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Wolf’s Bane Journey into Clinics 

Aconitum plants (Aconite) have a famous history due to their toxicity. In the television series 

“Midsomer Murders”, "Garden of Death" episode, aconite is used as a murder weapon. Aconite 

also plays a role in Agatha Christie’s “They Do It with Mirrors” and “4.50 From Paddington” 

novels. Aconitum species were used as arrows’ poison for hunting wolves. These plants are 

called monkshood or wolf’s bane. The name “wolf’s bane” has been used in many poems, 

movies, and TV shows like Game of Thrones. The clinical studies showed that by controlling 

the dose, we can avoid their toxicity and make clinically useful drugs. My work focuses on 

making simplified analogues of the natural products. The biological results show promising 

activity. 
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Abstract 

Norditerpenoid alkaloids (NDA) are the main bioactive components of the medicinal plants of 

Delphinium and Aconitum. This research project is focussed on the characterization of NDA in 

their natural sources by isolation, some aspects of quantification, and detailed analytical 

chemistry which leads to a better understanding of their possible 3D-conformations in 

biological fluids. The synthesis of small molecule AE-bicyclic NDA analogues gave a better 

understanding of their structure-activity relationships (SAR). 

The phytochemical investigation of D. elatum seeds results in the isolation of four NDA:  

methyllycaconitine (MLA), shawurensine A, shawurensine B, which is reported for the first 

time, and delpheline where the crystal structure is reported for the first time. The safety and 

effectiveness have been assessed for five Aconitum TCM preparations (Zhi’cao’wu, 

Zhi’chuan’wu, Yan’fu’zi, Bai’fu’pian, and Hei’shun’pian) through the quantification of six 

norditerpenoid markers. It was found that the total diester diterpenoid alkaloids (DDA) amount 

is within the Chinese Pharmacopeia limit and therefore they can be safely used. On the other 

hand, only Zhi’cao’wu met the Chinese Pharmacopeia limit for the total monoester diterpenoid 

alkaloids (MDA) amount which ensures the preparation efficacy. 

The in-solution characterization of NDA using NMR spectroscopy and mass spectrometry 

(MS) was accomplished where it was observed using NMR spectroscopy that the A-ring in 1-

OH NDA adopts a boat conformation compared to a chair conformer in 1-OMe NDA due to the 

intramolecular H-bonding between that 1-OH group and the piperidine nitrogen. The stability of 

the NDA skeleton was studied using atmospheric pressure chemical ionization mass 

spectrometry (APCI-MS) where it was shown that 1-OH NDA are more stable compared to 1-

OMe NDA. In addition, the effect of carbon 1 substituent configuration was studied by the 

synthesis of 1-epi-condelphine where it was found that it is less stable in the MS compared to 

condelphine as the nitrogen is no longer hydrogen bonded to the β-OH at position 1. 

The synthesis of AE-bicyclic analogues of methyllycaconitine (MLA) was accomplished 

with different nitrogen and ester side-chains to get a better SAR understanding of their activity 

at human α7 nAChR. 
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Abbreviations  

∠ angle  

Å Ångström  

Ac acetyl  

aq. aqueous solution  

Bz benzoyl  

CNS central nervous system  

conc. concentrated  

COSY correlation spectroscopy  

Da Dalton  

DEPT Distortionless Enhancement by Polarization Transfer 

eq. equivalent  

Et ethyl  

g gram  

h hour  

H2BC heteronuclear two bond correlation  

HMBC heteronuclear multiple bond correlation  

HSQC heteronuclear single quantum coherence  

Hz Hertz  

IC50 half maximal inhibitory concentration  

J coupling constant  

K degree Kelvin  

kg kilogram  

LD50 median lethal dose  

M molar  

m/z mass-to-charge ratio  

Me methyl 

mg milligram  
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MHz Mega Hertz  

mL millilitre  

mM millimolar  

mmol millimole  

nM nanomolar  

NMR nuclear magnetic resonance  

NOESY nuclear Overhauser spectroscopy  

oC degree Celsius  

OH hydroxyl  

OMe methoxyl  

pKa acid dissociation constant  

ppm parts per million  

Rf retention value  

sat. saturated  

TCM Traditional Chinese Medicine  

TLC thin layer chromatography  

w/w weight by weight  

XRD X-ray diffraction  

δ chemical shift  

Δδ difference of chemical shifts  

λ wavelength  

μL microlitre  
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Chapter 1 

 

General introduction and literature review 

 

Introduction 

Nature is rich with many examples of plants that can be described as medicinal or poisonous 

plants. The controversy in the description spotlights the fact, well known in pharmacy and the 

pharmaceutical sciences, that dose and mode of action are very important. Plants from Aconitum 

and Delphinium are well-known as herbal medicines, but it is dose dependent as they also 

contain highly toxic norditerpenoid alkaloids (NDA). NDA have complex highly oxygenated 

hexacyclic skeletons and are of pharmacological importance where few of them have been 

clinically approved. For the physical and chemical properties of NDA and their binding modes 

at their targets, it is important to pay attention to structural details as conformation is an 

important factor of the pharmacological action. The synthesis and analysis of small molecule 

analogues will provide a better understanding of their structure activity relationship (SAR). 

 

Aims 

To characterize NDA in their natural sources by isolation, some aspects of quantification, and 

detailed analytical chemistry, and to synthesize small molecule AE-bicyclic NDA analogues to 

get a better understanding of their SAR. 

 

Objectives 

Delphinium elatum seeds will be phytochemically investigated to isolate NDA. 

Aconitum preparations, used in traditional Chinese medicine (TCM), will be extracted, 

and chemically profiled where NDA will be quantified to assess the TCM preparations safety 

and efficacy compared to the Chinese Pharmacopeia limits. 

In-solution characterization of NDA using NMR to understand their conformation as free 

bases and salts. 
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Atmospheric pressure chemical ionization mass spectrometry (APCI-MS) will be used to 

assess NDA skeleton stability and correlate it with their 3D configuration. 

Simple AE-bicyclic analogues of methyllycaconitine (MLA) will be synthesized with 

different nitrogen and ester side-chains and their antagonistic activity at human α7 nAChR will 

be examined (in collaboration) to get a better understanding of their SAR. 

 

Poisonous Piperidine Plants and the Biodiversity of Norditerpenoid Alkaloids for 

Leads in Drug Discovery: Experimental Aspects 

 

Aims: There are famous examples of simple (e.g., hemlock, Conium maculatum L.) and 

complex (e.g., opium poppy, Papaver somniferum L., Papaveraceae) piperidine-alkaloid-

containing plants. Many of these are highly poisonous, whilst pepper is well-known 

gastronomically, and several substituted piperidine alkaloids are therapeutically beneficial as a 

function of dose and mode of action. This review covers the taxonomy of the genera Aconitum, 

Delphinium, and the controversial Consolida. As part of studying the biodiversity of 

norditerpenoid alkaloids (NDAs), the majority of which possess an N-ethyl group, we also 

quantified the fragment occurrence count in the SciFinder database for NDA skeletons. The 

wide range of NDA biodiversity is also captured in a review of over 100 recently reported 

isolated alkaloids. Ring A substitution at position 1 is important to determine the NDA skeleton 

conformation. In this overview of naturally occurring highly oxygenated NDAs from traditional 

Aconitum and Delphinium plants, consideration is given to functional effect and to real 

functional evidence. Their high potential biological activity makes them useful candidate 

molecules for further investigation as lead compounds in the development of selective drugs. 
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1. Piperidines: Poisonous, Tasty, and Beneficial  

 

Nature is rich with examples of plants that can be described as medicinal or poisonous. 

The controversy in the description spotlights the fact, well known in pharmacy and the 

pharmaceutical sciences, that dose and mode of action are critical. Out of thousands of plants 

with various types of active principles, many examples can be found of natural sources of 

alkaloids containing a substituted piperidine nucleus. 

There are well-known examples of simple piperidine-alkaloid-containing plants, such as the 

famous poison hemlock (Conium maculatum L.), in the family Apiaceae (formerly 

Umbelliferae). It is a lethal poison that was given to criminals in ancient Greece and that the 

Greek philosopher, Socrates, was forced to drink (399 B.C.) [1]. The principal component of 

poison hemlock is the piperidine alkaloid coniine 1 (Figure 1), which is a nicotinic acetylcholine 

receptor (nAChR) agonist [1] where the importance of the positive centre was highlighted in the 

Beers–Reich model [2]. Consumption of C. maculatum leads to various degrees of toxicity in 

animals, where it has been found that it is more poisonous to cattle than to other animals. 

Human toxicity signs were described by Socrates’ pupil as trembling, staggering, and rapid 

muscular weakness. Death resulting from hemlock poisoning is mainly due to respiratory failure 

[1,3]. Another nAChR agonist is anabasine 2, a natural nicotine 3 like isomer compound from 

Nicotiana spp. (tobacco) of the family Solanaceae. Two important species are N. glauca (wild 

tree tobacco) and N. tabacum L. Anabasine 2 is the major component in N. glauca, while 

nicotine 3 is the main constituent in N. tabacum L. [3–5]. Another source of piperidine alkaloids 

is Lobelia spp. (Campanulaceae). An important example is the Indian tobacco, L. inflata L., 

which is used traditionally in smoking cessation and in the treatment of respiratory conditions 

[6]. Lobeline 4 is the major and the most biologically active component of L. inflata L. It was 

found that lobeline 4 can be described as agonist, antagonist, or mixed agonist/antagonist at 

nAChR [7]. 

Lupinus spp. (Fabaceae) consumption leads to teratogenic crooked calf disease. The 

teratogenicity was initially suggested to be due to the quinolizidine alkaloid, anagyrine 5 [5,8]. 
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As similar teratogenicity happens in livestock due to the consumption of C. maculatum and N. 

glauca, which contain mainly piperidine alkaloids [4,9,10], it is now suggested that the main 

piperidine alkaloid, ammodendrine 6, which is found in many Lupinus spp. such as L. formosus, 

is responsible for such deformations. Keeler and Panter [8] showed that anagyrine 5 exists as a 

minor component in L. formosus, while ammodendrine 6 is the major one, supporting that the 

piperidine alkaloid 6 is responsible for the teratogenicity. 

Black pepper, Piper nigrum L. (Piperaceae), is known as the king of spices, and it is the natural 

source of piperine 7 which shows anti-inflammatory, antioxidant, anticancer, and antimicrobial 

activities [11–13]. 1-Deoxynojirimycin 8 is another example of a piperidine alkaloid which acts 

as one of the most potent α-glycosidase inhibitors and has relevant biological activity in the 

treatment of hyperglycaemia and obesity. It is naturally occurring in the leaves of white 

mulberry, Morus alba L. (Moraceae) [14,15]. 

In addition to simple piperidines, there are many famous examples of piperidine-containing 

plants where the piperidine ring is part of a complex skeleton. Papaver somniferum L. 

(Papaveraceae), also known as opium poppy, is a natural source of the opioids morphine 9 and 

codeine 10. These piperidine-containing alkaloids are used as strong analgesics, but are also 

abused in addiction [16,17]. The potency of morphine 9 is much higher than codeine 10, and the 

fact that codeine 10 exerts its analgesic effect after being metabolized into morphine 9 

highlights the importance of the phenolic alcohol in the activity at μ opioid receptors [18]. 

Another example is cytisine 11, which is derived from Laburnum anagyroides Medik. 

(Fabaceae), and it acts as an nAChR agonist. The skeleton of cytisine 11 shows that the 

piperidine coexists with a quinolizidine ring [3,19] and fits the Beers–Reich model, as cytisine 

11 contains a cationic centre and heteroatoms, where the model showed that the distance 

between them in nAChR ligands is 5.9 Å [2]. 

There are piperidine-containing alkaloids, which are C-18 and C-19 norditerpenoid alkaloids 

(NDAs) from Aconitum and Delphinium (Ranunculaceae), and especially aconitine 12, 

lappaconitine 13, lycoctonine 14, lycaconitine 15, and methyllycaconitine (MLA) 16. The C-19 

NDA aconitine 12 was first discovered in 1833 by P. L. Geiger from A. napellus [20,21]. It is 

considered a potent lethal cardiotoxin that acts on voltage-gated sodium channels (VGSC) and 
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keeps them in an open conformation. In contrast, lappaconitine 13, which was the first C-18 

NDA to be discovered, is a VGSC blocker [22]. The hydrogen bromide (HBr) salt of 

lappaconitine 13 (allapinine) is used clinically in Russia as an anti-arrhythmic drug. 

Lappaconitine 13 was first discovered from A. septentrionale Koelle by H. V. Rosendahl in 

1895 [23,24]. Lycoctonine 14 was first reported in 1865 from A. lycoctonum L. [25]. 

