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Introduction 1

General Introduction

1 Introduction

1.1 Natural Product Chemistry

Mankind has known about the benefit of drugs from the crude herbs worldwide for
thousands of years.!! In Asia, Traditional Chinese Medicine (TCM) and Ayurveda, Traditional
Indian Medicine (TIM) remain the most ancient yet living traditions.””! The earliest and most
fundamental composition identified in TCM is the Yellow Emperor’s Classic of Internal
Medicine probably dating back to 2697 B.C.,"®! while Ayurvedic fundamental and applied
principles were organized and recorded around 1500 B.C.[* In Africa, the Egyptians in the
days of pharaohs had developed great skills in the use of herbs, and the earliest medical texts,
some 4000 years old, described the rich choice of plants.”! In Europe, there is also a very long
history of traditional medicine that has respectable historical and scientific dignity.[*’ In fact,

for most of history, herbal medicine was the only medicine.

Nowadays, herbal medicines are still used and continue to be used for therapies,!”® but
considerable confusion remains about their exact mechanism of action. Herbalists claim that
secondary metabolites (e.g., alkaloids, quinones, flavonoids, terpenoids, steroids,
carbohydrates, and others), produced by plants, can work together synergistically so that the
effect of the whole herb is greater than the summed effects of the individual components and
the toxicity of the whole herb is lower than that of isolated active ingredients.® This contrasts
with conventional practice, where polypharmacy is generally avoided whenever possible.
Conventional practitioners believe that the efficacy of herbs used to treat illness has originated
from the lead compounds (or active principles) contained in herbs in a mixture of other
compounds. Such compounds must be isolated and purified, and structurally identified, which

provides the fundamental prerequisites for the subsequent series of validation steps.

The first example of conventional medicine derived from a plant is morphine (1) (Figure 1).
From about 800, Papaver somniferum was used not only to treat pain but also to anaesthetize
patients. Morphine was isolated from this plant source in 1806, and the manufacturing of this
analgesic drug was realized by E. Merck, Germany in 1826.%% Two other examples of a
plant-derived drug were quinine (2) and artemisinin (3), which are used to treat malaria
widespread in tropical and subtropical regions. The pure active principle quinine (2) was first
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isolated in 1820s from the bark of the Cinchona tree. Artemisinin (ginghaosu) (3) was
identified in 1972 as the bioactive principle of Artemisia annua (ginghao plant). Artemether
(4), a semi-synthetic derivative of 3, is used for the treatment of multi-drug resistant strains of

Plasmodium falciparum.™

MeO

Figure 1. Three naturally occurring structures isolated from medicinal plants, morphine (1), quinine

(2), and artemisinin (3), and one semi-synthetic derivative of 3, artemether (4).

Given that natural products have historically provided many novel drugs, one would
assume that they would still play a pivotal role in the drug discovery strategy in
pharmaceutical company. However, most big pharmaceutical companies have terminated or
significantly scaled down their natural products operations during the past 15-20 years.[*#*3!
This trend could be explained by two aspects: the great obstacles of natural products research
and the emergence of combinatorial chemistry in combination with high-throughput screening
(HTS). In the course of natural products research, considerable research time and increasingly
expensive purification technologies e.g., preparative HPLC, are needed to eliminate known
compounds, and accumulate enough quantities of bioactive molecules for further biological
evaluation. Also, the complex nature of some naturally bioactive structures impeded the
further lead optimization process. By contrast, combinatorial synthesis can efficiently provide
large libraries of related compounds for modern HTS.2*! Therefore, this rapidly growing

area provides an enormous potential to accelerate drug discovery and development.

It is certainly true that biased combinatorial libraries of pure products are particularly easy
and convenient to screen, while the hope of identifying interesting lead structures is often
disappointed. By contrast, natural products derived from all sources or related to natural
products have played and continue to play a dominant role in the discovery of leads for the
development of drugs for the treatment of human diseases.*>*¥ In Figure 2, the number (616,
52%) of naturally inspired agents (i.e., N, ND, S/NM, S*, S/NM) in the 1184 chemical
entities from 1981-2006 is much higher than that of merely synthetic drugs (355, 30%) by
random screening, even though most of work by the pharmaceutical industry was devoted to

HTS of predominantly combinatorial chemistry.!*”!
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S": made by total synthesis, but the pharmacophore was from a natural product

NIM: natural product mimic V:vaccine, B: biological peptides

SYNM: 10% 4% or proteins, 14%

N: natural

S*: 4% products, 5%

S/NM: 10%

ND: derived from a
S: totally synthetic drug, natural ~ product  and
often found by random usually a semi-synthetic
screening, 30% modification, 23%

Figure 2. All new chemical entities, 01/1981-06/2006, by source (N = 1184) (Figure from Lit."™).

In conclusion, the search for natural products by isolation and their derivatives by partial or

total synthesis still provides the best solution to the current productivity crisis in drug

discovery and development.
1.2 Ancistrocladaceae and Dioncophyllaceae

The tropical lianas of the Ancistrocladaceae and Dioncophyllaceae families,™® mainly

occurring in Africa, Southern, and Southeastern Asia, have been widely used in the traditional

medicine. Examples are Ancistrocladus tectorius, which has been applied to treat dysentery

and malaria in Thailand,”! and Triphyophyllum peltatum (Figure 3), which has been used to

treat malaria, elephantiasis, and other diseases.!

