, raising regioselectivity challenges in the TSUJI-TROST reaction.

14



45
£, _ L\
R)\;//K\Nu' L
L/Rd R
L path b /i\/
44 R \
Nu p\d(O)

R, R' = alkyl, aryl

Scheme 12: Different pathways for the nucleophilic substitution in the TSUJI-TROST reaction.[54]

In the TSUJI-TROST reaction, a range of leaving groups (X) can be utilized. Common choices include
acetates, halides, and carbonates such as OBoc, OTroc, and methyl carbonate. Acetates are readily
available and widely used, but often require elevated temperatures or more reactive catalysts.
Halides are typically more reactive than acetates, but can be prone to side reactions. Carbonates
offer the distinct advantage of liberating CO; as a driving force during the oxidative addition step,
facilitating the formation of the m-allyl complex and potentially leading to milder reaction
conditions and improved efficiency.[56] The leaving group can be located terminally, as in substrate
47, or internally (tertiary position), as in substrate 48 (Scheme 13). This will have an influence on

the diastereo- and regioselectivity of the reaction.[5]

x R’i\/ X R)\/

© ©) ®p
I_/P\d Pd > Pd
L L L

47 48 44

R, R' = alkyl, aryl
X = OAc, OBoc, OTroc, OCO,Me, ClI, Br

Scheme 13: Leaving group position in the TSUJI-TROST reaction.[56:59]

A unique case within the range of leaving groups for the TsSUJI-TROST coupling involves allylic
epoxides 49 (Scheme 14). Upon coordination of the palladium catalyst to the epoxide, an allylic
complex 50 is generated. Subsequent substitution by the nucleophile and reductive elimination
will predominantly yield an allylic alcohol product 51.1601 This particular pathway is valuable in

the synthesis of Cleistocaltone B (24), where this structural motif is required.

o OH
I
N R Nu
L ©pd 51
L LY
49 50
R = alkyl, aryl

Scheme 14: Epoxides as a leaving group in the TSUJI-TROST reaction.[¢0]

A significant advantage of palladium-catalyzed coupling reactions is the ability to utilize chiral

ligands and achieve enantioselective transformations. While this principle extends to the TsujI-
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TROST reaction, achieving enantioselectivity in this context presents a greater challenge. This
difficulty arises because the nucleophilic attack typically occurs from the face opposite the
palladium complex. Consequently, to induce chirality, the catalyst’s “chiral pocket” must be
sufficiently large to effectively differentiate between the enantiotopic faces of the m-allyl

intermediate.[58]

To address this challenge, TROST and coworkers developed specialized ligands, such as 52 and 53,
incorporating a chiral (1,2)-diaminocyclohexane (DACH) core (Figure 5). These ligands create a
large chiral environment around the palladium center, akin to an enzyme’s active site. This
expansive “chiral pocket” enhances the catalyst’s ability to discriminate between the enantiotopic
faces of the m-allyl intermediate, thereby promoting enantioselective nucleophilic attack and the

formation of enantioenriched products.[54

O
NH HN NH HN O
PPh, PhyP PPh2 Ph2P
DACH TRoOST ligand 52 DACH-naphtyl TROST ligand 53

Figure 5: Structure of TROST ligands 52 and 53.

These ligands have been used to great success in stereoselective allylic alkylation reactions.
Notably, they have even facilitated the formation of quaternary stereocenters with high ee, such
as in product 54, resulting from the reaction of substrate 55 with allylic acetate 56 using TROST

ligand 52, (allylPdCl),, LDA, and Me3SnCl (Scheme 15).[61]

TROST ligand 52 (5 mol%)
(allylPdCl), (2.5 mol%),

0 MLDSA’CI o
e3on Me
Me J
+ /\/OAC . N
DME, RT, 30 min
56 88% ee, 99% yield
55 54

Scheme 15: Example for an enantioselective TSUJI-TROST reaction.61]

1.5.2 Intramolecular DIELS-ALDER Cycloaddition

The DIELS-ALDER reaction is a pericyclic [4+2] cycloaddition between a diene and a dienophile
discovered by DIELS and ALDER in 1927 (Scheme 16).[62 It is a powerful reaction with an optimal
atom economy able to generate compounds with a tremendous amount of complexity out of

relatively simple starting materials in a single step.
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Scheme 16: General example for the DIELS-ALDER reaction.

Mechanistically, the DIELS-ALDER reaction proceeds through a concerted pericyclic process
involving the interaction of the m-orbitals of the diene and dienophile, resulting in the formation
of two new o-bonds. The electronic properties of the reactants play a crucial role in determining

the reaction pathway, leading to two distinct types of DIELS-ALDER reactions.[63]

In the normal electron-demand DIELS-ALDER reaction, the diene is electron-rich, typically bearing
electron-donating groups (EDGs), while the dienophile is electron-poor, often possessing
electron-withdrawing groups (EWGs). This electronic configuration lowers the energy of the
dienophile’s lowest unoccupied molecular orbital (LUMO), facilitating a favourable interaction

with the highest occupied molecular orbital (HOMO) of the diene (Scheme 17).[63]

Conversely, the reverse electron-demand DIELS-ALDER reaction features an electron-poor diene,
substituted with EWGs, and an electron-rich dienophile, bearing EDGs. In this scenario, the EWGs
on the diene lower the energy of its LUMO, enabling a productive interaction with the HOMO of
the dienophile (Scheme 17).163]

EDG—/ WEWG ; EWG—/ WEDG

~ ~
o

HOMO ! LUMO
| |
M LUMO i ¥ Homo

normal electron-demand ' reverse electron-demand
DIELS-ALDER reaction H DIELS-ALDER reaction
'

Scheme 17: Different types of DIELS-ALDER reactions according to frontier molecular orbital
theory.[64]

Two distinct transition states are possible in the DIELS-ALDER reaction (Scheme 18). In the endo-
transition state, the substituents R and R’ are oriented on the same side of the developing cyclic
system. This pathway leads to the formation of the product 57, which is often favoured kinetically
due to stabilizing secondary orbital interactions between the diene and dienophile substituents

during the transition state.[65]

Alternatively, the exo-transition state involves the substituents R and R’ positioned on opposite

sides of the forming ring. This configuration results in the product 58, which may be
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thermodynamically more stable due to reduced steric interactions between the substituents in

the final product.[®s]

The selectivity between the endo and exo pathways primarily depends on the interplay of
secondary orbital interactions and steric effects. Achieving the desired diastereoselectivity can be
a challenge in DIELS-ALDER reactions, often requiring careful consideration of the substituents and

reaction conditions to favour the formation of the desired product.[6s]

endo-TS . exo-TS

Scheme 18: endo- and exo-TS for the DIELS-ALDER reaction.

A unique variant of the DIELS-ALDER reaction is the intramolecular DIELS-ALDER cycloaddition
(IMDA), where the diene and dienophile components are linked within the same molecule. This
intramolecular tethering facilitates the reaction by pre-organizing the reactants into a favourable
conformation for cycloaddition, often leading to enhanced rates and improved regio- and

stereoselectivity compared to intermolecular reactions.[66]

IMDAs can be classified into two types (Figure 6). In the first type, the tether connects to one of
the terminal carbons of the diene moiety. In the second type, the tether is attached to one of the
internal carbons of the diene. The nature and length of the tether can significantly influence the

regio- and stereochemical outcome of IMDA reactions.[67]

~ 0 : Z
N vy 5 N Oy
X ; X

Type 1IMDA  :  Type 2 IMDA

Figure 6: Different types of IMDA.[67]

Due to the large increase of complexity, IMDAs are highly desirable key-steps in total syntheses
and have been used to great success in the past. One famous example is the synthesis of
Norzoanthamine (59) by MIYASHITA and coworkers where a thermal IMDA of 60 was used to
diastereoselectively furnish the B and C rings of the natural product yielding the exo-product 61

after deprotection of the silyl ether (Scheme 19).[68]

18



?  coe 1) 1:24richlorobenzene,
_ 240 °C
, M
Me . oMe © 2) HF-pyridine,

| THF, RT
51% (two steps)

OTBS
60

Me
Norzoanthamine (59)

Scheme 19: Thermal type 1 IMDA of 60 yielding the exo-product 61 after silyl ether
deprotection in the total synthesis of Norzoanthamine (59) by MIYASHITA and coworkers.[68]

In addition to thermal activation, LEWIS acids can also catalyze DIELS-ALDER reactions, particularly
when the dienophile possesses a carbonyl group in the a-position. The LEWIS acid coordinates to
the carbonyl oxygen, lowering the energy of the dienophile’s LUMO and enhancing its reactivity

towards the diene.[6°]

A notable example of LEWIS acid-catalyzed IMDA is found in BARAN and coworkers’ synthesis of
Taxadiene (62), an important intermediate in the synthetic preparation of the anticancer drug
Paclitaxel (1). The key IMDA step involved the substrate 63 containing a 1,3-diketone moiety
adjacent to the dienophile. By employing BF3-OEt; as the LEWIS acid catalyst, the reaction
proceeded efficiently, completing the carbon skeleton of Taxadiene (62) and affording the desired
product (64) in 47% yield (Scheme 20).1701 This example demonstrates the high value of the IMDA

for the construction of ring systems in polycyclic natural products.

Me
BF5-OEt, m
— —_—
—_—
CH,CI, 0°C S
H 47% + 29%
o o undesired

; 64 :
63 (2:1d.r, mixture diastereomer (.q9.1 41 at C1) Taxadiene (62)

of isomers major,
diastereomer shown)

Scheme 20: LEWIS acid catalyzed type 2 IMDA in the synthesis of Taxadiene (62) by BARAN and
coworkers.[70]

19



2. Research Objectives

Me Me
Cleistocaltone A (23) Cleistocaltone B (24)

Figure 7: Structures of Cleistocaltones A (23) and B (24).

The excellent antiviral activity makes Cleistocaltones A (23, Figure 7) and B (24, Figure 7)
valuable targets for a total synthesis. The development of a synthetic access could enable further
research and contribute to the discovery of new antivirals which are urgently needed, as the
recent COVID-19 pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) has starkly demonstrated.

In this work, a biomimetic approach for the total syntheses of Cleistocaltone A (23) and B (24)
based on the developed retrosynthesis (Scheme 8) should be investigated. For this purpose, an
efficient synthesis of Champanone B (25) should be established. Then, different terpene
fragments containing a diene and a suitable leaving group should be synthesized. Subsequently,
as the first key-step of the total synthesis, an enantioselective TSUJI-TROST alkylation should be
developed to tether the terpene side-chain to Champanone B (25). This should assemble the
precursor for an IMDA 38. The IMDA as the second key-step should diastereoselectively construct
the carbon skeleton of Cleistocaltone A (23). An oxidation of the macrocycle in 37 should then
lead to the desired NP. When a method for the allylic alkylation of 25 is developed, Cleistocaltone
B (24) should be synthesized in a similar manner by installing the appropriate oxidized geranyl

side-chain.

With a synthetic access to Cleistocaltones A (23) and B (24) established, the developed reactions
should be optimized and scaled-up to a gram-scale to achieve a sustainable supply of the
compounds. This should provide a sufficient amount of material for biological studies and the
development of derivatives for SAR-studies to identify even more potent target molecules.
Moreover, the total synthesis of Cleistocaltone B (24) should give a confirmation of the proposed
structure as a structural elucidation by XRD is probably not possible due to its equilibrium with

its diastereomer.
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3. Results and Discussion

3.1 Synthesis of Champanone B

Biosynthetically, the phloroglucinol part of Cleistocaltone A (23) supposedly derives from
Champanone B (25).[511 25 is a natural product which was first isolated by DUQUE and coworkers
in 2005 from the seeds of Campomanesia lineatifolia native to the Amazonas region.[”!]

aldol condensation
Aaldc

OH O

O OH /
Me P
~ Me
/\© — /@ﬁL
HO 0] HO OH
Me Me- _methylation

Champanone B (25) 2-acetyl phloroglucinol (39)

Scheme 21: Structural features of Champanone B (25).

Champanone B (25) structurally originates from 2-acetyl phloroglucinol (39) which, along with
methylation of the aromatic ring, must undergo an aldol condensation to transform the acetyl
group into a cinnamoyl moiety (Scheme 21). Champanone B (25) has been first synthesized by
LEE and coworkers as an analogue of Desmosdumotin C (65) which was isolated 2002 from
Desmos dumosus and synthesized 2005 also by LEE and coworkers.[72-741 The synthesis (Scheme
22) commences with 2-acetyl phloroglucinol (39) which is methylated under use of Mel and
NaOMe as a base to give trimethylated acetyl phloroglucinol 66 with a yield of 56%. The
methylation of the oxygen in 66 proved to be quite difficult due to the presence of a strongly acidic
proton at the C-4 position. Therefore, typical methylation methods employing a base and Mel only
gave the C-methylated product. Only under mild, base-free conditions using TMSCN; a selective
O-methylation giving 67 with 88% yield was possible. After an aldol condensation of the acetyl
group in 67 under typical conditions using PACHO and KOH with 78% yield, Desmosdumotin C
(65) was obtained.l’2] The cleavage of the O-methyl-group was accomplished by refluxing
Desmosdumotin C (65) in MeOH and acetone in the presence of HCI to give Champanone B (25)
with a suboptimal yield of 40%. Additionally, a cyclized side product 68 was yielded with 13%.73I
The synthesis was published three months prior to the isolation of Champanone B (25). Therefore,
it was presumably not known during this time that Champanone B (25) was, in fact, a natural

product and optimization of the synthesis was likely not a primary goal of that work.
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v _Mel, NaOMe e _TMSCHN,
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MeOH reflux EtOAc/MeOH
reflux, 7 h
" 39 o 56% 'V'e Me 88% Me Me
PhCHO,
KOH,
H,O/EtOH,

RT, 23 h
78%

Me Me
COMe2 MeOH,
HO reflux, 1h  MeO
Me Me

Me Me Me Me
Champanone B (25, 40%) 68 (13%) Desmosdumotin C (65)

Scheme 22: First total synthesis of Champanone B (25) published 2005 by LEE and
coworkers.[7273]

Due to the unfavourable yield of the demethylation step and the employment of expensive and
dangerous TMSCHN3, the aim was to develop an optimized route to give access to Champanone B

(25) in large quantities.
3.1.1 Synthesis via Methylation of 2°,4’,6’-Trihydroxychalcone

In the attempt to optimize the synthesis of Champanone B (25), the first route that was developed
is shown in Scheme 23. The first step consists of the MOM-protection of two of the enols in 2-
acetyl phloroglucinol (39). To avoid working with the highly carcinogenic MOMCI, a method
developed by BERLINER and coworkers was utilized where MOMClI is generated in situ by the zinc-
catalyzed reaction of dimethoxymethane with acetyl chloride.l”s] Excess MOMCI was quenched
before the opening of the reaction vessel. Therefore, the risk of exposure was minimized. Thus,
MOM-protected acetyl phloroglucinol 69 was obtained with a yield of 38%. Although the yield of
this reaction was below-par, it was determined that the higher safety standards outweighed the
diminished yield. Moreover, all reactants and reagents utilized in this step were inexpensive and

a scale-up was easily conceivable.
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39 38% 69 a8h 70
MeOH/H,0,
90 °C,
10 min,
96%
Mel. OH O
NaOMe =
Tl OUNR
HO 90 °C, 18h HO OH
Me Me no conversion 71

Champanone B (25)

Scheme 23: Attempt to synthesize Champanone B (25) via cinnamoyl phloroglucinol 71.

In the next step, MOM-protected acetyl phloroglucinol 69 was transformed to the corresponding
cinnamoyl phloroglucinol 70 under classic aldol condensation conditions using PhCHO and KOH
in ethanol/water with a yield of 77%. The deprotection of the MOM-protected enols was
successfully achieved by boiling of 70 in methanol/water under the presence of HCl yielding 2-
cinnamoyl phloroglucinol (71) with an excellent yield of 96%. For the methylation of 71 the same
method as employed by LEE and coworkers was utilized.[”2l However, even after boiling 71 for
18 h with excess Mel and NaOMe, no conversion at all could be observed. Presumably, the
presence of the cinnamoyl moiety on the phloroglucinol ring creates a large conjugated system
that causes a delocalization of the negative charge in the deprotonated phloroglucinol. This lowers
its nucleophilicity to a significant extent so that no nucleophilic substitution can be achieved.

Therefore, this route was not further pursued.

3.1.2 Synthesis via Protected Champanone B

In the next attempt to synthesize Champanone B (25), the methylation of 2-acetyl phloroglucinol
(39) was performed before the aldol condensation to avoid the problems present in the first route
(Scheme 24). Utilizing the conditions of LEE and coworkers,[72] 2-acetyl phloroglucinol (39) was
boiled in methanol in the presence of 3.3 equiv. of Mel and 3.7 equiv. of NaOMe. After
neutralization of the reaction mixture with HCl, LEE and coworkers performed an extraction
followed by a column chromatography to obtain pure trimethyl acyl-phloroglucinol 66.[72]
However, this procedure was only feasible for small reaction scales. Because of the presence of
acidic protons, the behaviour of 66 on the silica gel column was suboptimal. If attempted to purify
large quantities of crude 66 by column chromatography, no amount of pure 66 could be obtained.
Additionally, large amounts of solvent were wasted to attempt the purification. Recrystallization
of the residue from the EtOAc extract was also unsuccessful. Luckily, it was observed that after the

neutralization of the reaction mixture an off-white substance precipitated. This substance was
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identified as the already pure trimethyl acetyl-phloroglucinol 66. After filtration and washing of
the substance with water, pure off-white powderous product could be obtained leaving all
impurities, such as the dimethyl acetyl-phloroglucinol, in the filtrate. This optimized work-up
procedure did not only improve the yield significantly from 56% (LEE and coworkers)[72l to 69%,
but also massively simplified the purification process. Interestingly, this method of purification
worked only when the reaction was stopped after 7 h, because in this case, the impurities consist
mainly of the water-soluble mono- and dimethylated products. When the reaction mixture is
refluxed overnight, the main impurity is composed of the tetramethylated product, which is also
not soluble in water. However, due to the poor solubility of 66 in CH:Cl;, this impurity is easily
removed by washing the crude product after filtration with CH;Cl,. Although in this case, the yield

is significantly diminished.

(OMe),CH;,
OH O NaOMe, Me.ca oH 9 ZnBr, AcCl, M OH O
Mel e Me DIPEA e Me
Me ———
MeOH,  Ho o) CH,Cl, MOMO o}
HO OH  90°c, Me Me 5°CtoRT, 22 h Me Me
7h 42%
39 69% 66 72
(Lit.: 56%) PhCHO, PhCHO,
KOH, KOH
EtOH/H,0, EtOH/H,0,
5°C to RT, 5°Cto RT, 44 h
decomposition 81%
OH O OH O

HCI, NaAsc Me

Me = =
-
(L U eomer ST T
HO 0] H,O/MeOH, MOMO 0]
Me Me 5°C, 35 min Me Me

Champanone B (25) 81% 73

Scheme 24: Synthesis of Champanone B (25) via MOM-protected phloroglucinol 73.

With large amounts of trimethyl acetyl-phloroglucinol 66 available, the direct aldol condensation
was attempted to obtain Champanone B (25) in two steps. However, only a complex mixture was
obtained suggesting that the compound decomposed. This occurred possibly due to the reactive
C-4 position in 66 which could undergo many side reactions. Therefore, a protection of the
reactive enol was in order. Using similar conditions according to BERLINER and coworkers, MOMCI
was once again generated in situ to obtain MOM-protected enol 72 with a yield of 42%. The
following aldol condensation proceeded smoothly and cinnamoyl phloroglucinol 73 was
produced with a yield of 81%. To obtain Champanone B (25), the deprotection of the MOM-ether
was attempted. This proved to be much more challenging than anticipated. Due to the formation
of an electrophilic oxonium ion in the deprotection process many unwanted side products
emerged which were not separable from the product. A method that would circumvent this issue

was required. Several different conditions were examined (Table 1).
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Table 1: Conditions for the deprotection of MOM-protected Champanone B (73).

OH O OH ©
Me O 7 O conditions Mé O Z O
MOMO o) HO o)
Me Me Me Me
73 Champanone B (25)
Entry Conditions Comment
I 1
1a HC], 1,4-dioxane/H-0, RT, 60 min decomposition
2a HCI, MeOH/COMe;/H:0, 0 °C, 60 min decomposition
3 n-PrSH, ZnBr;, CH2Cl;, 0 °C, 35 min decomposition
4b HCI, MeOH/COMe,/H:0,-20°C, 2 h no reaction
5b HCI, MeOH/COMe/H:0, 0 °C, 35 min decomposition
6b HCI, NaAsc, MeOH/COMe;/H:0, 0 °C, 35 min 81% yield

a) The HCl-solution was added to a solution of MOM-protected Champanone B 73 dropwise. b) A solution of MOM-

protected Champanone B 73 in acetone was added to the reaction mixture over 30 min using a syringe pump.

Since MOM-protected Champanone B 73 was insoluble in methanol or water, the deprotection
was tested in 1,4-dioxane at RT (Table 1, entry 1). However, this lead to an inseparable complex
mixture of products. Next, the deprotection should be examined at alower temperature. However,
due to the high melting point of 1,4-dioxane, the solvent was adjusted accordingly. It was observed
that 73 was soluble in acetone. Therefore, in the next attempt a solution of HCI in methanol and
water was added to the 73 solution in acetone at 0 °C (Table 1, entry 2). This, unfortunately,
resulted in decomposition once more. As acid catalyzed deprotection methods did not lead to any
success until this point, a different method using n-PrSH and ZnBr; was evaluated (Table 1, entry
3). This method was developed by RAWAL and coworkers and further investigated and optimized
by SOHN, RYU, and coworkers.[76771 Unfortunately, this method of using propyl thiol as a oxonium-
ion scavenger was not successful in the case of MOM-protected Champanone B 73. As the
alternative method of the MOM-deprotection was unsuccessful, the acid catalyzed deprotection
was investigated once more. To prevent the oxonium-ion from reacting with an excess of
unreacted starting material, the solution of MOM-protected Champanone B 73 dissolved in
acetone was added to the HCl-solution very slowly over a period of 30 min. The first attempt was
made at -20 °C (Table 1, entry 4). However, no reaction was taking place at this temperature.
Therefore, the temperature was elevated to 0 °C (Table 1, entry 5). As this also resulted in a
complex mixture, in the next experiment, sodium ascorbate was added (Table 1, entry 6). The
reasoning behind this was that sodium ascorbate, a mild reducing agent, could function as a
scavenger of the reactive oxonium-ion. Luckily, this method was successful and afforded
Champanone B (25) with a yield of 81%. However, it is to be noted that the mechanism of this

reaction was not further investigated and is therefore unknown.
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3.2 Synthesis of Terpene Fragments for Cleistocaltone A

With an efficient synthesis of Champanone B (25) established, several terpene fragments should
be synthesized for the TsuUjI-TROST coupling. Viable fragments could structurally derive from
linalool (74) which possesses a tertiary hydroxy-group at the C-3 position and geraniol (75)
where the hydroxy-group is situated at the terminal C-1 position (Scheme 25).

Me Me OH Me Me
Me)\/\)v MeWOH
linalool (74) geraniol (75)

a) desaturation
b) leaving group insertion

Y% J'k/\/'\llli/\
= = Me™ 7 Ny

Scheme 25: Synthesis of terpene fragments featuring a diene and a leaving group X.

Being more electron-rich due to the absence of any electron-withdrawing functionalities in the
near vicinity, the terminus should be transformed selectively into the diene via a desaturation
sequence. The hydroxy-group could be transformed into a vast array of leaving groups such as
acetates, carbonates or halogenates which are all feasible leaving groups for the TSujI-TROST

reaction.

3.2.1 Synthesis of Hotrienyl Derivatives

Me = =

hotrienol (76)

Figure 8: Structure of hotrienol (76).

The first target compound was hotrienol (76, Figure 8), a linalool derivative, which meets the
desired structural requirements. It has first been isolated and identified in 1969 by YOSHIDA,
MURAKI, KAWAMURA, and KOMATSU for Takasago Perfumery Co. from the leaves of the Japanese
fragrant camphor tree Cinnamomum camphora as a fruity smelling compound.[’8] A convenient
synthesis without any C-C-bond formations was developed in 2003 also for Takasago Perfumery
Co. by Yuasa and coworkers.[791 Since this route was very step-efficient, had good yields, involved
inexpensive reagents and was already scaled up to a kg-scale, it seemed to be the ideal starting

point and was attempted first (Scheme 26).

26



Ca( 00|)2

AcO Me
Me AcO Me HsBOs H W Li,CO3 LiBr w&e/
Me)\/\)v DMF, Me™ 7

CH:Cly 130 °C, 16 h
77 64% ?Llf gsh"/o) 52% (Lit. 73%)
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Scheme 26: Synthesis of hotrienol (76) according to YUASA and coworkers and derivatization to
the corresponding tert-butyl carbonate 80.[79]
The synthesis commenced with linalyl acetate (77) in which the terminus was chlorinated
through an ene-type chlorination using Ca(OCl); and boric acid. The authors developed an
ingenious method where they exploited the poor solubility of the reagents in CHzCl,. To start the
reaction, water was added. This resulted in a triphasic reaction mixture where in the aqueous
phase, boric acid and Ca(OCl); reacted to form hypochlorous acid as the chlorinating agent in a
controlled manner. These mild reaction conditions allowed for a selective chlorination of the more
electron-rich double bond forming the allylic chloride 78 under release of water. For this reaction,
vigorous stirring was crucial as even stopping for only a moment resulted in a coagulation of the
salt and formation of one semi-solid piece of reagents. While the reaction was easily set up and
carried out, the work-up process became very tedious due to the formation of poorly soluble salts
consisting of the by-products from the reaction. Moreover, in literature, the product was purified
by distillation which facilitated the scale-up immensely. Here, this method of purification was not
reproducible, because at the given pressure and temperature, no product could be collected.
Therefore, the temperature was required to be elevated which resulted in a pyrolysis of the
product. In the end, column chromatography was employed. Therefore, the literature yield could

not be replicated. However, a yield of 64% was still more than acceptable.

In the next step, the diene 79 was formed by a dehydrochlorination of allylic chloride 78 under
basic conditions. Harsh reaction conditions were necessary to accomplish this feat. Using Li»CO3
as a base and LiBr as an additive in DMF, the reaction mixture was heated to 130 °C. Again, the
literature procedure required adjustments. According to literature, heating for 2 h was sufficient
to drive the reaction to completion. In this case, 16 h were required. Moreover, distillation was
still unsuccessful at the given pressure and temperature. Purification by column chromatography
was difficult due to the formation of many side products, probably accountable to the longer

reaction time. Only after carefully degassing the solvent via freeze-pump-thaw, the reaction
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proceeded smoothly without the formation of many by-products and purification via column

chromatography was successful. Diene 79 was obtained with a yield of 52%.

For the saponification of the acetyl ester an entirely new method was required. The literature
procedure using a 10% NaOH solution in MeOH and water produced hotrienol (76) with a yield
of only 20% (Lit. 85%).[7%1 The presence of a by-product with an intense orange colour which
rapidly decomposed when attempting purification by column chromatography suggested that the
elimination of the acetyl group and formation of a compound with a conjugated m-system was a
competing side-reaction. Using LiOH in a solvent system of water/MeOH/THF, the yield was

slightly improved giving hotrienol (76) with 32%.

To transform the hydroxy-group in hotrienol (76) into a leaving group, it was substituted with the
tert-butyl carbonate under usage of Boc20 and n-Buli as a base. This gave the corresponding

hotrienyl tert-butyl carbonate (80) with 56% yield.

With this route concluded, two potential coupling partners for the TSUJI-TROST reaction were

synthesized, hotrienyl acetate (79) and hotrienyl tert-butyl carbonate (80).

3.2.2 Synthesis of Terpene Fragments Containing a Terminal
Leaving Group

NaOH, PPhg,
Ca(OCl),, H3BO3, n-BuyNCl,
)Mi/\/M(/\ HZO W (aIIyIPdC|2)2
A S S
Me OAc o Me OAc
CH,Cly, 5°C, 5 h L THF, RT, 3 d
81 80% 82 64% (Lit.: 65%)
n-BU4NHSO4,
NaOH,
JJ\/\/M(/\ Bocz0 J]\/\/M(/\ KOs JJ\/\/Mli/\
Me = X OBoc H,0/ Me = x OH MeOH, Me = X OAc
5°C
CH,CI ’
85 CHaCly, 84 3h 83
5°Cto RT, quant
16 h,

59%

Scheme 27: Synthesis of terpene fragments containing a terminal leaving group.

To synthesize the terpene fragments that contain a terminal leaving group, the synthesis (Scheme
27) commenced with the chlorination of geranyl acetate (81). The same conditions according to
the chlorination of linalyl acetate (77) by YUASA and coworkers were employed.[791 Geranyl acetate
(81) was vigorously stirred in a suspension of boric acid and Ca(0Cl)2 in CHzCl; at 5 °C while water
was added over 4.5 h using a syringe pump. This gave allylic chloride 82 with a yield of 80%.

Compared to the chlorination of linalyl acetate, the yield is significantly improved. This is probably
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owed to the fact that in this case the electron-deficient double bond is even more sterically

hindered leading to even fewer unwanted side reactions.

Table 2: Conditions for the dehydrochlorination of allylic chloride 82.