Lycaconitine 15 was first reported in 1884 from A. lycoctonum L. [26]. MLA 16, a C-19 NDA, 

was first discovered by Manske in 1938 in D. brownii Rydb [27]. Goodson (1943) later 

determined its exact formula [28]. MLA 16 acts as a potent competitive antagonist on α7-

nAChR [29]. The importance of the piperidine nitrogen of NDAs in the inter-action with 

nAChR was proven, as semi-synthetic analogues with quaternary nitrogen showed higher 

activity, and that suggests that the nitrogen is a main site of receptor inter-action [30]. All the 

previous examples show alkaloids which contain piperidine alone or they coexist with other 

heterocycles. Scopolamine (hyoscine) 17, L-hyoscyamine 18, and atropine (dl-hyoscyamine) 19 

(Figure 1) are examples of alkaloids that contain a piperidine ring fused with pyrrolidine 

(tropane alkaloids). These alkaloids are antagonists at the muscarinic acetylcholine receptors 

(mAChR) and are derived from many plants of the nightshades (Solanaceae). These compounds 

meet the Beers–Reich pharmacophore criteria, as they contain a cationic centre and a Van der 

Waals surface (heteroatoms). A member of the nightshades is Datura stramonium L., which is 

also known as thornapple and jimsonweed [31,32]. 
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Figure 1. Piperidine alkaloids from plants. 
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2. Taxonomy of Aconitum, Delphinium, and Consolida 

 

Diterpenoid alkaloids are found mainly in Aconitum, Delphinium, and Consolida within the 

family Ranunculaceae, and Garrya (silk tassel) from the family Garryaceae. Apart from these 

genera, three diterpenoid alkaloids, lycoctonine 14, MLA 16, and inuline (which is the 2-

aminobenzoate ester of lycoctonine 14) have been reported from Inula royleana (Asteraceae) 

[33]. The three families (Ranunculaceae, Garryaceae, and Asteraceae) are classified under the 

Angiospermae class (flowering plants) [34–36]. C-18 and C-19 NDAs are derived from only 

three genera within Ranunculaceae: Aconitum, Delphinium, and Consolida. The Ranunculaceae 

family contains around 43 genera and more than 2000 species [37]. Aconitum L. with around 

330 species and Delphinium L. with around 450 species are considered the major genera in this 

family [38,39]. 

All three of these genera are classified within the tribe Delphinieae of the subfamily 

Ranunculoideae. [40]. A scientific classification of Aconitum, Delphinium, and Consolida is 

shown in Scheme 1 [36,40–42]. 

Aconitum L. has been divided into three subgenera (Aconitum, Lycoctonum (DC.) Peterm., 

and Gymnaconitum (Stapf) Rapes). The Aconitum subgenus Aconitum produces biennial 

tuberous roots, while subgenus Lycoctonum (DC.) Peterm. species have perennial rhizomes. The 

only annual species of the Aconitum genus can be found in subgenus Gymnaconitum (Stapf) 

Rapes. [43]. The Delphinium L. genus is also divided into two subgenera (Delphinastnim (DC.) 

Wang and Delphinium) [44], and the species within this genus are usually perennial 

(occasionally annual) [45]. Due to the shape of flowers of the Delphinium species which 

resemble dolphins, the Delphinium genus takes its name from the Greek word delphis [45]. 

The genus Consolida has proved to be more controversial. A. P. De Candolle separated a 

group of annual species from the genus Delphinium L. to form an independent section 

(Consolida DC.). S.F. Gray changed the section Consolida to the rank of a genus in 1821 

(Consolida (DC.) S.F. Gray). Boisser gave the rank of genus to the Consolida section of       

Delphinium L. in 1867 and Huth gave it the rank subgenus in 1895 [46]. Huth was the last 
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worker to include Consolida within Delphinium. Much more recently, Jabbour and Renner 

(2011) suggested using a DNA phylogenetic study that Consolida should be embedded in 

Delphinium [47]. Commonly, Delphinium and Consolida species are called larkspur, which is 

also a name derived from the shape of the flowers [45]. The colourful flowers of the Delphinium 

species gave rise to many cultivated species (cultivars) that are used as ornamental plants in the 

garden. These hybrid species come from crossing different parent plants and mainly from the 

tetraploid D. elatum L. [48,49]. Examples of the hybrid Delphinium varieties are the giant 

pacific court hybrids which originate from D. elatum and other species such as D. exaltatum and 

D. formosum [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Scientific classification of Aconitum, Delphinium, and Consolida from                   

the Plantae kingdom. 

 

Plantae (Kingdom) 

Spermatophytina (seed plants) 

(Subdivision) 

Magnoliopsida (Angiospermae) 

(Class) 

Delphinium 

(Genus) 

Consolida 

(Genus) 

Aconitum 

(Genus) 

Staphisagria 

(Genus) 

Pseudodelphinium 

(Genus) 

Gymnaconitum 

(Genus) 

Ranunculaceae (Family) 

Ranunculoideae (Subfamily) 

Aconitella 

(Genus) 

Delphinieae (Tribe) 
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3. NDA chemical toxicity 

 

North Americans have divided the Delphinium (larkspur) plants into three categories 

depending on habit of growth and environment. First are the tall larkspurs (such as D. barbeyi, 

D. occidentale), which are 1–2 m tall and generally exist at altitudes above 2400 m in moist 

habitats. Second are the intermediate larkspurs (such as D. geyeri, plains larkspur), which are 

0.6–1 m tall and grow on the short grass prairies of Nebraska, Wyoming, and Colorado. The 

third category is low larkspurs (such as D. andersonii), which are less than 0.6 m tall and 

generally grow in the desert/semidesert, foothills, or low mountain ranges [51,52]. Delphinium 

(larkspur) alkaloids cause economically important livestock toxicity across North American 

ranges [51,53]. Tall larkspurs contain higher amounts of toxic NDAs and are therefore 

considered a greater threat [54]. Intoxication happens due to the action of NDAs at the α1-

nAChR expressed at neuromuscular junctions (NMJ) [55]. 

It was found that the livestock intoxication by larkspurs is controlled by different factors, for 

example, cattle breed and genetics affect the susceptibility to the intoxication. Age is another 

factor, where young heifers are more susceptible than mature cows. The cattle sex was reported 

to be an effective factor, where heifers are more prone to the toxicity than steers and bulls. 

Lastly, the plant factor plays an important role, where the alkaloid concentration and 

composition of methylsuccinimidoanthranoyl-lycoctonine (MSAL) and non-MSAL (Figure 2), 

which depend on the population, species, climate, and the year, af-fect the toxicity in cattle and 

the amount needed to develop clinical signs [56,57]. 

The toxicity of NDAs found in three tall larkspur species (D. barbeyi, D. occidentale, D. 

glaucescens) was tested in mice. The assay revealed that the 7,8-methylenedioxy-lycoctonine 

(MDL) alkaloids are the least toxic NDAs. The lycoctonine-type is twice as toxic as MDL, but 

it is considered to be a low toxic group, where the least toxic alkaloid of this category, brownine 

20, has a toxicity which is comparable to the MDL NDA. The MSAL alkaloids MLA 16 and 

14-deacetylnudicauline 21 were 10-times more toxic than any other tested NDAs (Figure 2) 

[54]. 
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Figure 2. NDAs of lycoctonine (20), MSAL (16), and MDL types. 

 

MSAL is much more toxic than MDL, and the MSAL level in the tall larkspurs mainly 

contributes to livestock poisoning. A report investigated the importance of the MDL alkaloids 

and found that MDL alkaloids exacerbate the toxicity of the MSAL alkaloids; as the ratio of 

MDL to MSAL increases, the amount of MSAL that is needed to develop clinical signs 

decreases. The exact mechanism of this MDL action is not known, but it was suggested that 

MDL may act as a co-agonist in an allosteric manner or at the orthosteric ligand binding site of 

the receptor to exacerbate the toxicity of MSAL-type alkaloids on nAChR and therefore 

increase their toxicity [58]. The observed action could also be due to an effect of MDL alkaloids 

on metabolic enzymes which results in prolonged exposure to the MSAL alkaloids, but further 

investigation is needed. 
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4. Norditerpenoid alkaloid (NDA) biodiversity 

 

NDAs have complex highly oxygenated hexacyclic systems, and as many of them are of 

pharmacological importance, their structures and 3D configuration are significant factors in 

their actions at various biological targets [59]. The majority of NDAs possess an N-Et group, as 

shown in Table 1, which shows various NDA skeletons and their abundance in the SciFinder 

database. Substitution at position 1 is important to determine the NDA skeleton conformation, 

as ring A in 1-OMe NDA free bases exists in a twisted-chair conformation, and in 1-OH NDA 

ring A adopts a twisted-boat conformation [60,61]. Table 1 shows that 1-OMe NDA abundancy 

is 10-times higher than 1-OH NDA. The biological activity of NDAs attracts natural product 

chemists to investigate their sources, and that has resulted in the discovery of interesting NDA 

skeletons, some of them with pharmacological importance. 
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  Table 1. NDA skeletons occurrence count on SciFinder database. 

Skeleton + Number of Compounds ++ 

 

2728 

 

436 

 

160 

 

2598 

 

427 

 

128 

 

78 

 

5 

 

13 

 

13 

 

4 



22 

 

 

67 

 

0 

 

0 

 

0 

 

0 

 

0 

 

36 

 

3002 

 

392 

 

10 (all are N-Et) 

 

0 

 

24 (3 N-Pr, 1 N-Me, and 20 N-Et) 
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1 (N-Et) 

 

5 (N-Et) 

 

0 

 

0 

 

2 

 

3 

 

2 

 

2 

 

+ R = methyl (Me), ethyl (Et), propyl (Pr); ++ number of compounds includes the free base 

form and the salt form. 
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Recent phytochemical investigations reported on Aconitum and Delphinium species show the 

wide variety of structural motifs in such NDAs. Chen et al. reported the extraction of a new 

aconitine-type NDA with a 1-OH substitution, pubescensine 22 from A. soongaricum var. 

pubescens, and this showed a potent insect antifeedant activity (EC50 < 1 mg/cm2) [62]. Ding 

and co-workers discovered four new NDAs, vilmorines A–D 23–26 from A. vilmorinianum 

(Figure 3) [63]. Vilmorine D 26 exhibited moderate to weak antioxidant activity (Fe2+ chelation 

activity) with IC50 = 33.6 ± 0.2 μg/mL, and it showed antibacterial activity against 

Staphylococcus aureus and Bacillus subtilis with MICs of 64 and 32 μg/mL, respectively. 

Vilmorine A 23 has an unusual spiro junction. Only three such compounds were isolated with 

that characteristic skeleton (Table 1). Vilmorine A 23 also has the really unusual 1-β-OMe 

group, whereas the vast majority of the position 1 substituents have an α-configuration. 

Vilmorines B–C 24–25 have an unusual cyclopropyl moiety, and they are rare examples 

containing an imine (piperideine) (Table 1). 

 

  

Figure 3. NDAs 22-26. 
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Qin et al. (2015) isolated five new NDA from A. carmichaelii, carmichaenine A–E 27-31 [64] 

with a characteristic 1-OH substitution. Majusine D 32 from D. majus W. T. Wang and 

stapfianine A 33 from A. stapfianu were discovered as new C-19 NDA [65,66] with 1-OH 

substitution. Sharwuphinine B 34 was discovered from D. shawurense as one of the few 

quaternary C-19 NDA (Figure 4) [67].  
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Figure 4. NDAs 27-43. 

 

Chen et al. isolated two imine (piperideine)-type NDAs, vilmorrianines F–G 35–36, in addition 

to new N-desethyl-N-formyl-8-O-methyltalatisamine 37 from A. vilmorinianum Komarov [68]. 

Six new NDAs, 6-dehydroeladine 38, elapacidine 39, iminopaciline 40, iminoisodelpheline 41, 

iminodelpheline 42 (piperideines), and N-formyl-4,19-secopacinine 43, were extracted from D. 

elatum seeds (Figure 4) [69]. Shan et al. reported two new C-18 NDAs, anthriscifoltine A–B 

44–45 from D. anthriscifolium var. majus [70]. Ding and co-workers also isolated three new 

NDAs, vilmotenitines A–C 46–48 from A. vilmorinianum var. patentipilum, (Figure 5) where 

vilmotenitines A and B 46–47 had an unusual (spiro) rearranged six-membered B ring [71], as 

they had found in vilmorine A 23 with the inverted substituent stereochemistry at position 1 

[63]. 
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Figure 5. NDAs 44-48. 