Figure 3. Pictures of A. tectorius (a) and T. peltatum (b) (pictures from AK Bringmann).

Phytochemical investigations on these plants have revealed that the bioactive principles are
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due to the presence of a variety of C,C- and N,C-coupled naphthylisoquinoline alkaloids, like
ancistrocladine (5a), dioncophylline A (6), and ancistrocladinium A (7b) (Figure 4). Their

occurrence is restricted to the two small families, exclusively.

MeO

OMe Me

Me
7b

Figure 4. Structures of the naphthylisoquinoline alkaloids ancistrocladine (5a), dioncophylline A (6),

ancistrocladinium A (7b), and shuangancistrotectorine A (8).

The crude extracts and many of more than 140 so far isolated alkaloids from the two
families Ancistrocladaceae and Dioncophyllaceae, as well as their partial- and total-synthetic
analogs exhibit promising biological activities. This class of biaryls has been described as
exhibiting strong growth-inhibition activities in vitro against the plasmodial parasites P.
falciparum®®>?% and P. berghei®®®*? and in vivo against P. berghei,®* against the pathogens
of leishmaniasis, Leishmania donovani,®*" and of trypanosomasis, Trypanosoma
cruzi®®*% and T. brucei rhodesiense.l*” Efficacy against HIV-1 and HIV-2,“"* the
tropical water snail Biomphalaria glabrata (the vector of Schistosoma mansoni, which causes
schistosomiasis),!***") and the malarial vector Anopheles stephensi,/*® have also been reported.
These findings suggest that naphthylisoquinoline alkaloids constitute a class of
pharmacologically interesting compounds.

Structurally, the naphthylisoquinoline alkaloids are unique, consisting of a naphthalene ring
system and an isoquinoline moiety, which are connected by a C,C-biaryl or an iminium-aryl
axis (i.e., C,C- or N,C-coupled), while naturally occurring dimers like shuangancistrotectorine
A (8) (Figure 4) contain an additional C,C-biaryl axis between the two monomeric
portions.’?” %471 Most of these alkaloids display the phenomenon of atropisomerism, resulting
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from hindered rotation about the biaryl axes. The large structural variety in their constitutions
stems from the presence of diverse coupling patterns (i.e., 5,1'-, 5,3'-, 5,8'-, 7,1’-, 7,3'-, 7,6'-,
7,8'-, N,6’-, and N,8'-), in their oxygen substitution patterns, in their absolute configurations at

C-1and C-3, and in the unsaturation degree in the isoquinoline moieties.

Biosynthetically this class of secondary metabolites, with its broad structural variety,
originates from an acetate-malonate pathway for both, the naphthalene parts and the
isoquinoline moieties.****! The biosynthesis of the isoquinoline unit can, however, be easily
blocked by all sorts of chemical, physical or biotic stress. Then, only small quantities of
naphthylisoquinoline alkaloids are produced, while enhanced quantities of naphthoquinones
are formed.2°% Recently, phytochemical investigation on cell cultures of T. peltatum led to
the isolation of two highly promising naphthoquinones, dioncoquinones A (9) and B (10), and
nine further analogs from A. heyneanus.’**! Dioncoquinones A (9) and B (10) exhibited
excellent anti-multiple myeloma properties (especially 10 with ECsp = 11 uM against INA-6)
without any significant cytotoxicity on normal cells. In particular, these
effective-concentration ranges of the compounds 9 and 10 (Figure 5) were similar to those of
melphalan, a well-known DNA-alkylating agent™ routineously used in standard

chemotherapeutic regiments for multiple myeloma.

OH © OH O
ot (L 9@
Me Me
o} 0
dioncoquinone A (9) dioncoquinone B (10)

Figure 5. Structures of bioactive dioncoquinones A (9) and B (10).

Despite the availability of some antimalarial drugs and co-opted chemotherapeutic
treatments for multiple myeloma, an urgent need is still to discover more powerful drugs to
overcome resistance of pathogens and to diminish the side effects. Therefore, the main aims
of this thesis were to search for two classes of new pharmacologically promising structures,
naphthylisoquinoline alkaloids and naphthoquinones, by isolation from plants and by
synthesis.

In detail, the present work is divided into the following nine parts:

1) Phytochemical investigations on naphthylisoquinoline alkaloids from the stems of the
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2)

3)

4)

5)

6)

7)
8)

9)

Chinese species Ancistrocladus tectorius.

Phytochemical investigations on naphthylisoquinoline alkaloids from the root bark of a

novel and botanically yet undescribed Congolese Ancistrocladus species.

Semi-synthesis of the dimeric naphthylisoquinoline alkaloid jozimine A, and its isomers

from dioncophylline A.

Phytochemical investigations on naphthoquinones from cell cultures of Triphyophyllum

peltatum.
Phytochemical investigations on Nepenthaceae.