Me Me
conditions M
N = N
MeWOAC > Me OAc

cl
82 83
Entry Conditions Comment
I I
1 Li»COs3, LiBr, DMF, 130 °C, 16 h decomposition
i 0,
2 KOt-Bu, THF, 60 °C, 3 h deprotection (24% of 82

recovered)

NaOH, PPhs, (allylPdCl),, n-BusNCl, THF, RT,

34 64% yield (Lit.: 65%)[80]

The dehydrochlorination of allylic chloride 82 proved to be more challenging compared to the
previous route. Using similar conditions as YUASA and coworkers only decomposition products
could be observed (Table 2, entry 1). The terminal acetate appeared to be much more reactive
than the tertiary acetate in 78. Therefore, presumably, a deprotection and other unwanted side
reactions could take place. Using a stronger base (KOt-Bu) at a lower temperature of -60 °C (Table
1, entry 2) only let to the deprotection of the acetate which seemed to be faster than the
dehydrochlorination. Of course, at this point, non-nucleophilic bases like DBU could be
investigated. However, a different approach using palladium-chemistry was chosen (Table 2,
entry 3).1891 The proposed catalytic cycle for this reaction is shown in Scheme 28. First, the Pd-
precatalyst allyl-palladium chloride dimer is transformed to the active Pd(®(PPhs).-species. After
an oxidative addition into the allylic C-Cl bond of 82 during which a Pd(W-complex is formed, a 8-
hydride elimination takes place releasing the diene 83 and the (PPhs),Pd(W-complex with a
hydrogen and a chlorine atom bound. This complex undergoes a reductive elimination
regenerating the Pd(0) catalyst under release of HCL. To prevent HCl from causing any unwanted
side reactions, NaOH is used. However, large amounts of NaOH could deprotect the acetate as well.
Therefore solid NaOH, which is insoluble in THF, is used in combination with a phase-transfer
catalyst n-BusNCIL. These mild conditions produced diene 83 successfully with a yield of 64%.

Despite the tame conditions, moderate amounts of the deprotected alcohol 84 could be observed.
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Scheme 28: Proposed catalytic cycle for the dehydrochlorination of allylic chloride 82 to form
diene 83.

To obtain the corresponding tert-butyl carbonate 85, acetate 83 was first saponificated by
treatment with K,CO3 in ice-cold methanol. This gave alcohol 84 in a quantitative yield. The

product did not require any purification as all side-products were water soluble.

Table 3: Conditions for the Boc substitution of alcohol 84.

JJ\/\/MQ/\ _— N
_ “~ conditions Jj\/\/\/\
Me OH M OBoc

e

84 85
Entry Conditions Comment
I 1 n-BulLi, Boc;0, THF, 0 °C to RT, 16 h decomposition I
2 NEts, DMAP, Boc,0, CHzCl, RT, 3 h, 26% yield
3 n-BusNHSO., NaOH, Boc;0, H,0/CH2Cl, 0 °C to RT, 16 h 59% yield

Different conditions were examined to transform alcohol 84 into the tert-butyl carbonate 85
(Table 3). First, similar conditions as described above using n-BuLi and Boc;0 were utilized (Table
3, entry 1). However, this only lead to decomposition. It seemed that the primary hydroxyl-group
was more sensitive than the tertiary one. Using milder conditions with triethylamine as a base,
DMAP as a catalyst, and Boc;0, the product was obtained with 26% yield. This was not
satisfactory. Therefore, to accomplish even milder conditions, once more a biphasic reaction
system was exploited (Table 3, entry 3). Here, alcohol 84 and Boc,0 were dissolved in CH»Cl; and
NaOH was present as the base in the aqueous phase. Tetrabutylammonium hydrogen sulphate

acted as a phase transfer catalyst, improving the yield to 59%.
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With this, four viable compounds for the TSUJI-TROST coupling 79, 80, 83, and 85 were produced

in an efficient manner (Figure 9).

Linalyl based Geranyl based
Me = = Mejj\/\/\/.\OAc
79 83
Me = = Mejj\/\/\/‘\OBoc
80 85

Figure 9: Terpene fragments for the TSUJI-TROST coupling.
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3.3 Coupling Attempts

3.3.1 TsujI-TROST Coupling Attempts

The first coupling attempts of Champanone B (25) with the terpene fragment consisted of a TSUJI-
TROST coupling with the linalyl based acetate 79 and tert-butyl carbonate 80 (Table 4).

Table 4: Conditions for TsUjI-TROST coupling of Champanone B (25) with linalyl based terpene

fragments.
N DE
Me™ P P
Q oH catalyst,
Me / = O ligand, KH Me
HO o THF, T, 16 h
Me Me
Champanone B (25)
Entry R Catalyst Ligand T Comment
I I
1 Ac Pd,dbas - -78°Cto 60 °C no conversion
2 Ac Pd,dbas dppf RT to 60 °C no conversion
3 Ac Pd(PPh3)4 PPh; RT to 60 °C no conversion
4 Boc Pd(PPhs)s PPhs RT to 60 °C no conversion

First, using the acetate 79, Pd.dbas as a catalyst, and KH in mineral oil as a base, the reagents were
carefully combined at -78 °C (Table 4, entry 1). As no reaction took place the mixture was allowed
to warm up to RT which also did not amount to any conversion. Even heating to 60 °C did not yield
the desired results. The same was the case when dppf or PPh3; were used as aligand (Table 4, entry
2 and 3). Next, the tert-butyl carbonate 80 was used as it should be more reactive (Table 4, entry

4). However, again, no conversion could be observed.

Me  HO Me n-BuLi, Boc,O Me BocO Me
M )\/\)v
e THF, 5 °C to RT,

linalool (74) 18 h 86
79%

Scheme 29: Synthesis of linalyl tert-butyl carbonate 86 for model reactions.

To avoid wasting any more precious diene on test reactions, linalool (74) was substituted to the
tert-butyl carbonate 86 (Scheme 29). Further screening was carried out with this compound. Now,
Cs2C03 was used as a base and PPhz as a ligand. Again, at RT and at 60 °C no conversion was

observed (Scheme 30).
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Champanone B (25)

Scheme 30: Conditions for the TSUJI-TROST coupling of Champanone B (25) with linalyl tert-
butyl carbonate 86.
Since coupling with various ligands and various linalyl based terpene fragments was unsuccessful,
it was questioned whether the problem originated from the lacking nucleophilicity of
Champanone B (25). It was hypothesized that the nucleophilicity of the C-4 position was
diminished due to the presence of a large conjugated system. After deprotonation, the negative
charge was likely delocalized to such an extent that a nucleophilic substitution could not take
place anymore. To test this hypothesis, the nucleophilic substitution was examined with geranyl

bromide (87) and geranyl chloride (88), two very reactive electrophiles.

N X e —— W
Me OH PhH, 5 °C, 16 h Me Br
75 52% 87
)Mi/\/M'i/\ NCS, DMS Me Me
)\/\/K/\
Me™ X N-"0H Me™ X "¢
CH,Cly,
75 40 °C't0 5 °C, 88
16 h

52%

Scheme 31: Syntheses of geranyl bromide (87) via an APPEL reaction and geranyl chloride (88)
via a COREY-KIM reaction from geraniol (75).

As demonstrated in Scheme 31, geranyl bromide (87) was synthesized out of geraniol (75) via an
APPEL reaction using PPh3; and CBr4.[811 The product was obtained with a moderate yield of 52%,
presumably due to its instability. Geranyl chloride (88) was also synthesized out of geraniol (75)

via a COREY-KIM reaction with a yield of 52%.[82]

Me Me
Me)\/\/vx

X = Br (87)
X = CI (88)

KOH, aliquat 336
} { M
PhCI/H,0,
RT, 18 h
no conversion

Scheme 32: Attempted nucleophilic substitutions with Champanone B (25).
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With both electrophiles available, the nucleophilic substitution was examined (Scheme 32). The
reaction was set up using a biphasic system with PhCl and H,0 as solvents. KOH was employed as
a base and aliquat 336 as a phase transfer catalyst. This setup was chosen due to the good
solubility of Champanone B (25) in PhCl and because biphasic systems proved to be very effective
in previous syntheses. In both cases, no conversion at all was observed even after 18 h. Therefore,

the hypothesis of a weakly nucleophilic C-4-position was assumed to be true.

To circumvent this issue, the TSUJI-TROST coupling was examined using the trimethylated acyl
phloroglucinol 66 as the nucleophile. First test reactions were performed with linalyl tert-butyl
carbonate (86) as a coupling partner. Pd.dbaz was used as the Pd-source and different ligands
were tested (Table 5). The nucleophile 66 was deprotonated beforehand using LDA as a base
producing the lithiated species 89 and the solution was added to the reaction mixture after all
other reagents were dissolved in THF and allowed to stir for 10 min to allow for the formation of
the allyl-Pd complex.

Table 5: Conditions for the TSUJI-TROST coupling of deprotonated trimethylated acetyl
phloroglucinol 89 with linalyl tert-butyl carbonate (86).

BocO Me
Ve N Pz
86 (2 equiv)
Q OH Pd,dbas (4 mol%),
Me ZSMe ligand )\/\/K
LiO (o) THF, 60 °C, t
Me Me Me Me
89
Entry Ligand t Yield d.r. (E:Z)2 Comment
1 PPh3 (30 mol%) 20 h 18% 3:1 -
2 dppf (15 mol%) 20h 44% 3:1 -
3  |P(2-furyl)s; (30 mol%)| 20h 35% 3:2 -
4 P(o-tolyl); (30 mol%)| 20h - - complex mixture
5 dppp (15 mol%) 20 h 37% 3:1 -
6 BINAP (15 mol%) 20h 34% 5:1 -
7 XPhos (30 mol%) 3h 77% 5:1 -

a) All d.r. were determined by 'H-NMR after purification.

Fortunately, all ligands showed formation of product 90. However, in the case of P(o-tolyl)s; (Table
5, entry 4) it was not possible to purify the product due to the formation of many inseparable side
products. Concerning the other ligands, one inseparable impurity was always present.
Identification was difficult, because the desired product 90 and the impurity were always in an

equilibrium of two tautomers and therefore gave two sets of signals leading to a total of 4 different
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sets. However, on account of the similarity of the different sets it was assumed that the impurity
consisted of the Z-isomer of 90. The d.r. were determined by evaluating the integrals in the 1H-
NMR. The comparison of the d.r. showed that bulkier ligands such as BINAP and XPhos clearly
favoured the formation of the E-isomer of 90 (Table 5, entries 6, and 7) with 5:1. In the case of
PPhs3, dppf, and dppp (Table 5, entries 1,2, and 5) the preference was not as prominent with 3:1.
P(2-furyl)s, the least bulky ligand, gave a d.r. of 3:2 (Table 5, entry 3) showing that there was a
small preference. All ligands except for XPhos did not lead to a complete conversion of the starting
material. Therefore, the reaction was stopped after 20 h as no notable change was visible by TLC.
Accordingly, the yields of 90 from these reactions were suboptimal and ranged from 18% in the
case of PPh3 (Table 5, entry 1) to 44% in the case of dppf (Table 5, entry 2). In contrast, regarding
XPhos (Table 5, entry 7), the starting material was consumed completely after 3 h giving the
product 90 with 77% yield and the least amount of the undesired Z-isomer. Consequently, XPhos

was clearly the best performing ligand in this reaction.

Albeit the E-isomer of 90 being favoured, the amount of inseparable Z-isomer was still too high
which could cause problems in later steps. Thus, a method was required where the d.r. was

improved.

Me Me  OBoc

Mew

86
o NC \ Me
Pd,dbas CHCl5 (2.5 mol%) S Me
(R,R)-53 (7.5 mol%) ZSMe
/=0
CH,Cly, RT, 24 h Br N 93.F.04:7.04

46% \\\15: 15 1
93 \

CN
90% ee
(0]
Br N Me Me

)\/\/v
02 \\\\ Me OBoc

91 NC_ Me Me
Pd(Cp)allyl (5 mol%) B _
(R,R)-52 (7.5 mol%) Me

(6]
THF, 40 °C, 36 h Br N 91% ee

76% \\\ 19:1 d.r.
94 \

Scheme 33: Studies by TROST and coworkers about the TSUJI-TROST coupling of 3-alkyloxindole
92 with linalyl tert-butyl carbonate (86) and geranyl tert-butyl carbonate 91.159
In a publication of TROST and coworkers, the coupling of different terpene fragments including
linalyl tert-butyl carbonate (86) and geranyl tert-butyl carbonate (91) with 3-alkyloxindoles such
as 92 was studied (Scheme 33).591 In their studies, TROST and coworkers were able to control the
regio- and stereoselectivity of the coupling reactions using the TROST ligands 52 and 53 (Figure
5). Moreover, it was found that in the case of linalyl tert-butyl carbonate (86) different products

such as the tertiary substituted product 93 and the E- and Z-isomers (with regards to the internal
35



double bond of the terpene side chain) of the terminally substituted product 94 formed. In
contrast, with geranyl tert-butyl carbonate (91), a very clean reaction with no tertiary

substitution and a high 19:1 d.r. towards the E-isomer of 94 occurred.[5%

It was interesting to examine whether these findings could be replicated in the synthesis of
Cleistocaltone A (23) utilizing the TROST ligand and geranyl based coupling partners. Therefore,
the coupling of trimethylated acetyl-phloroglucinol 66 with geranyl derived tert-butyl carbonate
85 was examined (Table 6).

Table 6: Screening for the TSUJI-TROST coupling of trimethylated acetyl phloroglucinol 66 with
geranyl based tert-butyl carbonate 85.

J]\/\/Nlli/\
Me 7 X OBoc

85 (1.5 equiv)
o}
Pd,dbaj (2.5 mol%),
Me e z aI?gandmo Me
HO o THF, 60 °C, t
Me Me
66
Entry Ligand Base t | Yield Comment
I I
1a (R,R)-TROST Ligand 52 (7.5 mol%) LDA 24 h - no conversion
2a (R,R)-TROST Ligand 52 (7.5 mol%) t-BuOK | 24h - no conversion
3 (R,R)-TROST Ligand 52 (7.5 mol%) Cs2CO3 | 24h - no conversion
4 (R,R)-TRosST Ligand 52 (7.5 mol%) - 3d 8% impure product
5 XPhos (15 mol%) - 3d | 10% | impure product
6 XPhos (7.5 mol%) - 22h | 42% -

a) 66 was combined with 1.00 equiv of base in a separate SCHLENK tube at 0 °C and added to the mixture of the other

reagents in THF at RT.

The first reactions were investigated using this(R,R)-TROST ligand 52 . At first, different bases were
explored. In the case of LDA, no conversion was observed (Table 6, entry 1). Therefore, a different
cation utilizing t-BuOK, was assessed (Table 6, entries 2). Again, no conversion could be shown.
Using a weaker base, Cs2C03, yielded the same result (Table 6, entry 3). With no base, finally a
small amount of product could be obtained after 3 d of stirring at 60 °C (Table 6, entry 4).
However, a yield of 8% was not satisfactory and the product contained small amounts of
inseparable impurities. Since the base seemed to have a negative impact on the reaction, the
following couplings were performed without a base. Moreover, XPhos was used as a ligand since
it was superior in prior test reactions. Unfortunately, only a slightly better yield of 10% was
achieved (Table 6, entry 5). Since XPhos is a sterically demanding ligand, it was suspected that a

high excess of this ligand could have a negative impact on the reaction. Accordingly, the amount
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of XPhos was lowered to 7.5 mol% so that only a slight excess was present (Table 6, entry 6).
Fortunately, this approach was successful and provided a 4-fold increase of the yield. The product

was obtained with 42% yield after 22 h. Additionally, no amount of undesired Z-isomer emerged.

During every reaction a decomposition of the terpene-fragment could be observed. Therefore, it
was assumed that a less reactive leaving group might yield better results. Thus, the coupling was

also investigated with the acetate 83 (Table 7).

Table 7: Ligand screening for the TSUJI-TROST coupling of trimethylated acyl phloroglucinol 6 with
geranyl based acetate 83.

J]\/\/M(/\
Me = X OAc

83 (1.5 equiv)
O OH
catalyst,
Me e ligand, additive ;.
HO o THF, 60 °C, t
Me Me
66
Entry Catalyst Ligand Additive t |Yield Comment

Pd.dbas (R,R)-TROST Ligand 52 i i .
1 (2.5 mol%) (5 mol%) 36 h No conversion

Pd.dbas 0 i i Decomposition
2 (2.5 mol%) Xantphos (5 mol%) 20 h of 83

Pd,dbas 0 _ 0, -
3 (2.5 mol%) XPhos (15 mol%) 30h | 2%

XPhos Pd G2 NaOAc 0

4 (5 mol%) ] (5mol%) | 221 | 44% ]

Pd,dbas 0 _ 0, -
5 (2.5 mol%) XPhos (7.5 mol%) 19h | 67%

Pd.dbas o ) 0 -
6 (2.5 mol%) dppf (5 mol%) 3h [ 72%

With (R,R)-TROST ligand 52 no conversion was observed (Table 7, entry 1). Xantphos only lead to
a decomposition of acetate 83, but no formation of product (Table 7, entry 2). As expected with
15 mol% of XPhos, the yield was poor with 2% (Table 7, entry 3). Using XPhos Pd G2, a good yield
of 44% could be obtained which was already better than the results from using the tert-butyl
carbonate 85 (Table 6). At the appropriate amount of 7.5 mol%, XPhos gave an even better yield
of 67% (Table 7, entry 5). However, the best performing ligand in this case was dppf which lead
to full consumption of the nucleophile after 3 h and produced geranylated phloroglucinol 95 with

an excellent yield of 72% (Table 7, entry 6).
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With these optimized conditions, the coupling of trimethylated acetyl-phloroglucinol 66 with
geranyl acetate (81) was also evaluated to open up the possibility for a linear route to key-

intermediate 38 (Scheme 34).

Me Me

Me)\/WOAC

81
O OH by dba,, ligand

Me Pz e
Me THF,
HO o) 60°C,1.5h
M Me Iigand = XPhos: 95%
66 ligand = dppf: 99%

Scheme 34: Coupling of geranyl acetate (81) with trimethylated acetyl-phloroglucinol (66)
using XPhos and dppf.

Luckily, this was achieved with no issues producing geranylated acetyl-phloroglucinol 90 with

excellent yields of 95% in the case of XPhos and 99% with dppf as a ligand.

Achieving enantioselective control in this coupling would be highly beneficial. The stereocenter
formed in this step ultimately dictates the synthesis of either (+)- or (-)-Cleistocaltone A (23), as
all subsequent reactions are diastereoselective. Theoretically, a chiral ligand could provide the
necessary stereo-control. To identify the optimal choice, a variety of chiral ligands were

systematically evaluated with the optimized conditions (Table 8).
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Table 8: Ligand screening for the enantioselective TSUJI-TROST coupling of geranyl acetate (81)
and trimethylated phloroglucinol 66. (Reproduced (adapted) from Ref.[83] with permission from
the Royal Society of Chemistry.)

geranyl acetate (1.5 equiv)

wo L, e A
Me °
HO o THF (0.1 M), 60 °C, t
Me Me
66 (1 equiv)
Entry Liganda t Yield | eed Comment
I 1 (R)-BINAP 48 h - - no conversion I
2 DuPhos 48 h - - no conversion
3 (R,R)-TRoOST Ligand 52 | 36 h | 22% | 0%
4 Josiphos-SL-J001-1 16 h - - no conversion
5 Josiphos-SL-J002-1 16 h - - no conversion
6 Josiphos-SL-J003-1 16 h - - no conversion
7 Josiphos-SL-J005-1 16 h - - no conversion
8 Taniaphos-SL-T001-1 16 h - - no conversion
9 Taniaphos-SL-T002-1 16 h - - no conversion
10 Walphos-SL-W001-1 16h | 12% | 0% -
11 Walphos-SL-W002-1 16h | 55% | 0% -

12 Mandyphos-SL-M001-1 | 16h | 61% | 0% -
13 Mandyphos-SL-M004-1 | 16h | 44% | 0% -

14 Rophos-SL-P001-2 16 h - - no conversion
15 MeOBIPHEP-SL-A-101-1 | 16 h - - no conversion
16 MeOBIPHEP-SL-A-109-1 | 16 h - - no conversion

a) All ligands except for (R)-BINAP, Duphos, and (R,R)-TRrosT Ligand 52 were used from Solvias Asymmetric Ligands
Screening Kit (Figure 10).841 b) All ee were determined by NP-HPLC using a Chiralpak IC column. The eluent consisted
of 0.5% iso-propanol in n-hexane with a flow rate of 0.5 mL/min. The retention times for both enantiomers were

10.7 min and 11.5 min, respectively.
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Figure 10: Structures of chiral ligands from Solvias Asymmetric Ligands Screening Kit.[84
(Reproduced from Ref.[83] with permission from the Royal Society of Chemistry.)
The majority of the chiral ligands tested were used from the Solvias Asymmetric Ligands
Screening Kit (Figure 10). These consisted of ferrocene-based ligands such as Josiphos-,
Taniaphos-, Walphos-, and Mandyphos-derivatives. Moreover, one Rophos ligand and two
MeOBIPHEP-derivatives were utilized from the kit. Additionally, (R)-BINAP, Duphos, and the
(R,R)-TRoST Ligand 52 were tested. Out of all ligands, only few showed any conversion. The (R,R)-
TROST Ligand 52 produced the geranylated product 90 with 22% yield (Table 8, entry 3).
Walphos-SL-W001-1 and Walphos-SL-W002-1 gave the product with 12% yield and 55% yield,
respectively (Table 8, entries 10 and 11). The Mandyphos-ligands were the overall best
performing ligands. Mandyphos-SL-M001-1 yielded 90 with 61% and Mandyphos-SL-M004-1
with 44%. However, none of these ligands produced any ee. Since a large variety of chiral ligands
were tested to no success, no further attempts were made to perform the coupling
enantioselectively. Therefore, the synthesis was continued with the racemic mixture of the

terpenyl phloroglucinols.

3.3.2 Miscellaneous Coupling Attempts

Other methods for the geranylation of phloroglucinol fragment (66) have also been tested. The
first method was a FRIEDEL-CRAFTS-type alkylation where BF3-OEt; is used as a LEWIS acid and

linalool (74) as the terpene fragment. The LEwIS-acid would presumably coordinate the hydroxy
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group of linalool (74) and the nucleophile would attack at the terminal position of the double-
bond causing a double-bond rearrangement and cleavage of the C-0-bond to give the geranylated

product.

® ’
HO O O BF3‘OEt2
OH 1,4-dioxane,

naringenin (96) RT, 25h 6-geranyl naringenin (97)
2%

Scheme 35: Geranylation of naringenin (96) with linalool (74) and BF3-OEt; to obtain 6-geranyl
naringenin (97) according to STEVENS and coworkers.[85]

This method has been employed by STEVENS and coworkers for the geranylation of naringenin
(96) to obtain 6-geranyl naringenin (97), a flavonoid formed during the fermentation of hops in
beer-production (Scheme 35). The yield of STEVENS and coworkers was quite poor with only
2%.185] However, in naringenin (96) many possible nucleophilic positions are available such as
different aromatic positions and free hydroxy groups. Therefore, the formation of side products

is inevitable.

Additionally, this method has been employed with better success by KASSIOU and coworkers with
a different terpene fragment 98 and 3-hexyl phenol (99) yielding the coupling product 100 with
42% (Scheme 36).86]

98

Me BF3+OFEt,,
OH MgSO,

CHzclz,
-78 °C to -10 °C,
99 1.5h
42%

Scheme 36: LEWIS-acid mediated coupling of phenol 99 with terpene 98 according to KAsSiou
and coworkers.[86]

In the methylated acetyl-phloroglucinol 66 the amount of nucleophilic positions and therefore the
expanse of side reactions seemed to be manageable. Hence, this method was explored as an

alternative geranylation protocol.
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OH O 74
Me .
Mo BF, >2Et2
HO (0] 1,4-di0Xane,
Mé Me RT, 18 h.
no conversion
66 90

Scheme 37: Attempted LEWIS-acid catalyzed coupling of linalool (74) with trimethylated acetyl-
phloroglucinol 66.

Unfortunately, no conversion was observed when methylated acetyl-phloroglucinol 66 was
combined with linalool (74) and BF;-OEt; (Scheme 37). Since even at RT no reaction was
observed, this method was not further investigated. Moreover, all examples of this reaction
featured only aromatic systems as nucleophiles. This suggests that the trimethylation of
phloroglucinol, which disrupts aromaticity, prevents the compound from participating in FRIEDEL-

CRAFTS-type alkylations.

Next, the geranylation of 2-acetyl phloroglucinol (39) in a simple nucleophilic substitution using
potassium carbonate as a base and geranyl bromide (87) as an electrophile developed by LEE and
coworkers was investigated (Scheme 38).871 While formation of geranylated 2-acetyl
phloroglucinol 101 was observable, significant side reactions, including O-alkylation and multiple

alkylations, led to a complex, inseparable mixture.

87
OH O K,CO4 Me Me OH O
AV 4

X N N
HO OH 60 °C, HO OH

39 18h 101

complex mixture
(Lit.: 74%)

Scheme 38: Attempted route towards geranylated acetyl-phloroglucinol 39 according to LEE
and coworkers.[88]
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OH O NaOMe
X%

Me MeOH,

HO o) 90 °C,

Me Me 24h .
66 complex mixture

Scheme 39: Attempted geranylation of trimethylated acetyl-phloroglucinol 66 with geranyl
bromide (87).

A reversal of the methylation and the geranylation steps was also not met with success (Scheme
39). The attempted nucleophilic substitution of methylated acetyl phloroglucinol 66 with geranyl

bromide (90) gave a complex mixture containing the desired product as well. However,

purification was once more not successful.

Since these alternative geranylation methods were unsatisfactory and the established method

was already almost optimal, further improvement efforts were deemed unnecessary.

43



3.4 Convergent Route to Key-Intermediate 38

NaOH, PPhs,
Ca(OCl),, H3BO3, n-BU,NGI,
)Mi/\/M(/\ "0 W (allylPdCl),
X N X
Me OAc o Me OAc
CH,Cl,, 5°C,5h & THF, RT, 3 d
81 80% 82 64%
OH O Pdydbag dppf,
OH O NaOMe. Mel Me THF, 60 °C, 90 min
Me MeoH,90°C,7h o N N oA
69%
HO OH Me Me 83
39 66

KOH, PhCHO
-~ Me
EtOH/H,0,
5°C to RT, 39 h
81 %

Scheme 40: Convergent route to key-intermediate 38.

With the methylation and TSUJI-TROST coupling established, only the aldol condensation
generating the cinnamoyl dienophile was missing to synthesize key-intermediate 38. This
reaction was attempted under classic conditions with KOH and benzaldehyde in a water-ethanol
mixture. The reagents were combined at 0 °C and allowed to warm up to RT. During the reaction
it was observed that at some point, no further conversion could be achieved although the starting
material was not fully consumed. In order to push the equilibrium towards the product side, more
benzaldehyde was added. In total, 6.00 equiv. of benzaldehyde were required to drive the reaction
to completion. During purification, it was discovered that the main side product consisted of
benzyl alcohol. This suggested that benzaldehyde was consumed in a competing CANNIZZARO-
reaction forming benzyl alcohol and benzoic acid.89 The workup procedure was modified
accordingly. While the product is excellently soluble in cyclohexane, benzoic acid and benzyl
alcohol both show a poor solubility in this solvent. Accordingly, when using cyclohexane for the
extraction, these side products mostly remain in the aqueous phase. This massively simplified the
purification process. When before, two column chromatographies were necessary (the first one
for removing the bulk of the side products and the second one for purifying the product), now
only one column chromatography achieved purification. Excess benzaldehyde was removed by
drying the product overnight under SCHLENK line vacuum with stirring in a 40 °C water bath. Thus,
key-intermediate 38 was obtained with a yield of 81% and the convergent route was established

(Scheme 40). The longest linear sequence consisted of 4 steps with an overall yield of 30%.
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3.5 Linear Route to Key-Intermediate 38

Like mentioned in Chapter 3.3.1, geranylated acetyl phloroglucinol 90 could be used to generate
key-intermediate 38 in a linear route. By interchanging the TSUJI-TROST coupling and the
desaturation sequence to generate the diene, the excellent yield from the TSUJI-TROST coupling
with geranyl acetate (81) could be leveraged to improve the overall yield of the synthesis.
Moreover, many issues caused by the instability of the allylic acetate and the diene in the terpene

fragment could be avoided.

Firstly, the chlorination of the geranyl moiety in 90 was examined. It was anticipated that there
might be selectivity issues, because the two double bonds in the terpene chain were now more

electronically similar. Different conditions were explored (Table 9).

Table 9: Conditions for the chlorination of geranyl phloroglucinol 90.

OH conditions Me

9o M€ Me 102 M€ Me
Entry Conditions Comment
I 1 Ca(0Cl)z, H3BO3, H20/CHCl,, 5°C, 4.5 h decomposition I
2 TCCA, n-hexane, -10°C, 6 h 45% yield (mixture of two isomers)
3 NCS, PhSeCl, CHzCl;, RT, 1 h 78% yield (mixture of two isomers)

The conditions used in the previous route with calcium hypochlorite and boric acid were tested
(Table 9, entry 1). However, with this substrate only decomposition could be observed. Then a
biphasic system with TCCA, which is insoluble in n-hexane, was employed (Table 9, entry 2). This
lead to a clean conversion. The product 102, however, consisted of an inseparable mixture of two
isomers indicated by the presence of four sets of signals in the 1H- and 3C-NMRs. At first, it was
suspected that these isomers might be constitutional isomers formed by chlorination of the two
different double bonds. Therefore, NCS in combination with phenyl selenyl bromide was utilized
which is supposed to selectively chlorinate the terminal double bond. Although this led to a better

yield of 78%, two isomers were still isolated (Table 9, entry 3).

Since no selectivity could be achieved, the route was continued in hopes that in the following steps

the mixture might be separable.
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NaOH,
PPhs,
n-BuyNCl,

(allyPdCl), e

Scheme 41: Attempted dehydrochlorination of allylic chloride 102.

The dehydrochlorination of allylic chloride 102 under the previously established conditions with
the palladium-catalyzed [-hydride elimination was, unfortunately, unsuccessful leading to a
decomposition of the starting material (Scheme 41). Supposedly, the nucleophilic acetyl group

might cause problems.