 

Two new C19 NDAs, iliensine A and B 49–50, were isolated from D. iliense, where iliensine A 

49 had a characteristic glycosidic linkage [72]. Wada et al. isolated four new C19 NDAs with a 

7,8-methylenedioxy moiety from D. elatum [73], 19-oxoisodelpheline 51, N-deethyl-19-

oxoisodelpheline 52, N-deethyl-19-oxodelpheline 53, and melpheline 54 (Figure 6). 

 



28 

 

 

Figure 6. NDAs 49-57. 

 

Wang and co-workers discovered three new C19 NDAs, szechenyianine A, B, and C 55–57, 

from A. szechenyianum [74]. All three compounds were tested against nitric oxide (NO) release 

inhibition, as they were considered potential anti-inflammatory agents. Szechenyianine A 55 
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showed activity with IC50 36.6 ± 7 μM, while szechenyianine B 56 had IC50 3.3 ± 0.1 μM, and 

that highlights the importance of the N-O moiety. Szechenyianine C 57 (Figure 6) which is a 

7,17-secoaconitine-type NDA, also showed potent activity, with IC50 7.5 ± 0.9 μM. 

Chao Zhan et al. reported caerudelphinine A 58, a new 1-OH C-19 lycoctonine-type NDA 

from D. caeruleum Jacq. ex Camp [75]. Grandiflorine B 59 was also reported as a new C-19 

lycoctonine-type NDA from D. grandiflorum [76]. The unusual skeleton of grandiflorine B 59 

shows cleavage of the 7–17 bond and N-C19 bond and the formation of an unusual N-C7 bond. 

Zhao et al. reported three new NDAs, nagaconitine A–C 60–62 from A. nagarum var. 

heterotrichum [77]. Nagaconitine A 60 has a unique acyl group which was reported in only 

three NDAs. 8,14-Diacetate diester 62 showed antitumor activity against cancer cell line SK-

OV-3. Two more new C-19 NDAs, 14-benzoylliljestrandisine 63 and 14-anisoylliljestrandisine 

64, were isolated from A. tsaii (Figure 7) [78]. 

 

Figure 7. NDAs 58-64. 
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Extensive phytochemical studies on D. anthriscifolium var. majus led to the isolation of six new 

C-19 NDA with 7,8-methylenedioxy moiety which were named anthrisciflorine A-F 65-70 

(Figure 8) [79].  

  

 

 

 

 

Figure 8. NDAs 65-70. 

 

Guo et al. isolated two new NDAs, 7,8-epoxy-franchetine 71 and N-(19)-en-

austroconitine A 72, from A. iochanicum [80]. Tested against NO production in macrophages 

(mouse cell line), they showed weak anti-inflammatory effect. Liang et al. (2017) isolated 

sinchiangensine A 73 as a new NDA from A. sinchiangense W.T. Wang (Figure 9) and it 

showed significant anti-tumour activity against cancer cell lines A-549, SMCC-7721, MCF-7 

and SW-480 [81]. The IC50 (μM) values of 73 against these cell lines were 12.8, 9.6, 11.8 and 

18.8 respectively, and these values were comparable the cisplatin, the positive control, IC50 

(μM) values which were 22.3, 18.6, 28.8 and 18.2. Sinchiangensine A 73 showed also potent 

anti-bacterial activity against the Gram-positive S. aureus ATCC-25923 with MIC value 

(μmol/mL) 0.15 which is comparable to 0.67, the MIC of the positive control berberine.HCl. 

 

Figure 9. NDAs 71-73. 

 R1 R2 R3 R4 

65 CH3 H H =O 

66 CH3 H OH OAc 

67 CH3 OH OH OAc 

68 CH3 OAc OH =O 

69 H H OH OAc 

70 H H OH OCH3 
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Ajacisines A-E 74-78 (Figure 10)were isolated as new NDA from D. ajacis [82]. They tested 

the in vitro antiviral activity against respiratory syncytial virus (RSV) and the compounds 76-78 

showed moderate to weak effect. The IC50 (μM) of 76-78 against RSV were 75.2 ± 1.1, 35.1± 

0.6 and 10.1± 0.3 while the IC50 (μM) of ribavirin (the positive control) was 3.1± 0.8. 

 

 

Figure 10. NDAs 74-78. 

Meng et al. reported the isolation of four new C-19 NDA, aconicarmichoside A-D 79-

82 (Figure 11), from the aqueous extract of fuzi, the lateral roots of A. carmichaeli [83]. These 

four alkaloids are the first examples of glycosidic NDAs where the glycosides are directly 

attached to the alkaloid skeleton. 

 

 

Figure 11. Glycosidic NDAs 74-78. 

Fukuyama and co-workers [84] achieved the synthesis of cardiopetaline 83 through 

Wagner-Meerwein rearrangement of denudatine skeleton into aconitine skeleton without the 

need of pre-activation of the hydroxy group. This means that there is no need to differentiate the 

hydroxy groups in the poly-oxygenated system as was needed before. Sarpong and co-workers 

 R1 R2 R3 R4 

74 CH3 OH CH3 OH 

75 CH3 OH CH3 OCH3 

76 CH3 H CH3 =O 

77 H H CH3 OH 

78 H H H OCH3 
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[85] developed a unifying strategy to synthesize C-18 NDA (weisaconitine D 84) and C-19 

NDA (liljestrandinine 85) from a common intermediate. Liu and Qin (2017) [86] highlighted 

the importance of dearomatization of aromatic compounds that yield o-benzoquinones coupled 

with Diels-Alder cycloaddition in the synthesis of complex structures like 83, 84, 85, and many 

others. Yang et al. (2017) constructed a unique tricyclo [6.2.1.0] BCD system 86 of the NDA 

skeleton (Figure 12) [87]. 

 

 

 

 

Figure 12. NDAs and their construction 83-91. 
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Lian et al. reported five new C-18 NDA anthriscifoltines C-G 87-91 from D. anthriscifolium 

var. majus (Figure 12) [88]. Song et al. (2018) reported three new C-19 NDA szechenyianine D-

F 92-94 from A. szechenyianum (Figure 13) [89].  

 

 

Figure 13. NDAs 92-94. 

Another four new C-19 NDA, elapacigine 95, N-deethyl-N-formylpaciline 96, N-

deethyl-N-formylpacinine 97, and N-formyl-4,19-seco-yunnadelphinine 98 (Figure 14), were 

isolated from D. elatum cv. Pacific giant [90]. 

 

Figure 14. NDAs 95-98. 

Yamashita et al. also reported four new C-19 NDA, 14-anisoyllasianine 99, 14-anisoyl-

N-deethylaconine 100, N-deethylaljesaconitine A 101, and N-deethylnevadensine 102, from A. 

japonicum subsp. subcuneatum (Nakai) Kadota (Figure 15) [91]. 
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Figure 15. NDAs 99-106. 

Li et al. isolated four new C-19 NDA carmichasines A-D 103-106 from A. carmichaelii 

Debeaux (Figure 15) [92]. Extraction of the roots of Aconitum taronense Fletcher et Lauener, 

which has been used in traditional Chinese medicine (TCM) to treat rheumatism and arthritis, 

yielded 4 new C-19 NDA taronenines A-D 107-110 (Figure 16) [93]; NDA 107, 108, and 110 

exhibit anti-inflammatory activity when tested in mice cells. 

 

Figure 16. NDAs 107-110. 
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A study conducted on the D. pseudoaemulans C. Y. Yang et B. Wang resulted in the isolation of 

8 new C-19 NDA, pseudophnines A−D 111-114, pseudorenines A−B 115-116, and 

pseudonidines A−B 117-118 (Figure 17) [94]. 

 

Figure 17. NDAs 111-118. 

Ahmad and co-workers reported the isolation of two new C-19 NDAs, jadwarine A–B 

119–120 from D. denudatum [95]. They also reported a new lycoctonine-type C-19 NDA, 

swatinine C 121 (Figure 18) which showed competitive inhibitory activity on 

acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) [96]. 
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Figure 18. NDAs 119-124. 

Extraction of the roots of A. brevicalcaratum led to the isolation of three new C-19 

NDAs, brochyponines A–C 122–124 (Figure 18) [97]. Abjalan et al. discovered a new 

lycoctonine-type C-19 NDA, aemulansine 125 from D. aemulans Navaski, which showed in 

vitro cytotoxicity [98]. Two novel 8,15-seco C-19 NDAs, nagarine A 126 and B 127 (Figure 

19), were isolated from A. nagarum [99]. 

 

Figure 19. NDAs 125-127. 

The variation in pharmacological activities of the NDAs, despite their structural 

similarities, is an attractive aspect for synthetic chemists to work on to obtain a better 

understanding of the structure–activity relationships (SAR). Liu et al. reported a total synthesis 

of the ABCDE system of the C-19 NDAs [100]. Another study reported the construction of the 



37 

 

AEF ring system attached to a phenyl group as an analogue to ring D [101]. The construction of 

the fused CD-bicycle of aconitine was also achieved [102]. Lv et al. built the hexacyclic ring 

system of franchetine 128, a 7,17-seco NDA [103]. The importance of such NDAs continues to 

attract chemists to attempt to make a total synthesis of them. Progress has been made in the total 

synthesis of aconitine 12, but the construction of a pentacyclic system of the aconitine skeleton 

failed [104]. On the other hand, a total synthesis of talatisamine 129 (Figure 20) has been 

completed in 33 steps [105]. In addition, the synthesis of a [6-6-6] ABE-tricyclic analogue of 

MLA 16 has been achieved [106]. A synthetic approach has also been established for the BCD-

tricyclic system [107]. 

 

Figure 20. NDAs 128 and 129. 

 

Conclusions 

It is clear that Nature is rich with many examples of plants that can be described as 

medicinal or poisonous. The poisonous piperidine plants show that dose and mode of 

pharmacological action are very important. The biodiversity of natural sources of NDA, based 

upon a substituted piperidine nucleus, are important for continuing to provide leads in drug 

discovery. NDA from Aconitum and Delphinium have complex highly oxygenated hexacyclic 

systems, and as many of them are of pharmacological importance, their structures and 3D 

configuration are important factors in their actions at various protein targets with respect to 

medicine and toxicology.  

The majority of NDA possess an N-Et group. We have investigated the occurrence 

count in the SciFinder database for NDA skeletons including in many new NDA. Substitution at 

position 1 is important to determine the NDA skeleton conformation as ring A in 1-OMe NDA 
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free bases exists in a twisted-chair conformation. In 1-OH NDA ring A adopts a twisted-boat 

conformation. In conclusion, screening of NDA for their biological activity has resulted in the 

discovery of new sets of ligands. These are promising natural compounds that are 

pharmacologically active, hits potentially eventually becoming selective leads for the treatment 

of a wide variety of disease states. Where these NDA are new natural products, and if they can 

be isolated from easy-to-grow Aconitum or Delphinium plants, then the future is bright for 

further NDA development based on experimental aspects including phytochemistry leading to 

SAR studies, and hopefully to new, selective, if not specific, drugs. 
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Aims:  Norditerpenoid alkaloids (NDA), typically N-ethylpiperidine containing C19 or C18 

natural product diterpenes, are hexacycles with several contiguous often oxygenated 

stereocentres. As a function of their structural complexity, they display important 

pharmacological activities. The processed plants are used as important folk drugs and four 

NDAs have now been clinically approved. Many metabolism studies on Aconitum alkaloids 

have been reported as the understanding of their biotransformation in living systems and in cell-

free systems is important for the development of these alkaloids as drugs. This Highlight sets 

out the missing links in NDA biosynthesis, their biological applications, SAR, toxicity, 

metabolism, and analytical studies. 
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1. Introduction to norditerpenoid alkaloids (NDA) 

The majority of norditerpenoid alkaloids (NDA, C18- or C19-diterpenoid alkaloids) are 

isolated from the genera Aconitum and Delphinium (larkspur), Consolida, and Spirea,1 and the 

whole plants are lethal, e.g., Delphinium has been extensively reported as responsible for 

poisoning livestock in North America leading to financial losses.2 NDA display important 

pharmacological activities. Especially, they have been used as insecticides for two thousand 

years. At the time of the eruption of Mount Vesuvius covering Pompeii and Herculaneum, Pliny 
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the Elder reported:  Delphinium seeds, pounded and extracted into wine (ethanol), rid the head 

and body of lice.3 Delphinium seeds were even reportedly issued to British soldiers at the battle 

of Waterloo (still for the treatment of body lice).4 Therefore, if the NDA dose is appropriately 

adjusted, it is of no surprise that they have been known to be widely used as folk medicines, not 

least earning the trivial (?) name Wolf’s bane, but perhaps more accurate is the descriptive name 

Monkshood. They are deadly poisons to mammals, even on simple handling if the skin is 

broken, e.g., if it has been scratched. 