Establishment of a strategy for improved access to dioncoquinones B and C, and synthesis

of dioncoquinone B analogs for the first SAR studies.
Synthesis of epoxides and SAR studies.
The first total synthesis of a new naturally occurring compound triphoquinone.

Phytochemical investigations on the Streptomyces strain RV-15 derived from a marine

sponge.
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2 Multiple Myeloma and Naphthoquinones

Multiple myeloma is the second most common blood cancer after non-Hodgkin’s
lymphoma, accounting for approximately 10% of blood cancer and 1% of all cancers.’” The
incidence of multiple myeloma varies by gender, race, and age. The statistical data indicate an

evident predominance among males, blacks, and older individuals for multiple myeloma.*®>!

Multiple myeloma is characterized by clonal proliferation of malignant plasma cells in the
bone marrow. The development of multiple myeloma is described in Figure 6. As multipotent
stem cells in humans, they are able to give rise to all of the blood cell types including myeloid
(monocytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes, megakaryocytes,
platelets, and dendritic cells), and lymphoid lineages (T-cells, B-cells, NK-cells). B cells are
one of the lymphoid lineages. Immature B cells are produced in the bone marrow of humans.
Subsequently, these immature B cells migrate to the lymph node, where there are called
transitional B cells, and some of these cells differentiate into mature B cells. Most of these B
cells will become plasmablasts, and eventually plasma cells, and begin producing large
volumes of antibodies (immunoglobulin) upon exogenous stimulus. These plasma cells are
able to go back to bone marrow and reside there as a memory pool. Therefore, plasma cells
are terminally differentiated B cells, and, in normal subject plasma cells, they play an

important role in the human immune system.®”

normal B cell differentiation

bone marrow lymph node bone marrow
stem pre immature transitional mature activated plasma
cell Bceell Bcell B cell Beell Becell cell

= L dRAT

© © @ ©@ 1ot Je @13

| |
malignant transformation during different stages of B cell differentiation

¥ ¥ ¥

acute lymphoblastic non-Hodgkin lymphoma/ multiple
leukemia chronic lymphocytic myeloma (MM)
lymphoma

B cell tumor

Figure 6. The development of B cell tumor.

However, in multiple myeloma, the space in the marrow will be concurred and occupied by

the abnormal proliferation of cancerous plasma cells resulting in the suppression of other



Multiple Myeloma and Naphthoquinones 8

normal blood cells population. As a consequence, the patients will develop anaemia because
of a deficiency in red cell and platelet production. At the same time, these cancerous plasma
cells will produce abnormal immunoglobulin called paraprotein, which suppresses production
of other normal immunoglobulin leading to immunosuppression of the patients and causing

them to become very susceptible to infection.®!

The first successful myeloma treatment with a combination of melphalan (11) (Figure 7)
and prednisone was introduced in the late 1960s, and was further improved by high-dose
chemotherapy with hematopoietic stem-cell transplantation 1980s. The most common
induction regimens used today are co-opted treatment protocols.®) Treatment with
thalidomide (12) plus dexamethasone, lenalidomide (13) plus dexamethasone, 13 plus 11 and
prednisone, or bortezomib (14) plus 11 and prednisone, are superior to monotherapy alone, as

initial therapy for patients with myeloma.[°2%°

o)
N H
NH, ~"¢l H )N
N 0
HO

o]
© 11 12
NH2 o) O HH o
H Y—NH _N N7 SNEVSABS o
N o) [ | H 5 H(r
“N Me
0 Me
13 14

Figure 7. Structures of melphalan (11), thalidomide (12), lenalidomide (13), and bortezomib (14).

Melphalan (11) belongs to the class of alkylating agents containing nitrogen. It attaches the
alkyl group to the guanine base of DNA. Thalidomide (12) was introduced into the market
initially as a sedative and for treatment of morning sickness for pregnant women in the
1950s,°! and first tested in humans as a single agent for the treatment of multiple myeloma in
1999.1%% enalidomide (13), formerly called CC-5013, belongs to a class of thalidomide
analogs, termed immunomodulatory drugs. With the promising results in two large phase-3
trials, 13 was approved by the FDA in 2006 for the treatment of myeloma in
patients.®®®] Bortezomib (14), a boronic acid dipeptide, is the first inhibitor of the
proteasome pathway that is responsible for the orderly degradation of eukaryotic cellular

proteins,® and was approved by the FDA in 2003.
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One class of compounds of potential value for the treatment of tumor diseases are
naphthoquinones, which often show pronounced biological activities, such as antibiotic,
cytotoxic, or allergenic actions, and they may serve the organism producing them as a weapon
for defense.®® The mechanism by which quinones cause these effects can be quite
complex.l’™™ Quinones can be Michael acceptors; therefore, damage can occur through
covalent binding with crucial cellular nucleophiles. For example, they react readily with
sulfur nucleophiles, such as GSH or cysteine residues on proteins, and with nucleophilic
amino groups on proteins or with DNA. Alternatively, quinones are highly redox-active
molecules which can undergo enzymatic and nonenzymatic redox cycling with their
semiquinone radicals, leading to formation of reactive oxygen species (ROS), including
superoxide, hydrogen peroxide, and ultimately hydroxy radicals. The hydroxy radicals are
powerful oxidizing agents that may be responsible for damage to essential

macromolecules.["”

Naphthoquinones have been demonstrated to possess a wide range of biological activities
e.g., against tumor cell lines, malarial parasites, fungi, and bacteria. Table 1 covers the
representatives of naturally occurring bioactive naphthoquinones (Figure 8) during the past 15

years.
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Table 1. Chemical names, origins, and biological activities of naphthoquinones.