Therefore the route was modified once more. This time the aldol condensation was performed

prior to the chlorination in order to mask the acetyl group (Scheme 42).

Me
=~ "Me
Me™ ™ O Me KOH,
PhCHO
Z > 0H
Me EtOH/H,0,
o) o) 5 °C to RT,
Me Me 26 h
90 94% 34

Scheme 42: Aldol condensation of geranyl acetyl phloroglucinol 90 to obtain geranyl
Champanone B 34.

According to the previously established conditions 90 was reacted with 6.00 equiv benzyl alcohol

to obtain geranyl Champanone B 34 with 94%.

Geranyl Champanone B 34 was then attempted to be chlorinated under different conditions

(Table 10).
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Table 10: Conditions for the chlorination of geranyl Champanone B 34.

Me34Me
Entry Conditions Comment
I 1a TCCA, n-hexane, -10 °C, 60 h 32% yield (mixture of two isomers) I
2 NCS, PhSeC], CH2Cl,, RT, 3 h 60% yield (mixture of two isomers)
3 TCCA, CH2Cl, -40 °Cto -10 °C, 90 min | 85% yield (mixture of two isomers)
4 TCCA, CH:CI;, -78°Cto 10 °C, 18 h 85% yield (mixture of two isomers)

a) 1.00 equiv. of TCCA was added in three portions with intervals of 20 h.

The first attempt was made using TCCA in n-hexane at -10 °C (Table 10, entry 1). Under these
conditions it was difficult to drive the reaction to completion due to solubility issues. Even after
addition of 1.00 equiv. TCCA in three portions with intervals of 20 h no complete conversion could
be achieved. The reaction was terminated since no change was observable on the TLC. Therefore,
the yield of 103 did amount to only 32%. Additionally, a mixture of inseparable isomers was
obtained. Under similar conditions as before using NCS and phenyl selenyl chloride the yield was
slightly improved to 60% of two isomers (Table 10, entry 2). To circumvent the solubility issues
with TCCA in n-hexane, in further attempts CH,Cl, was used as a solvent. However, to improve
selectivity now the cooling was intensified. Both under controlled warming from -40 °C to -10 °C
over 90 min and uncontrolled warming from -78 °C to 10 °C overnight 85% yields were achieved

(Table 10, entries 3 and 4). However, still a mixture of two isomers was obtained.

At this point, it was still unclear whether these two isomers consisted of constitutional isomers
103 and 104 or diastereomers of 103 (Figure 11) which in both cases would both give four sets

of signals in the 1H- and 13C-NMRs due to tautomerization.
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Figure 11: A: Possible isomers forming in the chlorination of geranyl Champanone B (34). B:
Low-field section of the 1H-NMR of 103, C: Low-field section of the 3C-NMR of 103.

The simplest way to distinguish between diastereomers and constitutional isomers was to

continue with the elimination step. If this yielded only one isomer, the different signal sets indicate

diastereomers.

NaOH,
PPha,
n-BuyNClI,
(allylPdCl),

103

Scheme 43: Dehydrochlorination of allylic chloride 103 to obtain key-intermediate 38.
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The dehydrochlorination was performed in a similar fashion as before with the palladium-
catalyzed B-hydride elimination (Scheme 43). Fortunately, the product was pure and showed only
two sets of signals in the 1H- and 13C-NMRs. Thus, it was proven that the four sets of signals from
the previous step belonged to diastereomers and not to constitutional isomers. The key-

intermediate 38 was obtained from allylic chloride 103 with 76% yield.

Me
Me Me 7" "Me
MeWOAC
81
X
OH Me  NaOMe, Q Me Pd,dbas, Me Q Me
Mel Me = OH XPhos Z OH
E——— Me
MeOH, HO 0) THF, [e) 0
HO OH 90°C, 7 h Me M 60°C, 16 h
o e Me 929% Me Me
39 69 /o 66 o 90
KOH,
PhCHO,
EtOH/H,0,
5°C to RT,
26 h
94%
Me
Cl
NaOH, PPh3
n-BuyNClI,
(allylPdCl), TCCA
= - = -
AN
THF, Me 2 CH,Cl,
RT, 3d, Z o -78 °Cto 10 °C,
76% Me 18 h
10) 0 85%
Me Me
103

Scheme 44: Linear route to key-intermediate 38.

This established a second, 5-step linear route to key-intermediate 38 (Scheme 44) with an
impressive 39% overall yield. Compared to the convergent route (Scheme 40), this linear

approach achieved a 9% yield-improvement despite the additional step.
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3.6 Intramolecular DIELS-ALDER Cycloaddition

3.6.1 Thermal Intramolecular DIELS-ALDER Cycloaddition

The IMDA was first attempted under thermal conditions by heating 38 in toluene for 4 days.
Luckily, this reaction showed conversion and two new products formed which showed a distinct

turquoise and azure colour on the TLC-plate after staining with anisaldehyde (Scheme 45).

PhMe, 110 °C,
5d
47%

Scheme 45: First attempt of a thermal IMDA with key-intermediate 38 and TLC plate of the
reaction stained with anisaldehyde after four days.

It was proposed that these two products consisted of two diastereomers 105 and 37 formed in
the IMDA (Scheme 46). At this point, the absolute configuration of the products was still unknown.
To determine the configuration, the separation of the two diastereomers was essential. However,

this proved to be quite difficult at first due to the structural similarities of the compounds.

Scheme 46: Possible diastereomers with transition states resulting from the IMDA.
Many attempts have been made to purify the products 105 and 37 by column chromatography.
At first, a solvent mixture of ethyl acetate and pentane was tested. Even at a ratio as low as 1%
ethyl acetate no separation was achieved. Surprisingly, when switching to diethyl ether as the

polar solvent, the separation improved significantly and purification with 2% diethyl ether in
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pentane was somewhat successful. While small amounts of pure products could be obtained, a
large portion remained as a mixture of the two products. Additionally, this separation only
succeeded with very small sample amounts and usage of comparatively large columns.

Nevertheless, the amount of pure 105 and 37 was sufficient for analytical purposes.

The analysis of the NOE-interactions of the two bridgehead-protons was inconclusive. Therefore,
the relative configurations were determined via XRD. Single crystals were obtained by the vapor

diffusion technique using a saturated solution of 105 or 37 in CHCl; with pentane.

[X-RAY]

Figure 12: Absolute configurations of IMDA-diastereomers 105 and 37 determined by XDR-
analysis with the crystal structures shown on the right.

Thus, it was revealed that 105 with the higher Rsvalue consisted of the undesired exo-

diastereomer and 37 with the lower R¢value was the desired endo-diastereomer (Figure 12).

An analysis of the crude 'H-NMR of the thermal IMDA in toluene showed that the products were
obtained in a 10:7 (105:37) d.r. As the desired diastereomer 37 was in the minority and the
established separation method was impractical, conditions in which 37 formed in an excess were
required. First, different solvents were screened to examine whether the solvent played a
significant role in this reaction (Table 11). As the thermal IMDA proceeded only at high
temperatures, solvents with a high boiling point in which the starting material 38 was soluble

were utilized.
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Table 11: Solvent screening for the IMDA of key-intermediate 38. (Reproduced (adapted) from
Ref.83] with permission from the Royal Society of Chemistry.)

Tt
5S*=105
5'R*= 37
Entry Solvent t T dr. Comment
(105:37)a
I 1b ethanol/water 4d | 110°C 5:2 - I

2b n-butanol 4d | 110°C 3:1 -

3b tert-butanol 4d | 110°C 5:4 -

4b pyridine 5d | 120°C 3:1 significant decomposition
5b tetrahydrofuran 1d | 110°C 5:4 significant decomposition
6P 2-methyltetrahydrofuran | 1d | 110 °C 4:3 significant decomposition
7P 1,4-dioxane 5d | 120°C 5:4 -

8b 1,2-dimethoxyethane 1d | 110°C 4:3 -

9b diglyme 5d | 120°C 4:3 -

10b 1,2-dichloroethane 1d | 110°C 4:3 -

11b benzotrifluoride 5d | 120°C 10:7 -

12b chlorobenzene 5d | 120°C 5:3 -

13b toluene 5d | 120°C 10:7 -

14b heptane 5d | 120°C 10:7 -

15 toluene/water 5d | 90°C 3:2 78% yield (mixture)

a) All d.r. were determined by crude H-NMR using the integrals of the enol-O—H at 17.50 ppm for 105 and

17.96 ppm for 37. b) Reaction was carried out in a capped vial.

Amongst the tested solvents were polar protic solvents such as ethanol/water, n-butanol, and tert-

butanol (Table 11, entries 1-3), polar aprotic solvents such as pyridine, THF, 2-methyl-THF, 1,4-

dioxane, 1,2-dimethoxyethane, diglyme, 1,2-dichloroethane, benzotrifluoride, chlorobenzene

(Table 11, entries 4-12) and nonpolar solvents such as toluene and heptane (Table 11, entries 13

and 14). The d.r. was analysed by comparing the enol-O-H signal integrals at 17.50 ppm for 105

and at 17.96 ppm for 37. This signal was chosen as it was very isolated in the low-field and could

be properly analysed even in complex mixtures with many side products.
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Unfortunately, in all cases the undesired diastereomer 105 was in excess. Nevertheless, this
varied significantly amongst the different solvents. In protic solvents, except for tert-butanol, the
excess of 105 was higher and came up to 3:1 in n-butanol. In pyridine which is strongly basic,
unsurprisingly, significant decomposition occurred. Similar effects were observed with THF and
2-methyl-THF. These solvents may become unstable at the high reaction temperature, leading to
unwanted side reactions with the starting material. In the remaining solvents only minor
differences in d.r. were observed. Notably, the d.r. most in favour of the desired diastereomer 37
was detected in 1,4-dioxane with 5:4. Additionally, a biphasic solvent mixture of toluene and
water was tested (Table 11, entry 15). Certain reactions, especially pericyclic reactions, that are
performed “on water” have shown to proceed on a higher rate than the same reactions performed
neat or in a non-protic solvent.[%I This was also applicable for the IMDA of 38. With a toluene-
water mixture the reaction proceeded at a much lower temperature of 90 °C compared to the
120 °C in pure toluene. This led to the formation of fewer side products which not only simplified
the purification, but also improved the yield from 47% to 78% (yields of the mixture of 105 and
37). Therefore, this solvent mixture proofed to be superior although the d.r. of 3:2 was not the
most favourable. The lower amount of side products also allowed for a much more efficient
purification method. Treatment of the crude product with pentane followed by cyclohexane
preferentially dissolved the undesired IMDA diastereomer 105, leaving the desired diastereomer
37 as a solid. However, some amount of 37 also dissolved, resulting in a reduced yield of only 26%
(compared to a possible 32% as determined by 1H-NMR). Pure 105 was obtained by treating the
concentrated filtrate with pentane giving 105 with a yield of 20%. All attempts to retrieve the

remaining amounts of either 105 or 37 from the mixture were unsuccessful.
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3.6.2 LEWIS Acid Catalyzed Intramolecular DIELS-ALDER
Cycloaddition

The presence of a carbonyl group in the cinnamoyl-dienophile in 38 opens up the possibility for a
LEWIS acid catalyzed IMDA. This change in electron density could have an effect on the exo/endo-
selectivity of the IMDA. Different LEWIS acids were tested to examine their influence on the d.r. of

the reaction (Table 12).

Table 12: LEwWIS acid screening for the IMDA of key-intermediate 38.

LEwis acid
solvent, T, t
55*=105
5'R*= 37
Entry L]Exi;:;d t T a Odsrg 7)a Comment
I 1 ZnCl; (1.1) 15h RT - decomposition I
2 ZnBr; (1.5) 2h 0°C - decomposition
3 Znl; (1.5) 2h 0°C - decomposition
4 MesAl (2.0) 2h -78°Cto RT - decomposition
5 MeAICl (0.4) 2h -78°Cto RT - decomposition
6 EtzAICI (0.2) 2h -78°Cto RT - decomposition
7 TiCl4 (0.5) 72 h -23°C 4:1 -
8 TiCl4 (0.5) 2h RT - decomposition
9 SnCly 3h -78°Cto-10°C - decomposition
10 BF3-0Et; (2.0) 19h -10°Cto RT 1:0 -
11 BF3-0OEt; (2.0) 2h RT - decomposition

a) All d.r. were determined by crude H-NMR using the integrals of the enol-O—H at 17.50 ppm for 105 and
17.96 ppm for 37.

With almost all LEWIS acids only decomposition took place indicating that some unwanted side
reactions took place. One exception was TiCl, where at -23 °C product formation occurred
although in a 4:1 excess for the undesired diastereomer (Table 12, entry 7). With BF3-OEt; at
-10 °C to RT only formation of the undesired 105 was observed (Table 12, entry 10). As a result,
the LEWIS acid catalyzed IMDA did not give any advantage over the thermal IMDA in this synthesis.

Nevertheless, the ability to selectively obtain diastereomer 105 was still a valuable discovery.
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Another advantage of the LEWIS-acid catalyzed IMDA is the possibility for the application of chiral
ligands. LEI and coworkers used BH3 in combination with chiral biaryl ligands such as BINOL and
VAPOL (Figure 13) to influence the exo/endo- and the enantioselectivity of an intermolecular

DIELS-ALDER cycloaddition of diene 106 and dienophile 107 in the synthesis of Kuwanon X

(108).1o1
SOV a

gg OH  ph ] OH
(R)-BINOL ’O

(R)-VAPOL

Figure 13: Structures of chiral biaryl ligands (R)-BINOL and (R)-VAPOL.
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107 Kuwanon X (108)
exo/endo = 13:1
97% ee

Scheme 47: Enantio- and exo-selective LEWIS acid catalyzed DIELS-ALDER cycloaddition in the
synthesis of Kuwanon X (108) by LEI and coworkers.[91]

By employing (S)-VAPOL, LEI and coworkers were able to synthesize Kuwanon X (108) out of 106
and 107 with an endo/exo-ratio of 13:1 and 97% ee (Scheme 47).191 Inspired by their findings, it
was examined whether this could be transferred to the synthesis of Cleistocaltone A (23). The aim
was to influence the d.r. of the IMDA of 38 by utilizing BINOL and VAPOL as ligands. Additionally,
if one of the enantiomers of 38 was to react at a higher rate with the chiral LEWIS acid, it could
open up the possibility for a kinetic resolution to obtain enantiopure 37 for the synthesis of either

(+)- or (-)-Cleistocaltone A (23).

VAPOL was synthesized through a procedure developed by WULFF and coworkers wherein the
racemic material was co-crystallized with the chiral counterion (-)-Cinchonidine to obtain
enantiopure (R)-VAPOL.[°?1 (R)-BINOL was commercially available. The reactions for the IMDA

were carried out according to the procedure of LEI and coworkers (Table 13).
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Table 13: Chiral ligand screening for the LEWIS acid catalyzed IMDA of key-intermediate 38.

Ligand,

BH THF, AcOH

THF, RT, 21 h
5'S*=105
5'R*=37
Entr Ligand Conversion dr.

y g (105:37)a
I
1 (R)-BINOL 93% 4:1
2 (S)-BINOL 70% 5:3
3 (R)-VAPOL 0% -

a) All d.r. were determined by crude 'H-NMR using the integrals of the enol-O—H at 17.50 ppm for 105 and
17.96 ppm for 37.

(R)-BINOL as a ligand gave the product with a d.r. of 4:1 in favour of the undesired diastereomer
105. The conversion amounted to 93% indicating that in this case no kinetic resolution was
possible (Table 13, entry 1). With (S)-BINOL the d.r. was improved to 5:3 in favour of 105.
However, the conversion was still above 50% (Table 13, entry 2). These results indicated that the
steric control exerted by BINOL was too low to have any impact on the outcome of the reaction.
On the other hand, with (R)-VAPOL no conversion was observed (Table 13, entry 3). In VAPOL the
chiral pocket is much larger which should improve the influence on the reaction.l?2 However, this
also increases the ligand’s sterical demand and thus lowers its reactivity. In the case of 38 the

reactivity was probably lowered to such an extent that the IMDA could not occur anymore.

In further studies, less sterically demanding ligands such as VANOL could be tested. However, due
to the unfavourable d.r. obtained in LEWIS acid catalyzed IMDA and the complex and time-
consuming syntheses of additional chiral biaryl ligands, this endeavour was not further pursued

at this point.
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3.7 Backbone Oxidation

undesired deswed

aby

rationalization of diastereoselectivity Epoxide
Elimination
[O] openlng

oxidation from the facial side

(x)-Cleistocaltone A (23)

Scheme 48: Strategy for the backbone oxidation of 37.

Multiple strategies for the backbone oxidation of 37 are imaginable. Two promising and step-
efficient strategies are outlined in Scheme 48. The macrocyclic double bond could be oxidized to
either diol 109 or epoxide 110. According to the crystal structure, the oxidation should occur from
the unshielded, facial side. Therefore, the oxidation was predicted to be diastereoselective. The
tertiary hydroxyl-group in diol 109 could be eliminated under basic or acidic conditions. The
epoxide in 110 could be opened under basic, LEWIS- or BRGNSTED-acidic conditions. This would
give the allylic alcohol in Cleistocaltone A (23) in two steps starting from 37. However, these
strategies posed a challenge as the two trisubstituted double bonds in 37 appeared electronically
similar. Nevertheless, due to the strain-release in the transition state, the macrocyclic double bond

should be significantly more reactive.

For the dihydroxylation osmium and manganese based oxidating agents have been tested (Table

14).
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Table 14: Screening of dihydroxylation conditions of 37 to produce diol 109.

conditions
Entry Conditions Comment
I
1 0s04, NMO, THF/H20, RT, 2 h partial decomposition
2 KMnOg, Et3;BnNCl, CH2Cl;, 0 °C, 7 h partial decomposition
3 K;0s04, NMO, Me,CO/THF/H.0, 0 °C, 7 °C partial decomposition

Firstly, UPJOHN-conditions with catalytic amounts of OsO4 and NMO as an oxidizing agent were

examined (Table 14, entry 1).1931 Unfortunately, only partial decomposition could be observed

while most of the starting material did not react. The reaction with KMnO4 in CH>Cl, with Et3;BnNClI

as a phase-transfer-catalyst yielded similar results (Table 14, entry 2). Conditions with K,0s04 as

the osmium source (Table 14, entry 3) did not improve the results. Since none of the screened

conditions appeared to be working, this approach was not further pursued.

Next, epoxidation methods were screened to examine whether the second strategy was more

promising (Table 15).

Table 15: Screening of epoxidation conditions of 37 to produce epoxide 110.

conditions
Entry Conditions Comment

I 1 m-CPBA, Na;HPO., H,0/CHCl;, 5°C, 2 h decomposition
2 m-CPBA, NaHCOs3, H;0/CH2Clz, -15°C, 2 h no conversion
3 m-CPBA, NaOAc, H,0/CHCl;, RT, 2 h decomposition
4 m-CPBA, CH,Cl;, RT, 1.5 h decomposition
5 AcO;H, NaOAc, H,0/CH:Cl2, 5°Cto RT, 2 h 45%
6 AcO2H, NaOAc, H,0/CHCl2, RT, 1 h 66%

With m-CPBA as the oxidizing agent, different bases and temperatures were tested. While at RT

and 5 °C using Na;HPO4 and NaOAc as bases (Table 15, entries 1 and 3) decomposition took place,
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alower temperature of -15 °C with NaHCO3; showed no conversion atall (Table 15, entry 2). When
no base was employed at RT, once more decomposition was observed (Table 15, entry 4). As m-
CPBA appeared unviable for this reaction, the focus was shifted to a different oxidizing agent,
peroxyacetic acid. Since peroxyacetic acid is more water soluble than m-CPBA, a mild, biphasic
reaction setup could be exploited. With NaOAc as a base at 0 °C small amounts of product were
observed. To drive the reaction to completion, the temperature was elevated to RT and more
peroxyacetic acid was added. Thus, epoxide 110 was yielded with 45% (Table 15, entry 5). Since
at RT no decomposition took place, the reaction was examined without cooling as well.

Expectedly, this improved the yield to 66% (Table 15, entry 6).

With epoxide 110 successfully synthesized, different opening conditions including base, LEWIS

and BR@NSTED acids were explored (Table 16).

Table 16: Screening of epoxide opening conditions of 110.

conditions
Cleistocaltone A (23) 1M1
Entry Conditions Comment

I 1 n-BuLi (2.20 equiv.), THF, -78°Cto 0°C, 7 h partial decomposition
2 Al(0i-Pr)4, PhMe, 120 °C, 18 h decomposition
3 Ti(0i-Pr)s, CH2Cl2, 90 °C, 2 h partial decomposition
4 ZnBr;, CH,Cl,, RT, 18 h traces of 111
5 Al;03, PhH, RT, 18 h traces of 111
6 PTSA, THF/H20, 80 °C,5d traces of 23
7a HCI (1% in MeOH), CHCl3, 50 °C, 30 min 34% (55% brsm)
8b HCI (1% in MeOH), CHCls, 50 °C, 30 min 12;(%’ ((Z‘*Z(;fg’rrssr‘::)) :ff 12131
9c HCI (1% in MeOH), CHCI3, 50 °C, 2 h 33% 0f23,9% of 111

a) Reaction was carried out with 70.0 mg of starting material 110. b) Reaction was carried out with 710 mg
of starting material 110. c) Reaction was carried out with 1.74 g of starting material 110 and brought to full

conversion.

Base mediated opening reactions were unsuccessful. Even with a very strong base such as n-BuLi
at 0 °C almost no conversion took place. Only small amounts of decomposition products were
observable (Table 16, entry 1). LEwIis-acidic conditions seemed to be more promising. With Al(Oi-

Pr)s at 120 °C and Ti(Oi-Pr)s only decomposition was observed (Table 16, entries 2 and 3).
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However, with ZnBr; and Al,O3 traces of a new product 111 were visible (Table 16, entries 4 and
5). It is to be noted, that at this point 111 could not be structurally identified due to the lack of
sufficient amounts of material. Finally, with the BR@NSTED acid PTSA after 5d of refluxing in
THF/H0 traces of Cleistocaltone A (23) were visible (Table 16, entry 6). With this promising
result, HCl was tested as a stronger BR@NSTED acid. A solution of HCl in MeOH was added to a
solution of epoxide 110 in CHCI3 at 50 °C (Table 16, entry 7). During the reaction it was observed
that decomposition products were forming with their amount increasing over time. Therefore, the
reaction was stopped after 30 min although conversion was not completed. This yielded
Cleistocaltone A (23) with 34% (55% brsm). This first successful attempt was performed on a
70 mg-scale. When attempting the same procedure on a 710 mg-scale, the yield dropped down to
24% (47% brsm). Nevertheless, on this scale sufficient amounts of 111 with a yield of 12% (24%
brsm) could be obtained (Table 16, entry 8). The crystallization of 111 was successful in Et;0 and
the absolute configuration was confirmed through XRD (Scheme 49). The product features a
unique tetracyclic system with an eight-membered cyclic ether. Since only one diastereomer
formed during the reaction, it was proposed that the formation of 111 proceeded through a
concerted mechanism via an Sy2 attack on the tertiary carbon centre of the BRONSTED or LEWIS
acid activated epoxide (Scheme 49). In order to maximize the yield, the reaction was allowed to
proceed to complete conversion on a 1.74 g scale. However, this proved to be suboptimal with the
amount of decomposition increasing. While the yield of 23 amounted to a respectable 33%, no
starting material could be reisolated and the yield of 111 dropped down to 9% (Table 16, entry
8). Consequently, the optimal reaction time appeared to be between 30 min to 1h for larger

reaction scales.

Cleistocaltone A (23)

“

[X-RAY]

Scheme 49: Proposed mechanism for the formation of Cleistocaltone A (23) through BR@NSTED
acid catalysis and cyclic ether 111 through LEWIS or BR@NSTED acid catalysis. Racemic 111
crystallizes as a conglomerate. The configuration of the enantiomer present in the obtained crystal
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was opposite to that shown for (*)-111. (Reproduced (adapted) from Ref.[83] with permission
from the Royal Society of Chemistry.)

Thus, the total synthesis of Cleistocaltone A (23) was successfully completed with a longest linear
sequence of 7 steps with an overall yield of 1.7% for the convergent route and in 8 steps with an

overall yield of 2.2% for the linear route.

Since the linear route was more efficient, it was attempted to be scaled up to a gram-scale (Scheme
50). This was successfully achieved with minimal complications. The only step that posed a
challenge was the chlorination of the terminus of the geranyl moiety in 34 with TCCA to obtain
allylic chloride 103. In this reaction, diligent cooling was crucial. However, this was problematic
on larger reaction scales. Consequently, on a 20.9 g-scale the yield dropped from 85% (98.0 mg-
scale) to 50%. Additionally, a more complicated column chromatography was necessary due to
the increased formation of side products. In most other steps the yield was even improved on a
larger reaction scale. Starting from 15.0 g 2-acetyl phloroglucinol (39), 587 mg of Cleistocaltone

A (23) have been produced and thus the gram-scale synthesis was successful.
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[15.0¢ 1 [11.89 1 KOH.
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n-BuyNClI,
(allylPdCl), TCCA
THF, Me CHcl, M
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76% Me 18 h
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NaOAc HCI
g - = —_— = &7 (+Me
I H Me H,0/CH,Cl,, o MeOH/CHCI5, HO . 0
©HO 60 Me RT, 35h 50 °C,2h S
66% 33% Hso - Me
37 [2.00 g-scale] [1.7 g-scale] Me

Cleistocaltone A (23)
[587 mg produced]

Scheme 50: Linear synthesis of Cleistocaltone A (23) on a gram-scale.
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3.8 Biological Evaluation of Cleistocaltone A

With sufficient amounts of Cleistocaltone A (23) available, a biological evaluation of the synthetic
material was performed in cooperation with MARTIN LUDLOW and SOPHIE M. KOLBE (Figure 14).[83]
The antiviral efficacy of Cleistocaltone A (23) against a recombinant contemporary strain of RSV-
A (0594, genotype ON1)[94l was evaluated in an in vitro model system. Presatovir which has been
previously shown to be a selective and highly effective inhibitor of RSV induced virus-to-cell and
cell-to-cell fusion,[?s was used a positive control in these experiments. The ICso of Presatovir was
determined to be 0.0056 uM, confirming the high antiviral efficacy of this compound.
Cleistocaltone A (23) also inhibited RSV infection, with an ICs¢ of 54.55 uM. Although the ICso of
synthetic (#)-Cleistocaltone A (23) is about tenfold higher than that reported for the isolated

racemic compound (ICso = 6.75 £ 0.75 pM),[511 it remains within a relevant range.[83
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Figure 14: Assessment of the antiviral efficacy of Cleistocaltone A against RSV. (A-B) Vero cells
were pretreated with three-fold serial dilutions of the fusion inhibitor Presatovir or two-fold
serial dilutions of Cleistocaltone A (23) and infected with rRSV-A-0594-EGFP (2000 TCIDso/well)
in the presence of each compound. Fluorescence photomicrographs showing EGFP fluorescence
were obtained by UV microscopy at 48 hours post-infection. Scale bars, 500 pm. (C-D)
Quantification of EGFP fluorescence in drug treated Vero cells was performed in 4% PFA fixed
cells at 48 h.p.i. using a Tecan Infinite 2000 plate reader and normalized to untreated controls
wells containing 0.1% DMSO. ICso values were determined by nonlinear regression analysis using
GraphPad Prism 10. Error bars represent the standard deviations from two independent
experiments (n = 8). (Reproduced from Ref.[83] with permission from the Royal Society of
Chemistry.)
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3.9 Attempted Isolation of Side Product 111

There are various examples of natural products that have been synthesized “by accident” before
their isolation and characterization from natural sources.[?6] Champanone B (25) is such an
example. Like mentioned in Chapter 3.1 its first synthesis by LEE and coworkers was published
three months prior to its isolation by DUQUE and coworkers in 2005.[7173] An earlier example is the
synthesis of proline in 1900 by WILLSTATTER which was accomplished three years before its
isolation by FISCHER and coworkers.[97.98] A more recent and vastly more complex natural product
was Isoepicolactone (112, Figure 15) which has been isolated as a by-product in the synthesis of
Epicolactone (113, Figure 15) by TRAUNER and coworkers in 2015.1991 At this time it was suspected
that Isoepicolactone (112) may be a natural product as well. Five years later it was isolated by

LONG and coworkers from the fungus Epicoccum nigrum SCNU-F0002.[100]

target natural product "anticipated" natural product
Ep|colactone (113) Isoeplcolactone (112)

Cleistocaltone A (23)

Figure 15: Structures of Epicolactone (113), [soepicolactone (112), Cleistocaltone A (23) and
side product 111.

Based on this concept of “natural product anticipation”,[9¢] it was hypothesized that side product
111 might also be a natural product awaiting its isolation (Figure 15). It was proposed that 111
might be a by-product in the biosynthesis of Cleistocaltone A (23). Consequently, an effort was
made to isolate 111 from the plant material. Luckily, the dried buds of Cleistocalyx operculatus,
from which Cleistocaltone A (23) was isolated,[5!] are commonly used as a herbal tea in Vietnam

known as “nwéc voi”101 and were commercially available in sufficient amounts.
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3.9.1 Analysis of Plant Material

extraction with CH,Cl,

20 g C. operculatus material

2.5 g crude extract,
(EtOAc:cyclohexane/1:2,
left: UV2%4, right: stained with anisaldehyde)

chromatography
(SiO,, EtOAc:pentane/1:2-1:1)

fractions, P = synthesized 111
(EtOAc:cyclohexane/1:1, left: UVZ%* right: stained with CAM)

ANy

Scheme 51: Extraction, fractionation, and analysis of the “nwéc v6i”-tea via TLC. The fractions
marked in red were the chosen fractions which were further analyzed via HPLC/MS.
20.0 g of the purchased “nwéc v6i”-tea were ground, suspended in CH2Cl; (100 mL) and sonicated
for 1 h. During this time, the sonication bath warmed up to 40 °C. This extract was filtered through
a patch of silica which was thoroughly rinsed with EtOAc. The filtrate was concentrated under
reduced pressure. The obtained residue of the crude extract amounted to 2.5 g. The TLC analysis
of this crude extract revealed that a multitude of substances were present (Scheme 51). The crude
extract was further fractioned via column chromatography with EtOAc:cyclohexane/1:2 to 1:1.