NDA have a complex highly oxygenated hexacyclic structure (Fig. 1A),5,6 A/B/C/D/E/F 

rings are 6/7/5/6/6/5-membered rings respectively. The substituent at position 14 is commonly 

drawn going under the C15-C16 C-C bond, but our single-crystal X-ray diffraction (SXRD) 

data show that in reality it lies above that bond (Fig. 1C), although it is in the α-orientation.5 

Also, the C7 substituent in the lycoctonine-type NDA is usually assigned in the β-orientation 

while the SXRD shows that it cannot be axially β-orientated like C6 and C8 substituents, but it 

is equatorial β-orientated and it is better to draw it in the plane of the paper (Fig. 1).5 This 

attention to molecular detail is important when considering the drug-like physical and chemical 

properties of such molecules and their binding modes at their target receptors and ion channels 

as conformation is an important determinant of biological activity. 

 

 

Fig. 1 A. The NDA numbering system; B. mesaconitine (1); C. SXRD data of mesaconitine (1).5 
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2. Missing links in NDA biosynthesis 

The biosynthesis of C19 and C18 NDA starts from the precursor isopentenyl pyrophosphate 

(IPP) which is produced from the mevalonate and the methylerythritol (MEP) pathways (Fig. 2). 

Allylic isomerisation converts IPP into dimethylallyl PP (DMAPP) by isopentenyl diphosphate 

isomerase (IPP isomerase). Geranylgeranyl pyrophosphate synthase converts DMAPP with 3 

IPP units into geranylgeranyl pyrophosphate and then ent-copalyl diphosphate is produced from 

GGPP by ent-copalyl diphosphate synthase.1 ent-Cpp is further cyclised to ent-kaurane, which 

leads into veatchine- and napelline-type alkaloids, and ent-atisane which leads into atisine- and 

denudatine-type alkaloids. ent-Kaurane and ent-atisane are the only two precursors for the C19 

and C18 NDA biosynthesis. ent-Kaurene synthase mediates the conversion of ent-cpp into ent-

kaurene and then ent-kaurenal is produced from ent-kaurene by ent-kaurene oxidase (KO, 

CYP701A).1 Amination by L-serine aminotransferase happens to ent-kaurane-type to produce 

veatchine-type which rearrange to napelline-type. While L-serine aminotransferase amination of 

ent-atisane-type results in atisine-type which rearranged to denudatine-type diterpenoid 

alkaloids.1,7  

The production of ent-atisane and ent-atisanal from ent-cpp remains unclear. There could 

be rearrangement between atisine- and veatchine types and between denudatine- and napelline 

types, but there is no clear evidence for this. The wide distribution of denudatine- and napelline 

NDA in Aconitum species supports their position in the biosynthesis of C19 aconitine type 

NDA. The C19 lycoctonine type NDA are likely to be formed from protoaconine type rather 

than by the direct rearrangement of the atisine type.7 In addition, the high occurrence of 

ajaconine in Delphinium species supports the idea that it could be the most important precursor 

of the lycoctonine type,7 where scientific results are still missing. The rearrangement of C20 DA 

to C19 NDA happens through oxidative cleavage (loss of the exo-methylene) and the latter can 

undergo oxidative loss of one carbon by a different mechanism to generate the C18 NDA (Fig. 

2).1,7 The loss of the C-18 carbon atom from C-4 may indeed follow the established pathway for 

the removal of one or two methyl groups at C-4 in ergosterol (ERG) catalysed sequentially by 

the enzymes ERG25/26/27. 
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Fig. 2 Biosynthesis of C19 lycoctonine type, C19 aconitine type, and C18 diterpenoid alkaloids.1,7  

 

 

 



56 

 

 

3. Medicinal applications of Aconitum and Delphinium in current TCM 

Clinical applications of Aconitum in traditional medicinal systems are found worldwide, 

particularly in Eurasia.8 In Table 1 are highlighted some Traditional Chinese Medicine (TCM) 

uses.9-12 The key processes for the raw dried main roots of A. carmichaelli Debx. and A. 

kusnezoffii Reichb. are boiling in water or steaming (usually known as Pao’Zhi), and then 

slicing. The slices are boiled again thus detoxifying to obtain the decoction, or mixed with 

excipients, e.g., honey pills for oral use, which are used clinically as an oral analgesic for 

rheumatism, joint pain, and several other different pains. 

In TCM, there are many formulae which are mixtures of Aconitum with other plants. Sini 

decoction is an official formula in the Chinese Pharmacopeia to treat cardiovascular disease and 

kidney deficiency syndrome. Sini decoction is composed of A. carmichaelii, Glycyrrhiza 

uralensis, and Zingiber officinalis. The diester NDA are hydrolysed during the decoction 

process to afford the monoester NDA (vide infra 5.2 where metabolism is discussed). 

The medicinal application of Delphinium is popular in the Unani medicine system, a 

traditional medicinal system applied across nearly the whole of South and Central Asia, 

particularly in India and Pakistan. The species D. denudatum Wall., known as Jadwar, has even 

been described as one of the most important drugs in the Unani medicine system. Its roots are 

reported to be used for the treatment of aconite poisoning, brain diseases, fungal infection, piles, 

and toothache.13 

 

Table 1. Medicinal applications of Aconitum and Delphinium extracts 

Plant material Use Ref 

Aconitum root (tuber)  

No specific species was 

mentioned 

anti-rheumatic and analgesic 9 

 

A. carmichaelli Debx. 

dry main root 

(Chuan’wu) 
normally use after processing as analgesic 10 

processed main root 

(Zhi’chuan’wu) 

normally used as decoction, as anti-rheumatic and 

analgesic for joint pain 
10 
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processed side root 

(Fu’zi) 
normally used as decoction, as analgesic and tonic 10 

 

A. kusnezoffii Reichb. 

dry main root (Cao’wu) 
normally use after processing as analgesic 10 

tincture used externally as anti-rheumatic 11 

processed main root 

(Zhi’cao’wu) 

normally used as decoction, as anti-rheumatic and 

analgesic for joint pain 
10 

dry leaves (Cao’wu’ye) 

normally used as round pills, used as anti-inflammatory 

antipyretics, and analgesic; 

clinically used for abdominal pain, diarrhoea, headache, 

and toothache 

10 

 

A. tanguticum (Maxim.) Stapf. and A. naviculare (Bruhl.) Stapf.  

dry whole plant 

(Tang’gu’te Wu’tou) 

used as anti-inflammatory, antipyretic, and wound-healing-

promoting agent; 

clinically used for fever, hepatitis, cholecystitis, gastritis, 

skin ulcers and sores, and for bites (by insects, snakes etc.) 

12 

 

A. flavum Hand.-Mazz. and A. pendulum Busch. 

processed main root 

(Tie’bang’chui) 

used as anti-inflammatory, analgesic, and sedation;  

clinically used for skin ulcers and sores, leprosy, and 

mania 

12 

dry seedling 

(seedling of 

Tie’bang’chui) 

used as anti-inflammatory, antipyretic, and analgesic;  

clinically used for fever, ‘flu, skin ulcers, and sores 
12 

 

D. kamaonense Huth var. glabrescens (W.T.Wang) W. T. Wang 

dry above-ground parts 

(Zhan’mao’cui’que) 

used as anti-inflammatory and analgesic;  

clinically used for diarrhoea and dysentery, also externally 

used on skin ulcers and sores 

12 

 

 

4. NDA in current medicine and their structure-activity relationship (SAR) studies  

Despite their similar sounding trivial names and being based on the same hexacyclic skeleton, 

many NDA do not have the same oxygen substitution pattern and this structural change may be 

one of the reasons for their different pharmacological properties. 
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Fig. 3 Mesaconitine (1), aconitine (2), hypaconitine (3), and their related NDA. SXRD of 

hypaconitine (3) is reprinted with permission from Ref 14. Copyright 2012 ACS. 
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4.1 Aconitine type 

Mesaconitine (1), aconitine (2), and hypaconitine (3) 14 (Fig. 3) are cardiotoxins,15,16 

interacting with cardiac voltage-sensitive sodium channels (VSSCs) and maintaining them in an 

open conformation,15,17,18 introducing arrhythmia,19,20 whereby these alkaloids are highly toxic, 

e.g., LD50 (aconitine 2, mice, subcutaneous, mg/kg) = 0.12-0.20.17,21 The potent, indeed lethal 

cardiotoxin aconitine (2) was first discovered in 1833 by P. L. Geiger from A. napellus.22,23 

These NDA (1-3) act at VSSCs in the central nervous system (CNS) and muscle tissues 

exhibiting analgesic activity.24 The NDA (1-3) with 8-OAc or other fatty acid ester sidechains 

are also known as lipo-alkaloids.25 The primary functional subunit of VSSCs is the α-subunit, 

and this subunit contains four domains (I-IV). There are at least five reported toxin binding sites 

on domain I, and the lipophilic NDA, e.g., mesaconitine (1) and aconitine (2) that carry ester 

groups 8-OAc and 14-OBz, can bind on the neurotoxin receptor 2 that is located in the 

transmembrane region, and this binding leads to VSSCs remaining in the open-state.26 The 

boiling process in the preparation of Aconitum roots hydrolyses the highly toxic diester NDA, 

e.g., aconitine 2 to less toxic monoester NDA, e.g., 14-OBz-aconine 4. Structure-activity 

relationship (SAR) studies show that further hydrolysis produces alkaloids lacking an ester 

group and which are even less toxic, e.g., aconine 5, but the analgesic activities are also 

lost.17,18,27 When the NDA bear different oxygenated substituents, e.g. 3-O-acetylaconitine (6) 

and crassicauline A (7, also known as bulleyaconitine A), they may interact with the different 

subdomains on the α-subunit and this results in decreased toxicity as evidenced by LD50 (mice; 

subcutaneous; mg/kg) = 0.87-1.40 and 0.92, respectively.17,19,21 These NDA (6, 7) exhibit non-

addictive potent analgesic activity ED50 (mice; hotplate; mg/kg) = 0.16 and 0.087, respectively. 

Although the clinical use of the lipo-alkaloids as diester (crassicauline A, 7) or even triesters (3-

O-acetylaconitine 6) is debatable as they are toxic,17 3-O-acetylaconitine (6) and crassicauline A 

(7) were introduced in the 1980s into clinical use in China as analgesic agents for long-term 

treatment.28-30 

 

 

 



60 

 

4.2 Lappaconitine type 

Lappaconitine (8), the first C18 NDA to be reported, was isolated from A. septentrionale 

Koelle by H. V. Rosendahl in 1895.31 The most successful medical application of an NDA to 

date is Allapinin, the hydrobromide salt of lappaconitine (8) as it is a VSSC blocker.17,32-34 It has 

been used clinically in Russia since 1987 as an anti-arrhythmic drug.35-39 This compound also 

shows a potent non-addictive analgesic property, and recent studies reported that this bioactivity 

is related to a decrease of expression and sensitisation of the P2X3 receptors on mice dorsal root 

ganglion (DRG) neurons.40,41 A naturally occurring analogue of lappaconitine (8), puberanidine 

(9, N-deacetyllappaconitine), exhibits similar biological activities. Indeed, it is an N-deacetyl 

metabolite of lappaconitine (8) found in the urine of certain drug users.42 Toxicity studies on 

these two compounds revealed that their LD50 (mice; subcutaneous; mg/kg) were 11.7 and 36.4, 

respectively which, due to their lower toxicity, are significantly higher than that of aconitine (2) 

given above (mice, subcutaneous, mg/kg = 0.12-0.20).17,21 Structurally, lappaconitine (8) and 

puberanidine (9) are monoesters and they have a smaller chance to bind to neurotoxin receptor 2 

in the transmembrane region in comparison with more lipophilic aconitine (2), thus, these 

compounds are less toxic. When these NDA lack lipophilic ester groups, their (toxic) activities 

on VSSCs are less, whereas the analgesic effects on the CNS remain, e.g., as demonstrated by 

lappaconine (10).34 

 

4.3 Lycoctonine type 

Lycoctonine (14) (Fig. 4) was first reported in 1865 isolated from A. lycoctonum L.43 and 

lycaconitine (15) was first reported in 1884 also from A. lycoctonum L.44 Methyllycaconitine 

(MLA, 11) was first reported by Manske in 1938 from D. brownii Rydb.45 In 1943, Goodson 

reported its exact formula (Fig. 3).46 MLA (11) is one of the most potent competitive 

antagonists of α7-nicotinic acetylcholine receptors (nAChRs) 47 with highly selective targeting 

of the snake venom toxin α-bungarotoxin (α-BgTx) binding sites.48,49  
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Fig. 4 MLA (11), related NDAs, and their semisynthetic analogues. 