Structure Origin Bioactivity Lit.
Antitumoral Activities

6-methoxydihydrolindbladione (15)  Lindbladia tubulina  leukemia cells L71]

chabrolon-naphthoquinone B (16) Nephthea chabrolii breast cancer cells L72.73]

neomarinone (17) actinomycete colon carcinoma L74]

rhinacanthin Q (18) Rhinacanthus nasutus  a variety of tumor cells ™!
Antimalarial Activities

isodiospyrin (19) Diospyros T. brucei L76-80]

8'-hydroxyisodiospyrin (20) Diospyros L. donovani

newbouldiaquinone A (21) Newbouldia laevis P. falciparum L81]

sterekunthal A (22) Stereospermum P. falciparum 182

naphthoquinone 23 Cordyceps P. falciparum [83]
Antibacterial Activities

alnumycin (24) strain of Streptomyces ~ G-positive bacterial [84]

juglomycin Z (25) Streptomyces tendae  antibacterial [83]
Antifungal Activities

cordiaquinone A (26) Cordia curassavica  antifungal activities L86]

chimaphilin (27) Chimaphila umbellata antifungal activities 187]

[88,89]

chlorosesamone (28)
engelharquinone (29)
malvone A (30)

Sesamum indicum
Engelhardia

Malva sylvestris

antifungal activities
M. tuberculosis
V. dahliae

[90]
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Figure 8. Structures of naturally occurring bioactive naphthoquinones (* stereogenic element of

unknown absolute configuration).
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The methods for synthesizing pharmacologically promising naphthoquinones include
reactions like oxidative transformations,'®**¥ ring-closures by condensation of benzaldehydes
with  succinic acid  derivatives,®*®  [4+2]-cycloadditions,®*”*"  annulations  of
ortho-substituted tertiary benzamides,[™®'%! annulations of phthalide anions with Michael
acceptors, %1% Friedel-Crafts acylations,™®" syntheses from cyclobutenediones,*%** and
reactions of Fischer-type carbene complexes with alkynes.***™3! These eight strategies are
briefly described in the following part.

Method 1: Oxidative transformations (Scheme 1)

The most general method for the preparation of naphtho-1,4-quinones 32 is the oxidation of
varied naphthalenes 31, using oxidative reagents such as metal derivatives with or without
hydrogen peroxide.®>®! This strategy has been applied to prepare naphthoquinones in the

present thesis, as described in the Results and Discussion part.
Method 2: Condensation of benzaldehydes with succinic acid derivatives (Scheme 1)

Benzaldehyde (33) is reacted under typical Stobbe condensation conditions with derivatives
of succinic acid derivatives 34 to provide the monoesters 35, which may undergo an
intramolecular Friedel-Crafts acylation, affording naphthalenecarboxylates 36 as precursors to
naphthoquinones.®**®! This strategy was used to synthesize dioncoquinone B (10) in A.

Voskobojnik’s diploma thesis.*
Method 3: [4+2]-Cycloaddition reactions (Scheme 1)

This reaction proceeds between dienes 37 and dienophiles 38 almost exclusively with endo
selectivity.”"%® Within this class, the cycloaddition process of the benzyne 40 with the diene

41 was applied to synthesize dioncoguinone B (10) in M. Moos’ diploma thesis.!*"
Method 4: Annulation of ortho-substituted tertiary benzamides (Scheme 1)

Tertiary benzamides 43 are exceptional members of the family of Directed
ortho-Metalation (DoM) groups, being good coordinating sites for alkyllithium bases but poor
electrophilic sites in order to avoid attack from the base itself. These benzamides can undergo
selective ortho-deprotonation by the action of a strong base, giving rise to ortho-metalated
species. The latter, upon reaction with an electrophilic reagent allyl bromide (44), yield
ortho-substituted products 45, which are subject to a base-mediated anionic cyclization

affording naphthol 46 as a synthetic precursor to naphthoquinones.*%%1 |n the present thesis,
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this strategy was used to synthesize dioncoquinone B (10).