The TLCs of the fractions showed that no notable amount of compounds with the same R¢-value
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as 111 were visible (Scheme 51). Nevertheless, all fractions with compounds that possessed an
Re-value in a similar range were combined and concentrated under reduced pressure giving
582 mg of substance (Scheme 51). These fractions were then further analysed with HPLC/MS as

a more sensitive analysis method.
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Figure 16: A: Total ion current chromatogram (TIC) of the HPLC-MS-run of synthesized 111; B:
m/z-Spectrum at the retention time of 17.75 min clearly showing signals for [M+H]+, [M+Na]*,
and [2M+Na]+.

All samples were analysed on an RP-column using a methanol/water-gradient increasing from

5% to 95% methanol over 40 min.

First, a sample containing pure 111 was examined (Figure 16). 111 showed a retention time of
17.75 min. The m/z of [M+H]* at 449 Da, [M+Na]+at 471 Da, and [2ZM+Na]+* at 919 Da were clearly
visible with the [2M+Na]* possessing the highest intensity.

It was also interesting to explore whether Cleistocaltone A (23) could be detected in the plant
extract. Therefore, 23 was analysed with the same method to determine its retention time (Figure

17).
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Figure 17: A: TIC of the HPLC-MS-run of synthesized Cleistocaltone A (23); B: m/z-Spectrum at
the retention time of 18.97 min showing signals for [M+Na]* and [2M+Na]*.

Cleistocaltone A (23) showed a retention time of 18.97 min. The signals of [M+Na]+ of 471 Da and
[2M+Na]* 0of 919 Da could be detected.

With the retention times of 111 and 23 determined, the plant material was analysed. If a
compound with the mass of 111 could be found at the retention time of 17.75 min, it would be a
good indication that sufficient amounts of 111 were present in the extract. This would justify
further isolation efforts. First, a chromatogram of the chosen fractions shown in Scheme 51 was

taken (Figure 18).
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Figure 18: A: TIC of the HPLC-MS-run of the chosen fractions as demonstrated in Scheme 51; B:
m/z-Spectrum at the retention time of 17.75 min; C: m/z-spectrum at the retention time of

18.97 min.

Unfortunately, at the retention times of 17.75 min and 18.97 min no signals with the mass of 111

or Cleistocaltone A (23) could be detected (Figure 18). The area around these retention times was

analysed as well with similar results.

Afterwards, the crude plant extract was analysed as well to test if 111 is present in the full extract

(Figure 19).
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Figure 19: A: TIC of the HPLC-MS-run of the crude plant extract; B: m/z-Spectrum at the
retention time of 17.75 min; C: m/z-spectrum at the retention time of 18.91 min.

Again, the masses of 111 or Cleistocaltone A (23) were not detectable.

The isolation of 111 yielded negative results, potentially due to several factors. Natural product

concentration varies greatly depending on the plant’s origin, influenced by factors like weather

and soil composition. This variability could have resulted in undetectable levels of 111 in the

specific plant material used. Additionally, insufficient material fractionation or degradation of the

compounds over time from using non-fresh plant material could also have caused problems. While

this attempt was unsuccessful, it doesn’t conclusively disprove 111’s presence. Future isolation

efforts with fresh material from a well-defined source and potentially higher fractionation could

yield better results.
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3.10 Synthesis of Cleistocaltone B

Me
e Me HO— OR
™ =
Me OH O
X _ aldol 14 /@fu\Me
HO
OH Me HO OH
Me” X A OR 2-acetyl p(glg)roglucinol
thylati
Me Me- - - - e yanon 115

Cleistocaltone B (24)

Scheme 52: Retrosynthetic analysis of Cleistocaltone B (24).

Cleistocaltone B (24) is structurally very similar to geranyl Champanone B 34 with the allylic
hydroxyl group at the geranyl side chain being the only difference. Therefore, the synthesis
approach was comparable to the one for geranyl Champanone B 34 (Scheme 52). Accordingly,
starting from 2-acetyl phloroglucinol (39) after methylation, the terpene side-chain should be
installed through a TSuUJI-TROST coupling. Finally, the cinnamoyl moiety should be attached via an
aldol condensation. For the TSUJI-TROST coupling an oxidized terpene fragment such as 114 or 115
based on linalool (74) or geraniol (75) was required. The synthesis of this fragment posed the

main challenge for this route.

3.10.1 Synthesis of Terpene Fragments for Cleistocaltone B

TBSCI Mg, Cul,
o imidazole o prenyl chloride Me OH
OH —— otBs — = K ~_A_oms — |
e THF, RT, I~ THF, Me” E)Cn?soo),z'
Glycidol (117) 18 h 118 -60 °C to RT, 19 NEts,
94% 18 h CH,Cl,,
(Lit.: 95%) 97% 78°Cto
(Lit.! 99%) 0°C,1h
71%
(Lit.: 99%)
me O TBAF Me 1BS0 H,C=CHMgBr Me o)
o o] 0 1 oms
Me™ X 2 THF, 5°CtoRT, Me™ X = THF, Me
116 1h 121 78°C to 0 °C, 120
73% (Lit.: 84%) 4h

92% (Lit.: 98%)
Scheme 53: Synthesis of diol (116) according to LOBERMANN, TRAUNER, and coworkers.[102]

The first key-intermediate for the synthesis of terpene fragments for Cleistocaltone B (24) was

linalyl-based diol 116. One route to this compound was developed by LOBERMANN, TRAUNER, and

coworkers (Scheme 53).[102] This route started from glycidol (117) which after conversion to TBS-

glycidol (118) was coupled with prenyl-MgCl through a copper mediated addition to obtain

alcohol 119. 119 was oxidized to the corresponding ketone 120 via a SWERN-oxidation. Vinyl-

MgBr was coupled to the carbonyl group of 120 to obtain mono-TBS protected diol 121.
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Treatment of 121 with TBAF cleaved the silyl-ether to give diol 116. While each step boasted
excellent yields, the overall route suffered from a high step count. Another more step efficient

route was developed by DELMOND and coworkers (Scheme 54).[103]

KMnOy, HO TsO
/M(/\)]\/ n_BuaBnNCI s Ho TC! i< Ho
X s > N =z — > X
Me CH,Cl,, Me pyridine, M€
122 5 °C to RT, 116 5 °C to RT, 123
18 h 5h
14% 71% KOH
Et20,
5°C,
90 min
93%
Me
< o
Me
124

Scheme 54: Dihydroxylation of myrcene (122) according to DELMOND and coworkers(103 and
conversion to epoxide 124.

Diol 116 was obtained in one step by dihydroxylation of myrcene (122) with potassium
permanganate in CH>Cl; using n-BuzBnNCl as a phase-transfer reagent. Due to 122 containing
multiple carbon- carbon double bonds which were oxidized with minimal selectivity, the yield of
this step was suboptimal with only 14%. Thus, the route of LOBERMANN, TRAUNER, and coworkers
was much more efficient regarding the overall yield, but also much more time-consuming. The
primary alcohol in diol 116 was then transformed to the tosylate 123 with 71% yield. An
intramolecular nucleophilic substitution using KOH as base in Et;0 yielded the epoxide 124 with

93%.
3.10.2 Tsuji-TrRoSsT Coupling Reactions

OH O

epoxide 116,
Me Me  Pdzdbag XPhos
HO o THF, RT,
4 h
Me GI\(/I;e complex mixture Me Me

Scheme 55: Attempted TSUJI-TROST coupling of trimethylated acetyl phloroglucinol 66 with
epoxide 116.

First, using the optimized conditions for previous TSUJI-TROST couplings with XPhos and Pd.dbas
in THF, epoxide 116 was attempted to be coupled with trimethylated acetyl phloroglucinol 66
(Scheme 55). However, since epoxide 116 was much more reactive, the reaction proceeded
already at RT and the starting material was fully consumed after 4 h. Unfortunately, only a
complex mixture was obtained. The coupling did not only show a poor E/Z-selectivity, but the

product also rapidly decomposed even when stored at -20 °C.
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To circumvent this problem, a one-pot benzoyl-protection subsequent to the coupling reaction
(Scheme 56) was performed. The benzoyl protecting group offered the strategic advantage of
facile removal during the aldol-condensation step, thus streamlining the synthesis. Furthermore,
its compatibility with the aldol condensation, wherein benzoic acid is a by-product, minimized

potential complications.

not observed observed
Me Me
= =
oH O 116, Pd,dba;. Me Me
XPhos, THF, RT,
Me Me 4 h
BzO BzO
—X— N, oH o PNy o o8Bz
HO (0) then BzCl, NEt3, P
Me Me RT, 15 min Me Me
116 complex mixture Me Me
(0] (6] (0] (0]
Me Me Me Me
126 127

Scheme 56: Attempted TSUJI-TROST coupling of 66 with epoxide 116 with one-pot benzoyl
protection.

Thus, benzoyl chloride and triethylamine were added to the reaction mixture after the coupling
reaction was completed. The protection showed full conversion after only 15 min. Unfortunately,
the result was a complex mixture once more. While the desired mono-protected benzoyl
compound 126 was not observed, the di-protected benzoyl compound 127 was observed by mass
spectrometry. Once more, a poor E/Z-selectivity and other side products made a purification

impossible.

In the next attempt, the aldol condensation was performed in a one-pot procedure subsequent to
the TSUJI-TROST coupling (Scheme 57). This procedure would not only simplify the synthesis, but
access to the literature spectra of Cleistocaltone B (24) would also facilitate the analysis of the

product mixture.
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a) Pdydbaz XPhos,

THF, RT, 4 h
b) KOH, PhCHO,

OH O EtOH/H,0,

Me RT, 18 h
Me quantitative Me (o)
X =
HO o) Me
Me Me
66 Me 116
~ “Me

HO

24 (E:7/6:1)

Scheme 57: One-pot TSUJI-TROST coupling of 66 with epoxide 116 with subsequent aldol
condensation to obtain (E/Z)-Cleistocaltone B (24).

A mixture of two products was isolated with a quantitative yield. It was proposed that this mixture
consisted of the E- and Z-isomer of Cleistocaltone B (24) with a d.r. of E:Z = 6:1. The NMR-signals
of the minor isomer were mostly consistent with the literature spectra of Cleistocaltone B (24).
Especially the characteristic signals in the low-field of the 13C-NMR belonging to the carbonyl
groups and the signals in the 'H-NMR belonging to the enol-OH at 18.25 ppm and 18.10 ppm
matched almost perfectly with the literature at 18.24 ppm and 18.10 ppm (Figure 20).51]
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Figure 20: A: Low-field section of the 1H-NMR of (E/Z)-Cleistocaltone B (24), B: Low-field
section of the 13C-NMR of (E/Z)-Cleistocaltone B (24).

A full comparison of the observable signals of the Z-isomer is shown in Table 17. However, many
signals are overlapped with the signals of the supposed E-isomer. While in the 3C-NMR most
signals are distinguishable, in the tH-NMR only the enol-OH and some of the methyl-group-signals

are discernible due to heavy overlap.
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Table 17: Comparison of 'H- and 3C-NMR data for isolated and synthetic (#)-Cleistocaltone B

(24).2
Tautomer A Tautomer B Tautomer A Tautomer B
Isolation® ntheti Isolation® ntheti Isolationt  Synthetic | Isolationt IsolationP
f;‘)Cal\tll\:)lR SIB;CtNl?/ltRc j;)Ca;l\(/;R S;1)37CtNli:/ltRc 'HNMR "HNMR 'HNMR "HNMR
No- | (125MHz) (151MHz) | (125MHz) (151 MHz) (5500 MHz) (;00 MHz) (5500 MHz) (8600 MHz)
dc/ppme¢ d¢c/ppm¢ dc/ppme¢ dc/ppme¢ jr/lpgzr;ldu 1{1 pg;lc(l ]:I/l plf;ldu Tr/l p}_l;);ld(]
1 198.5 198.7 202.7 n.o.
2 58.2 n.o. 54.1 54.1
3 209.8 209.9 209.6 209.6
4 57.8 57.8 61.2 61.2
5 201.5 201.5 197.0 198.7
6 110.6 110.7 109.6 109.6
7 185.7 185.6 186.0 186.0
7.90 (d, 8.01 (d,
8 121.0 120.9 121.2 121.2 15.7) n.o 15.7) n.o
8.00 (d, 8.01 (d,
9 147.0 147.0 147.0 147.1 15.7) n.o 15.7) n.o
10 134.8 n.o. 134.9 n.o.
11 129.2 n.o. 129.2 n.o. 7.66 (m) n.o. 7.66 (m) n.o.
12 129.3 129.3 129.3 129.3 7.42 n.o. 7.41 n.o.
13 131.4 131.5 131.4 131.5 7.42 n.o. 7.41 n.o.
14 129.3 n.o. 129.3 n.o. 7.42 n.o. 7.41 n.o.
15 129.2 n.o. 129.2 n.o. 7.66 (m) n.o. 7.66 (m) n.o.
16 219 219 214 215 1.49 (s) 1.49 (s) 1.40 (s) n.o.
17 26.2 26.2 26.1 26.1 1.35(s) 1.34 (s) 1.43 (s) 1.43 (s)
18 20.4 20.3 22.1 22.0 1.36 (s) 1.35(s) 1.44 (s) 1.44 (s)
1’a 38.6 38.6 36.9 36.9 2.69 n.o. 2.68 n.o.
1'b 2.56 n.o. 2.55 n.o.
2 119.6 119.7 119.0 119.0 5.06 n.o. 5.17 n.o.
3 144.3 144.4 143.0
4 28.0 27.9 28.3 28.3 2.02 n.o. 2.02 n.o.
5’ 26.9 26.8 27.0 27.0 1.99 n.o. 1.99 n.o.
6’ 123.8 123.7 123.8 123.7 5.09 n.o. 5.06 n.o.
7’ 132.4 132.4 132.4 132.4
8’ 25.8 n.o. 25.8 n.o. 1.67 (s) 1.66 (s) 1.65 (s) 1.65 (s)
9’ 66.6 66.6 66.7 66.8 3.93 n.o. 391 n.o.
10’ 17.8 n.o. 17.8 n.o. 1.58 (s) 1.57 (s) 1.56 (s) 1.56 (s)
1-
OH 18.24 18.25 18.10 18.10

a) All data were obtained in CDCls. Overlapped signals were reported without designating multiplicity. Signals that were not observable

due to overlap are indicated with a “n.o.”. b) Data from reference [511. ¢) Chemical shifts are reported relative to the corresponding

residual non-deuterated solvent signal (CDCls: u = 7.26 ppm, 8c = 77.16 ppm). d) Chemical shifts are reported relative to TMS (8u =
0.00 ppm).

Unfortunately, all attempts of separation of the two isomers failed. Additionally, with the

undesired isomer being in large excess, this was no viable strategy for the synthesis of

Cleistocaltone B (24). The development of a new strategy was necessary.

75



3.10.3 Synthesis of Terpene Fragment with Terminal Leaving
Group

The results of the studies of the TsUJI-TROST coupling in the synthesis of Cleistocaltone A (23)
showed that the E/Z-selectivity only posed a challenge when linalyl-based terpene fragments with
a tertiary leaving group were utilized. With geranyl-based coupling partners the configuration of
the double-bond was conserved giving exclusively the E-isomer. Accordingly, an oxidized geranyl-
based terpene fragment featuring a Z-double bond should give a better Z-selectivity in the

synthesis of Cleistocaltone B (24).

The strategy to obtain such a terpene fragment commenced from butenolide 128 which contains
the double bond in the desired Z-configuration (Scheme 58). This should be opened through
saponification resulting in ester 129. After protection of the alcohol, the ester in 130 should be
reduced giving alcohol 131. After conversion of the alcohol into a leaving group, 132 could be

used in a TSUJI-TROST coupling.
sapon|f|cat|on Me protectlon Me
w ------------ S~ M T N

. reduction

leaving-group

PGO
insertion
/K/\J\/\ A

Scheme 58: Strategy for the synthesis of geranyl-based terpene fragment 132.

1. KCN, Me o)
18-crown-6, WO
TMSCN, CH,Cl, Me

Me Me MnO, Me Me 5°C, 30 min 128
W M/\ > +
Me OH CH,Cl, Me ~0  2.PDC, DMF, Me Me
75 RT, 18 h 133 RT, 22 h S
72% 61% (Lit.: 73%) Me N
(over 2 steps) 134 O
(4:1) o

Scheme 59: Synthesis of butenolide 128 according to COREY and SCHMIDT.[104]

Butenolide 128 was obtained through a literature-known procedure (Scheme 59). First, geraniol

(75) was oxidized using MnO; which yielded geranial (133) with 72%. Subsequently, geranial

(133) was directly converted to butenolide 128 with a procedure developed by COREY and

SCHMIDT.[104] Here, geranial (133) is first transformed to the corresponding O-trimethylsilyl-
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cyanohydrin employing KCN, 18-crown-6, and TMSCN in CH2Cl,. After removal of the volatiles
under reduced pressure it is then oxidized with PDC in DMF giving butenolide 128 and its

constitutional isomer 134 with 61% yield in a 4:1 ratio.

Various bases were tested to open butenolide 128 and obtain an ester such as 135 (Table 18).

Table 18: Screening of saponification conditions of butenolide 128.

mo conditions  Me O 0
e 128 S e 135 ~7oR
Entry R Conditions Comment
I 1 Et K,CO3, EtOH, 0°Cto 90 °C, 24 h no conversion
2 H LiOH, THF/H20, RT, 60 h decomposition
3 Me NaOMe, MeOH,0°CtoRT,1h decomposition

With the weakest base K>CO3 in EtOH no conversion was observable, even after heating of the
reaction mixture to reflux (Table 18, entry 1). LiOH in THF/H,0 showed only decomposition
(Table 18, entry 2). When attempted to open the butenolide with NaOMe, decomposition occurred

within one hour (Table 18, entry 3).

No further attempts were made since it was presumed that the butenolide 128 probably cyclizes
back immediately following saponification. The Z-configuration of the double-bond should
facilitate this reaction immensely. Other strategies which hinder the cyclization were necessary,

but have not been explored in this work.
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4. Conclusion

4.1 Summary of Results

In conclusion, the biomimetic synthesis of the anti-RSV agent Cleistocaltone A (23) has been
successfully executed. Two different routes have been established. The convergent route where
geranyl acetate (81) was transformed to the diene 83 first and then coupled to the phloroglucinol
fragment 66 obtained through methylation of 2-acetyl phloroglucinol (39) gave Cleistocaltone A

(23) with a longest linear sequence of 6 steps and an overall yield of 1.7% (Scheme 60).

Me Me Me
)\/\/K/\
Me X X OAc 2step Me
81
OH O y OH O
e
Me 1_» Me :
step steps
HO OH HO ©
Me Me H-

Cleistocaltone A (23)

6 steps longest linear sequence, 1.7% overall yield

Scheme 60: Convergent route to Cleistocaltone A (23).

The linear route, where the geranylation of the phloroglucinol fragment 66 was performed first
and the functionalization of the terpene sidechain thereafter, produced Cleistocaltone A (23) in 8
steps with an overall yield of 2.2% (Scheme 61). Because it was more efficient, this route was
successfully scaled up to gram-scale producing 587 mg of 23. Additionally an interesting side
product 111 containing a unique tetracyclic system with an eight-membered cyclic ether was
isolated and analyzed by XRD (Figure 21). It was suspected that 111 was a natural product from

C. operculatus as well. However, all isolation attempts remained unsuccessful.

OH

Me—»

1 step HO

HO Me Me

39

Cleistocaltone A (23)

8 steps, 2.2% overall yield, 587 mg produced

Scheme 61: Linear route to Cleistocaltone A (23).

Synthetic Cleistocaltone A (23) was tested by LUDLOW, CHRISTMANN, and coworkers for its anti-RSV
activity against a contemporary recombinant RSV-A strain and showed a modestly higher 1Cso

than the isolated material by YE, WANG, and coworkers.[51.83]
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[X-RAY]

Figure 21: Isolated side product 111 and its molecular structure in a crystal.

The attempted synthesis of Cleistocaltone B (24) was unfortunately met with limited success.
While the TSujI-TROST coupling of phloroglucinol 66 with epoxide 124 was successful, there were

E/Z-selectivity issues and the undesired E-isomer was produced in a large 6:1 excess (Scheme 62).

Me o
W P JJ\/\/R%
Me
122

3step Me
P 124 Me
OH O 7 Me
OH O
Me Me
Me —— HO N
o oH 1 step HO 0 2 steps (one-pot)
Me Me
39 66 Me Me

24 (E:Z/6:1)
poor E:Z-selectivity, inseparable mixture of diastereomers

Scheme 62: Attempted synthesis of Cleistocaltone B (24).

79



4.2 OQutlook
4.2.1 Further Biological Evaluations

The successful synthesis of Cleistocaltone A (23) gives access to many new compounds that could
be used in biological evaluations (Figure 22). These derivatives may exhibit enhanced activity
compared to the natural product. Although the enantioselective synthesis of 23 was not achieved,
separation of the enantiomers via chiral column chromatography could provide (+)- and (-)-
Cleistocaltone A (23). Subsequent testing of both enantiomers could reveal differences in

biological activity which could provide insights into its mechanism of action.

other potential test compounds

Me
H _: OH

ad .
0" d Me O Me
(+)- or (-)-Cleistocaltone A (23)

diastereomer 105 5'-epi-Cleistocaltone A (136)

Figure 22: Other potential test compounds that emerged from the total synthesis of
Cleistocaltone A (23).
Additionally, through the synthesis many new testing compounds became available. This includes
111 and IMDA-diastereomers 105 and 37. Moreover, if the epoxidation and epoxide opening from
the established synthesis were to be performed starting from the undesired IMDA-diastereomer
105, an access to 5’-epi-Cleistocaltone A (136) could be realized which is another potential test

compound.
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early stage

Figure 23: Possible derivatizations of Cleistocaltone A (23).

Furthermore, the synthesis of Cleistocaltone A (23) enables the exploration of various
derivatizations (Figure 23). Late-stage modifications could focus on functionalization of the allylic
hydroxyl group on the backbone. For instance, substitution with a fluoride or trifluoromethyl
group could enhance the molecule’s lipophilicity and its metabolic stability.[105106] Alternatively,
an acetylation might improve 23’s bioavailability.[1071 Early-stage modifications could involve
substitutions of the alkyl groups on the phloroglucinol moiety, such as introducing trifluoromethyl
groups. Additionally, alterations to the phenyl group could be considered. For example, the
introduction of methyl groups at aromatic positions has been shown to increase activity in drug

development.[108]

4.2.2 Synthesis of Similar Natural Products

The findings from this work could be valuable for the synthesis of structurally similar NPs. Earlier
this year, TANG, YE, WANG, and coworkers isolated several new NPs from C. operculatus applying a
blocks-based molecular network (BBMN) strategy to the phytochemical investigation of the
plant.199 One of these NPs, Cleistoperone A (137, Figure 24) possesses many of the same
structural motifs as Cleistocaltone A (23). The main difference is that instead of a monoterpene
backbone, 137 possesses a diterpene backbone which is presumably also tethered to the
phloroglucinol moiety with an IMDA. Thus, Cleistoperone A (137) could be synthesized using a
similar retrosynthesis. With a remarkable ICso of 1.71 * 0.61 pmol/L against RSV,[109]

Cleistoperone A (137) would be a valuable target for a total synthesis.

81



Cleistocaltone A (23) Cleistoperone A (137)

Figure 24: Structural similarities of Cleistocaltone A (23) and Cleistoperone A (137).[109]
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5. Experimental Procedures and Analytical Data
5.1 General Information

5.1.1 Materials and Methods

Reactions with air- or moisture-sensitive substances were carried out under an argon atmosphere
using standard SCHLENK technique. Ambient or room temperature (RT) refers to 18-23 °C. Heating
of reactions was performed with an oil bath unless otherwise noted. “Brine” refers to a sat. aq.

NacCl solution.

Unless otherwise noted, all starting materials and reagents were purchased from commercial
distributors and used without further purification. Anhydrous dichloromethane and
tetrahydrofuran were provided by purification with a MBraun SPS-800 solvent system (BRAUN)
using solvents of HPLC grade purchased from FISHER Scientific and ROTH. 2-Acetyl
phloroglucinol monohydrate was dried for 16 h at 60 °C under high vacuum to obtain dry 2-acetyl
phloroglucinol which was stored under argon. Solvents for extraction, crystallization and flash
column chromatography were purchased in technical grade and distilled under reduced pressure

prior to use.

Column chromatography was performed on silica 60 M (0.040-0.063 mm, 230-400 mesh,
MACHEREY-NAGEL).

Medium pressure liquid chromatography (MPLC) was performed with a TELEDYNE ISCO Combi-
Flash Rf200 using prepacked silica columns and cartridges from TELDYNE. UV response was
monitored at 254 nm and 280 nm. As eluents, cyclohexane (99.5+% quality) and EtOAc (HPLC

grade) were used.

5.1.2 Analysis

Reaction monitoring: Reactions were monitored by thin layer chromatography (TLC). TLC-
analysis was performed on silica gel coated aluminium plates ALUGRAM® Xtra SIL G/UV2s4
purchased from MACHEREY-NAGEL. Products were visualized by UV light at 254 nm and by using
staining reagents (based on Ce(S04)2 and anisaldehyde).

NMR spectroscopy: tH NMR and 13C NMR spectral data were recorded on JEOL (ECX 400, ECP
500), VARIAN (Inova 600), and BRUKER (AVANCE III 500, AVANCE III 700) spectrometers in the
reported deuterated solvents. The chemical shifts () are listed in parts per million (ppm) and are

reported relative to the corresponding residual non-deuterated solvent signal (CDCls: &n =
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7.26 ppm, 6¢c = 77.2 ppm; CD2Cly: 6y = 5.32 ppm, 6¢ = 53.8 ppm; DMSO-de: 6u = 2.50 ppm, &¢ =
39.5 ppm). Integrals are in accordance with assignments; coupling constants (/) are given in Hz.
Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), p (quintet), br
(broad), and combinations thereof. In the case where no multiplicity could be identified, the
chemical shift range of the signal is given as m (multiplet). 13C NMR spectra are 'H-broadband

decoupled.

High resolution mass spectrometry: High resolution mass spectra (HRMS) were measured with

an AGILENT 6210 ESI-TOF (10 pL/min, 1.0 bar, 4 kV) instrument.

Infrared spectroscopy: Infrared (IR) spectra were measured on a Jasco FT/IR-4100 Type A

spectrometer with a TGS detector. Wavenumbers V are given in cm-2.

X-ray: X-ray diffraction data was collected on a BRUKER D8 Venture CMOS area detector (Photon
100) diffractometer with Cu Ka radiation. Single crystals were coated with perfluoroether oil and
mounted on a 0.2 mm Micromount. The structures were solved with the ShelXTI[110] structure
solution program using intrinsic phasing and refined with the ShelXL[11 refinement package
using least squares on weighted F2 values for all reflections using OLEX2.[112] Crystallographic
data for compounds 105, 37, and 111 have been deposited with the Cambridge Crystallographic
Data Centre under CCDC2352922, CCDC2352924, and CCDC2352923.
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5.2 Synthesis of Champanone B

5.2 1 Route 1
1-(2-Hydroxy-4,6-bis(methoxymethoxy)phenyl)ethan-1-one (69)

(OMe),CH,.
OH O ZnBr, AcCl, OH O

DIPEA
Me Me
CH,Cl,
HO OH MOMO OMOM

5°CtoRT, 22 h
39 38% 69

CgHgO4 (168.15 g/mol) C1,H1604 (256.25 g/mol)

MOMCI was generated in situ through a literature-known procedure.[’>] A SCHLENK tube was
charged with ZnBr; (54.0 mg, 0.238 mmol, 0.40 equiv.) which was then dried in vacuo by heating
of the tube with a heat gun at 630 °C. Afterwards, anhydrous CH3Cl; (20 mL) and anhydrous
dimethoxymethane (2.10 mL, 1.81 g, 23.8 mmol, 4.00 equiv.) were added subsequently and the
mixture was cooled to 5°C using an ice-water bath. Then, acetyl chloride (1.70 mL, 3.08 g,
23.8 mmol, 4.00 equiv.) was added dropwise. After complete addition, the mixture was allowed to

warm up to RT and stirred for 36 h. This MOMCI solution was used directly in the next step.

In a SCHLENK tube, anhydrous acetyl phloroglucinol 39 (1.00 g, 5.95 mmol, 1.00 equiv.) was
suspended in anhydrous CH»Cl; (15 mL) and cooled to 5°C using an ice-water bath. The
previously produced MOMCI solution was added dropwise. After complete addition, DIPEA
(4.16 mL, 3.08 g, 23.8 mmol, 4.00 equiv.) was added dropwise and the mixture was allowed to
warm up to RT. During this time, the mixture became a clear solution. After 18 h, the excess
MOMCI was quenched by addition of sat. ag. NH4Cl (50 mL) and vigorous stirring for 10 min. The
phases were separated and the organic phase was washed with 10% agq. citric acid (50 mL) and
brine (50 mL), dried over Na;SOys, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO», EtOAc:cyclohexane/1:1) to afford MOM-
protected acetyl phloroglucinol 69 (590 mg, 2.29 mmol, 38%) as a colourless oil.