A rare pharmaceutical preparation of MLA (11), mellictin, has been reported in clinical use 

for the treatment of Parkinson’s disease and cerebral palsy at least in Uzbekistan and 

Kyrgyzstan.36 The 2S-(methylsuccinimido)benzoate moiety was the key for this compound to 

exhibit high affinity. Compared with MLA (11) IC50 = 7.6 ± 3.4 × 10-9 M (mice brain neuronal 

α7 nAChR), the IC50 of lycaconitine (12) on α7 nAChR was 6.8 ± 0.9 × 10-6 M as the methyl 

group on the succinimide is removed, significantly lowering affinity. The IC50 of inuline (13) is 

similarly modest 1.6 ± 0.6 × 10-6 M due to the removal of the essential methylsuccinimide 

group. When the entire (methylsuccinimido)benzoate ester is cleaved, the affinity of lycoctonine 

(14, which is also known as royline and delsine 50) has sharply decreased, the IC50 increasing 
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through the M range to 1.0 ± 0.1 × 10-5 M, which indicates that this neopentyl alcohol derived 

from MLA (11) has essentially lost all affinity for the α7 nAChR.51 For NDA substituted with 

18-O-2S-(methylsuccinimido)benzoates, e.g., nudicauline (16) and elatine (17), their IC50 

remained at the nM level as MLA (11), 1.7 ± 0.7 × 10-9 M and 6.1 ± 1.5 × 10-9 M, respectively. 

Also, Carroll and co-workers reported that stereochemical modification on the succinimide ring 

of MLA (11), e.g., changing the chirality of the succinimide methine substituted with a methyl 

from S to R decreases the affinity for α7 nAChR, e.g., semisynthetic analogues (17-19).52 

The pharmacophore in MLA (11) 51 for nAChR incorporates the key distance between the 

N-atom of the piperidine E-ring (ring labelling see Fig. 1) and the ester carbonyl of 18-O-2S-

(methylsuccinimido)benzoate. Aconitine (2) contains no such distance and therefore it shows 

only modest affinity for nAChR. However, after the 3-OH and the O-methyl of 18-OMe were 

specifically removed chemically and then 2S-(methylsuccinimido)benzoic acid was esterified 

with the unmasked 18-neopentyl alcohol, the product 3-deoxy-18-O-demethyl[2S-

(methylsuccinimido) benzoate]aconitine (20) exhibited high affinity for α7 nAChR at the same 

(low) nM level as that of MLA (11).53  

The complex structure of such hexacyclic NDA secondary metabolites make them potential 

drugs, at an appropriate dose, rather than toxins. Their biophysical properties show that they are 

well absorbed in mammals and therefore they possess good properties for orally delivered 

human medicines leading to good distribution in the body. NDA are therefore prime candidates 

for aspects of computational drug design and development, starting from natural product leads 

(from sustainable sources) and progressing in particular using computers to assess the 

(bio)physical properties and data sets, e.g., Aconitum and Delphinium alkaloids: “Drug-

likeness” descriptors related to toxic mode of action.54 Such QSAR studies of large datasets of 

NDA aim to discriminate between “drugs” and “non-drugs”. These calculations have been 

proven to give reliable results on specific NDA as to whether they are more likely to be a poison 

or a drug. Rasulev and co-workers constructed QSAR models with “drug-likeness” descriptors 

discussed in terms of the mode of toxic action exhibited by the selected set of 95 NDA.54 The 

antiarrhythmic NDA, e.g. lappaconitine (8), the curare-like NDA, e.g. MLA (11), and aconitine-

like NDA were studied using a range of typical “drug-likeness” descriptors. The molecular size 
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descriptors (differences in positive and negative regression terms of MWt and Ghose-Grippen 

molar refractivity, MR) were identified as those most related to toxic mode of action. 

Preliminary theoretical absorption, distribution, metabolism, and excretion (ADME) properties 

of the NDA gave promising data. However, NDA showing the higher desirable therapeutic 

activity are still those of high toxicity. Dose remains crucial and therefore further 

pharmacological studies should be carried out. 

 

4.4 Delphinium (larkspur) toxicity 

Larkspur toxicity varies as a function of, e.g., species, stage of growth, plant part, environment, 

and the individual NDA.55 There are many important structural features contributing to the 

toxicity of larkspur NDA. The ionized nitrogen plays a major role in the interaction with 

nAChR. The ester moiety in MLA-type (methylsuccinimidoanthranoyl lycoctonine, MSAL) 

plays an important role in neuromuscular blockade (at α1 nAChR). In addition, a C14 

substituent has a profound biological effect. This important functionality was reported in many 

studies which established that the electronic or the stereochemical factors of the C14 substituent 

affect the affinity for nAChR. The order of activity at C14 was determined to be acetate > 

hydroxyl > methoxy > carbonyl (C=O). In contrast, the observed effect of substituents at C1 and 

C16 is:  methoxy > hydroxyl > acetate. The opposite biological effects are caused by 

substituents at C1 and C16, and C14.55-60  

Livestock intoxication by larkspur is a function of the cattle breed and their genetics also 

affect the susceptibility to the intoxication. Age is another factor where young heifers are more 

susceptible than mature cows. Cattle sex is also important. Heifers are more prone to the 

toxicity than steers and bulls. Of course, the plant plays an important role where the MSAL and 

non-MSAL alkaloid concentration and composition, which depend on the population, species, 

climate, and the year, affect the cattle toxicity and the amount needed from the plant to develop 

clinical signs of toxicity.61,62 The 7,8-methylenedioxy-NDA are the least toxic alkaloids. The 

lycoctonine-type is twice as toxic, but is still considered to be of relatively low toxicity. The 

MSAL alkaloids, e.g. MLA (11), are 10-times more toxic than any other tested alkaloid.56 The 

MSAL alkaloid concentration in tall larkspur is the major contributor to livestock poisoning. An 
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investigation of the SAR of NDA toxicity found that 7,8-methylenedioxy-NDA exacerbates the 

toxicity of the MSAL alkaloids. The exact molecular mechanism of this toxicity is not known, 

but a possible explanation is that such substituted NDA can act as co-agonists on nAChR, 

enhancing the activity at the receptors.63  

 

5. Metabolism of NDA 

As set out above, Aconitum preparations are widely used in TCM and a few NDA have been 

clinically approved:  3-O-acetylaconitine (6), crassicauline A (7), lappaconitine (8), and MLA 

(11). The metabolism of these alkaloids has been studied extensively in vitro in cell-free 

systems (microsomes) (Table 2) and in vivo in animals and humans. 

 

5.1 Cell-free systems – microsomal studies 

Metabolism of aconitine (2) in rat liver microsomes (RLM) was studied and it was found to 

be metabolised through hydrolysis, demethylation, N-deethylation, and dehydrogenation. 

Several CYP450 inhibitors were used to determine which isoform was involved in the 

metabolism; CYP3A and/or CYP1A1/2 inducers or inhibitors will affect the metabolism of 

aconitine (2).64 Metabolic studies using human liver microsomes (HLMs), where the liver cells 

were obtained from donors aged between 21-76, showed that the main metabolic pathways are 

hydroxylation, dehydrogenation, O-demethylation, di-O-demethylation and/or N-deethylation. 

CYP3A5 and 2D6 mediate the di-O-demethylation and the hydroxylation, CYP3A4/5, 2D6, and 

2C9 the N-deethylation, and CYP3A4/5 the dehydrogenation.65  

Metabolism of mesaconitine (1) using the above HLM obtained from male donors, was 

found to be conducted mainly through demethylation, hydroxylation, dehydrogenation, and 

demethylation-dehydrogenation. It was found that CYP3A4/5, 2C8, and 2D6 mediated the 

demethylation pathway; CYP3A4/5 the hydroxylation and dehydrogenation; CYP3A4/5, 2C8/9, 

and 2D6 the demethylation-dehydrogenation.66  

Metabolism of crassicauline A (bulleyaconitine A, 7) by RLM results showed that the main 

metabolic pathways were hydroxylation, deacetylation, O-demethylation, di-O-demethylation 

and/or N-deethylation, and deacetylation-dehydration. CYP3A and 2C mediated all pathways, 
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CYP3A, 2C, and 2D contributed to the hydroxylation, CYP3A, 2C and 2E1 the demethylation, 

CYP3A, 2C, 2D, and 2E1 the N-deethylation, deacetylation and deacetylation-dehydration.67  

The metabolism of A. carmichaelii Debx. roots' individual diesters, mesaconitine (1), 

aconitine (2), and hypaconitine (3), and monoesters, benzoylmesaconine, benzoylaconine, and 

benzoylhypaconine NDA by HLM and human intestinal microsomes (HIM), obtained from 

mixed gender donors, was studied. It was found that demethylation and dehydrogenation were 

the main metabolic pathways, and N-deethylation was observed in aconitine (2) and 

benzoylaconine. Hydroxylation was detected in mesaconitine (1) and hypaconitine (3). 

Deoxygenation was observed in aconitine (2). Subsequent metabolism was observed in diesters 

more than monoesters to form, e.g., di-O-demethylated, didehydrogenated, and demethylated-

dehydrogenated metabolites.68 The amount/concentration of HLM metabolites were higher than 

HIM metabolites as HLM catalytic capacity is higher and could be due to other CYPs alongside 

CYP3A that could play a role in the metabolism which was reported previously.65,66 

Glucuronidation followed phase I metabolism, but no conjugated metabolites were found in 

HIM and HLM incubations.68  

 

Table 2. Metabolism of NDA 

NDA    Metabolic Enzymes    Ref 

RLM 

aconitine (2)   major CYP3A     64 

    minor CYP1A1/2    64 

crassicauline A (7)  major CYP3A and 2C    67 

minor CYP2D and 2E1    67 

least CYP1A2     67 

 

HLM 

Aconite diesters   major CYP3A     68 

    minor other CYPs    68 

mesaconitine (1)  major CYP3A4/5    66 

minor CYP2C8/9, 2D6    66 

aconitine (2)   major CYP3A4/5    65 

    minor CYP2C8/9, 2D6    65 
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HIM 

Aconite diesters   major CYP3A     68 

 

Metabolism of lappaconitine (8) by HLM and RLM showed that N-deacetylation, 

hydroxylation, and O-demethylation were the main metabolic pathways whereas N-deethylation 

and hydrolysis contributed to a lesser extent. Subsequent metabolism was observed, and many 

metabolites of metabolites were generated from combinations of the previously mentioned 

pathways. The O-demethylated metabolites were present in the order 16-O-demethyl- > 14-O-

demethyl- > 1-O-demethyl-lappaconitine. It was found that HLM metabolism generated more 

metabolites than RLM.69  

 

5.2 Animal studies 

A study showed that G. uralensis and Z. officinalis enhance the absorption of A. 

carmichaelii monoesters and reduce the half-life by increasing the excretion or speeding up the 

metabolism of other active compounds.70 In vivo metabolic studies of Sini decoction 70 in rats 

urine showed that hydrolysis and demethylation were the main metabolic pathways of 

diterpenoid alkaloids.71 In vivo study of pure aconitine (2) metabolism in rats and rabbits 

stomach showed that the biotransformation was mainly through oxidation (+16 Da) resulting in 

hydroxylation, deoxygenation (-16 Da) in dehydroxylation, O-demethylation (-14 Da), and di-

O-demethylation and/or N-deethylation (-28 Da). Ester exchange at C8 was also observed as 

some fatty acyl chains replaced the acetyl moiety to form lipo-aconitines (Fig. 5). The metabolic 

profile from rats and rabbits stomach is similar, but there are fewer metabolites in rats.72  

The metabolism of crassicauline A (bulleyaconitine A, 7) (p.o. and i.v.), which is used 

clinically in China, has been studied in rat urine and faeces. The amount recovered unchanged 

was higher in the i.v. group compared to that in the p.o. group.73 A hydroxylated metabolite was 

observed in MS (+16 Da). From the fragmentation analysis, it was concluded that the 

hydroxylation was probably at C15 to give deoxyjesaconitine, but this conclusion requires 

scientific confirmation.73  
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Qi-Li-Qiang-Xin (QLQX) is a TCM prescription composed of eleven herbal medicines, 

which can interfere with the metabolism of each other. One of them is Radix Aconiti Lateralis 

which is also known as fu’zi (the side roots of A. carmichaelii). The metabolism of QLQX 

capsules (p.o.) in rats’ plasma, urine, and faeces was studied. Diester NDA were not detected in 

the preparation and the metabolic pathways according to the metabolites identified mainly in 

urine and plasma were:  hydrolysis, hydroxylation, methylation, O-demethylation, 

dehydrogenation, and dehydration. In addition, no NDA phase II metabolites were detected.74 

Similarly, the pharmacokinetics of multiple NDA, e.g., mesaconitine, aconitine, hypaconitine, 

and benzoylmesaconitine, have been reported following the administration of the TCM Zhenwu 

Tang and Radix Aconiti Lateralis Praeparata extracts to rats with quantitative analysis by 

HPLC-MS/MS.75 Likewise, the simultaneous determination and the pharmacokinetics of six 

NDA in rat plasma have been reported following the oral administration of Radix Aconiti 

extracts.76 The analytical technique of SPE-HPLC-MS/MS is sensitive and accurate. These 

results provide a scientific basis for a metabolism study of Aconitum NDA in humans. 