Method 1:
“ .
4&
Method 2:
o) o)
ACQO,
@’CHO OR base N OR  AcOH Oe OH
_|_ —_— —_—
OR oH heat
o) 0 OAc
33 34 35 36
Method 3:
o)
R5
6
J )
RN 38
R4
37
b)
OMe OLi OMe OH
e MeO
ﬁ)'@“@ —
/
\_/ Me Me
Method 4:
NE
g s-BuLi ,TMEDA NEL2
o) THF,-90°C MeLi or LDA
MgBr2 2Et20
BF\\/\\
43

Scheme 1. Strategies to synthesize precursors to naphthoquinones, as used for the synthesis of

dioncoquinone B (10) and its analogs in our group.™*!
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Method 5: Annulation of phthalide anions with Michael acceptors (Scheme 2)

The phthalide anion 47 reacts with various Michael acceptors 48 via intermediate 49 to
dinaphthol 50, which undergoes air oxidation to the corresponding naphthoquinones. The
presence of the X group serves two purposes: Initially, it provides essential stabilization for
the carbanion, and later, it becomes a good leaving group, allowing aromatization of the

newly formed ring.[*%4°¢]

Method 6: Friedel-Crafts acylation (Scheme 2)

5,8-dihydroxynaphthoquinone (51) is prepared by double Friedel-Crafts acylation of
1,4-dihydroxybenzene (52) with maleic anhydride (53) in a fused mixture of aluminum

trichloride and sodium chloride.[*%"]

Method 7: Synthesis from cyclobutenediones (Scheme 2)

Benzocyclobutenedione (54) is easily transformed into phthaloyl metalate 55 by reaction
with transition-metal complexes such as chlorotris(triphenylphophine)cobalt (1). The
phthaloyl complexe serves as a precusor to naphthoquinone 31 by reacting with simple or

functionalized alkynes.[*%1%%

Cyclobutenedione 56 or substituted squaric acid ester is also used to prepare
naphthoquinone 31 by nucleophilic addition with an aryllithium derivative via intermediate

57, followed by ring-opening, concomitant cyclization, and oxidation on exposure to
qir [109-111]

Method 8: Reaction of Fischer-type carbene complexes with alkynes (Scheme 2)

The Fischer-type metal carbene 59 can be easily prepared from the addition of an aryl
organolithium nucleophile 58 to a metal carbonyl, followed by O-alkylation using strong
alkylating reagents (such as trialkyloxonium salts). Subsequently oxidative demetalation on

59 is used to generate the corresponding quinones.!'#!
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0 OH o
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HC=CH
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MeQ
58 M = Cr, Mo, W 0]
59 31

Scheme 2. Alternative potential strategies used to synthesize naphthoquinones (or their precursors).

In summary, multiple myeloma is a treatable but incurable blood cancer, and there is, thus,
still an urgent need for new drugs. Naphthoquinones have been found to exhibit diverse
pharmacological properties, including activities against a variety of tumor cells. To search
such promosing compounds, some of the numerous synthetic methods for the preparation of

naphthoquinones were applied in the present thesis.
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Results and Discussion

3 Isolation and Characterization of Naphthylisoquinoline Alkaloids from

the Chinese Ancistrocladus tectorius Species

3.1 Naphthylisoquinoline Alkaloids from A. tectorius

The crude extract of the Chinese species Ancistrocladus tectorius is used in traditional
medicine to treat dysentery and malaria,® and has, additionally, been found to exhibit
antiviral™®! and antitumoral™" activity, even in vivo. Phytochemically, this plant has so far
been investigated in several groups, giving rise to a series of structurally divergent monomeric
naphthylisoquinoline alkaloids with five different coupling types (5,1, 5,8, 7,1, 7,3', and
7,6),11171221 naphthalene-devoid isoquinolines,*?” and five dimeric analogs with a high
degree of steric hindrance at the central biaryl axes.””! The large number and structural
diversity of meanwhile ca. 30 isolated such alkaloids is in accordance with the pronounced
morphological and genetic variation within the same species, A. tectorius, which is thus, more

appropriately, addressed as an “A. tectorius complex’.['?*!

In this thesis, the isolation, structural elucidation, and pronounced antiplasmodial activities
of nine new naphthylisoquinoline alkaloids from A. tectorius is described, including six
5,1'-coupled structures; ancistectorine A; (60), N-methylancistectorine A; (61), ancistectorine
A, (62a), 5-epi-ancistectorine A, (62b), 4'-O-demethylancistectorine A, (63), ancistectorine
Aj (64), the 7,1'-coupled ancistectorine B; (65), the 7,8'-linked ancistectorine C; (66), and the
5,8"-linked 5-epi-ancistrolikokine D (67) (Figure 9).
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62a: R = Me

63:R=H

Figure 9. Nine new naphthylisoquinoline alkaloids, 60-67, isolated from the Chinese A. tectorius, and

the highly antiplasmodial known dioncophylline C (68).

Besides the above nine new alkaloids presented, seven known!***?") compounds, 69—74
(Figure 10), were isolated for the first time from A. tectorius, together with fourteen other
known[?X 712 metaholites, 5, 7, and 75-83 (Figure 11), which had already been previously

found in this plant.