1H NMR (700 MHz, CDCI3): 6 = 13.70 (s, 1H), 6.26 (d, J = 2.3 Hz, 1H), 6.24 (d, / = 2.4 Hz, 1H), 5.25
(s, 2H), 5.16 (s, 2H), 3.51 (s, 3H), 3.47 (s, 3H), 2.65 (s, 3H) ppm.

13C NMR (176 MHz, CDCl3): 6 = 203.4, 167.0, 163.6, 160.5, 107.1, 97.3, 94.6, 94.2, 56.8, 56.6, 33.1
ppm.

The spectroscopic data are in accordance with the literature.[113]
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1-(2-Hydroxy-4,6-bis(methoxymethoxy)phenyl)-3-phenylprop-2-en-1-one (70)

OH O PhCHO, OH O
KOH
o - CIC
EtOH/H,0,
MOMO OMOM 5°C to RT, 48 h MOMO OMOM
69 7% 70
C12H1606 (25625 g/mol) C19H2006 (34436 g/mol)

In a round-bottom flask, KOH (23.8 g, 424 mmol, 24.0 equiv.) was dissolved in water (50 mL).
EtOH (50 mL) was added and the mixture was cooled down to 5 °C using an ice-water bath. To the
cooled mixture a solution of MOM-protected acetyl-phloroglucinol 69 (4.53 g, 17.7 mmol,
1.00 equiv.) and benzaldehyde (1.82 mL, 1.91 g, 18.0 mmol, 1.02 equiv.) in EtOH (50 mL) was
added dropwise and the mixture was allowed to warm up to RT. After 24 h, more benzaldehyde
(3.57 mL, 3.74 g, 35.3 mmol, 2.00 equiv.) was added and stirring was continued for another 24 h.
Afterwards, ice-water was added to the mixture and the pH was adjusted to 3 using 1 M aq. HCl.
The mixture was extracted with EtOAc (3 x 100 mL). The combined organic layers were washed
with water (200 mL) and brine (200 mL), dried over Na,SOs, filtered, and concentrated under
reduced pressure. The crude product was recrystallized from EtOH:pentane/1:1 and filtered. The
filtrate was concentrated and recrystallized again to recover more material. The collected solids
were combined to afford MOM-protected cinnamoyl phloroglucinol 70 (4.70 g, 13.6 mmol, 77%)

as an orange, amorphous solid.

1H NMR (700 MHz, CDCl3): 6 =13.82 (s, 1H), 7.93 (d, /= 15.6 Hz, 1H), 7.79 (d, ] = 15.6 Hz, 1H), 7.62
- 7.59 (m, 2H), 7.42 - 7.38 (m, 3H), 6.32 (d, ] = 2.4 Hz, 1H), 6.26 (d, ] = 2.4 Hz, 1H), 5.29 (s, 2H),
5.19 (s, 2H), 3.54 (s, 3H), 3.49 (s, 3H) ppm.

1BCNMR (176 MHz, CDCl3): § =193.1,167.5,163.7,160.0, 142.6, 135.6, 130.3,129.1, 128.5, 127.5,
107.7,97.6,95.3,94.9,94.2, 57.0, 56.6 ppm.

The spectroscopic data are in accordance with the literature.[114]
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3-Phenyl-1-(2,4,6-trihydroxyphenyl)prop-2-en-1-one (71)

OH O OH O
P Hel P
L 0 oo~ 1L 7 T
MOMO OMOM 90 °C, 10 min HO OH
70 96% 71
C19H2005 (34436 g/mol) C15H1204 (25626 g/mol)

In a round-bottom flask, MOM-protected cinnamoyl-phloroglucinol 70 (52.0 mg, 0.151 mmol,
1.00 equiv.) was dissolved in MeOH (3 mL). Aq. HCI (3 M, 1.26 mL, 25.0 equiv.) was added and the
mixture was heated to 90 °C for 10 min. Afterwards, the mixture was diluted with water (20 mL)
and extracted with EtOAc (2 x 10 mL). The combined organic layers were dried over Na;SOs,
filtered, and concentrated under reduced pressure. The residue was suspended in CH2Cl; and
filtered. The filter cake was washed with additional CH,Cl,, dissolved in EtOH, and concentrated
under reduced pressure to afford cinnamoyl phlorogucinol 71 (37.0 mg, 0.144 mmol, 96%) as a

yellow amorphous solid.

1H NMR (600 MHz, methanol-d,): 6 = 8.21 (d,J = 15.6 Hz, 1H), 7.71 (d, J = 15.7 Hz, 1H), 7.62 - 7.59
(m, 2H), 7.40 - 7.36 (m, 3H), 5.86 (s, 2H) ppm.

BCNMR (151 MHz, methanol-d4): 6 = 194.0, 166.6, 166.1, 142.9,137.0,131.1,130.0, 129.3, 128.9,
105.9, 96.0 ppm.

The spectroscopic data are in accordance with the literature.[114]
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5.2.2 Route 2

2-Acetyl-3,5-dihydroxy-4,6,6-trimethylcyclohexa-2,4-dien-1-one (66) (Reproduced
(adapted) from Ref.[83] with permission from the Royal Society of Chemistry.)

OH O

OH O NaOMe, Mel Me
Me
Me o
d HeOH 0 C.Th o” o

HO OH o Me Me
39 66

CgHgO4 (168.15 g/mol) C11H1404 (210.23 g/mol)

The methylation of 2-acetyl phloroglucinol (39) was performed according to a literature-known
procedure.’2l Sodium (7.59 g, 330 mmol, 3.70 equiv.) was added to anhydrous methanol
(250 mL) in a three-necked round-bottom flask equipped with a reflux-condenser. After the
sodium had reacted completely, anhydrous 2-acetyl phloroglucinol (39, 15.0 g, 89.2 mmol],
1.00 equiv.) dissolved in anhydrous methanol (200 mL) was added slowly. Afterwards, methyl
iodide (18.2 mL, 41.8 g, 294 mmol], 3.30 equiv.) was added slowly. Then, the mixture was heated
to 90 °C and stirred at this temperature for 7 h. Afterwards, the mixture was cooled down to 5 °C
using an ice/water-bath. The mixture was acidified to pH = 2-3 with 1 M aq. HCI. The precipitated
solid was filtered off, washed with water, and dried under high vacuum. Trimethylated acetyl
phloroglucinol 66 (12.9 g, 61.6 mmol, 69%) was isolated as an off-white powder and used without

further purification.
1H NMR (600 MHz, DMSO-ds): & = 18.96 (s, 1H), 2.46 (s, 3H), 1.77 (s, 3H), 1.27 (s, 6H) ppm.

13C NMR (151 MHz, DMSO-d¢): 6 = 199.4, 196.0, 188.9, 176.0, 105.1, 101.9, 48.2, 27.8, 24.3,
7.2 ppm.

The spectroscopic data are in accordance with the literature.[115]
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2-Acetyl-3-hydroxy-5-(methoxymethoxy)-4,6,6-trimethylcyclohexa-2,4-dien-1-one (72)
(O,\/le)2CH2y

OH O ZnBr, AcCl, OH O
M M
e Me DIPEA e Me
HO 0 CHCl, — momo 0
Me Me 5°CtoRT, Me Me
66 igoj‘ 72
C11H1404 (21023 g/mol) ¢ C13H1805 (25428 g/mol)

MOMCI was generated in situ through a literature-known procedure.[’>] A SCHLENK tube was
charged with ZnBr; (305 mg, 1.36 mmol, 10 mol%) which was then dried in vacuo by heating of
the tube with a heat gun at 630 °C. Afterwards, anhydrous CH:Cl; (50 mL) and anhydrous
dimethoxymethane (2.40 mL, 2.06 g, 27.1 mmol, 2.00 equiv.) were added subsequently and the
mixture was cooled to 5°C using an ice-water bath. Then, acetyl chloride (1.93 mL, 2.13 g,
27.1 mmol, 2.00 equiv.) was added dropwise. After complete addition, the mixture was allowed to
warm up to RT and stirred for 4 h. Afterwards, the mixture was diluted with anhydrous CH,Cl;
(85 mL) and cooled down to 5 °C using an ice-water bath. Trimethylated acetyl phloroglucinol 66
(2.85 g, 13.6 mmol, 1.00 equiv.) and DIPEA (4.74 mL, 3.50 g, 27.1 mmol, 2.00 equiv.) were added
to the mixture subsequently. Then, the mixture was allowed to warm up to RT over 18 h.
Afterwards, the excess MOMCI was quenched by addition of sat. aq. NH4Cl (50 mL) and vigorous
stirring for 10 min. The phases were separated and the organic phase was washed with 10% agq.
citricacid (50 mL) and brine (50 mL), dried over Na;S0s, filtered, and concentrated under reduced
pressure. The crude product was purified by column chromatography (SiO,
EtOAc:cyclohexane/1:9) to afford MOM-protected, trimethylated acetyl phloroglucinol 72 (1.45 g,

5.70 mmol, 42%) as a colourless oil.

The product was isolated as a mixture of two interconverting tautomers (tautomer A : tautomer

B =1:0.6) which gave two sets of signals in the 1H- and 13C-NMR in which many signals overlapped.

Tautomer A:

1H NMR (600 MHz, CDCl3): 6 = 18.89 (s, 1H), 5.11 (s, 2H), 3.58 (s, 3H), 2.61 (s, 3H), 1.92 (s, 3H),
1.34 (s, 6H) ppm.

1BCNMR (151 MHz, CDCl3): 6 = 201.5,197.5,190.1,174.9,112.8,107.4,99.6, 57.6, 50.1, 28.2, 24.3,
10.0 ppm.
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Tautomer B:

1H NMR (600 MHz, CDCl3): 6 = 18.17 (s, 1H), 5.04 (s, 2H), 3.58 (s, 3H), 2.69 (s, 3H), 1.87 (s, 3H),
1.46 (s, 6H) ppm.

13CNMR (151 MHz, CDCl3): 6 =204.3,197.6,185.6, 169.0, 118.6, 109.6,99.8, 57.4, 44.8, 29.5, 24 4,
10.5 ppm.

HRMS (ES], pos.): m/z calcd for C13H1gNaOs+ [M+Nat]*: 277.1046, found 277.1057.

IR (ATR): V = 2979, 2935, 2830, 1656, 1634, 1530, 1441, 1372, 1362, 1337, 1299, 1261, 1215,
1162,1132, 1065, 1029, 1004, 968, 934, 894, 814, 786, 721 cm™™.
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2-Cinnamoyl-3-hydroxy-5-(methoxymethoxy)-4,6,6-trimethylcyclohexa-2,4-dien-1-one
(73)

OH O OH O
Me KOH,PhCHO Me P
e T LT
MOMO o) Et‘%Ht/lea?' MOMO o)
Me Me 0 ’ Me Me
72 3‘1‘;‘ 73
C13H4805 (254.28 g/mol) ° CyoH5205 (342.39 g/mol)

In a round-bottom flask, MOM-protected trimethylated acetyl phloroglucinol 72 (1.37 g,
5.39 mmol, 1.00 equiv.) and freshly distilled benzaldehyde (1.09 mL, 1.14g, 10.8 mmol,
2.00 equiv.) were dissolved in EtOH (175 mL). The mixture was cooled down to 5 °C using an ice-
water bath and a solution of KOH (7 M, 18.5 mL) mixed with EtOH (16 mL) was added dropwise
through a dropping funnel. After complete addition, the mixture was allowed to warm up to RT
and stirred for 18 h. Afterwards, more benzaldehyde (1.09 mL, 1.14 g, 10.8 mmol, 2.00 equiv.) was
added and stirring was continued. After 8 h, more benzaldehyde (1.09 mL, 1.14 g, 10.8 mmol,
2.00 equiv.) was added and stirring was continued for 18 h. Then, the mixture was cooled down
to 5 °C using an ice-water bath and a sat. aqg. solution of NH4Cl (50 mL) was added dropwise
through the dropping funnel. The mixture was extracted with cyclohexane (3 x 300 mL). The
combined organic layers were dried over Na,SO,, filtered, and concentrated under reduced
pressure. The residue was dried while stirring under high vacuum for 3 h to remove parts of the
excess benzaldehyde. The crude product was purified by column chromatography (SiO-,
EtOAc:pentane/1:9). After purification, remaining traces of benzaldehyde were removed by
stirring under high vacuum at 40 °C overnight upon which MOM-protected cinnamoyl

phloroglucinol 73 (1.49 g, 4.36 mmol, 81%) solidified as a bright yellow, amorphous solid.

The product was isolated as a mixture of two interconverting tautomers (tautomer A : tautomer

B =1:0.5) which gave two sets of signals in the 1H- and 13C-NMR in which many signals overlapped.

Tautomer A:

1H NMR (600 MHz, CDCl3): § =19.11 (s, 1H),8.32 (d,] = 15.8 Hz, 1H), 7.93 (d, ] = 15.8 Hz, 1H), 7.69
-7.65 (m, 2H), 7.39 - 7.37 (m, 3H), 5.12 (s, 2H), 3.59 (s, 3H), 1.95 (s, 3H), 1.40 (s, 6H) ppm.

13CNMR (151 MHz, CDCl3): § =198.1,192.2,187.3,174.6,145.1, 135.3, 130.7, 129.0, 129.0, 123.2,
114.3,106.7,99.6, 57.5, 50.2, 24.4, 10.2 ppm.
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Tautomer B:

1H NMR (600 MHz, CDCl3): § = 18.76 (s, 1H), 8.53 (d,] = 15.8 Hz, 1H), 7.95 (d, ] = 15.8 Hz, 1H), 7.69
- 7.65 (m, 2H), 7.39 - 7.37 (m, 3H), 5.06 (s, 2H), 3.58 (s, 3H), 1.91 (s, 3H), 1.49 (s, 6H) ppm.

13CNMR (151 MHz, CDCl3): 6 =201.8, 189.5,186.1, 169.3, 145.6, 135.2, 130.9, 129.1, 129.0, 123.6,
119.0,108.4,99.7,57.4, 45.8, 24.5, 10.7 ppm.

HRMS (ES], pos.): m/z calcd for C20H22NaOs+ [M+Na+]*: 365.1359, found 365.1373.

IR (ATR): v = 3101, 3084, 3060, 3026, 2979, 2932, 2828, 1655, 1621, 1576, 1509, 1468, 1447,
1427,1372, 1353, 1335, 1304, 1242, 1214, 1149, 1065, 1011, 980,911, 873, 825, 797, 758, 741,
719 cm-1,
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Champanone B (25)

OH O OH O
Me = HCI, NaAsc Me ‘ = ‘
—_—
MOMO ' o) ‘ Me,CO/  yo o
Me Me H2O/I\./IeOH, Me Me
73 5°C, 25
35 min

CoH2205 (342.39 g/mol) 1% C1gH1504 (298.34 g/mol)

In a round-bottom flask, HCI (37%, 5.37 mL, 6.44 g, 65.3 mmol, 45.0 equiv.) and sodium ascorbate
(575 mg, 2.90 mmol, 2.00 equiv.) were dissolved in MeOH while cooling the mixture to 5 °C using
an ice-water bath. Then, MOM-protected cinnamoyl-phloroglucinol 73 (500 mg, 1.45 mmol,
1.00 equiv.) dissolved in acetone (32 mL) was added to the mixture over 30 min using a syringe
pump. After full addition, stirring was continued for 5 min. Then, the mixture was diluted with
water upon which a yellow solid precipitated. The solid was filtered off through a glass filter and
washed with water. The filter cake was dissolved in MeOH and concentrated under reduced
pressure. The crude product was purified by column chromatography (SiO», EtOAc:pentane/1:1)

to afford Champanone B (25, 352 mg, 1.18 mmol, 81%) as a yellow, amorphous solid.

1H NMR (600 MHz, acetone-ds): & = 8.38 (d, ] = 15.9 Hz, 1H), 7.89 (d, ] = 15.9 Hz, 1H), 7.73 - 7.71
(m, 2H), 7.49 - 7.44 (m, 3H), 1.91 (s, 3H), 1.42 (s, 6H) ppm.

13C NMR (151 MHz, acetone-ds): 6 = 197.6, 192.2, 187.1, 175.2, 144.1, 136.4, 131.3, 129.9, 1294,
124.6,106.2,105.2,49.4,24.8, 7.5 ppm.

The spectroscopic data are in accordance with the literature.[71]
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5.3 Synthesis of Terpene Fragments

5.3.1 Synthesis of Hotrienyl Derivatives

6-Chloro-3,7-dimethylocta-1,7-dien-3-yl acetate (78)

Ca(OCl),,
Me  AcO Me H3BO3 w&e/
PP _
Me H,0/CH,Cls, Me
5°C,4.5h Cl
77 64% 78
C15H2005 (196.29 g/mol) C1,H14CIO, (230.73 g/mol)

The chlorination of linalyl acetate (77) was performed according to a literature procedure.[’91 In
an ERLENMEYER flask equipped with a large stirring bar, linalyl acetate (77, 11.3 mL, 10.15 g,
51.7 mmol, 1.00 equiv.) was dissolved in CH;Cl; (50 mL). The mixture was cooled down to 5 °C
using an ice-water bath. Calcium hypochlorite (67 w%, 6.62 g, 31.0 mmol, 0.60 equiv.) and boric
acid (6.40 g, 103 mmol, 2.00 equiv.) were added subsequently. Afterwards, water (10 mL) was
added over a period of 4 h using a syringe pump while stirring the mixture vigorously. After
stirring for an additional 30 min the reaction showed complete conversion. Na,SO4 was added and
the inorganic salts were filtered off through celite. The filtrate was washed with a 10% aq. NaCl
solution (2 x 100 mL), dried over Na,SOs, filtered, and concentrated under reduced pressure. The
crude product was purified by column chromatography (SiO», EtOAc:pentane/1:20) to afford allyl
chloride 78 (7.58 g, 32.9 mmol, 64%) as a yellowish oil.

The product was obtained as an inseparable mixture of two diastereomers which gave two sets of

signals in the 1H- and 13C-NMR in which many signals overlapped.
Diastereomer A:

1H NMR (700 MHz, CDCl3): § = 5.96 - 5.90 (m, 1H), 5.18 - 5.13 (m, 2H), 5.01 - 5.01 (m, 1H), 4.91
-4.90 (m, 1H), 4.35 - 4.32 (m, 1H), 2.01 (s, 3H), 1.99 - 1.90 (m, 1H), 1.90 - 1.80 (m, 3H), 1.79 -
1.79 (m, 3H), 1.54 (s, 3H) ppm.

1BCNMR (176 MHz, CDCl3): 6 = 170.0, 144.1, 141.5, 114.7, 113.7, 82.4, 66.7, 37.3, 30.9, 23.8, 22.3,
17.0 ppm.
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Diastereomer B:

1H NMR (700 MHz, CDCl3): 6 = 5.96 - 5.90 (m, 1H), 5.18 - 5.13 (m, 2H), 5.01 - 5.01 (m, 1H), 4.91
-4.90 (m, 1H), 4.35 - 4.32 (m, 1H), 2.01 (s, 3H), 1.99 - 1.90 (m, 1H), 1.90 - 1.80 (m, 3H), 1.79 -
1.79 (m, 3H), 1.55 (s, 3H) ppm.

BCNMR (176 MHz, CDCl3): 6 =170.0, 144.2, 141.4,114.7, 113.8, 82.5, 66.8, 37.2, 30.9, 24.0, 22.3,
17.0 ppm.

The spectroscopic data are in accordance with the literature.[79]
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Hotrienyl acetate (79)

Li,COs3,
AcO Me LiBr w&e/
= = =
Mew DMF, Me
Cl 120 °C, 16 h
78 52% 79
C12H19C|02 (23073 g/mol) C12H1802 (19427 g/mol)

The dehydrochlorination of allylic chloride 78 was performed according to a literature
procedure.[791 A SCHLENK tube was charged with lithium carbonate (5.42 g, 73.4 mmol, 2.50 equiv.)
and lithium bromide (3.82 g, 44.0 mmol, 1.50 equiv.). The salts were dried in vacuo using a heat
gun at 630 °C for 30 min. After allowing the salts to cool down to RT, anhydrous DMF (25 mL) and
allylic chloride 78 (6.77 g, 29.3 mmol, 1.00 equiv.) were added. The mixture was heated to 120 °C
and stirred at that temperature for 16 h. After complete conversion the mixture was diluted with
water (20 mL) and extracted with cyclohexane (3 x 30 mL). The combined organic layers were
washed with water (50 mL) and brine (50 mL), dried over Na,;SQ,, filtered, and concentrated
under reduced pressure. The crude product was purified by column chromatography (SiO,
EtOAc:cyclohexane/1:19) to afford hotrienyl acetate (79, 2.97 g, 15.3 mmol, 52%) as a yellowish,

fruity smelling oil.

1H NMR (600 MHz, CDCl3): 6 = 6.17 (d, ] = 15.5 Hz, 1H), 6.01 (dd, ] = 17.5, 11.0 Hz, 1H), 5.56 (dt, ]
=15.6, 7.4 Hz, 1H), 5.18 - 5.13 (m, 2H), 4.91 - 4.90 (m, 2H), 2.67 - 2.59 (m, 2H), 1.99 (s, 3H), 1.83
-1.83 (m, 3H), 1.52 (s, 3H) ppm.

13C NMR (151 MHz, CDCl3): 6 = 170.1, 142.0, 141.7, 136.6, 124.4, 115.5, 113.7, 82.6, 43.0, 23.8,
22.3,18.8 ppm.

The spectroscopic data are in accordance with the literature.[79]
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Hotrienol (76)

Me = = Me = =

THF/MeOH,
79 5°C to RT, 76
C12H1805 (194.27 g/mol) ig‘; C10H160 (152.24 g/mol)
(]

In a round-bottom flask, hotrienyl acetate (79, 530 mg, 2.73 mmol, 1.00 equiv.) was dissolved in
a 1:1-mixture of THF and methanol (12 mL) and cooled down to 5 °C using an ice-water bath. To
the mixture was added aq. LiOH (2 M, 2.73 mL, 5.46 mmol, 2.00 equiv.) slowly. The mixture was
allowed to warm up to RT and stirred for 24 h. Then the mixture was diluted with aq. NaOH (1 M,
200 mL) and extracted with EtOAc (3 x 100 mL). The combined organic layers were dried over
Na,S0y, filtered, and concentrated under reduced pressure. The crude product was purified by
column chromatography (SiO2, EtOAc:pentane/1:9) to afford hotrienol (76, 134 mg, 0.879 mmol,

32%) as a yellowish, fruity smelling oil.

The compound contained some inseparable impurities which, however, did not interfere in the

following reaction and were removed after the next step.

1H NMR (600 MHz, CDCl3): § =6.21 (d, ] = 15.5 Hz, 1H), 5.94 (dd, ] = 17.3, 10.7 Hz, 1H), 5.65 - 5.59
(m, 1H), 5.22 (dd, ] = 17.3, 1.2 Hz, 1H), 5.07 (dd, ] = 10.8, 1.3 Hz, 1H), 4.93 - 4.91 (m, 2H), 2.40 -
2.31 (m, 2H), 1.83 (s, 3H), 1.29 (s, 3H) ppm.

13CNMR (151 MHz, CDCl3): 6 =144.9,141.9,137.2,125.0,115.8,112.2,73.0, 45.9,27.7, 18.8 ppm.

The spectroscopic data are in accordance with the literature.[79]
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Hotrienyl tert-butyl carbonate (80)

n-Buli,
Vo™ N = — Vo™ NP =
76 5°C to RT, 80
C1oH160 (152.24 g/mol) ;2; C15H2403 (252.35 g/mol)
(']

In a SCHLENK tube, hotrienol (76, 80.0 mg, 0.526 mmol, 1.00 equiv.) was dissolved in anhydrous
THF (2 mL) and cooled down to 5 °C using an ice-water bath. n-BuLi (2.5 M solution in n-hexane,
0.252 mL, 0.631 mmol, 1.20 equiv.) was added dropwise, followed by Boc20 (0.112 mL, 115 mg,
0.526 mmol, 1.00 equiv.) and the mixture was allowed to warm up to RT over 16 h. Excess n-BuLi
was quenched by addition of sat. ag. NaHCO3 (5 mL) and the mixture was extracted with EtOAc (3
x 10 mL). The combined organic layers were dried over Na;SOs, filtered, and concentrated under
reduced pressure. The crude product was purified by column chromatography (SiO,
EtOAc:pentane/1:9) to afford hotrienyl tert-butyl carbonate (80, 74.0 mg, 0.294 mmol, 56%) as a

colourless oil.

1H NMR (600 MHz, CDCls): & = 6.18 (d, ] = 15.6 Hz, 1H), 6.05 (dd, ] = 17.6, 11.0 Hz, 1H), 5.61 - 5.56
(m, 1H), 5.19 (d,] = 11.8 Hz, 1H), 5.17 (d, ] = 5.2 Hz, 1H), 4.89 (d, ] = 11.6 Hz, 2H), 2.73 (dd, ] = 14.0,
7.6 Hz, 1H), 2.60 (dd, ] = 14.0, 7.4 Hz, 1H), 1.83 (s, 3H), 1.52 (s, 3H), 1.46 (s, 9H) ppm.
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5.3.2 Synthesis of Terpene Fragments Containing a Terminal
Leaving Group

6-Chloro-3,7-dimethylocta-2,7-dien-1-yl acetate (82) (Reproduced (adapted) from Ref.[83]
with permission from the Royal Society of Chemistry.)

Ca(OCl),, H3BO3,

Me Me H,0 Me
)\/\/v X
Me OAG CH,Ch, 5°C, 5 h MeMOAc

81 80% Cl g
C12H2002 (19629 g/mol) C12H1QC|02 (23073 g/mol)

Calcium hypochlorite (67 w%, 6.47 g, 30.6 mmol, 0.60 equiv.) and boric acid (7.58 g, 122 mmo],
2.40 equiv.) were suspended in anhydrous CH2Cl, (50 mL) in an ERLENMEYER flask. The resulting
mixture was cooled down to 5 °C using an ice-water bath and geranyl acetate (81,11.0 mL, 10.0 g,
50.9 mmol, 1.00 equiv.) was added. Under vigorous stirring, water (13.8 mL) was added over 5 h
using a syringe pump. Afterwards, solid Na;SO3; was added, the inorganic salts were filtered off
through a plug of celite and the filtrate was concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO,, EtOAc/pentane, 1:19 to 1:9) to afford
allylic chloride 82 (9.37 g, 40.6 mmol, 80%) as a colourless oil.

1H NMR (600 MHz, CDCl3): § = 5.37 (tq,/ = 7.0, 1.3 Hz, 1H), 5.01 - 5.00 (m, 1H), 4.90 (p,/ = 1.5 Hz,
1H), 4.58 (d, J = 7.1 Hz, 2H), 4.35 - 4.32 (m, 1H), 2.19 - 2.13 (m, 2H), 2.05 (s, 3H), 2.01 - 1.88 (m,
2H), 1.81 (s, 3H), 1.71 (s, 3H) ppm.

13CNMR (151 MHz, CDCls): 6 = 171.2, 144.3, 140.7, 119.5, 114.5, 66.3, 61.3, 36.6, 34.5, 21.2,17.1,
16.6 ppm.

The spectroscopic data are in accordance with the literature.116]
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3,7-Dimethylocta-2,5,7-trien-1-yl acetate (83) (Reproduced (adapted) from Ref.[83] with
permission from the Royal Society of Chemistry.)

NaOH, PPh;.
n-Bu,NCl,
A = A
Me OAc THF, RT, 3 d Me OAc
g2 64% 83
C12H1QC|02 (23073 g/mol) C12H1802 (19427 g/mol)

The dehydrochlorination of allylic chloride 82 was performed according to a literature-known
procedure.[80 Freshly ground NaOH (3.57 g, 89.2 mmol, 1.10 equiv.), PPhz (1.06 g, 4.05 mmo],
5 mol%), and n-BusNCl (676 mg, 2.43 mmol, 3 mol%) were loaded into a SCHLENK flask. The flask
was evacuated and backfilled with argon three times. Afterwards, anhydrous THF (60 mL) and
allylic chloride 82 (18.7 g, 81.0 mmol, 1.00 equiv.) dissolved in anhydrous THF (100 mL) were
added to the mixture subsequently while keeping the temperature under 25 °C using a water bath.
The mixture was stirred for three days. Afterwards, water (100 mL) was added, the phases were
separated and the aqueous phase was extracted with diethyl ether (3 x 100 mL). The combined
organic layers were washed with water, brine, dried over Na,S0y, filtered, and concentrated under
reduced pressure. The crude product was purified by column chromatography (SiO,

EtOAc/pentane, 1:19) to afford diene 83 (10.0 g, 51.5 mmol, 64%) as a yellowish oil.

1H NMR (600 MHz, CDCl3): 6 = 6.16 (d, /= 15.6 Hz, 1H), 5.61 (dt, /= 15.5, 7.1 Hz, 1H), 5.37 (tq,J =
7.1, 1.4 Hz, 1H), 4.91 - 4.90 (m, 2H), 4.60 (d, ] = 7.3 Hz, 2H), 2.82 (d, ] = 7.1 Hz, 2H), 2.06 (s, 3H),
1.84 (s, 3H), 1.70 (s, 3H) ppm.

13C NMR (151 MHz, CDCl3): 6 = 171.3, 142.0, 141.2, 135.0, 127.5, 119.3, 115.3, 61.5, 42.8, 21.2,
18.8,16.8 ppm.

HRMS (ES], pos.): m/z calcd for C12H1802Na* [M+Na*]*: 217.1199, found 217.1193.