Therefore, they pave the way for studies in to the clinical uses of Aconitum NDA and its 

extracts. 

The metabolism of lappaconitine (8) HBr (Allapinin) was studied in rats after i.v. 

administration. Deacetyllappaconitine (9), 14-O-demethyl-deacetyllappaconitine, and 16-O-

demethyl-deacetyllappaconitine, were detected in rat urine in addition to unmetabolized drug 

(8). Their ratio was 4:2:3:4 respectively after 24 h. As lappaconitine (8) concentration decreased 

with time, deacetyllappaconitine (9) increased due to metabolism by N-deacetylation. Also, as 

the amount of deacetyllappaconitine (9) decreased, 14-O-demethyl- and 16-O-demethyl-

deacetyllappaconitine increased (Fig. 5).77 Another study in rats showed that N-deacetylation, 

O-demethylation, and hydroxylation are the main metabolic pathways, where 16-O-demethyl-

deacetyllappaconitine and 5'-OH-lappaconitine are the major metabolites.69  

 

5.3 Human studies 

The metabolism of aconite NDA was studied in the urine of females who had been given 

p.o. decoctions of a prescription consisting of 10 g Cao’wu (processed roots of A. kusnezoffii 
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Reichb) and 10 g Chuan’wu (processed roots of A. carmichaelii Debx.). In addition to the 

parent alkaloids, mesaconitine (1), aconitine (2), and hypaconitine (3), there were three 

hydrolysed metabolites, benzoylmesaconine, benzoylaconine, and benzoylhypaconine, and two 

O-demethylated metabolites, which were assigned as 16-O-demethylaconitine and 16-O-

demethylhypaconitine 78 by analogy.77 The monoesters may not only be derived by metabolism 

as the processed roots contain substantial amounts of them. 

Lappaconitine (8) metabolism was studied in the urine of men who had received i.m. 

injections of lappaconitine (8) HBr (Allapinin). In addition to the parent alkaloid, N-

deacetyllappaconitine (9) and 16-O-demethyl-deacetyllappaconitine were detected (Fig. 5). In 

24 h collected urine, the ratio of lappaconitine (8), the N-deacetyl-, and 16-O-demethyl-

deacetyllappaconitine was 160:2:1 respectively,79 different from the rat metabolism ratio (i.v. 

administered).77 The high ratio of lappaconitine (8) compared to its metabolites is after i.m. 

administration which (like i.v.) allows the drug to bypass the liver, thereby avoiding first-pass 

(through the liver) metabolism. In addition, Allapinin (8 as an HBr salt) is likely to be more 

water soluble and potentially rapidly excreted unchanged in the urine. The amounts of 

lappaconitine (8) and its metabolites detected did not show significant difference upon potential 

hydrolysis after incubation (in vitro) with the enzymes β-glucuronidase and sulfatase. This 

indicates that conjugation with glucuronic or (PAPS, the biological equivalent precursor for) 

sulfuric acid was not a major metabolic pathway.79 
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Fig. 5 Metabolism of aconitine (2)72,78 and lappaconitine (8)79,81 in humans (blue), animals (red), 

and pathways common in both (green). 
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5.4 Metabolic effects on biological activity 

The high toxicity of Aconitum alkaloids is due mainly to the benzoyl ester at C14 and C8 

acetate. C1, C6, C16, C18 methoxyl groups, and C13 hydroxyl also contribute to their 

toxicity.17,19 Hydrolysis of Aconitum alkaloids results in monoester alkaloids which have lower 

toxicity. In addition, demethoxylation and dehydration aid in lowering the toxicity. The 

formation of lipo-aconitines in rat and rabbit stomachs 72 is an important biotransformation as 

they show an anti-inflammatory effect which is variable according to the length and degree of 

unsaturation of the fatty acids.80 The metabolic processes convert Aconitum alkaloids into more 

polar metabolites, and consequently their excretion will be promoted and their retention in the 

body will be shorter. Such conversion can be considered as a natural response to reduce the 

toxicity of these alkaloids.66  

The metabolism of lappaconitine (8) is mainly through deacetylation to yield N-

deacetyllappaconitine (9) which shows higher biological activity than the parent compound.18 It 

has been proposed that lappaconitine (8) does not act directly on the CNS, but is converted in 

vivo into the active metabolite N-deacetyllappaconitine (9),81 and the activity can be considered 

as a sum of the parent compound and this metabolite.82 The number of metabolites of 

lappaconitine (8)69 was much higher than of mesaconitine (1), aconitine (2), and hypaconitine 

(3),64 and the lower toxicity of lappaconitine (8) compared with other Aconitum alkaloids 17 can 

be attributed to this extensive metabolism, at least in rats.69 It is obvious that the liver is the 

main metabolic site, but the stomach and intestinal metabolism cannot be ignored as sites of 

metabolic detoxification. 

 

6. Analysis of NDA 

Aconitum alkaloids vary widely in their chemical structures and substitution patterns as 

well as being well known for their bioactivity and toxicity. Naturally occurring analogues with 

closely similar structures or positional isomers are widespread in herbs of the Aconitum genus. 

It is still challenging to identify rapidly unknown compounds by MS, especially positional 

isomers. MS is also used in the monitoring and detection of NDA metabolites, often achieved 

using LC-ESI-MS due to its sensitivity. It is important to understand the MS fragmentation of 
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the parent alkaloids as the metabolites follow them in their fragmentation patterns. The 

fragmentation ions of aconitine (2)68,72 and lappaconitine (8)69 skeletons (as representative 

aconitine type and lappaconitine type NDA) show that such NDA undergo cleavage of the 

benzoate or acetate ester side chain, loss of water, and loss of methanol. These fragmentations 

involve typically two sequential cleavages of O-methyl ethers occurring with one or even two 

dehydration steps, in either order. 

Due to the lack of major MS fragmentations of the NDA skeleton, the actual position of 

the CYP-catalysed metabolic reactions e.g., O-demethylation, hydroxylation, can be difficult to 

pinpoint. In addition, it is difficult in some cases to determine if there is one metabolic process 

or a combination of more than one e.g., di-O-demethylation vs N-deethylation. In such cases, 

the MS fragment analysis can indicate a metabolic position, but it needs to be confirmed using 

other analytical techniques. 

F. Gao and co-workers continue to report new NDA, most recently from the roots of A. 

novoluridum and from the aerial parts of A. apetalum. The former provided 3 novolunines A, B, 

and C where the structures were established using spectral data analysis.83 The latter afforded 5 

apetalrines A-E based on N-acylated 2-aminobenzoyl esters and also structurally identified 

following detailed spectral analysis.84 Ablajan et al. reported 5 previously undescribed DA, 

barpuberudine and barpubesines A-D, and two interesting novel C18 NDA, barpubenines A-B, 

isolated from the whole plant of A. barbatum var. puberulum Ledeb. The possible 

rearrangement of the C18 NDA structures led to a discussion of their probable biosynthetic 

pathway.85 The global profiling of NDA in A. stapfianum and analysis of the basis of its use for 

detoxification of fu’zi has been reported.86 The analysis was performed by UPLC/Q-TOF-(ESI)-

MS with fragmentation patterns from MS/MS spectra as this is a method of high sensitivity, 

selectivity, and analytical speed.86  

Our double Mannich route 87,88 and the elegant studies of Brimble and co-workers 89-93 

afford a rapid and efficient entry to small molecule NDA analogues, i.e., without completing a 

total or even a formal synthesis of lycoctonine (14), inuline (13), or MLA (11). These studies 

are an important foundation for the next phase of this research. The regioselective O-

demethylation of aconitine (2)94 has enabled its regioselective anthranoylation95 leading to such 
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NDA analogues and thereby swapping from the VSSC to the nAChR series of important 

biological activities.53 Our studies on deuteriation96 led to the tritiation of the key ligand MLA 

(11).49,97,98 A huge amount of important pharmacology has been uncovered using this biological 

tool. 

The through-space 1H NMR effect of steric compression by the lone-pair electrons of 

O- and N-atoms, with an associated deshielding effect, has been shown in synthetic [3.3.1]oxa- 

and azabicycles.99 Likewise the relevance of determining the crystal or solution protonated 

[3.3.1]azabicycle conformation, true-boat/true-chair conformation in the crystal lattice, but in 

solution the conformation is true-chair/true-chair.99  

Moving from bicycles to hexacycles, conformational analyses have very recently been 

reported of several pharmacologically important NDA in crystal and in solution states.100 

Indeed, crystal data of 8 NDA (4 free bases and 4 salts) were obtained, in which crassicauline A 

(7), aconitine (2) HCl, and methyllycaconitine (11) HClO4 have been reported for the first time 

together with the comprehensive 1D/2D NMR spectroscopies of 7 NDA.100 The A/E-rings of 

NDA-free bases exist in twisted-chair/twisted-chair conformations, with examples of the 1H 

NMR effect of steric compression shown in the A-ring. The A/E-rings of NDA salts adopt 

boat/chair crystal conformations, as do the protonated synthetic [3.3.1]azabicycle. However, in 

aqueous solutions at physiological pH, this protonated analogue adopts a true chair/true chair 

conformation where the NDA salts retain their twisted boat/twisted chair.100  

15N NMR analysis showed that the 15N chemical shift of 1-OMe NDA increases 

(electron density decreases) upon protonation6 due to H-bonding between 1-OMe and N-H+ 

which stabilize the twisted boat-twisted chair conformation of the AE bicycle.100 Such an 

increase in the 15N chemical shift has been observed in the 1-αOH NDA free bases where ring A 

adopts a twisted boat conformation due to intramolecular H-bonding.5,6 These results prove that 

the analysis of the N-electron density of piperidine containing alkaloids is useful for solution 

conformational analysis. 
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7. Conclusions and future prospects 

Although currently studied and, if starting with Pliny the Elder,3 now for 2000 years, research in 

this area of phytochemistry continues apace. New C19 and C18 NDA continue to be discovered 

and their biosynthesis will be better understood with analysis at the genetic level. These natural 

products and their analogues and semi-synthetic variants exhibit a wide range of important 

biological activities. SAR studies have a focus of discovering NDA with low toxicity and a 

wider therapeutic window. There are many metabolic studies on Aconitum alkaloids, but to-date 

none has been reported on Delphinium. NDA are excellent proving grounds for fundamental 

aspects of analytical chemistry. 

All of these continuing studies turn out to be based on the stellar contributions of 

Professor S. William Pelletier (1924-2004) who thought deeply and published widely in this 

important research area. 
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Chapter 2 

 

Isolation of norditerpenoid alkaloids from Delphinium elatum 

 

INTRODUCTION 

Norditerpenoid alkaloids (NDA), the main alkaloid components of Delphinium and Aconitum 

plants, are a group of natural products with a complex hexacyclic system which display 

important and interesting pharmacological activities.1 Delphinium extracts are well known for 

their pediculicide activity.2 D. elatum is a well-known species that has been investigated 

extensively to discover new NDA, where recently Wada and co-workers discovered eleven new 

NDA with the characteristic 7,8-methylenedioxy moiety 3 and methylsuccinimidebenzoate 

esters of lycoctonine. This study reports the phytochemical investigation of D. elatum seeds 

which resulted in the isolation of four NDA (Fig. 1):  methyllycaconitine (MLA) 1, 

shawurensine A 2, shawurensine B 3. The alkaloids 2 and 3 have been compared to the reported 

delavaines 4 and delsemines 5. In addition, this study reports the isolation of delpheline 6.  