70:R=H

~Me
“Me

R! R?
73:H Me
74:Me H

Figure 10. Seven known naphthylisoquinoline alkaloids, 69—74, isolated from A. tectorius for the first

time.
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7b:R=Me 83:R=H

Figure 11. Fourteen further identified known naphthylisoquinoline alkaloids, 5, 7, and 75-83, which

had already been isolated from A. tectorius before.
3.2 Results and Discussion

Recent investigations on the gene sequences of A. tectorius suggested that the species
possesses a broad morphological and genetic variability and produces a pronounced structural
diversity of naphthylisoquinoline alkaloids.*>) Among them are the shuangancistrotectorines,
the very first naphthylisoquinoline dimers that contain three consecutive stereogenic biaryl
axes due to the presence of a rotationally hindered central axis between the naphthalene
moieties.?”) These dimers exhibit excellent and specific antiplasmodial activities. For all these
reasons, it seemed intriguing to further investigate the secondary metabolites of A. tectorius

from the Chinese island Hainan in more detail.

The air-dried twigs from this plant were ground and extracted with 95% EtOH at room
temperature. The crude extract was submitted to liquid-liquid separation, FCPC (fast

centrifugal partition chromatography), column chromatography on silica gel, and preparative
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HPLC, which permitted isolation of nine new monomeric naphthylisoquinoline alkaloids,

compounds 60-67.

The molecular formula of compound 60 was C,4H2;NOy, as evidenced from HRESIMS
and from the number of signals in the *C NMR spectra. The coupling pattern of the aromatic
protons (one triplett, two doublets of doublets, and two singlets) and the high-field shifted
signal (Figure 12a) of the CH3-2' protons (2.10 ppm) indicated that the axis in the naphthalene
moiety was located at C-1' or C-3'. The latter could be excluded due to the HMBC long-range
couplings of H-8' (6.75 ppm), H-3' (6.82 ppm), and CH3-2' to C-1' (Figure 12b). The
assignment of H-8' in turn was deduced by a NOESY interaction with equatorial H-4 (2.09
ppm) (Figure 12c) and by the NOESY series {H-8' < H-7" & H-6' «& OCH3-5'}.
Consequently, the biaryl axis in the naphthalene moiety had to be located at C-1".

b c
CH30 OH 6.82 A
H& 2.10 i
/i‘H [5)

. _ 2.09{2.17} | -
e —2.28{2. 40}\‘H
/\/f—[ 5 ] 3 Hﬁnr_f 3.20

CH'; 50.9{60.4}

// T \ 1.19 {1.25)}
3
6.61 /‘/e E (3.01)
3. 92 852 1 {62.1
60:R=H 60/61 *only for 61 (R = Me)
{61: R = Me}

Figure 12. Selected *H and **C NMR data (&in ppm) (a) for 60; in {}: the values of compound 61 that
are different from those of 60. All other values of 61 and 60 are nearly identical (+ 0.02 ppm in *H
NMR and + 0.4 ppm in *C NMR). HMBC (single red arrows) (b) and NOESY (double blue arrows) (b,
c) correlations for evidencing the constitution of 60 and 61 and their relative configurations at the

biaryl axis and the stereogenic centers.

The other methoxy group in compound 60, resonating at 3.92 ppm, was assigned to be
located at C-8, since its protons were observed to interact with both, H-7 (6.61 ppm) and
CH3-1 (1.72 ppm) in the NOE correlations. Therefore, the biaryl axis had to be located at C-5
in the isoquinoline moiety, and accordingly the C-4 position was in direct proximity of this
axis, which was in agreement with the high-field shifts of H-4¢q (2.09 ppm) and H-4, (2.28
ppm) (Figure 12a). In conclusion, this alkaloid was established to be 5,1'-coupled and to

possess the constitution 60, with free hydroxy functions at C-6 and C-4-.
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The relative configuration at C-1 versus C-3 in 60 was deduced to be cis from an NOE
correlation between H-1 (4.68 ppm) and H-3 (3.20 ppm) (Figure 12c). The absolute
configuration at C-3 was determined as 3S by GC-MSD analysis of the Mosher derivatives of
(S)-N-methyl-3-aminobutyric acid and (S)-3-aminobutyric acid (both derived from C-3)
obtained by a ruthenium-mediated oxidative degradation developed by us earlier.*?®! Thus, the
new alkaloid 60 was S-configured at C-3 and, given the relative cis-configuration assigned

above, R-configured at C-1.

The configuration at the axis relative to the stereocenters was assigned from NOE
interactions between equatorial H-4 and H-3 with H-8' (Figure 12c). This indicated that the
spin systems were all on the same side of the isoquinoline plane, which, given the
above-assigned 3S-configuration, should be the upper side, so that the stereogenic axis should
be P-configured, as shown in Fig. 2c. This stereochemical assignment was confirmed by the
complementary NOE interaction between the axial proton at C-4 and CH3-2', which are both
on the bottom side of the molecule. The axial P-configuration was further corroborated by the
CD spectrum [Amax (Ag) = 210 nm (-7.3) and 238 nm (+7.5)], which was in accordance with
that of the known,™! likewise 5,1'-coupled and P-configured™® - and co-occurring - alkaloid
(+)-ancistrocline (78). The latter had previously been obtained both, by semi-synthesis from
the naturally occurring 3,4-dihydroisoquinoline alkaloid ancistrocladinine,™® and by total
synthesis via a biaryl lactone key intermediate obtained in an intramolecular aryl coupling
step.[?®) The thus established full stereostructure 60, which had not been described previously,
was named ancistectorine A1, after the name of the plant. The compound is, simultaneously,

the 4'-O,N-didemethyl analog of (+)-ancistrocline (75).