IR (ATR): v = 3081, 3022, 2975, 2942, 2919, 1737, 1672, 1649, 1608, 1438, 1380, 1365, 1319,
1227,1109, 1021, 966, 884, 826, 793,777,747,719 cm1,
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3,7-Dimethylocta-2,5,7-trien-1-0l (84)

W K2003 w
Me 7 X OAc Me & X OH

MeOH, 5°C, 3 h
83 quant. 84
C4oH4g05 (194.27 g/mol) C4oH160 (152.24 g/mol)

In a round-bottom flask, allylic acetate 83 (1.00 g, 5.15 mmol, 1.00 equiv.) was dissolved in
methanol (5 mL). The mixture was cooled down to 5 °C using an ice-water bath and K,CO3
(213 mg, 1.54 mmol, 0.30 equiv.) was added. After 3 h the mixture was neutralized by adding sat.
aq. NH4Cl (5 mL). Afterwards, the mixture was extracted with EtOAc (3 x 10 mL). The combined
organic layers were dried over Na;SOs, filtered, and concentrated under reduced pressure to

afford allylic alcohol 84 (780 mg, 5.12 mmol, quant.) as a colourless oil.

1H NMR (600 MHz, CDCl3): & = 6.16 (d, ] = 15.5 Hz, 1H), 5.62 (dt, ] = 15.5, 7.1 Hz, 1H), 5.48 - 5.42
(m, 1H), 4.90 (s, 2H), 4.17 (d, ] = 5.8 Hz, 2H), 2.80 (d, ] = 7.2 Hz, 2H), 1.84 (s, 3H), 1.68 (s, 3H) ppm.
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tert-Butyl (3,7-dimethylocta-2,5,7-trien-1-yl) carbonate (85)

n-BuyNHSO, NaOH

JL/\/lv\li/\ BOCZO JL/\/M(/\
Me Z X OH Me Z X OBoc

H,O/CH,Cl,,
84 5 °C1éOhRT, 85
C10H160 (15224 g/mol) 59% C15H2403 (25235 g/moI)

In a test tube, allylic alcohol 84 (100 mg, 0.657 mmol, 1.00 equiv.) was dissolved in CHCl;
(0.33 mL). n-BusyNHSOs (4.46 mg, 0.013 mmol, 20 mol%), and Boc;0 (0.169 mL, 172 mg,
0.788 mmol, 1.20 equiv.) were added and the mixture was cooled down to 5 °C using an ice-water
bath. Afterwards, aq. NaOH (10 M, 0.363 mL, 5.50 equiv.) was added and the mixture was allowed
to warm up to RT over 16 h. Then, the mixture was diluted with Et;0 (2 mL) and water (2 mL).
The phases were separated and the aqueous phase was extracted with Et;0 (2 x 2 mL). The
combined organic layers were washed with aq. HCl (1 M, 5 mL), water (5 mL), brine (5 mL), dried
over NayS0y, filtered, and concentrated under reduced pressure. The crude product was purified
by column chromatography (SiO, Et;0/pentane, 1:99) to afford tert-butyl carbonate 85 (97.0 mg,

0.384 mmol, 59%) as a colourless oil.

1H NMR (600 MHz, CDCl3): 6 = 6.15 (d, ] = 15.6 Hz, 1H), 5.60 (dt, ] = 15.6, 7.1 Hz, 1H), 5.40 (tq,] =
7.1, 1.3 Hz, 1H), 4.89 (s, 2H), 4.59 (d, ] = 7.1 Hz, 2H), 2.81 (d, ] = 7.1 Hz, 2H), 1.83 (s, 3H), 1.70 (s,
3H), 1.48 (s, 9H) ppm.

13C NMR (151 MHz, CDCls): § = 153.7, 142.0, 141.4, 135.0, 127.4, 119.1, 115.3, 82.1, 63.8, 42.8,
27.9,18.8,16.8 ppm.
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tert-Butyl (3,7-dimethylocta-2,6-dien-1-yl) carbonate (91)

n-BulLi,
Me Me Boc,0 Me Me
)\/\/K/\ ——— )\/\/K/\
Me X X OH THF, Me X X OBoc
75 5 OC,IéOhRT’ 91
C10H180 (15425 g/mol) 83% C15H2603 (25437 g/mol)

The Boc-substitution of geraniol (75) was performed according to a literature-known
procedure.l39 In a SCHLENK tube, geraniol (75, 2.26 mL, 2.00 g, 13.0 mmol, 1.00 equiv.) was
dissolved in anhydrous THF (50 mL). The solution was cooled down to 5 °C using an ice-water
bath. Afterwards, n-BuLi (2.50 M in hexane, 5.71 mL, 14.3 mmol, 1.10 equiv.) was added over 1 h
using a syringe pump. Then, Boc;0 (2.78 mL, 2.83 g, 13.0 mmol, 1.00 equiv.) was added and the
mixture was allowed to warm up to RT over 16 h. The reaction was stopped by addition of sat. aq.
NaHCO3 (50 mL). The mixture was extracted with EtOAc (3 x 100 mL). The combined organic
layers were dried over Na,;SO,, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO, Et,0/pentane, 1:9) to afford geranyl tert-
butyl carbonate 91 (2.73 g, 10.7 mmol, 83%) as a colourless oil.

1H NMR (600 MHz, CDCl3): 6 =5.37 (tq,] = 7.1, 1.3 Hz, 1H), 5.08 (tt,] = 6.9, 1.4 Hz, 1H), 4.58 (dd, ]
=7.2,0.7 Hz, 2H), 2.11 - 2.08 (m, 2H), 2.05 - 2.02 (m, 2H), 1.70 (s, 3H), 1.68 (d, ] = 1.4 Hz, 3H), 1.59
(s, 3H), 1.48 (s, 9H) ppm.

13C NMR (151 MHz, CDCl3): § = 153.8,142.7,132.0, 123.9, 118.2, 82.0, 63.9, 39.7, 28.0, 26.4, 25.8,
17.8,16.6 ppm.

The spectroscopic data are in accordance with the literature.[59]
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tert-Butyl (3,7-dimethylocta-1,6-dien-3-yl) carbonate (86)

n-BulLi,

Me  HO Me Boc,0 Me BocO Me
MGW THE MGW
74 5 oqléOhRT, 86
C1oH180 (154.25 g/mol) 79% C15H2603 (254.37 g/mol)

The Boc-substitution of linalool (74) was performed according to a literature-known
procedure.l39 In a SCHLENK tube, linalool (74, 2.32 mL, 2.00 g, 13.0 mmol, 1.00 equiv.) was
dissolved in anhydrous THF (50 mL). The solution was cooled down to 5 °C using an ice-water
bath. Afterwards, n-BuLi (2.50 M in hexane, 5.71 mL, 14.3 mmol, 1.10 equiv.) was added over 1 h
using a syringe pump. Then, Boc;0 (2.78 mL, 2.83 g, 13.0 mmol, 1.00 equiv.) was added and the
mixture was allowed to warm up to RT over 16 h. The reaction was stopped by addition of sat. aq.
NaHCO3 (50 mL). The mixture was extracted with EtOAc (3 x 100 mL). The combined organic
layers were dried over Na;SO,, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO,, Et,0/pentane, 1:9) to afford linalyl tert-
butyl carbonate 86 (2.60 g, 10.2 mmol, 79%) as a colourless oil.

1H NMR (600 MHz, CDCl3): § =6.02 (dd, ] =17.6,11.0 Hz, 1H), 5.18 - 5.14 (m, 2H), 5.08 (tt,] = 7.2,
1.4 Hz, 1H), 2.01 - 1.97 (m, 2H), 1.87 - 1.78 (m, 2H), 1.67 (s, 3H), 1.59 (s, 3H), 1.53 (s, 3H), 1.46 (s,
9H) ppm.

13C NMR (151 MHz, CDCl3): § = 152.0, 141.8, 132.1, 123.8, 113.7, 83.7, 81.5, 39.6, 28.0, 25.8, 23.5,
22.5,17.7 ppm.

The spectroscopic data are in accordance with the literature.[59]
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5.4 Linear Route to Key-Intermediate 38 (Reproduced
(adapted) from Ref.[83] with permission from the Royal
Society of Chemistry.)

4-Acetyl-6-(3,7-dimethylocta-2,6-dien-1-yl)-5-hydroxy-2,2,6-trimethylcyclohex-4-ene-
1,3-dione (90)

Me Me
Me)\/\/vop\c
81
OH O  CipHy0,(196.29 g/mol)  Me Me OH O
M
e Me Pdydbas; XPhos Me
HO o THF, 6902:/0, 16 h
Me Me ° Me Me
66 90
C11 H1404 (21023 g/mol) C21H3004 (34647 g/mol)

A SCHLENK flask was loaded with trimethylated acetyl-phloroglucinol 66 (11.8 g, 56.0 mmol,
1.00 equiv.), Pdz(dba)s (1.28 g, 1.40 mmol, 2.5 mol%), and XPhos (2.67 g, 5.60 mmol, 10 mol%).
The flask was evacuated and backfilled with argon three times. Afterwards, anhydrous THF
(500 mL) and geranyl acetate (81, 18.1mL, 16.5g 84.1 mmol, 1.50 equiv.) were added
subsequently and the mixture was heated to 60 °C. After stirring at this temperature for 16 h, the
mixture was allowed to cool down to RT and filtered through a plug of silica. The silica was
thoroughly rinsed with CHCl,. The filtrate was concentrated under reduced pressure and the
crude product was purified by column chromatography (SiO, EtOAc:pentane /2% to 5%) to afford
geranylated acetyl phloroglucinol 90 (17.8 g, 51.4 mmol, 92%) as a yellowish oil.

The product was isolated as a mixture of two interconverting tautomers (tautomer A : tautomer

B =1:0.7) which gave two sets of signals in the 1H- and 13C-NMR in which many signals overlapped.
Tautomer A:

1H NMR (600 MHz, CDCl3): 6 = 18.23 (s, 1H), 4.98 - 4.95 (m, 1H), 4.75 - 4.71 (m, 1H), 2.70 - 2.66
(m, 1H), 2.57 (s, 3H), 2.50 - 2.47 (m, 1H), 1.95 - 1.82 (m, 4H), 1.62 (s, 3H), 1.53 (s, 3H), 1.48 (s,
3H), 1.43 (s, 3H), 1.28 (s, 3H), 1.26 (s, 3H) ppm.

13CNMR (151 MHz, CDCl3): 6 = 210.3, 201.8, 197.9, 196.6, 140.8, 131.7,123.9,117.3,111.3, 57.1,
56.2,39.9, 38.7,27.8, 26.5, 26.2, 25.7, 22.6, 20.6, 17.7, 16.2 ppm.
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Tautomer B

1H NMR (600 MHz, CDCls): § = 18.19 (s, 1H), 4.98 - 4.95 (m, 1H), 4.79 - 4.76 (m, 1H), 2.59 - 2.55
(m, 1H), 2.57 (s, 3H), 2.42 - 2.39 (m, 1H), 1.95 - 1.82 (m, 4H), 1.62 (s, 3H), 1.53 (s, 3H), 1.51 (s,
3H), 1.40 (s, 3H), 1.38 (s, 3H), 1.30 (s, 3H) ppm.

13CNMR (151 MHz, CDCl3): § = 210.0, 201.5, 199.3, 196.5, 139.6, 131.7, 123.9, 118.0, 110.7, 60.9,
52.2,39.9, 38.2,27.5,26.6, 26.4,25.7,22.0,21.2,17.7, 16.3 ppm.

HRMS (ES], pos.): m/z calcd for C21H3104* [M+H*]*: 347.2217, found 347.2216.

IR (ATR): V = 2979, 2927, 2874, 1717, 1667, 1555, 1426, 1378, 1360, 1326, 1288, 1234, 1178,
1128,1108,1027,955,932, 863, 834, 804, 781, 741 cm™.,
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4-Acetyl-6-(6-chloro-3,7-dimethylocta-2,7-dien-1-yl)-5-hydroxy-2,2,6-trimethylcyclohex-
4-ene-1,3-dione (102)

Me Me OH O Me OH O
Me NCS, PhSeCl e
Me e ' e Me Me
CH,Cl,, Cl o o
RT, 1h
Me Me 78% Me Me
90 ° 102
C21H3004 (346.47 g/mol) Cy1H,9ClO, (380.91 g/mol)

In a SCHLENK flask, geranyl acetyl phloroglucinol 90 (50.0 mg, 0.144 mmol, 1.00 equiv.) was
dissolved in anhydrous CH:Cl, (1.5 mL). PhSeCl (2.76 mg, 0.0144 mmol, 10 mol%) and NCS
(21.2 mg, 0.159 mmol, 1.10 equiv.) were added and the mixture was stirred for 1h at RT.
Afterwards, the mixture was concentrated under reduced pressure. The residue was diluted with
Et20 (10 mL) and washed with water (3 x 10 mL), brine (3 x 10 mL), dried over Na;SOs, filtered,
and concentrated under reduced pressure. The crude product was purified by column
chromatography (SiO», EtOAc/pentane, 1:19) to afford allylic chloride 102 (43.0 mg, 0.113 mmol,
78%) as a yellowish oil.

The product was isolated as a mixture of two diastereomers which were also interconverting
tautomers. Therefore, there are four sets of signals in the 1H- and 13C-NMR. As a result of this,
many signals are overlapping which makes a distinguishment between the different sets very

complicated. The signals are given without assignment.

1H NMR (600 MHz, CDCl3): 6 =18.27 - 18.23 (m, 2H), 4.98 - 4.96 (m, 2H), 4.87 - 4.78 (m, 4H), 4.27
-4.19 (m, 2H), 2.73 - 2.60 (m, 2H), 2.60 - 2.59 (m, 6H), 2.55 - 2.42 (m, 2H), 2.03 - 1.78 (m, 8H),
1.77 (brs, 6H), 1.55 (s, 3H), 1.51 (s, 3H), 1.46 (s, 3H), 1.42 - 1.41 (m, 6H), 1.33 - 1.32 (m, 3H), 1.32
(brs, 3H), 1.29 - 1.28 (m, 3H) ppm.

1BCNMR (151 MHz, CDCl3): § =210.3, 210.2, 209.9, 209.9, 202.0, 201.9, 201.7, 199.4, 199.4, 197.9,
197.9, 196.6, 196.6, 196.3, 196.3, 144.4, 144.3, 139.3, 139.1, 138.0, 119.4, 118.8, 118.6, 114.4,
114.4, 114.4, 114.3, 111.3, 110.6, 110.6, 66.2, 66.1, 66.1, 60.9, 60.9, 57.3, 57.2, 56.2, 56.2, 52.2,
52.1,38.4,38.4,37.6,37.6,36.9, 36.9, 34.7, 34.7, 34.6, 32.1, 32.0, 29.8, 27.8, 27.8, 27.7, 26.3, 26.3,
26.3,26.3,23.0,22.9,22.4, 22.3,21.7, 21.6, 20.7, 20.6,17.1,17.1, 16.3, 16.2, 16.2 ppm.
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4-Cinnamoyl-6-(3,7-dimethylocta-2,5,7-trien-1-yl)-5-hydroxy-2,2,6-trimethylcyclohex-4-
ene-1,3-dione (34)

Me Me MeOH (0] Me OH O
KOH, PhCHO

—_—
EtOH/H,0,
5°C to RT,

Me Me
26h  Me” “Me
90 94% 34
C21H3004 (346.47 g/mol) CygH3404 (434.58 g/mol)

In a round-bottom flask, geranylated acyl phloroglucinol 90 (17.8 g, 51.4 mmol, 1.00 equiv.) and
freshly distilled benzaldehyde (20.8 mL, 21.8 g, 206 mmol, 4.00 equiv.) were dissolved in EtOH
(175 mL). The mixture was cooled down to 5 °C using an ice/water-bath and a solution of KOH
(7 M, 176 mL) mixed with EtOH (75 mL) was added dropwise through a dropping funnel. After
complete addition, the mixture was allowed to warm up to RT and stirred for 18 h. Afterwards,
more benzaldehyde (10.4 mL, 10.9 g, 103 mmol, 2.00 equiv.) was added and stirring was
continued. After 8 h, crude 'H-NMR indicated complete consumption of the starting material. The
mixture was cooled down to 5 °C using an ice/water-bath and a sat. aq. NH4Cl (500 mL) was added
dropwise through the dropping funnel. The mixture was extracted with cyclohexane (3 x 300 mL).
The combined organic layers were dried over Na,SOj, filtered, and concentrated under reduced
pressure. The residue was dried while stirring under high vacuum for 3 h to remove parts of the
excess benzaldehyde. The crude product was purified by column chromatography (SiO-,
EtOAc:pentane/1:9). After purification, remaining traces of benzaldehyde were removed by
stirring under high vacuum at 40 °C overnight to afford cinnamoyl phloroglucinol 34 (20.9 g,

48.2 mmol, 94%) as an orange, viscous oil.

The product was isolated as a mixture of two interconverting tautomers (tautomer A : tautomer

B =1:0.8) which gave two sets of signals in the 1H- and 13C-NMR in which many signals overlapped.
Tautomer A:

1H NMR (600 MHz, CDCl3): 6 = 18.38 (s, 1H), 8.05 - 7.97 (m, 2H), 7.67 - 7.65 (m, 2H), 7.42 - 7.39
(m, 3H), 5.00 - 4.95 (m, 1H), 4.83 - 4.79 (m, 1H), 2.70 - 2.67 (m, 1H), 2.53 - 2.49 (m, 2H), 1.96 -
1.90 (m, 2H), 1.88 - 1.84 (m, 2H), 1.62 (s, 3H), 1.53 (s, 3H), 1.51 (s, 3H), 1.46 (s, 3H), 1.35 (s, 3H),
1.34 (s, 3H) ppm.

13CNMR (151 MHz, CDCl3): § =210.2, 201.8,197.3, 186.3,146.7, 140.8, 134.9,131.7,131.3,129.2,
129.1,124.0,121.5,117.3,110.1,57.9, 57.8, 39.9, 39.0, 26.6, 26.5, 25.7, 21.9, 20.7, 17.7, 16.3 ppm.
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Tautomer B:

1H NMR (600 MHz, CDCls): § = 18.11 (s, 1H), 8.05 - 7.97 (m, 2H), 7.67 - 7.65 (m, 2H), 7.42 - 7.39
(m, 3H), 5.00 - 4.95 (m, 1H), 4.88 - 4.85 (m, 1H), 2.65 - 2.61 (m, 1H), 2.46 - 2.42 (m, 2H), 1.96 -
1.90 (m, 2H), 1.88 - 1.84 (m, 2H), 1.63 (s, 3H), 1.51 (s, 6H), 1.44 (s, 3H), 1.40 (s, 3H), 1.38 (s, 3H)

13CNMR (151 MHz, CDCl3): 6 =209.8, 202.7, 197 .4, 185.7,146.7, 139.8, 134.9,131.7, 131.3,129.2,
129.1,124.0,121.2,117.8,109.8,61.4, 54.1, 39.9, 38.5, 26.6, 26.2, 25.7, 21.3,21.0,17.7, 16.4 ppm.

HRMS (ES], pos.): m/z calcd for C2sH34NaO4+ [M+Nat]*: 457.2349, found 457.2344.

IR (ATR): v = 3101, 3058, 2979, 2920, 2878, 2857, 1717, 1665, 1620, 1577, 1518, 1448, 1412,
1378, 1326, 1268, 1209, 1180, 1157, 1108, 1069, 1027, 979, 959, 945, 873, 851, 836, 793,
752 cm-L.
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2-(6-Chloro-3,7-dimethylocta-2,7-dien-1-yl)-4-cinnamoyl-5-hydroxy-2,6,6-
trimethylcyclohex-4-ene-1,3-dione (103)

Me OH O
TCCA
CH,Cls, Cl
-78°Cto 10 °C,
Me™ Me 34 ;goz Me 103
C2gH3404 (434.58 g/mol) C,5H53C10,4 (469.02 g/mol)

Gram-scale:

In a SCHLENK flask geranylated Champanone B 34 (20.9 g, 48.1 mmol, 1.00 equiv.) was dissolved
in anhydrous CH:Cl; (500 mL) and the mixture was cooled down to -78°C using a dry
ice/isopropanol bath. Then, trichloroisocyanuric acid (TCCA, 5.15 g, 22.2 mmol, 0.46 equiv.) was
added and the mixture was allowed to warm up to 10 °C over 18 h. Afterwards, the mixture was
diluted with pentane (500 mL) and filtered through a plug of silica. The silica was thoroughly
rinsed with EtOAc:pentane/1:9. The filtrate was concentrated under reduced pressure and the
crude product was purified by column chromatography (SiO», Et,0:pentane/1:19) to afford allylic
chloride 103 (11.2 g, 23.9 mmol, 50%) as a yellow oil.

Milligram-scale:

According to the above described procedure geranylated Champanone B 34 (98.0 mg, 226 pumol,
1.00 equiv.) was reacted with trichloroisocyanuric acid (TCCA, 24.1 mg, 104 pmol, 0.46 equiv.) in
anhydrous CHzCl; (2.3 mL). The mixture was diluted with pentane and filtered through a plug of
silica which was rinsed with EtOAc:pentane/1:9 until all of the yellow colour was washed out of

the silica to afford the pure allylic chloride 103 (90.0 mg, 192 umol, 85%) as a yellow oil.

The product was isolated as a mixture of two diastereomers which were also interconverting
tautomers. Therefore, there are four sets of signals in the 1H- and 13C-NMR. As a result of this,
many signals are overlapping which makes a distinguishment between the different sets very

complicated. The signals are given without assignment.

1H NMR (600 MHz, CDCls): § = 18.34 - 18.11 (m, 1H), 8.04 - 7.99 (m, 2H), 7.67 - 7.65 (m, 2H), 7.43
- 7.41 (m, 3H), 4.96 - 4.93 (m, 1H), 4.92 - 4.83 (m, 1H), 4.83 - 4.79 (m, 1H), 4.25 - 4.20 (m, 1H),
2.71 - 2.60 (m, 1H), 2.54 - 2.42 (m, 1H), 2.01 - 1.95 (m, 1H), 1.91 - 1.85 (m, 1H), 1.84 - 1.75 (m,
2H), 1.74 - 1.71 (m, 3H), 1.52 (s, 3H), 1.47 - 1.44 (m, 3H), 1.41 - 1.38 (m, 3H), 1.36 - 1.34 (m, 3H)
ppm.
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1BCNMR (176 MHz, CDCl3): § =210.1, 210.1, 209.7, 209.7, 202.7, 201.8, 201.8, 197.3, 197.2, 197 .2,
197.1, 186.3, 186.2, 185.8, 185.8, 146.9, 146.9, 146.9, 144.3, 144.3, 144.3, 139.3, 139.3, 138.2,
134.8, 134.8, 131.4, 131.3, 129.3, 129.2, 129.2, 129.2, 129.2, 129.2, 129.1, 129.1, 121.4, 121.4,
121.1,121.1,119.1, 119.0, 118.6, 118.6, 114.4, 114.3, 114.3, 110.1, 109.6, 109.6, 66.2, 66.2, 66.1,
57.9,57.8,57.8,54.1, 54.1, 38.7, 38.7, 38.0, 38.0, 37.0, 36.9, 36.9, 34.7, 34.7, 34.6, 26.5, 26.5, 26.3,
26.3,22.2,22.1,215,21.5,21.2,21.2,20.7,17.1,17.0, 16.3, 16.2 ppm.

HRMS (ESI, pos.): m/z calcd for C2gH33CINaO4* [M+Na+]*: 491.1959, found 491.1966.

IR (ATR): V = 3101, 3058, 2979, 2920, 2878, 2857, 1717, 1665, 1620, 1577, 1518, 1448, 1412,
1378, 1326, 1268, 1209, 1180, 1157, 1108, 1069, 1027, 979, 959, 945, 873, 851, 836, 793, 752

cml
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4-Cinnamoyl-2-(3,7-dimethylocta-2,5,7-trien-1-yl)-5-hydroxy-2,6,6-trimethylcyclohex-4-
ene-1,3-dione (38)
NaOH, PPh;

Me MeOH (0] n-Bu4NC|, Me OH O
(allylPdCl),
_—
Cl THF, RT, 3 d
76%

Me 103 Me 38

C28H33Cl04 (469.02 g/mol) CugH3204 (432.56 g/mol)

A SCHLENK flask was loaded with freshly ground NaOH (2.34 g, 58.6 mmol, 2.50 equiv.), PPh3
(308 mg, 1.17 mmol, 5 mol%), and allylpalladium chloride dimer (85.8 mg, 235 pmol, 1 mol%).
The flask was evacuated and backfilled with argon three times. Afterwards, anhydrous THF
(40 mL) and an anhydrous THF solution of tetrabutylammonium chloride (40 mM, 16.8 mL,
704 pmol, 3 mol%) were added subsequently. The mixture was stirred vigorously and a solution
of allylic chloride 103 (11.0 g, 23.5 mmol, 1.00 equiv.) in anhydrous THF (50 mL) was added
slowly while keeping the mixture at 20 °C using a water bath. Then, the mixture was stirred at RT
for 3 d. Afterwards, water (100 mL) was added and the mixture was extracted with EtOAc (3 x
100 mL). The combined organic layers were washed with water, brine, dried over Na,SOy, filtered,
and concentrated under reduced pressure. The crude product was purified by column
chromatography (SiO,, EtOAc:cyclohexane/1:9) to afford diene 38 (7.74 g, 17.8 mmol, 76%) as a

yellow oil.

The product was isolated as a mixture of two interconverting tautomers (tautomer A : tautomer
B = 1:0.75) which gave two sets of signals in the 'H- and 13C-NMR in which many signals

overlapped.
Tautomer A:

1H NMR (600 MHz, CDCl3): & = 18.42 (s, 1H), 8.04 - 7.98 (m, 2H), 7.67 - 7.65 (m, 2H), 7.43 - 7.40
(m, 3H), 6.05 - 6.00 (m, 1H), 5.46 - 5.40 (m, 1H), 4.90 - 4.80 (m, 3H), 2.73 - 2.66 (m, 1H), 2.64 -
2.61 (m, 2H), 2.54 - 2.44 (m, 1H), 1.75 (s, 3H), 1.51 (s, 3H), 1.48 (s, 3H), 1.35 (s, 3H), 1.33 (s, 3H)
13C NMR (151 MHz, CDCls): § = 210.3,201.7, 197.2, 186.4, 146.8, 142.0, 139.7, 134.9, 134.8, 131.3,
129.2, 129.1, 127.7, 121.5, 118.3, 115.0, 110.3, 58.0, 57.6, 43.0, 39.2, 26.4, 22.3, 20.3, 18.7, 16.5
ppm.
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Tautomer B:

1H NMR (600 MHz, CDCl3): & = 18.12 (s, 1H), 8.04 - 7.98 (m, 2H), 7.67 - 7.65 (m, 2H), 7.43 - 7.40
(m, 3H), 6.05 - 6.00 (m, 1H), 5.46 - 5.40 (m, 1H), 4.90 - 4.80 (m, 3H), 2.73 - 2.66 (m, 1H), 2.64 -
2.61 (m, 2H), 2.54 - 2.44 (m, 1H), 1.74 (s, 3H), 1.51 (s, 3H), 1.42 (s, 3H), 1.40 (s, 6H) ppm.

1BCNMR (151 MHz, CDCl3): § =210.0, 202.7, 197 .4, 185.7,146.8, 141.9, 138.6, 134.9, 134.8, 131.3,
129.2,129.2, 127.6, 121.2, 118.9, 115.1, 109.9, 61.1, 54.3, 43.0, 38.6, 26.6, 21.6, 21.1, 18.7, 16.6

HRMS (ES], pos.): m/z calcd for C2sH3,NaO4+ [M+Na+]*: 455.2193, found 455.2201.

IR (ATR): Vv = 3101, 3082, 3024, 2980, 2931, 2871, 2853, 1717, 1666, 1620, 1577, 1519, 1449,
1415, 1380, 1327, 1305, 1266, 1209, 1181, 1158, 1118, 1026, 966, 946, 884, 854, 839, 794, 752

cml,
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5.5 Convergent Route to Key-Intermediate 38
(Reproduced (adapted) from Ref.[83] with permission
from the Royal Society of Chemistry.)

4-Acetyl-6-(3,7-dimethylocta-2,5,7-trien-1-yl)-5-hydroxy-2,2,6-trimethylcyclohex-4-ene-
1,3-dione (95)

W
Me 7 X OA

(o}

83
OH O C12H1802 (19427 g/mol)
Me Pd,dbags dppf
Me
THF, 60 °C, 90 min
HO 0 73%
Me Me Me Me
66 95
C11 H1404 (21023 g/mol) C21 H2804 (34445 g/mol)

A ScHLENK flask was loaded with trimethylated acetyl-phloroglucinol 66 (5.80 g, 27.6 mmol,
1.00 equiv.), Pdz(dba)z (632 mg, 690 umol, 2.5 mol%), and dppf (765 mg, 1.38 mmol, 5 mol%).
The flask was evacuated and backfilled with argon three times. Afterwards, anhydrous THF
(200 mL) and allylic acetate 83 (8.04 g, 41.4 mmol, 1.50 equiv.) were added subsequently and the
mixture was heated to 60 °C. After stirring at this temperature for 90 min, the mixture was
allowed to cool down to RT and filtered through a plug of silica. The silica was thoroughly rinsed
with EtOAc. The filtrate was concentrated under reduced pressure and the crude product was
purified by column chromatography (SiO2, Et,0/pentane, 1:19 to 1:9) to afford diene 95 (6.90 g,
20.0 mmol, 73%) as a yellowish oil.

The product was isolated as a mixture of two interconverting tautomers (tautomer A : tautomer

B =1:0.7) which gave two sets of signals in the 1H- and 13C-NMR in which many signals overlapped.

Tautomer A:

1H NMR (600 MHz, CDCl;): 6 = 18.23 (s, 1H), 6.08 - 6.04 (m, 1H), 5.51 - 5.43 (m, 1H), 4.88 - 4.78
(m, 3H), 2.73 - 2.58 (m, 3H), 2.56 (s, 3H), 2.53 - 2.41 (m, 1H), 1.80 (s, 3H), 1.50 (s, 3H), 1.45 (s,
3H), 1.29 (s, 3H), 1.24 (s, 3H) ppm.