MLA 1 was first reported by Manske in 1938 from D. brownii Rydb. 4 and Goodson 

(1943) confirmed the structure of MLA 1, isolated from D. elatum seeds be a 2-S-methyl-

succinimidobenzoate ester of lycoctonine.5 MLA 1 is a potent competitive antagonist at α7 

nAChRs 6 where a rare pharmaceutical preparation, mellictin, was reported in a few countries, 

Uzbekistan and Kyrgyzstan to be used clinically to treat Parkinson's disease (PD) and cerebral 

palsy.7 Shawurensine has a similar structure to MLA, but with the imide ring opened with water 

(hydrolysis) as a side-chain. Isolation of shawurensine A 2 was reported 8 and in this study we 

report the complete corrected and unambiguous NMR assignments. In addition, an isomer of 

shawurensine A 2 was isolated and is reported for the first time, shawurensine B 3. The 

importance of the open side-chain was reported 9 where it was found that delavaines 4 (LD 50 = 

3.3 μg/kg) are more potent than MLA 1 (LD 50 = 7.5 μg/kg) when tested in mice. Delsemines 5 

were found to be slightly less potent than MLA 1 when tested on frog muscles preparation. 9 

The activity of delsemines 5 and MLA 1 were also compared on rat brain membranes where 
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delsemines 5 were less potent by 200-fold than MLA 1, and in house fly brain membrane by 10-

folds. 9 Shawurensine A 2 antifeedant activity was found to be better than MLA 1 against larvae 

of Spodoptera exigua (Hübner).10  

 

 

Fig. 1. Selected lycoctonine-type norditerpenoid alkaloids. 

 

RESULTS and DISCUSSION 

1. Isolation of methyllycaconitine 1 

HRMS data of MLA 1 [M+H]+ (C37H51N2O10) requires 683.3544 and was found 683.3548. 

NMR data and full assignment are listed in Table 1, consistent with the literature.11 The 1H 

NMR showed the presence of four methoxy groups that have been assigned using 2D NMR at 

position 1, 6, 14, and 16. The data also showed the presence of the N-ethyl group. The 1H-15N 

HMBC has a correlation between the tertiary nitrogen and the triplet signal of the NCH2CH3 
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methyl group, where the tertiary nitrogen resonates at δN 47.00 ppm. The imide nitrogen does 

not show a correlation in the 1H-15N HMBC to the succinimide protons.  

 

 

 

Table 1. NMR assignment of MLA 1 

Carbon δC 

δH, multiplicity 

(J, in Hz; orientation or label*) 

key HMBC (C→H) key NOESY 

1 83.86[a] 2.96, d (10.0, 7.3; a, β) - - 

2 26.00 

2.06, m (e, β)[a]   - 

2.14, m (a, α)[a]    19-He 

3 31.97 

1.52, m (a, β)[a]  

-  

19-He 

1.72, m (e, α)[a]  - 

4 37.41 - 

6-H, 18-H (A, B), 19-H 

(a, e)  

- 

5 50.00 1.69, br s (β) - - 

6 90.67 3.84, s (α) 17-H 19-Ha 

7 88.36 - 6-H, 15-H (f, b) - 

8 77.42 - 

9-H, 10-H, 14-H, 15-H 

(f, b) 

- 

9 43.11 3.03, m (β) [a] - - 

10 45.96 1.92, dt (12.0, 6.0; β) -  - 

11 48.91 - 5-H, 6-H, 12-He’ - 

12 28.54 

2.43, m (e’, α) [a] 

- 

16-H, 17-H 

1.83, m (a’, β) [a] - 

13 37.98 2.31, dd (7.4, 4.6; e’, β) - - 
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14 83.79[a] 3.57, t (4.7; β) - - 

15 33.45 

1.65, dd (15.3, 6.9; f, β) 

8-OH 

- 

2.58, dd (15.3, 8.9; b, α) 17-H 

16 82.46 3.19, t (7.5; α) - 12-He’ 

17 64.35 2.91, br s (e) 1-H, 5-H, 10-H 12-He’,15-Hb 

18 69.35 

4.04, d (11.2, HA)  

- 

- 

4.10, d (11.2, HB) 6’-H 

19 52.19 

2.40, d (12.0; a)  5-H, 18-H (A, B) 6-H 

2.68, d (12.0. e)  2-Ha, 3-He 

NCH2CH3 50.87 

2.79, dt (13.0, 7.0; HA) 

- 

- 

2.90, m (HB) [a] - 

NCH2CH3 13.93 1.03, t (7.1) - - 

1-OMe 55.67 3.23, d (0.9) 1-H - 

6-OMe 57.99 3.33, br s 6-H 6’-H 

14-OMe 57.68 3.38, d (1.1) 14-H - 

16-OMe 56.16 3.32, d (1.0) 16-H - 

OCO 164.00[a] - 6’-H - 

1′ 126.91[a] - 3’-H, 5’-H - 

2′ 132.90 - 4’-H, 6’-H - 

3′ 129.91 7.25, d (7.8) 5’-H - 

4′ 133.52 7.66, t (7.8) - - 

5′ 129.29 7.52, t (7.8) - - 

6′ 130.93 8.02, d (7.8) - 18-HB, 6-OMe 

1′′ 179.76 - 5’’-CH3 - 

2′′ 35.08 3.03, m - - 

3′′ 36.88 

2.50, m (HA)[a] 

- 

- 

3.07, m (HB)[a]  

4′′ 175.77 - 3’’-H - 

5′′ 17.81 1.43, m  - - 

8-OH - 3.99, br s - - 

* a: axial, e: equatorial, a’: pseudoaxial, e’: pseudoequatorial, f: flagpole, b: bowsprit. 
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[a] The accurate δH or δc was recorded from HSQC, HMBC or H2BC as 1H/13C 1D spectra 

signals are overlapped or weak signals. 

 

2. Isolation of shawurensine A 2 

 

HRMS data of shawurensine A 2 [M+H]+ (C37H53N2O11) requires 701.3649, found 701.3643. 

NMR data (Table 2) were very similar to MLA 1, where 4 methoxy groups were detected and 

assigned at positions 1, 6, 14, and 16. An N-ethyl group was detected. The aromatic protons 

where an observed difference compared to MLA 1, where protons 4′, 5′, and 6′ showed lower 

chemical shifts compared to those in MLA 1, while proton 3′ is shifted downfield to resonate at 

8.70 ppm (the highest aromatic proton) while it was the lowest aromatic proton in MLA 1 

(resonates at 7.25 ppm) and that indicates the change of the substitution at position 2′ from 

imide to amide moiety. The amide moiety affects position 3′ significantly as the calculated 

chemical shift 12 puts the carbon at ~112 ppm and the proton ~7.5 ppm and these values are 

lower than the ones observed.  

 

 

 

Table 2. NMR assignment of shawurensine A 2 

Carbon δC 

δH, multiplicity 

(J, in Hz; orientation or label*) 

key HMBC (C→H) key NOESY 

1 83.83[a] 3.01, m (a, β) [a] - 3-Ha 

2 25.94 2.09, m (e, β) [a] - - 
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2.16, m (a, α) [a] 19-He 

3 31.97 

1.53, m (a, β) [a]  

-  

H-1 

1.81, m (e, α) [a]  19-He  

4 37.48 - 5-H, 6-H, 18-H (A, B) - 

5 50.26 1.72, br s (β) 18-H (A, B) - 

6 90.78 3.92, s (α) 5-H - 

7 88.41 - 15-H (f, b) - 

8 77.55 - 9-H, 10-H, 14-H, 15-H (f, b) - 

9 43.18 3.08, dd (7.2, 4.6; β) - - 

10 45.97 1.96, m (β) [a] -  - 

11 49.02 - 5-H, 6-H - 

12 28.65 

2.45, m (e’, α) [a] 

- 

16-H 

1.86, m (a’, β) [a] 14-H 

13 38.00 2.34, dd (7.6, 4.6; e’, β) - - 

14 83.80[a] 3.61, t (4.6; β) - 12-Ha’ 

15 33.58 

1.68, dd (15.2, 7.0; f, β) 

- 

- 

2.61, dd (15.2, 8.8; b, α) 17-H 

16 82.50 3.22, t (8.0; α) - 12-He’ 

17 64.45 2.96, m (e) [a] 5-H, 19-He, NCH2CH3 15-Hb 

18 69.73 

4.17, d (11.2, HA)  

- 

- 

4.21, d (11.2, HB) - 

19 52.39 

2.48, m (a) [a] 

5-H, 18-H (A, B) 

2-Ha, 3-He 

2.76, d (11.4; e) - 

NCH2CH3 50.96 

2.83, m (HA) [a] 

19-He, NCH2CH3 

- 

2.95, m (HB) [a] - 

NCH2CH3 13.97 1.07, t (7.2) - - 

1-OMe 55.79 3.26, s 1-H - 

6-OMe 58.04 3.38, s 6-H - 

14-OMe 57.77 3.41, s 14-H - 

16-OMe 56.26 3.34, s 16-H - 

OCO 167.87 - 6′-H - 

1′ 114.78 - NHCO, 3′-H, 5′-H - 

2′ 141.83 - 4′-H, 6′-H - 
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3′ 120.65 8.70, d (8.0) NHCO, 5′-H - 

4′ 134.72 7.54, td (8.0, 1.6) - - 

5′ 122.41 7.10, t (8.0) - - 

6′ 130.21 7.96, dd (8.0, 1.6) - - 

NHCO - 11.14, s - - 

1′′ 174.96 - 

NHCO, 2′′-H, 3′′-H (A, B), 

5′′-H 

- 

2′′ 39.35 2.96, m [a] - - 

3′′ 38.66[a] 

2.46, m (HA) [a] 

- 

- 

2.82, m (HB) [a]  

4′′ 175.91[a] - 3′′-H (A, B) - 

5′′ 17.85 1.33, d (7.1) - - 

* a: axial, e: equatorial, a′: pseudoaxial, e′: pseudoequatorial, f: flagpole, b: bowsprit. 

[a] The accurate δH or δc was recorded from HSQC, HMBC or H2BC as 1H/13C 1D spectra 

signals are overlapped or weak signals. 

 

The assignment reported in this study corrects some signals reported by Gu et al. (2007) as 

carbon 5 and 9 were reported 8 at 43.3 and 50.4 ppm respectively while based on 2D NMR, they 

should be swapped and carbon 5 resonates at 50.26 ppm based on the HMBC correlation to the 

protons at position 18 and correlation from adjacent carbons to the proton at position 5 (Fig. 2 

upper). Carbon 9 assigned at 43.18 ppm based on the COSY correlation of 9-H with 10-H (Fig. 

2 lower) and the H2BC correlation from carbon 14 to 9-H and from carbon 9 to 10-H (see blue 

arrows above Table 2). Carbon 10 and 13 were reported at 38.4 and 45.9 ppm and based on 2D 

NMR, they should be swapped based on COSY (Fig. 2 lower) and H2BC correlations as 

reported in Table 2. The carbon signals of 6-OMe and 14-OMe are very close where Gu et al. 

(2007)8 assign 6-OMe as the lower value while the HMBC spectrum showed that 14-OMe 

comes at 57.77 ppm followed by 6-OMe at 58.04 ppm (Fig. 2 upper). The aromatic protons 

were assigned in the wrong order8 (4′ < 5′ < 3′ < 6′) and they have been corrected based on 

HSQC, HMBC, and COSY spectra to be 5′ < 4′ < 6′ < 3′ (Fig. 2).  
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Fig. 2. HMBC (upper) and COSY (lower) of shawurensine A 2 
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The amide NH signal has correlation in the 1H-15N HMBC (Fig. 3) with a nitrogen at δN 137.30 

which is an atypical value for secondary amides and that suggests that MLA 1 side chain has 

been opened to give Shawurensine A 2. The spectrum below shows a one bond coupling for the 

N-H correlation and appeared as a doublet (J = 90 Hz). In addition, the tertiary nitrogen shows 

correlation with the triplet signal of the NCH2CH3 methyl group (Fig. 3) and resonates at δN 

48.00 ppm.  

 

Fig. 3. The 1H-15N HMBC spectrum of shawurensine A 2. 

 

3. Isolation of shawurensine B 3 

HRMS data of shawurensine B 3 [M+H]+ (C37H53N2O11) requires 701.3649 and was found 

701.3644. NMR data (Table 3) are very similar to shawurensine A 2, where the chemical shift 

of the protons at positions 1, 3, 17, 18 and the methylene of the N-ethyl group has increased 

compared to shawurensine A 2. The carbon signal of carbons 1′′ and 4′′ were almost overlapped. 

The amide NH signal has a correlation in the 1H-15N HMBC with a nitrogen at δN 137.27 and 

showed a one bond coupling for the N-H correlation and appeared as a doublet (J = 90 Hz). In 
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addition, the tertiary nitrogen correlates with the triplet signal of the NCH2CH3 methyl group 

and resonates at δN 49.44 ppm.  