Compound 61 was found to possess a molecular formula of C,sH29NO,4 as deduced by
HRESIMS, showing 14 additional mass units (corresponding to a CH; portion) compared to
60. Its *H and **C NMR spectra were very similar to those of 61, and specifically the 2D
NMR correlations indicated that 61 was also a 5,1'-coupled type alkaloid containing two
methoxy groups at C-8 and C-5'. A substantial structural difference between 61 and 60 was
the presence of an additional N-methyl group in the isoquinoline moiety in compound 61,
which was evidenced by NOE correlations of the N-CHj3 protons at 3.01 ppm with the two
methyl doublets of C-1 and C-3 (Figure 12b). This also explained the distinct differences
between 60 and 61 in the chemical shifts of C-1 and C-3 and CH3-3 (Figure 12a).

Oxidative degradation experiments in combination with the same specific NOE

correlations as for compound 61 (Figure 12c) established 61 to be R-configured at C-1, S at
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C-3, and P at the biaryl axis. The nearly identical CD curve of 61 as compared to that of 60
was expectedly in accordance with the axial configuration in 61. Because the new alkaloid 61
was the N-methyl analog of 60, it was named N-methylancistectorine A;. The compound is,

simultaneously, the 4'-O-demethyl analog of (+)-ancistrocline (78).

Two further new alkaloids, 62a and 62b, gave very close but baseline separated peaks on a
reversed-phase HPLC column. Each compound possessed a molecular formula of
C25H29NOQOy, as deduced from HRESIMS. The NMR spectra and specific HMBC correlations
of 62a and 62b, in particular the signals of CH3-2' protons (2.05/2.08 ppm), H-4,« (2.15/2.06
ppm), and H-44 (2.26/2.37 ppm), indicated that they were 5,1'-coupled, like 60 and 61. Their
sets of signals were found to be very similar to each other, with just slightly different chemical
shifts, except for the protons and carbons in the region between the biaryl axis and the
stereogenic center at C-3 (Figure 13) suggesting that 62a and 62b were diastereomers,
probably atropo-diastereomers. Based on the observed NOE interactions, two methoxy groups,
resonating at 3.96 and 3.92 ppm in 62a and 3.95 and 3.92 ppm in 62b, were attributed to be at
C-4'and C-5'. The remaining methoxy group, showing a significant high-field shift (each 3.58
ppm), should be located at C-6 in the shielding zone of the naphthalene ring, which was
further confirmed by the NOE correlations between MeO-6 and H-8' (6.79 ppm) and between
MeO-6 and Me-2' (2.08 ppm) in both compounds (Figure 13), thus leaving the free hydroxy

group at C-8.
' I H& > b2
719~ o1 716 —_pH
6.79 ﬂ‘i}H 671~—'—3\*H
3.58 3.58

Figure 13. Comparison of selected 'H data and NOE interactions of compounds 62a and 62b indicative
of the (joint) constitution. The differences of chemical shifts of the other protons in these two

compounds that are < 0.01 ppm, are not shown.

The relative configurations of the two methyl groups at C-1 and C-3 in 62a and 62b were
demonstrated to be trans to each other in both compounds, from NOE correlations between
CHjs-1 and H-3 (Figure 14). Again by oxidative degradation, the absolute configurations were

determined, here evidencing S, both for C-1 and C-3. This, in combination with specific NOE
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interactions between H-4¢, (2.26 ppm) and H-8', and between H-4, (2.15 ppm) and Me-2'
(2.05 ppm), evidenced the biaryl axis to be P-configured in compound 62a while, expectedly,
compound 62b was M-configured, as demonstrated by a complementary NOE interaction
between H-4, (2.06 ppm) and H-8' (6.71 ppm) and an (albeit weak) NOE correlation from
H-4¢q (2.37 ppm) to CH3-2', which was covered by the strong interaction from H-4. to the
overlapping signal of H-4,« (Figure 14).

In agreement with the thus established 1S,3S,P-configuration for 62a and the
1S,3S,M-configuration for 62b, the equatorial proton at C-4 is upfield shifted for 62a (2.26
ppm) as compared to the analogous signal in 62b (2.37 ppm) and, vice versa, the axial proton
at C-4 is upfield shifted for 62b (2.06 ppm) as compared to that of 62a (2.15 ppm), with the
protons of the higher-shifted signals always being closer to the larger naphthalene portion and

thus more strongly influenced by its ring-current effect.

VN
HC Y
HO=
S 3
1
HTTN"Rc

Figure 14. Selected NOE interactions indicative of the relative configurations at the biaryl axes and the

stereogenic centers in 62a and 62b.