13CNMR (151 MHz, CD,Cl;): 6 =210.5,202.2,197.9,196.6,142.5,139.8,134.9,128.1,118.7,115.0,
111.7,57.6,56.3,43.2,39.0, 27.8, 26.4, 23.0, 20.4, 18.8, 16.5 ppm.
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Tautomer B

1H NMR (600 MHz, CDCl3): 6 = 18.20 (s, 1H), 6.08 - 6.04 (m, 1H), 5.51 - 5.43 (m, 1H), 4.88 - 4.78
(m, 3H), 2.73 - 2.58 (m, 3H), 2.56 (s, 3H), 2.53 - 2.41 (m, 1H), 1.79 (s, 3H), 1.53 (s, 3H), 1.39 (s,
6H), 1.31 (s, 3H) ppm.

BCNMR (151 MHz, CD,Cl;): 6=210.2,201.7,199.6,196.5, 142.4,138.6,134.9,128.2,119.4,115.1,
111.1,60.9,52.5,43.2,38.4, 27.6, 26.6, 22.0, 21.6, 18.8, 16.5 ppm.

HRMS (ESI, pos.): m/z calcd for C21HzsNaO4+ [M+Na+]*: 367.1880, found 367.1896.

IR (ATR): V = 3082, 2976, 2936, 2874, 2853, 1739, 1718, 1670, 1607, 1556, 1453, 1434, 1381,
1364,1323,1229,1177, 1124, 1025, 966, 928, 882, 861, 836, 794, 779, 743, 722 cm!,
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4-Cinnamoyl-6-(3,7-dimethylocta-2,5,7-trien-1-yl)-5-hydroxy-2,2,6-trimethylcyclohex-4-
ene-1,3-dione (38)

KOH, PhCHO
Me ——— > Me
EtOH/H,0,
5°C to RT,
Me Me 39h Me Me
95 81% 38
C21H2504 (344.45 g/mol) CygH3,04 (432.56 g/mol)

In a round-bottom flask, a mixture of aq. KOH (7 M, 15 mL, 24.0 equiv.) and EtOH (15 mL) was
cooled down to 5°C using an ice-water bath. Acetyl phloroglucinol 95 (1.70 g, 4.94 mmol,
1.00 equiv.) and benzaldehyde (1.00 mL, 1.05g, 9.87 mmol, 2.00 equiv.) dissolved in EtOH
(15 mL) were added slowly. Then, the mixture was allowed to warm up to RT. After stirring the
mixture at this temperature for 16 h, more benzaldehyde (1.00 mL, 1.05 g, 9.87 mmol, 2.00 equiv.)
was added. Stirring was continued for 7 h. Then, more benzaldehyde (1.00 mL, 1.05 g, 9.87 mmo],
2.00 equiv.) was added. After another 16 h the starting material was consumed completely. The
mixture was poured into ice-cold sat. agq. NH4Cl (100 mL) and extracted with EtOAc (3 x 100 mL).
The combined organic layers were washed with water (100 mL) and brine (100 mL), dried over
Na,S0y, filtered, and concentrated under reduced pressure. The residue was dried while stirring
under high vacuum for 3 h to remove parts of the excess benzaldehyde. The crude product was
purified by column chromatography (SiO2, Et0/pentane, 1:19). After purification, the product
was once more dried while stirring under high vacuum over night to remove the remaining traces
of benzaldehyde to afford cinnamoyl phloroglucinol 38 (1,73 g, 4.00 mmol, 81%) as a yellow, thick

oil.

The product was isolated as a mixture of two interconverting tautomers (tautomer A : tautomer
B = 1:0.75) which gave two sets of signals in the 'H- and 13C-NMR in which many signals

overlapped.
Tautomer A:

1H NMR (600 MHz, CDCl3): & = 18.42 (s, 1H), 8.04 - 7.98 (m, 2H), 7.67 - 7.65 (m, 2H), 7.43 - 7.40
(m, 3H), 6.05 - 6.00 (m, 1H), 5.46 - 5.40 (m, 1H), 4.90 - 4.80 (m, 3H), 2.73 - 2.66 (m, 1H), 2.64 -
2.61 (m, 2H), 2.54 - 2.44 (m, 1H), 1.75 (s, 3H), 1.51 (s, 3H), 1.48 (s, 3H), 1.35 (s, 3H), 1.33 (s, 3H)
13C NMR (151 MHz, CDCls): § = 210.3,201.7, 197.2, 186.4, 146.8, 142.0, 139.7, 134.9, 134.8, 131.3,
129.2,129.1, 127.7, 121.5, 118.3, 115.0, 110.3, 58.0, 57.6, 43.0, 39.2, 26.4, 22.3, 20.3, 18.7, 16.5
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Tautomer B:

1H NMR (600 MHz, CDCl3): & = 18.12 (s, 1H), 8.04 - 7.98 (m, 2H), 7.67 - 7.65 (m, 2H), 7.43 - 7.40
(m, 3H), 6.05 - 6.00 (m, 1H), 5.46 - 5.40 (m, 1H), 4.90 - 4.80 (m, 3H), 2.73 - 2.66 (m, 1H), 2.64 -
2.61 (m, 2H), 2.54 - 2.44 (m, 1H), 1.74 (s, 3H), 1.51 (s, 3H), 1.42 (s, 3H), 1.40 (s, 6H) ppm.

1BCNMR (151 MHz, CDCl3): § =210.0, 202.7, 197 .4, 185.7,146.8, 141.9, 138.6, 134.9, 134.8, 131.3,
129.2,129.2, 127.6, 121.2, 118.9, 115.1, 109.9, 61.1, 54.3, 43.0, 38.6, 26.6, 21.6, 21.1, 18.7, 16.6

HRMS (ES], pos.): m/z calcd for C2sH3,NaO4+ [M+Na+]*: 455.2193, found 455.2201.

IR (ATR): V = 3101, 3082, 3024, 2980, 2931, 2871, 2853, 1717, 1666, 1620, 1577, 1519, 1449,
1415, 1380, 1327, 1305, 1266, 1209, 1181, 1158, 1118, 1026, 966, 946, 884, 854, 839, 794, 752

cml,
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5.6 Intramolecular DIELS-ALDER Cycloaddition and
Backbone Oxidation (Reproduced (adapted) from Ref.[83]
with permission from the Royal Society of Chemistry.)

IMDA-diastereomers 105 and 37

PhMe/H,0

RN

90°C,6d

CogH3,04 (432.56 g/mol) 5'S* = 105 (20%)
= o
5'R* =37 (26%)

C28H3204 (43256 g/mol)

In a two-necked round-bottom flask equipped with a reflux condenser, diene 38 (7.70 g,
17.8 mmol, 1.00 equiv.) was dissolved in toluene (500 mL). Water (500 mL) was added and the
mixture was degassed by bubbling through a stream of argon while stirring vigorously for 5 h.
Afterwards, the mixture was heated to 90 °C for 6 d. After allowing the mixture to cool down to
RT, the phases were separated and the aqueous phase was extracted with EtOAc (3 x 100 mL).
The combined organic layers were washed with brine, dried over Na,SOs filtered, and
concentrated under reduced pressure. Pentane was added to the residue and the mixture was
filtered. The solids were collected, cyclohexane was added, and the suspension was sonicated for
30 min. The mixture was filtered again and the solid was dried in the high vacuum to afford
diastereomer 37 (2.00 g, 4.64 mmol, 26%) as a white, amorphous solid. The filtrate of the second
filtration was concentrated under reduced pressure, pentane was added, and the suspension was
sonicated for 10 min. The solid was filtered off and dried in the high vacuum to afford

diastereomer 105 (1.55 g, 3.58 mmol, 20%) as a white, amorphous solid.
Analytical data for compound 105:

1H NMR (600 MHz, CDCl3): 6 = 17.50 (s, 1H), 7.40 - 7.39 (m, 2H), 7.19 - 7.16 (m, 2H), 7.08 - 7.05
(m, 1H), 5.20 - 5.18 (m, 1H), 5.00 - 4.97 (m, 1H), 3.44 (dd, J = 11.0, 9.8 Hz, 1H), 3.19 (td, ] = 11.7,
4.4 Hz, 1H), 3.12 - 3.06 (m, 1H), 2.41 - 2.34 (m, 1H), 2.33 - 2.29 (m, 1H), 2.19 (dd, J = 13.8, 12.1
Hz, 1H), 2.14 - 2.10 (m, 1H), 1.99 - 1.95 (m, 1H), 1.80 (t,/ = 12.5 Hz, 1H), 1.72 (s, 3H), 1.40 (s, 3H),
1.34 (s, 3H), 1.33 (s, 3H), 0.98 (s, 3H) ppm.

1BCNMR (151 MHz, CDCl3): § =206.3, 202.6, 196.4, 195.8,142.3, 140.5, 133.6, 128.9, 127.9, 126 .4,
124.8,120.1, 114.4, 60.5, 52.0, 49.0, 48.3, 46.0, 42.2, 38.6, 37.1, 28.2, 23.4, 20.0, 16.6, 15.5 ppm.

HRMS (ESI, pos.): m/z calcd for C2sH3:KO4+ [M+K*]*: 471.1933, found 471.1914.

118



IR (ATR): v = 3029, 2979, 2913, 2878, 2850, 1722, 1684, 1539, 1495, 1454, 1387, 1376, 1361,
1345,1310,1217,1162, 1141, 1103, 1082, 1025, 950, 923,907, 897, 881, 840, 800, 753 cm'?,

X-ray: Crystals were grown by the vapor diffusion technique of a solution of 105 in CH>CI; with

n-pentane at ambient temperature.
Analytical data for compound 37:

1H NMR (600 MHz, CDCls): & = 17.96 (s, 1H), 7.37 - 7.32 (m, 4H), 7.23 - 7.21 (m, 1H), 5.18 (brs,
1H), 4.59 - 4.56 (m, 1H), 3.55 - 3.54 (m, 1H), 3.38 - 3.36 (m, 1H), 2.86 - 2.83 (m, 1H), 2.81 - 2.76
(m, 1H), 2.38 (t, ] = 12.7 Hz, 1H), 2.29 - 2.26 (m, 1H), 2.24 - 2.18 (m, 2H), 1.89 (s, 3H), 1.78 - 1.74
(m, 1H), 1.45 (s, 3H), 1.44 (s, 3H), 1.38 (s, 3H), 1.16 (s, 3H) ppm.

1BCNMR (151 MHz, CDCl3): 6§ =209.2, 201.3,200.7, 194.7, 144.9, 134.8, 134.4, 128.5, 127.3, 126.5,
124.9,123.4,117.0,59.1, 56.0, 43.4, 43.0, 39.5, 39.5, 32.1, 30.8, 28.2, 23.6, 22.9, 16.7, 14.2 ppm.

HRMS (ES], pos.): m/z calcd for C2sH3;NaO4+ [M+Na+]*: 455.2193, found 455.2181.

IR (ATR): V = 3062, 3024, 2979, 2906, 2852, 1722, 1675, 1541, 1495, 1466, 1450, 1370, 1360,
1316, 1296, 1268,1216, 1180, 1153, 1081, 1068, 1030, 993, 958, 930, 881, 841, 756, 703 cm'?,

X-ray: Crystals were grown by the vapor diffusion technique of a solution of 37 in CH;Cl; with n-

pentane at ambient temperature.
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Epoxide 110

AcO,H,
NaOAc
H,O/CH,Cl,,
RT, 3.5h
66%
110
Co2gH3204 (432.56 g/mol) CygH3205 (448.56 g/mol)

In a round-bottom flask, 37 (2.00 g, 4.64 mmol, 1.00 equiv.) was dissolved in CH2Cl; (14 mL). 1 M
aq. NaOAc (23 mL) was added to the mixture. Under vigorous stirring, acetic acid peroxide
(35 w% in acetic acid, 2.95 mL, 3.33 g, 15.3 mmol, 3.33 equiv.) was added over 3.5 h. Afterwards,
the mixture was cooled down to 5 °C using an ice/water-bath and sat. aq. Na;S;03 (50 mL) was
added slowly under vigorously stirring. Then, the phases were separated and the aqueous phase
was extracted with CHzCl; (3 x 20 mL). The combined organic layers were washed with sat. ag.
NaHCO3 (50 mL), water (50 mL), and brine (50 mL), dried over Na;SO,, filtered, and concentrated
under reduced pressure. The crude product was purified by column chromatography (SiO,

CH2Cl;) to afford epoxide 110 (1.38 g, 3.08 mmol, 66%) as a white, amorphous solid.

1H NMR (600 MHz, CDCl3): 6 = 17.95 (s, 1H), 7.40 - 7.39 (m, 2H), 7.36 - 7.34 (m, 2H), 7.25 - 7.23
(m, 1H), 5.14 (s, 1H), 3.95 (d, J = 6.0 Hz, 1H), 3.45 (d, ] = 6.6 Hz, 1H), 2.80 - 2.75 (m, 1H), 2.68 (d, /
=13.2 Hz, 1H), 2.30 - 2.27 (m, 1H), 2.21 - 2.19 (m, 1H), 2.14 - 2.10 (m, 1H), 1.97 (dd, /= 13.8, 5.1
Hz, 1H), 1.86 (s, 3H), 1.48 (s, 3H), 1.44 (s, 3H), 1.38 (s, 3H),1.35 - 1.34 (m, 1H), 0.85 (t,/ = 13.8 Hz,
1H), 0.74 (s, 3H) ppm.

1BCNMR (151 MHz, CDCl3): § =209.0, 200.0, 199.5, 199.1, 144.9, 134.7,128.8,127.5, 126.9, 123 4,
115.5, 64.3, 60.0, 58.6, 57.0,42.7,40.7,39.7, 37.8, 33.2, 30.9, 28.1, 23.5, 23.2, 16.7, 16.1 ppm.

HRMS (ESI, neg.): m/z calcd for C2gH3105- [M-H*]-: 447.2177, found 447.2169.

IR (ATR): V = 3024, 2976, 2908, 2861, 1724, 1672, 1542, 1495, 1450, 1427, 1386, 1370, 1318,
1297,1280, 1254, 1218, 1183, 1166, 1117, 1065, 1050, 1028, 990, 978, 967, 945, 926, 883, 865,
813,753,702 cm1,
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(#)-Cleistocaltone A (23)

©OHO Me  50°C,2h

110 23 (33%) 111 (9%)
C28H3205 (44856 g/mol) C28H3205 (44856 g/mol) C28H3205 (44856 g/mol)

In a two-necked round-bottom flask equipped with a dropping funnel, epoxide 110 (1.74 g,
4.02 mmol, 1.00 equiv.) was dissolved in CHCI3 (150 mL). The reaction vessel was capped and the
mixture was heated to 50 °C. HCl (1 w% in MeOH, 92.9 mL, 20.1 mmol, 5.00 equiv.) was added
through the dropping funnel and the mixture was stirred for 2 h. Afterwards, the mixture was
concentrated under reduced pressure. The crude product was purified by flash column
chromatography (SiO;, EtOAc/pentane, 1:4) to afford (%)-Cleistocaltone A (23) (587 mg,
1.30 mmol, 33%) as a white amorphous solid and side product 111 (162 mg, 361 pmol, 9%) as a

white amorphous solid.
Analytical data of (+)-Cleistocaltone A (23):

1H NMR (700 MHz, CDCl3): 6 = 16.46 (s, 1H), 7.33 - 7.31 (m, 2H), 7.24 - 7.22 (m, 1H), 7.21 - 7.20
(m, 2H), 5.09 - 5.08 (m, 1H), 4.85 (dd, J = 9.8, 1.6 Hz, 1H), 4.22 - 4.21 (m, 1H), 3.75 (dd, J = 11.4,
2.8 Hz, 1H), 3.48 - 3.46 (m, 1H), 3.06 - 3.02 (m, 2H), 2.50 (dd, /= 13.1, 2.8 Hz, 1H), 2.21 - 2.18 (m,
1H), 2.13 (dd,/=13.2,11.4 Hz, 1H), 1.81 (s, 3H), 1.50 (s, 3H), 1.47 (s, 3H), 1.32 (s, 3H), 1.18 (d, / =
1.4 Hz, 3H) ppm.

1BCNMR (151 MHz, CDCl3): § =210.9, 207.1, 196.4, 187.3,146.0, 138.2, 136.2, 131.5, 128.6, 127 4,
126.5,120.3,116.3,75.0,56.7,51.0, 47.9, 45.2, 38.1, 32.3, 32.0, 28.8, 27.5, 23.7, 20.1, 8.9 ppm.

HRMS (ES], pos.): m/z calcd for C2sH3;NaOs+ [M+Na+]*: 471.2142, found 471.2147.

IR (ATR): V = 3474, 3394, 2924, 2851, 1716, 1659, 1568, 1495, 1451, 1402, 1378, 1243, 1102,
1031, 956, 864, 767, 737 cm*,

The spectroscopic data are in accordance with the literature (comparison in Table 19).[51]
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Analytical data of sideproduct 111:

1H NMR (700 MHz, CDCl3) & = 7.30 - 7.28 (m, 2H), 7.22 - 7.20 (m, 1H), 7.16 - 7.15 (m, 2H), 5.04
(brs, 1H), 3.85 (brs, 1H), 3.59 (dd, ] = 4.3, 2.2 Hz, 1H), 3.54 (dd, ] = 5.4, 3.7 Hz, 1H), 2.72 - 2.68 (m,
1H), 2.46 - 2.44 (m, 1H), 2.34 (dd, ] = 15.0, 2.2 Hz, 1H), 2.15 - 2.09 (m, 3H), 2.05 - 2.01 (m, 1H),
1.71 (s, 3H), 1.70 (s, 3H), 1.45 (s, 3H), 1.38 (dd, J = 15.1, 6.1 Hz, 1H), 1.27 (s, 3H), 1.25 (s, 3H) ppm.

13C NMR (176 MHz, CDCl3) 6 = 210.6, 198.1, 195.0, 175.6, 145.5, 135.6, 128.5, 127.6, 127.4, 126.3,
123.7,89.7,70.5,59.1, 56.1, 46.6, 39.0, 37.9, 36.7, 31.9, 27.7, 27.2, 23.9, 23.3, 19.2, 19.1 ppm.

HRMS (ES], pos.): m/z calcd for C2sH3;NaOs+ [M+Na+]*: 471.2142, found 471.2157.

IR (ATR): V = 3467, 2982, 2961, 2924, 2855, 1718, 1689, 1645, 1622, 1495, 1453, 1381, 1353,
1320,1246,1220,1178,1145,1092,1050,1010,992,971,940,921,902,852,822,795,754,712,
702 cmt,

X-ray: Crystals were grown by slow evaporation of a solution of 111 in diethyl ether at ambient

temperature. The compound crystallized with one diethyl ether molecule in the cell.
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Table 19: Comparison of 'H- and 3C-NMR data for isolated and synthetic (*)-Cleistocaltone A

(23).2 (Reproduced (adapted) from Ref.[83] with permission from the Royal Society of Chemistry.)

c10'

Isolation® Synthetic IsolationP Synthetic
13C NMR 13C NMR
No. (125MHz) (176 MHz) A/ppm 1H NMR (590 MH:) 1H NMR (790 MHz) A/ppm
S¢/ppme 5¢/ppme Su/ppm (J in Hz) Ou/ppm (/ in Hz)ec

1 187.1 187.3 0.2

2 50.9 51.0 0.1

3 210.9 210.9 0.0

4 56.6 56.7 0.1

5 196.2 196.4 0.2

6 116.2 116.3 0.1

7 206.9 207.1 0.2

8 38.0 38.1 0.1 3.53m 347 m 0.06

9 47.9 47.9 0.0 427 m 421m 0.06

10 145.9 146.0 0.1

11 127.2 127.4 0.2 7.28 m 7.20 m 0.08

12 128.5 128.6 0.1 7.37 7.32 0.05

13 126.4 126.5 0.1 7.28 7.23 0.05

14 128.5 128.6 0.1 7.37 7.32 0.05

15 127.3 127.4 0.1 7.28m 7.20 m 0.08

16 27.4 27.5 0.1 1.37s 1.32s 0.05

17 28.6 28.8 0.2 1.56s 1.50s 0.06

18 20.0 20.1 0.1 1.52s 147 s 0.05

1’a 45.2 45.2 0.0 2.54dd (13.2,2.7) 2.50dd (13.1,2.8) 0.04

1’b 2.16dd (13.2,11.3) 2.13dd (13.2,11.4) 0.03

2’ 74.8 75.0 0.2 3.80dd (11.3,2.7) 3.75dd (11.4,2.8) 0.05

3 138.3 138.2 0.1

4 131.2 131.5 0.3 490d (9.9) 4.85dd (9.8, 1.6) 0.05

5 319 32.0 0.1 3.10 3.04 0.06

6’ 120.3 120.3 0.0 5.15m 5.09 m 0.06

7’ 136.0 136.2 0.2

8'a 32.2 32.3 0.1 3.10 3.04 0.06

8'b 2.26m 2.20m 0.06

9’ 8.8 8.9 0.1 1.23s 1.18d (1.4) 0.05

10’ 23.5 23.7 0.2 1.87s 1.81s 0.06
1-OH 16.51s 16.46s 0.05

a) All data were obtained in CDCls. Overlapped signals were reported without designating multiplicity. b) Data from
reference [51l. ¢) Chemical shifts are reported relative to the corresponding residual non-deuterated solvent signal

(CDCls: 81 = 7.26 ppm, 8¢ = 77.16 ppm). d) Chemical shifts are reported relative to TMS (81 = 0.00 ppm).
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5.7 Synthesis of Cleistocaltone B

tert-Butyldimethyl(oxiran-2-ylmethoxy)silane (118)

TBSCI,
0 imidazole 0
[ >~_ OH —_— [>~_0TBS
THF, RT,
117 18 h 118

C3HgO, (74.08 g/mol)  94%  CgH,0,Si (188.34 g/mol)

The TBS-protection of glycidol (117) was performed according to a literature-known
procedure.[102] In a SCHLENK tube, glycidol (117, 4.48 mL, 5.00 g, 67.5 mmol, 1.00 equiv.) was
dissolved in anhydrous THF (100 mL). TBSCl (15.3 g, 101 mmol, 1.50 equiv.) and imidazole
(6.89 g, 101 mmol, 1.50 equiv.) were added and the mixture was stirred for 18 h. Afterwards, the
precipitated solids were filtered off through a plug of celite. The filtrate was concentrated under
reduced pressure. The crude product was purified by flash column chromatography (SiO,

EtOAc/pentane, 1:9) to afford silyl ether 118 (11.9 g, 63.2 mmol, 94%) as a colourless oil.

1H NMR (500 MHz, CDCl3) 6 = 3.85 (dd, ] = 11.9, 3.2 Hz, 1H), 3.66 (dd, ] = 11.9, 4.8 Hz, 1H), 3.10 -
3.07 (m, 1H), 2.78 - 2.76 (m, 1H), 2.64 - 2.63 (dd, ] = 5.2, 2.7 Hz, 1H), 0.90 (s, 9H), 0.08 (s, 3H),
0.07 (s, 3H) ppm.

13C NMR (126 MHz, CDCls) & = 64.4, 52.6, 44.6, 26.0, 18.5, -5.2, -5.2 ppm.

The spectroscopic data are in accordance with the literature.[102]
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1-((tert-Butyldimethylsilyl)oxy)-6-methylhept-5-en-2-o0l (119)

Mg, Cul,

o) prenyl chloride Me OH
~_0TBS ————— OTBS
THF, Me
118 -60 °C to RT, 119

97%

The GRIGNARD reaction of epoxide 118 with prenyl magnesium chloride was performed according

to a literature-known procedure.[102]
Preparation of the GRIGNARD reagent:

In a two-necked round-bottom flask equipped with a reflux condenser, magnesium turnings
(1.61 g, 66.4 mmol, 2.00 equiv.) were stirred for 10 min under an argon atmosphere. Afterwards,
anhydrous THF (27 mL) and one iodine crystal were added and the mixture was heated to etch
the magnesium until the yellow colour disappeared. In a separate SCHLENK flask, prenyl chloride
(5.99 mL, 5.55 g, 53.1 mmol, 1.60 equiv.) was dissolved in anhydrous THF (13 mL). The prenyl
chloride solution (4 mL) was added to the suspension of magnesium at RT. Once the reaction
initiated, the mixture was immediately cooled down to -15 °C using an ice-NaCl-water bath. The
remaining prenyl chloride solution was added to the mixture over 2 h using a syringe pump. After
the addition was complete, stirring at -15 °C was continued for 30 min. Then, the mixture was

allowed to warm up to RT. The black Grignard solution was stored at 5 °C and used within an hour.
GRIGNARD-reaction:

In a SCHLENK flask, epoxide 118 (6.25 g, 33.2 mmol, 1.00 equiv.) was dissolved in anhydrous THF
(150 mL). Then, Cul (758 mg, 3.98 mmol, 12 mol%) was added and the mixture was cooled to
-60 °C using an dry ice/isopropanol bath. The prenyl magnesium chloride solution was
decantated from the excess magnesium turnings with a syringe and added to the mixture over 1 h
using a syringe pump. The mixture was allowed to warm up to RT over 18 h. The reaction was
terminated by adding crushed ice. After allowing the mixture to warm up to RT, sat. aq. NH4Cl
(70 mL) was added. The phases were separated and the aqueous phase was extracted with EtOAc
(3 x 50 mL). The combined organic layers were washed with sat. ag. NaHCO3 (100 mL) and brine
(100 mL), dried over Na,SOy, filtered, and concentrated under reduced pressure to afford alcohol
119 (8.35 g, 32.3 mmol, 97%) as a colourless oil which was used in the next step without further

purification.
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1H NMR (500 MHz, CDCl3) § = 5.13 - 5.10 (m, 1H), 3.65 - 3.59 (m, 2H), 3.41 - 3.38 (m, 1H), 2.40
(d, ] = 3.2 Hz, 1H), 2.15 - 2.05 (d, ] = 53.0 Hz, 2H), 1.68 (s, 3H), 1.62 (s, 3H), 1.50 - 1.38 (m, 2H),
0.90 (s, 9H), 0.07 (s, 6H) ppm.

13C NMR (126 MHz, CDCl3) 6 = 132.1, 124.2, 71.6, 67.4, 33.0, 26.0, 25.8, 24.3, 18.4, 17.8, -5.2,-5.3
ppm.

The spectroscopic data are in accordance with the literature.[102]
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1-((tert-Butyldimethylsilyl)oxy)-6-methylhept-5-en-2-one (120)

(COCI), DMSO

Me OH NEt, Me 0O
I~ A omBs ————— OTBS
Me CH,Cl,, Me
119 -78°Cto 0 °C, 120
C14H30028i (25848 g/mol) 1h C14H28028i (25646 g/mol)
71%

The SWERN oxidation of alcohol 119 was performed according to a literature-known
procedure.[102] In a SCHLENK flask, oxalyl chloride (3.37 mL, 4.98 g, 39.2 mmol, 1.30 equiv.) was
dissolved in anhydrous CH:Cl; (154 mL). The mixture was cooled down to -78 °C using a dry
ice/isopropanol bath and a solution of anhydrous DMSO (5.64 mL, 6.20 g, 81.5 mmol, 2.70 equiv.)
in anhydrous CH:Cl; (40 mL) was added over 1 mmol, 5.00 equiv.) was added. The mixture was
allowed to warm up to 0 °C over 1 h. Then, the reaction was stopped by addition of sat. aq. NaHCO3
(100 mL). The mixture was extracted with CHCl; (4 x 100 mL). The combined organic layers were
dried over Na;SOy, filtered, and concentrated under reduced pressure. The crude product was
purified by flash column chromatography (SiO», EtOAc/pentane, 1:9) to afford ketone 120 (5.48 g,

21.4 mmol, 71%) as a colourless oil.

1H NMR (500 MHz, CDCl3) § = 5.08 - 5.05 (m, 1H), 4.17 (s, 2H), 2.51 (t,] = 7.4 Hz, 2H), 2.26 (q, ] =
7.5 Hz, 2H), 1.67 (s, 3H), 1.61 (s, 3H), 0.92 (s, 9H), 0.08 (s, 6H) ppm.

1BCNMR (126 MHz, CDCl3) 6 = 211.0, 132.9, 122.9, 69.6, 38.6, 25.9, 25.8, 22.2, 17.8, -5.4 ppm.

The spectroscopic data are in accordance with the literature.[102]
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3-(((tert-Butyldimethylsilyl)oxy)methyl)-7-methylocta-1,6-dien-3-o0l (121)

OTBS
Me 0 H,C=CHMgBr Me o
I~ M _omes ———— _
Me THF, Me
120 -78°Cto 0 °C, 121
C14H250,Si (256.46 g/mol) 4h C16H320,Si (284.52 g/mol)
92%

The GRIGNARD reaction of ketone 120 with vinyl magnesium bromide was performed according to
a literature-known procedure.[192] [n a SCHLENK tube, ketone 120 (5.30 g, 20.7 mmol, 1.00 equiv.)
was dissolved in anhydrous THF (46 mL) and cooled down to -78 °C using an dry ice/isopropanol-
bath. Then, vinyl magnesium bromide (1.0 M in THF, 24.8 mL, 24.8 mmol 1.20 equiv.) was added
over 1 h using a syringe pump. After another 3 h of stirring at -78 °C, the mixture was allowed to
warm up to 0 °C and quenched with sat. aq. NH4Cl (40 mL). The phases were separated and the
aqueous phase was extracted with EtOAc (3 x 40 mL). The combined organic layers were dried
over Na,SOy, filtered, and concentrated under reduced pressure. The crude product was purified
by flash column chromatography (SiO;, EtOAc/pentane, 7:93) to afford alcohol 121 (5.39 g,

18.9 mmol, 92%) as a colourless oil.

1H NMR (500 MHz, CDCls) § = 5.78 (dd, ] = 17.3, 10.8 Hz, 1H), 5.30 (dd, ] = 17.3, 1.6 Hz, 1H), 5.17
(dd,] = 10.8, 1.6 Hz, 1H), 5.12 - 5.08 (m, 1H), 3.46 (s, 2H), 2.47 (s, 1H), 2.09 - 1.94 (m, 2H), 1.67 (s,
3H), 1.63 - 1.58 (m, 1H), 1.59 (s, 3H), 1.48 - 1.42 (m, 1H), 0.89 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H)
ppm.

13C NMR (126 MHz, CDCl3) 6 = 141.2, 131.7, 124.7, 114.3, 75.4, 69.6, 37.2, 26.0, 25.8, 22.2, 18.4,
17.8,-5.3,-5.3 ppm.

The spectroscopic data are in accordance with the literature.102]

128



6-Methyl-2-vinylhept-5-ene-1,2-diol (116)
Synthesis of dihydroxymyrcene 116 according to LOBERMANN, TRAUNER, and coworkers:[102]

TBSO HO

M M
Me Me

THF, 5 °C to RT,
121 1h 116

C16H320,Si (284.52 g/mol) 73% C1oH1805 (170.25 g/mol)

In a SCHLENK flask, silyl ether 121 (1.00 g, 3.52 mmol, 1.00 equiv.) was dissolved in THF (9 mL)
and the mixture was cooled down to 0 °C using an ice-water-NaCl bath. Then, TBAF (1.0 M in THF,
10.5 mL, 10.5 mmol, 3.00 equiv.) was added, the mixture was allowed to warm up to RT and
stirred for 1 h. Afterwards, the mixture was diluted with EtOAc (20 mL) and washed with sat. aq.
NaHCOs3; (40 mL). The phases were separated and the aqueous phase was extracted with EtOAc (3
x 40 mL). The combined organic layers were dried over Na,SOs, filtered, and concentrated under
reduced pressure. The crude product was purified by flash column chromatography (SiO,
EtOAc/pentane, 1:2) to afford dihydroxymyrcene 116 (440 mg, 2.60 mmol, 73%) as a colourless

oil.

One-step procedure of the dihydroxylation of myrcene (122) according to DELMOND and

coworkers:[103]

KMnO,, HO

M o Mi Ho =
Me CH,Cl, Me
122 5°C to RT, 116
C10H16 (136.24 g/mol) 18 h C10H150, (170.25 g/mol)
14%

In three separate 1L-SCHLENK flasks, n-BuzBnNCI (35.5g, 114 mmol, 1.00 equiv.; total: 107 g,
342 mmol) was dissolved in anhydrous CHCl; (370 mL; total: 1.11 L) and cooled down to 5 °C
using an ice-water bath. To the solution was added potassium permanganate (18.0 g, 114 mmol,
1.00 equiv.; total: 54.0 g, 342 mmol). The mixture was stirred for 3 h. Then, myrcene (122,
349 mL, 27.9 g, 205 mmol, 1.80 equiv.; total: 105 mL, 83.7 g, 615 mmol) was added and the
mixture was allowed to warm up to RT over 18 h. The reaction mixture was quenched by
subsequent addition of aq. NaOH (1.5 M, 200 mL; total: 600 mL), aq. Na>SO3 (0.6 M, 200 mL; total:
600 mL), and aq. H2S04 (1.5 M, 200 mL; total: 600 mL) under vigorous stirring. The contents of the
three flasks were combined in a 6 L-separatory funnel. The funnel was shaken vigorously once
more and the phases were separated. The aqueous phase was extracted with CH2Cl; (3 x 500 mL)
The combined organic layers were washed with sat. ag. NaHCOs3 (1 L), dried over Na SOy, filtered,

and concentrated under reduced pressure. The crude product was purified by flash column
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chromatography (SiO;, EtOAc/pentane, 1:5 to 1:1). The polar fractions were collected,
concentrated under reduced pressure and the residue was subjected to column chromatography
(Si0y, EtOAc/pentane, 1:3) once more to afford dihydroxymyrcene 116 (2.63 g, 15.4 mmol, 14%)

as a colourless oil.

1H NMR (500 MHz, CDCls) § = 5.15 (p, ] = 1.0 Hz, 1H), 5.11 (ddgq, ] = 8.4, 5.7, 1.4 Hz, 1H), 5.00 - 4.99
(m, 1H), 4.20 (ddq, ] = 7.3, 3.5, 0.7 Hz, 1H), 3.70 (dd, ] = 11.2, 3.4 Hz, 1H), 3.54 (dd, ] = 11.3, 7.2 Hz,
1H), 2.19 - 2.14 (m, 2H), 2.13 - 2.00 (m, 2H), 1.69 (d, ] = 1.4 Hz, 3H), 1.61 (s, 3H) ppm.

13CNMR (126 MHz, CDCl3) 6 = 140.1, 132.4, 126.1, 116.0, 76.4, 69.0, 36.9, 25.8, 22.1, 17.9.

The spectroscopic data are in accordance with the literature.[103]
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2-Hydroxy-6-methyl-2-vinylhept-5-en-1-yl 4-methylbenzenesulfonate (123)

HO TsO
Mi HoJ TsCl Mi HoJ
Me pyridine, Me
116 5°C to RT, 123
C1oH1g02 (170.25 g/mol) 5h C17H24048 (324.44 g/mol)
71%

The tosylation of dihydroxymyrcene 116 was performed according to a literature-known
procedure.[103] In a SCHLENK tube, dihydroxymyrcene 116 (2.60 g, 15.3 mmol, 1.00 equiv.) was
dissolved in anhydrous pyridine (15 mL) which was previously cooled down to 5 °C using an ice-
water bath. Then, TsCl (3.78 g, 19.9 mmol, 1.30 equiv.) was added and the mixture allowed to
warm up to RT over 5 h. The reaction was stopped by addition of 10% aq. HCl (10 mL). The
mixture was extracted with Et,0 (3 x 20 mL). The combined organic layers were washed with sat.
aq. NaHCO3 (50 mL) and brine (50 mL), dried over Na;SO,, filtered, and concentrated under
reduced pressure. The crude product was purified by flash column chromatography (SiO,

EtOAc/pentane, 1:9) to afford tosylate 123 (3.54 g, 10.9 mmol, 71%) as a colourless oil.

1H NMR (500 MHz, CDCI3) 6 =7.80 - 7.77 (m, 2H), 7.36 - 7.34 (m, 2H), 5.72 (dd, ] = 17.3, 10.8 Hz,
1H),5.33 (dd, ] =17.3,1.1 Hz, 1H), 5.23 (dd, ] = 10.8, 1.1 Hz, 1H), 5.05 (ddq, ] = 8.7, 5.7, 1.4 Hz, 1H),
3.89 (s, 2H), 2.45 (s, 3H), 2.10 - 1.90 (m, 3H), 1.66 (s, 3H), 1.65 - 1.60 (m, 1H), 1.55 (s, 3H), 1.49
(ddd, ] =13.9,10.5,5.5 Hz, 1H) ppm.

13C NMR (126 MHz, CDCl3) & = 145.1, 139.0, 132.9, 132.7,130.1, 128.1, 123.8, 120.1, 116.1, 75.3,
74.5,36.9,25.8,21.9,21.8,17.8 ppm.

The spectroscopic data are in accordance with the literature.103]
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2-(4-Methylpent-3-en-1-yl)-2-vinyloxirane (124)

TsO
M M
P ko
Me Et,0, 5 °C, Me
123 90 min 124

C17H2404S (32444 g/mol) 84% C10H160 (15224 g/mol)

The epoxide formation out of 123 was performed according to a literature-known procedure.[102]
In a SCHLENK tube, tosylate 123 (48.0 mg, 0.148 mmol, 1.00 equiv.) was dissolved in anhydrous
Et;0 (1.5 mL) and cooled down to 5 °C using an ice-water bath. Freshly ground KOH (16.6 mg,
0.296 mmol, 2.00 equiv.) was added and the mixture was stirred for 90 min. Afterwards, the
mixture was filtered through a plug of silica which was rinsed with a 10% solution of Et;0 in
pentane. The filtrate was concentrated under reduced pressure (min. 185 mbar at 5 °C) to afford

epoxide 124 (19.0 mg, 12.5 mmol, 84%) as a colourless oil.

1H NMR (500 MHz, CDCls) § = 5.76 (dd, ] = 17.4, 10.8 Hz, 1H), 5.35 (dd, ] = 17.4, 1.3 Hz, 1H), 5.22
(dd,] = 10.8, 1.3 Hz, 1H), 5.10 (tdt, ] = 7.1, 2.8, 1.4 Hz, 1H), 2.82 (d, ] = 5.3 Hz, 1H), 2.67 (d, ] = 5.4
Hz, 1H), 2.09 (dd, ] = 15.6, 7.9 Hz, 2H), 1.75 - 1.70 (m, 2H), 1.68 (d, ] = 1.4 Hz, 3H), 1.60 (s, 3H)
ppm.

1BCNMR (126 MHz, CDCl3) 6 =137.7,132.2,123.7,116.6, 58.6, 55.2, 33.7, 25.8, 23.8, 17.8 ppm.

The spectroscopic data are in accordance with the literature.[103]
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(E)-Cleistocaltone B (24)

Me

Me\ =

124
OH O C40H460 (152.24 g/mol)

Me Me  a)Pdydbas XPhos

THF, RT, 4 h

HO o}
Me Me b) KOH, PhCHO,
66 EtOH/H,0, RT,
C11H1404 (210.23 g/mol) 18 h
quantitative
(E:z/6:1)

Me

CogH3405 (450.58 g/mol)

A SCHLENK tube was charged with acetyl phloroglucinol 66 (15.0 mg, 71.4 pmol, 1.00 equiv.),
Pd.dbas (1.63 mg, 1.78 umol, 2.50 mol%), and XPhos (3.40 mg, 7.14 umol, 0.10). The tube was
evacuated and backfilled with argon three times. Then, the contents of the tube were dissolved in
anhydrous THF (0.5 mL). The mixture was stirred for 10 min and epoxide 124 (21.7 mg,
0.143 mmol, 2.00 equiv.) dissolved in anhydrous THF (0.5 mL) was added. The resulting mixture
was stirred for 4 h at RT. Afterwards, the mixture was cooled down to 5 °C and diluted with EtOH
(2 mL). Then, benzaldehyde (43.2 uL, 45.4 mg, 0.428 mmol, 6.00 equiv.) and aq. KOH (7 M,
1.12 mL) were added subsequently and the mixture was stirred for 16 h. Afterwards, the mixture
was diluted with diethyl ether (10 mL) and neutralized with sat. aq. NH4Cl (10 mL). The phases
were separated and the organic phase was washed with sat. aq. NaHCO3 (15 mL), water (15 mL),
and brine (15 mL), dried over Na,SOs, filtered, and concentrated under reduced pressure. The
crude product was purified by flash column chromatography (SiO,, EtOAc/pentane, 1:9 to 1:1) to
afford (E)-Cleistocaltone B (24, 26.0 mg, 71.7 pmol, quantitative) as a bright yellow thick oil.

The product contained about 14% of the (Z)-diastereomer which was not separable. Both the (E)-
and the (Z)-diastereomer were isolated as a mixture of tautomers. Therefore, four sets of signals
were present in the 1H- and 13C-NMR in which many signals overlapped. Many signals of the (Z)-
diastereomer where not visible under the much larger signals of the (E)-diastereomer. Therefore,
only the signals of the (E)-diastereomer are given. The mixture of tautomers for the (E)-
diastereomer was 1:1 which made a distinction between the two sets of the (E)-diastereomer

almost impossible. Therefore the signals are given without designation.

1H NMR (600 MHz, CDCl3) 6 = 18.33 (s, 1H), 18.31 (s, 1H), 8.05 - 8.03 (m, 2H, overlap of sets), 7.69
- 7.65 (m, 2H, overlap of sets), 7.45 - 7.41 (m, 3H, overlap of sets), 5.02 - 4.97 (m, 2H, overlap of
sets), 4.16 (d, ] = 12.1 Hz, 1H), 4.11 - 4.06 (m, 2H), 3.97 (d, ] = 12.2 Hz, 1H), 2.88 - 2.64 (m, 2H,
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overlap of sets), 2.05 - 1.97 (m, 4H, overlap of sets), 1.62 (s, 3H, overlap of sets), 1.53 (s, 3H), 1.52
(s, 3H), 1.48 (s, 3H), 1.48 (s, 3H), 1.41 (s, 3H), 1.40 (s, 3H), 1.32 (s, 3H), 1.25 (s, 3H) ppm.

13C NMR (151 MHz, CDCI3) § = 211.2,210.9, 202.5, 201.6, 197.2, 197.0, 186.9, 186.5, 147.5, 147.3,
143.4,142.5,134.8, 134.8, 132.1, 132.0, 131.5, 131.5, 129.3 (overlap of sets), 129.2, 129.2, 123.9,
123.9,122.3,121.4, 121.3, 121.3, 109.9, 109.3, 61.6, 60.3, 60.2, 58.3, 57.9, 53.9, 36.5, 35.9, 35.6,
35.5,32.1,30.9, 26.9, 26.9, 25.8, 25.0, 24.5, 24.2, 23.7, 22.0, 17.8 (overlap of sets) ppm.

HRMS (ES], pos.): m/z calcd for C2sH34NaOs+ [M+Na+]*: 473.2298, found 473.2316.
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tert-Butyl (3-(((tert-butyldimethylsilyl)oxy)methyl)-7-methylocta-1,6-dien-3-yl)
carbonate (138)

Ve TBSO DMAP, Ve TBSO
/\/{O;\/ Poee? /\E@;\/
Me CH,Cl,, ~ Me
121 0°C to RT, 138

C16H220,S1 (284.52 gimol) 18 h  Cy4H,0,Si (384.63 g/mol)
39%

In a SCHLENK flask, alcohol 121 (1.00 g, 3.52 mmol, 1.00 equiv.) was dissolved in anhydrous CH,Cl,
(87 mL). The mixture was cooled down to 0 °C using an ice-NaCl-water bath. Then, Boc,0
(1.21 mL, 1.15g, 1.50 equiv.) and DMAP (42.9 mg, 351 mmol, 10 mol%) were added and the
mixture was allowed to warm up to RT over 18 h. Afterwards, the solvent was removed under
reduced pressure and the crude product was purified by flash column chromatography (SiO,
EtOAc/pentane, 1:19) to afford tert-butyl carbonate 138 (530 mg, 1.38 mmol, 39%) as a

colourless oil.

1H NMR (500 MHz, CDCls) § = 5.93 (dd, ] = 17.7, 11.3 Hz, 1H), 5.22 - 5.20 (m, 1H), 5.20 - 5.17 (m,
1H), 5.12 - 5.08 (m, 1H), 3.95 (d, ] = 10.1 Hz, 1H), 3.76 (d, ] = 10.1 Hz, 1H), 2.00 - 1.88 (m, 4H),
1.67 (s, 3H), 1.59 (s, 3H), 1.46 (s, 9H), 0.88 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H) ppm.

13C NMR (126 MHz, CDCl3) & = 151.8, 139.1, 131.9, 124.1, 114.8, 85.3, 81.5, 64.9, 33.7, 28.0, 26.0,
25.8,21.9, 18.4, 14.3, -5.4 ppm.
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5.7.1 Synthesis of Butenolide 128

Geranial (133)
Me Me MnO, Me Me
)\/\N = )\/\/K/\
Me OH CH,Cl, RT, 18h Me o
75 72% 133
C10H180 (15425 g/mol) C10H160 (15224 g/mol)

In a round-bottom flask, geraniol (75, 5.68 mL, 5.00 g, 32.4 mmol, 1.00 equiv.) was dissolved in
CH:Cl; (50 mL). Then, MnO; (portion: 28.2 g, 324 mmol, 10.0 equiv.; total: 84.5 g, 972 mmol,
30.0 equiv.) was added in three portions with intervals of 30 min. The reaction mixture was
stirred for 16 h and filtered through a patch of celite. The filtrate was washed with water (3 x
20 mL) and brine (3 x 20 mL), dried over Na;SOs, filtered, and concentrated under reduced

pressure to afford geranial (133, 3.54 g, 23.3 mmol, 72%) as a yellowish oil.

1H NMR (500 MHz, CDsCN) & = 9.96 (d, ] = 8.1 Hz, 1H), 5.79 (ddq, ] = 8.1, 2.4, 1.2 Hz, 1H), 5.12 -
5.08 (m, 1H), 2.26 - 2.20 (m, 4H), 2.15 (d, ] = 1.3 Hz, 3H), 1.67 (s, 3H), 1.61 (s, 3H) ppm.

The spectroscopic data are in accordance with the literature.117]
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4-(4-Methylpent-3-en-1-yl)furan-2(5H)-one (128)

1. KCN, 18-crown-6,
TMSCN, CH,Cly,

Me Me 5 °C, 30 min Me 0
A~ o
X x x N
Me S0  2.PDC, DMF, Me
133 RT, 22 h, 128

C1oH160 (152.24 gimol)  39% (over2steps) ¢, 1. 0, (166.22 g/mol)

The oxidation of geranial (133) to butenolide 128 was performed according to a literature-known
procedure.[1041 A SCHLENK tube was charged with 18-crown-6 (86.8 mg, 0.328 mmol, 10 mol%)
and KCN (21.4 mg, 0.328 mmol, 10 mol%). The tube was evacuated and backfilled with argon
three times. Then, anhydrous CH2Cl; (2 mL) and TMSCN (358 mg, 3.61 mmol, 1.10 equiv.) were
added subsequently. The mixture was cooled down to 5 °C using an ice-water bath and geranial
(133, 500 mg, 3.28 mmol, 1.00 equiv.) was added dropwise. After 3 h, the reaction mixture was
concentrated under reduced pressure using the SCHLENK line while cooling to 5 °C continued. The
residue was dissolved in anhydrous DMF (8 mL) and PDC (3.71 g, 9.85 mmol, 3.00 equiv.) was
added. The mixture was stirred for 22 h at RT. Afterwards, the mixture was filtered through a
patch of celite. The filter cake was thoroughly washed with CH,Cl,. The filtrate was washed with
water (6 x 20 mL) and brine (6 x 20 mL), dried over Na,SO,, filtered, and concentrated under
reduced pressure. The crude product was purified by flash column chromatography (SiO,

EtOAc/pentane, 1:9) to afford butenolide 128 (320 mg, 1.93 mmol, 59%) as a colourless oil.

1H NMR (500 MHz, CDCl3) 6 = 5.85 - 5.84 (m, 1H), 5.08 - 5.05 (m, 1H), 4.73 (s, 2H), 2.46 - 2.43 (m,
2H), 2.31 - 2.26 (m, 2H), 1.70 (s, 3H), 1.62 (s, 3H) ppm.

The spectroscopic data are in accordance with the literature.[104]
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7. Appendix

7.1 List of Abbreviations

Ac

aq.

Ar
ARI
Asc
BBMN
BINAP
BINOL
Bn
Boc

br
brsm
Bu

Bz
CAM
COVID-19
Cp

d

d.r.

Da
DABCO
DACH
dba

DBU

acetyl

aqueous

arene

acute respiratory infection
ascorbate

blocks-based molecular network
2,2'-bis(diphenylphosphino)-1,1’-binaphthyl
1,1'-bi-2-naphthol

benzyl

tert-butyloxycarbonyl

broad

based on recovered starting material
butyl

benzoyl

ceric ammonium molybdate
coronavirus disease 2019
cyclopentadienyl

doublet

diastereomeric ratio

Dalton
1,4-diazabicyclo[2.2.2]octan
1,2-diaminocyclohexane
dibenzylideneacetone

1,8-diazabicyclo[5.4.0]Jundec-7-ene
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DIPEA N,N-diisopropylethylamine

DMAP 4-dimethylaminopyridine

DME 1,2-dimethoxyethane

DMC 2’,4’-dihydroxy-6’-methoxy-3’,5’-dimethylchalcone
DMF dimethylformamide

DMSO dimethylsulfoxide

dppf 1,1'-bis(diphenylphosphino)ferrocene
dppp 1,3-bis(diphenylphosphino)propane
DuPhos 1,2-bis[2,5-dimethylphospholano]benzol
EDG electron donating group

ee enantiomeric excess

equiv. equivalents

ESI electrospray ionization

Et ethyl

EWG electron withdrawing group

Ger geranyl

h hours

HOMO highest occupied molecular orbital
HPLC-MS high performance liquid chromatography / mass spectrometry
HRMS high resolution mass spectrometry

HSV herpes simplex virus

i iso

ICso half maximal inhibitory concentration
IMDA intramolecular DIELS-ALDER cycloaddition
IR infrared spectroscopy

L ligand

LDA lithium diisopropylamide

LUMO lowest unoccupied molecular orbital
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MOM

NCS
NMO
NMR
NOE
NP

Nu

OPP

PDC
PG
Ph
ppm
Pr

PTSA

quant.
Ref.
RNA
RP

RSV

molar

multiplet
meta-chloroperbenzoic acid
methyl

minutes

methoxymethyl
unbranched

N-chlorosuccinimide

N-methylmorpholine N-oxide

nuclear magnetic resonance
nuclear overhauser effect
natural product
nucleophile

ortho

pyro phosphate

quintet

pyridinium dichromate
protecting group

phenyl

parts per million

propyl
para-toluenesulfonic acid
quartet

quantitative

Reference

ribonucleic acid
reversed-phase

respiratory syncytial virus
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RT

s

SAR
SARS-CoV-2
sat.

Sn

t

t

TBAF
TBS
TCCA
TCM
THF
TIC
TLC
TMS
TOF
Troc
Ts
VANOL
VAPOL
w%
XPhos
Xantphos

XRD

room temperature

singlet

structure-activity relationship

severe acute respiratory syndrome coronavirus 2
saturated

nucleophilic substitution

tert

triplet

tetra-n-butylammonium fluoride
tert-butyldimethylsilyl

trichloroisocyanuric acid

traditional Chinese medicine

tetrahydrofuran

total ion current chromatogram

thin layer chromatography

trimethylsilyl

time of flight

2,2,2-trichloroethyloxycarbonyl
para-toluenesulfonyl
3,3'-diphenyl-2,2'-bi-(1-naphthalol)
2,2'-diphenyl-(4-biphenanthrol)

weight-%
2-dicyclohexylphosphin-2',4’,6'-triisopropylbiphenyl
4,5-bis-(diphenylphosphino)-9,9-dimethylxanthen

X-ray diffraction
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7.2 X-Ray Data (Reproduced (adapted) from Ref.[83] with
permission from the Royal Society of Chemistry.)

7.2.1 IMDA-Diastereomer 105 (CCDC2352924)

i

Table 20: Crystal data of IMDA-diastereomer 105.

Empirical formula C2sH3204

Formula weight 432.53

Temperature/K 140(2)

Crystal system monoclinic

Space group P21/n

a/A 9.53542(6)

b/A 18.20996(12)

c/A 14.54563(9)

a/° 90

B/° 105.5556(2)

v/° 90

Volume/A3 2433.18(3)

Z 4

Pcalcg/cm3 1.181

u/mm-1 0.617

F(000) 928.0

Crystal size/mm3 0.44 x 0.25 x 0.14
Radiation CuKa (A=1.54178)

20 range for data collection/° 7.96 to 144.238

Index ranges -11<h<11,-22<k<22,-14<1<17
Reflections collected 33228

Independent reflections 4766 [Rint = 0.0376, Rsigma = 0.0210]
Data/restraints/parameters 4766/0/296
Goodness-of-fit on F2 1.049

Final R indexes [[>=20 (1] R1=0.0392, wR, = 0.0938
Final R indexes [all data] R1=0.0402, wRz = 0.0943
Largest diff. peak/hole / e A3 0.22/-0.30
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7.2.2 IMDA-Diastereomer 37 (CCDC2352922)

Table 21: Crystal data of IMDA-diastereomer 37.

Empirical formula C28H3204

Formula weight 432.53

Temperature/K 140(2)

Crystal system monoclinic

Space group P2i/n

a/A 8.38079(5)

b/A 23.63124(15)

c/A 12.06328(8)

a/° 90

B/° 106.2413(2)

Y/° 90

Volume/A3 2293.77(3)

Z 4

Pcalcg/Ccm3 1.253

i/mm-1 0.655

F(000) 928.0

Crystal size/mm3 0.39x0.23x0.1
Radiation CuKa (A =1.54178)

20 range for data collection/° 7.482 to 144.09

Index ranges -10<h<9,-28<k<29,-14<1<14
Reflections collected 34216

Independent reflections 4516 [Rint = 0.0478, Rsigma = 0.0240]
Data/restraints/parameters 4516/0/296
Goodness-of-fit on F2 1.046

Final R indexes [[>=20 (I)] R1=0.0432, wR,=0.1117
Final R indexes [all data] R1=0.0439, wR;=0.1123
Largest diff. peak/hole / e A3 0.41/-0.31
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7.2.3 Side Product 111 (CCDC2352923)
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Table 22: Crystal data of side product 111.
Empirical formula C32H4206
Formula weight 522.65
Temperature/K 150(2)
Crystal system orthorhombic
Space group P212124
a/A 10.10314(7)
b/A 10.72852(8)
c/A 25.70876(18)
a/° 90
B/° 90
Y/° 90
Volume/A3 2786.62(3)
Z 4
Pcalcg/Ccm3 1.246
i/mm-1 0.679
F(000) 1128.0

Crystal size/mm?3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20 (I]]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

0.22 x 0.16 x 0.12
CuKa (A = 1.54178)
6.876 to 140.684
-12<h<12,-13<k<13,-31<1<31
73519

5283 [Rint = 0.0383, Rejgma = 0.0184]
5283/0/351

1.043

R1 = 0.0327, wR, = 0.0870

R; = 0.0330, wR, = 0.0872
0.60/-0.25

0.00(3)
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7.3 NMR spectra

MOM-Protected Acetyl Phloroglucinol 69
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Cinnamoyl Phloroglucinol 71
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Methylated Acetyl Phloroglucinol 66 (Reproduced from Ref.[83]1 with permission from the

Royal Society of Chemistry.)
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MOM-Protected Methylated Acetyl Phloroglucinol 72
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MOM-Protected Methylated Cinnamoyl Phloroglucinol 73
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Champanone B (25)
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Allyl Chloride 78
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Hotrienyl Acetate (79)
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Hotrienol (76)
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Hotrienol tert-Butyl Carbonate (80)

"H NMR (600 MHz, CDCls)
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Allylic Chloride 82 (Reproduced from Ref.[83]1 with permission from the Royal Society of

Chemistry.)
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Diene 83 (Reproduced from Ref.[83] with permission from the Royal Society of Chemistry.)
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Allylic Alcohol 84
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tert-Butyl Carbonate 85
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Linalyl tert-Butyl Carbonate 86
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Geranylated Acetyl Phloroglucinol 90 (Reproduced from Ref.[83] with permission from the

Royal Society of Chemistry.)
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Alyllic Chloride 102
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Geranylated Champanone B 34 (Reproduced from Ref.[83]1 with permission from the Royal

Society of Chemistry.)
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Allylic Chloride 103 (Reproduced from Ref.[83] with permission from the Royal Society of

Chemistry.)
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Diene 95 (Reproduced from Ref.[83] with permission from the Royal Society of Chemistry.)
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Diene 38 (Reproduced from Ref.[83] with permission from the Royal Society of Chemistry.)

€e'T

8T —
8T —

H NMR (600 MHz, CDCl3)

S0'E
e -9
L£7T
€T [
SE'T
e [
YT'E
eee [
e L
10°€
50T
mnn.m i
€1

E+9S | 1y
=61 |

=081 [

=-1g'g |
H{mm.m
E58€ X

=—G/'0
==00'T L

(ppm)

S'91

NNNHNQ
OIS
NANANANANN
gaaq9Ny

13C NMR (151 MHz, CDCl3)

|

T T T T T T T T
210 200 190 180 170 160 150 140 130 120

220

(ppm)

175



IMDA Diastereomer 105 (Reproduced from Ref.[83] with permission from the Royal Society

of Chemistry.)
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IMDA Diastereomer 37 (Reproduced from Ref.[83]1 with permission from the Royal Society

of Chemistry.)
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Epoxide 110 (Reproduced from Ref.[83]1 with permission from the Royal Society of

Chemistry.)

S6°LT —

TH NMR (600 MHz, CD,Cly)

=0T

10

T
11

12

13

14

15

16

17

(ppm)

S'STT —

PETT ~_
6921 ~_
ST
8'82T

rver "

6'vbT —

1661 \

S'66T
0°00C /

0°60C —

13C NMR (151 MHz, CD,Cly)

160

170

140 130 120

150

210 200 190 180

220

(ppm)

178



(#)-Cleistocaltone A (23) (Reproduced from Ref.[83] with permission from the Royal Society

of Chemistry.)
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Side Product 111 (Reproduced from Ref.[83] with permission from the Royal Society of

Chemistry.)
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Epoxide 118
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Alcohol 119
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Alcohol 121
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Dihydroxymyrcene 116

"H NMR (500 MHz, CDCls)

Me

all

Me'

= €0°E
e

L4
61°'C

/0T
E-80T

E-sot

10T

S0'T
00'T

(ppm)

6 LT —
Tee—
8'a¢ —

6'9€ —

069 —

1274 ./.

0°9TT —
92T —
YCET —

TobT —

13C NMR (126 MHz, CDCls)

OH

I

Me

Me

T T T T T T T T T
200 190 180 170 160 150 140 130 120

210

(ppm)

185



Tosylate 123

"H NMR (500 MHz, CDCl3)
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Epoxide 124

TH NMR (500 MHz, CDCl3)
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(E)-Cleistocaltone B (23)
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Dihydroxymyrcenol tert-Butyl Carbonate tert-Butyl Dimethyl Silyl Ether 138
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Geranial (133)
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Butenolide 128
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