In agreement with the presence of opposite configurations at the biaryl axes in 62a and
62b, their CD spectra were fully opposite to each other (Figure 15). The CD curve of 62a gave
a positive Cotton effect at 240 nm and a negative one at 227 nm, nearly identical to that of its
known83% 6.0-demethyl-8-O-methyl analog ancistrocladine (5a), while 62b showed a
spectrum fully in accordance with that of its knownl'®3:1%2 6.0-demethyl-8-O-methyl
analog hamatine (5b). Compounds 62a and 62b had hitherto not been described in the
literature; since they had the same 5,1'-coupling type (“A”) as an A; (60) and its N-methyl

analog 61, they were named ancistectorine A, (62a) and 5-epi-ancistectorine A, (62b).
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Figure 15. Comparison of the CD spectra of 62a and its atropisomer 62b.

The fifth new alkaloid, 63, was found to have a molecular formula of C;sH27NOy, as
established by HRESIMS and from the number of carbon signals in the **C NMR spectrum.
As in the case of compounds 60-62, it had a 5,1'-coupling pattern, as deduced from HMBC
correlations from H-3', H-8', and CH3-2' to C-1', from H-4 and H-7 to C-5 (Figure 16a). This
was in agreement with the signals of the CH3-2' protons (2.00 ppm), of H-4, (2.14 ppm),
H-4¢q (2.26 ppm), and 6-OCH3 (3.58 ppm).

The two methyl groups of 63 at C-1 and C-3 were trans to each other, as indicated by an
NOE correlation between CHs3-1 and H-3 (Figure 16b). By application of the usual
degradation procedure, the configurations at both, C-1 and C-3, were determined as S. This, in
conjunction with the specific NOE correlations between H-4., and H-8' (6.80 ppm), and
between H-4, and CH3-2', demonstrated the biaryl axis to be P-configured. It was further
confirmed by the nearly identical CD curve of 63 to that of 62a, which also had a
P-configured axis, while the spectrum of 63 was opposite to that of 62b, which had a

M-configured one (Figure 16c).

The comparison of the *H NMR spectra of compounds 63 and 62a showed that the
structures differed in the naphthalene portions, for instance, for CH3-2' (2.00/2.05 ppm), H-3'
(6.77/6.89 ppm), and 5'-OCH3 (4.08/3.92 ppm), as shown in Figure 16a. In contrast to 62a,
H-3'in 63 did not show a NOESY interaction with any of the methoxy groups. This suggested
that 63 was the 4'-O-demethylated analog of 62a. It was, thus, named
4'-O-demethylancistectorine A,.
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Figure 16. Selected "H NMR data (& in ppm) for 63 (a); in {}: the values of compound 62a that are
different from those of 63. All other values of 62a are nearly identical to those of 63 (+ 0.02 ppm in *H
NMR). HMBC correlations (single red arrows) (a) in 63, NOESY interactions indicative of the relative
configurations at C-1 and C-3 and at the biaryl axis (b), and comparison of the CD spectra of 63 and its

analogs 62 (c).

The molecular formula of the sixth new alkaloid, compound 64, was Cy;HxNOy, as
established by HRESIMS. Like compounds 60—-63, it was also 5,1'-coupled, as indicated by its
NMR spectra, in particular by HMBC correlations from H-3', H-8', and CH3-2' to C-1' and
NOE interactions between H-7 and CH30-8 (Figure 17). However, different from the
tetrahydroisoquinoline moiety contained in compounds 60-63, the presence of a
3,4-dihydroisoquinoline part in compound 64 was suggested from the *H NMR shift (2.80
ppm) of CH3-1 and its multiplicity (singlet), from the low-field shifted value (175.6 ppm)
(Figure 17) of the *C NMR signal of C-1, and from the absence of an H-1 signal, which
normally appears at ca. 4.60—4.80 ppm in naphthyltetrahydroisoquinoline alkaloids, like in
60-63. From the NOE interactions between CH3;0O-5" and H-6', and between CH3;0-8 and
both, H-7 and CH3-1, the two methoxy groups were attributed to be located at C-5' and C-8,

leaving the remaining two free hydroxy groups at C-4' and C-6.

Our oxidative degradation™™®® established the absolute configuration at C-3 of 64 to be S,
and NOE interactions between H-4, and CH3-2', and between H-4¢, and H-8' (not shown,
similar as for 60, 61, 62a, and 63) indicated the biaryl axis to be P-configured. This
stereochemical assignment was further confirmed by the mirror-image like CD spectrum of 64
in comparison to that of the known™* alkaloid 5'-O-demethylhamatinine, which has an
M-configured biaryl axis and has previously been isolated from a Congolese Ancistrocladus
species related to Ancistrocladus congolensis. Because of its 5,1'-coupling type, compound
64 was henceforth named ancistectorine Ag; it is, simultaneously, the 4'-O-demethyl analog

of the known!*¥ alkaloid ancistrocladinine.
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Figure 17. Selected 'H and *C NMR data, HMBC (single red arrows), and NOESY (double blue

arrows) correlations for the constitution of 64.

The seventh new alkaloid, compound 65, possessed a molecular formula of C,5sH29NO, as
revealed from HRESIMS and a system of thr