 

 

 

Table 3. NMR assignment of shawurensine B 3 

Carbon δC 

δH, multiplicity 

(J, in Hz; orientation or label*) 

key HMBC (C→H) key NOESY 

1 83.31[a] 3.10, m (a, β) [a] - - 

2 25.31 2.10-2.22, m   - 

3 31.97 

1.60, m (a, β) [a]  

-  

19-He 

1.87, m (e, α) [a]  - 

4 37.52 - 6-H, 18-H (A, B)  - 

5 50.26 1.77, br s (β) - - 

6 90.67 3.96, m (α) [a] 17-H - 

7 88.17 - 6-H, 15-H (f, b) - 

8 77.77 - 14-H, 15-H (f, b) - 

9 43.23 3.08, m (β) [a] - - 

10 45.78 2.02, m (β) [a] -  - 

11 49.24 - 5-H, 6-H - 

12 28.88 

2.29, m (e’, α) [a] 

- 

16-H 

1.89, m (a’, β) [a] - 

13 38.03 2.37, t (6.0; e’, β) - - 

14 83.87[a] 3.62, t (4.6; β) - - 

15 33.62 

1.72, dd (15.2, 7.1; f, β) 

- 

- 

2.62, m (b, α) 17-H 
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16 82.52 3.21, t (8.0; α) - 12-He’ 

17 64.13 3.04, br s (e) 5-H 15-Hb 

18 69.65 

4.16, d (11.1, HA)  

- 

- 

4.30, d (11.1, HB) - 

19 53.00 2.59, m[a]  5-H, 18-H (A, B) - 

NCH2CH3 51.10 

2.98, m (HA) [a] 

- 

- 

3.09, m (HB) [a] - 

NCH2CH3 13.45[a] 1.13, t (7.2) - - 

1-OMe 55.89 3.29, s 1-H - 

6-OMe 58.17 3.39, s 6-H - 

14-OMe 57.84 3.41, s 14-H - 

16-OMe 56.35 3.35, s 16-H - 

OCO 167.95 - 6’-H - 

1′ 115.00 - 3’-H, 5’-H - 

2′ 141.53 - 4’-H, 6’-H - 

3′ 120.86 8.68, d (8.4) 5’-H - 

4′ 134.86 7.55, ddd (8.4, 7.3, 1.6) - - 

5′ 122.75 7.11, ddd (8.4, 7.3, 1.6) - - 

6′ 130.26 7.95, dd (8.4, 1.6) - - 

NHCO - 11.11, s - - 

1′′ 174.65[a] - - - 

2′′ 38.89 

2.51, dd (16.7, 5.0; HA) 

3’’-H 

- 

2.85, dd (16.7, 8.4; HB)  

3′′ 37.80[a] 2.97, m[a] - - 

4′′ 174.68[a] - - - 

5′′ 17.81 1.34, d (7.1) - - 

* a: axial, e: equatorial, a′: pseudoaxial, e′: pseudoequatorial, f: flagpole, b: bowsprit. 

[a] The accurate δH or δc was recorded from HSQC, HMBC or H2BC as 1H/13C 1D spectra 

signals are overlapped or weak signals. 

 



90 

 

It was reported in delavaines 5 and delsemines 6 that moving the methyl group in the side chain 

from position 2′′ to 3′′ will decrease the chemical shift of carbon 3′′ due to shielding effect from 

the electron donating methyl group 13. Carbon 3′′ in shawurensine B 3 has lower chemical shift 

than that in shawurensine A 2 but an increase in 2′′ was not observed.  

The ESI-MS/MS fragmentation of shawurensine A and B shows characteristic 

fragments (Fig. 4). Shawurensine A 2 showed a 701 molecular peak [M+H]+ (84 %) while the 

base peak (100 %) corresponds to 699 which indicates a loss of a proton which could possibly 

be the acidic proton of the side-chain. Shawurensine B 3 showed a 701 molecular peak [M+H]+ 

(100 %) and 699 peak as second most abundant (95 %). Both compounds showed fragmentation 

of the ester side-chain (466). The fragmentation of amide linkage was quite different between 

both compounds as shawurensine A 2 showed higher fragment intensity and that indicates that 

the free radical intermediate is more stabilized due to the presence of two adjacent electron 

donating groups. The loss of the carboxylic acid moiety (655) was observed in shawurensine B 

3 only (1%).  

 

 

Fig. 4. Fragments of shawurensine A 2 and B 3 using ESI-MS/MS. 

 

The observed differences in NMR and MS/MS fragmentation of shawurensine A 2 and B 3 

suggests that carbon 5′′ is next to the carboxylic acid end in shawurensine B 3. 
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4. Isolation of delpheline 6 

Delpheline 6 has a characteristic 7,8-methylenedioxy moiety where it was first isolated by 

Goodson (1943) using D. elatum seeds 14. This study reports the X-ray crystal characterisation 

of delpheline 6 free base for the first time. 

HRMS data of delpheline 6 [M+H]+ (C25H40NO6) requires 450.2856 and was found 

450.2856. NMR data (Table 4) is consistent with the reported assignment 15 where it shows N- 

ethyl group and three methoxy groups at positions 1, 14, and 16. Two singlets appear 5.05 and 

5.13 ppm corresponding to the methylenedioxy protons. The tertiary nitrogen shows correlation 

with the triplet signal of the NCH2CH3 methyl group and resonates at 51.22 ppm. 

 

 

 

Table 3. NMR assignment of delpheline 6 

Carbon δC 

δH, multiplicity 

(J, in Hz; orientation or label*) 

key HMBC (C→H) key NOESY 

1 82.87[a] 3.02, dd (10.0, 7.3; a, β) - - 

2 26.93 

1.98-2.07, m (e, β) 

- 

 

2.14, m (a, α) [a] 19-He 

3 36.90 

1.16-1.20, m (a, β)  

-  

 

1.59, ddd (15.3, 5.2, 2.5; e, α)  19-He 

4 33.88 - 

5-H, 6-H, 18-CH3,  

19-He 

- 

5 56.71 1.21, s (β) 3-He, 17-H, 19-He  - 

6 79.25 4.2, s (α) 5-H 19-Ha 

7 92.72[a] - OCH2O (α) - 

8 84.07 - 

9-H, 10-H, 14-H, 

OCH2O (β) 

- 
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9 40.40 3.64, dd (7.4, 5.1; β) - - 

10 47.85 2.12, m (β) [a] -  - 

11 50.39[a] - 6-H, 10-H - 

12 28.09 

2.56, dd (14.7, 4.9; e’, α) 

- 

16-H, 17-H  

1.80, m (a’, β) [a] - 

13 37.78 2.37, dd (7.3, 4.9; e’, β) - - 

14 83.06[a] 3.68, t (4.9; β) - - 

15 33.36 

1.82, m (f, β) [a] - OCH2O (α) 

2.49, dd (14.9, 8.9; b, α)  OCH2O (α) 

16 81.82 3.23, m (α) [a] 13-H 12-He’ 

17 63.65 3.06, d (2.1; e) - 12-He’ 

18 25.35 0.92, s  5-H - 

19 57.29 

2.24, dd (11.3, 2.1; a) 

17-H 

2-Ha, 3-He 

2.60-2.68, m (e) 6-H 

NCH2CH3 50.57[a] 

2.60-2.68, m (HA) 

- 

- 

2.73-2.80, m (HB) - 

NCH2CH3 13.97 1.04, t (7.2) - - 

1-OMe 55.56 3.26, s 1-H  

16-OMe 56.26 3.35, s 16-H - 

14-OMe 57.82 3.43, s 14-H - 

OCH2O 92.87[a] 

5.05, s (α) 

- 

15-H (f, b) 

5.13, s (β)  

6-OH - 3.37, s - - 

* a: axial, e: equatorial, a′: pseudoaxial, e′: pseudoequatorial, f: flagpole, b: bowsprit. 

[a] The accurate δH or δC was recorded from HSQC, HMBC or H2BC as 1H/13C 1D spectra 

signals are overlapped or weak signals. 

 

In the NMR reported for delpheline 6 by Pelletier and co-workers15, the β proton of the 

methylenedioxy was assigned as the upfield one (5.02 ppm compared to 5.10 ppm of the α 

proton). However, the NOE correlation reported here showed that of the methylenedioxy 

signals, the α proton resonated with the lower chemical shift at 5.05 ppm and therefore the β is 

at 5.13 ppm (Fig. 5). 
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Fig. 5. NOE correlation between alpha proton of delpheline methylenedioxy group and 15-H (f, 

b) 

 

The X-ray single crystal, which is the first reported for delpheline 6 free base, shows the 

proximity of the -proton of the methylenedioxy and protons at position 15 (Fig. 6). 

 

 

 

Fig. 6. X-ray of delpheline 6 free base. 

 

15-Hf 

15-Hb 

OCH2O (α) 
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Experimental  

General Methods  

Chemicals and Materials. D. elatum seeds were purchased from Thompson and Morgan 

company. Chloroform-d (99.8% D atom, CDCl3) was used for NMR experiments purchased 

from Cambridge Isotope Laboratories (U.S.A.). All other solvents were of HPLC grade, ≥99.9% 

purity (Fisher Scientific, U.K. and VWR, U.K.). 

Instrumentation. Analytical thin layer chromatography (TLC) was performed using aluminium 

backed sheets of precoated silica gel plates (Merck Kieselgel 60 F254). Compounds were 

visualized by staining with iodine vapour, and Dragendorff solution (stock solution prepared by 

mixing bismuth subnitrate (1.7 g) with water (80 ml) and glacial acetic acid (20 ml). Potassium 

iodide solution (50% w/v, 100 ml) was added then and stirred until dissolved. The solution is 

kept in an amber bottle. The working solution is prepared by mixing the stock solution (100 ml) 

with glacial acetic acid (200 ml) and make up to volume (1 litre) with distilled water and stored 

in an amber bottle). Flash column chromatography Column chromatography was performed on 

RediSep prepacked columns with a Teledyne Isco CombiFlash instrument. The fragmentation 

study for shawurensine A and B was done using LC-MS analyses were performed using an 

Agilent QTOF 6545 with Jetstream ESI spray source coupled to an Agilent 1260 Infinity II 

Quat pump HPLC with 1260 autosampler, column oven compartment and variable wavelength 

detector (VWD). The MS was operated in positive ionization mode with the gas temperature at 

250 °C, the drying gas at 12 L/min and the nebulizer gas at 45 psi (3.10 bar). The sheath gas 

temperature and flow were set to 350 °C and 12 L/min, respectively. The MS was calibrated 

using reference calibrant introduced from the independent ESI reference sprayer. The VCap, 

Fragmentor and Skimmer was set to 3500, 100 and 45 respectively. The MS was operated in all-

ions mode with 3 collision energy scan segments at 0, 20 and 40 V. Data were compared at 

collision induced dissociation (CID) of 40 V. Chromatographic separation of a 5 µL sample 

injection was performed on a InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm, 2.7 µm) column 

using H2O (Merck, LC-MS grade) with 0.1 % formic acid (FA, Fluka) v/v and methanol 

(MeOH, VWR, HiPerSolv) with 0.1% FA v/v as mobile phase A and B, respectively. The 

column was operated at flow rate of 0.3 mL/min at 40°C starting with 1 % mobile phase B for 3 
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min, thereafter the gradient was initiated and ran for 2 min to a final 100% B, held at 100% B 

for 3 min then returned to 1% B, held for re-equilibration for 3.9 min in a total 12 min run time. 

The VWD was set to collect 254 and 320 nm wavelengths at 2.5 Hz. Data processing was 

automated in Qual B 07.00 with a Find by formula matching tolerance of 10 ppm. 1H NMR 

spectra were recorded with a Bruker Avance III (500 MHz) spectrometer at 25 oC. Chemical 

shifts are given in parts per million (ppm) referenced to the residual solvent peak, and reported 

as position (δ), multiplicity (s = singlet, br = broad, d = doublet, dd = doublet of doublets, t = 

triplet, dt = doublet of triplets, td = triplet of doublet, m = multiplet), relative integral, 

assignment and coupling constant (J in Hz). 1H−15N HMBC spectra were recorded on a Bruker 

Avance III (15N Larmor precession frequency 51 MHz) spectrometer at 25 °C. The spectra were 

externally calibrated with a MeNO2 solution (50% in CDCl3, v/v), recorded, and set at δN 379.8 

ppm, and the correction factor is measured as -511.72 on our spectrometer. High Resolution 

Time-of-Flight (HR TOF) mass spectra were obtained on a Bruker Daltonics “micrOTOF” mass 

spectrometer using electrospray ionisation (ESI) (loop injection +ve ion mode). The crystal was 

mounted onto a goniometer head and cooled to 150 K with an Oxford Cryosystem. Intensity 

data for s22phar2 were collected on a SuperNova, Dual, Cu at zero, EosS2 using a Cu 

microfocus source (λ = 1.54184) Å. Unit cell determination, data collection, data reduction and 

a symmetry-related (multi-scan) absorption correction were performed using the CrysAlisPro 

software  

The structure was solved with SHELXT and refined by a full-matrix least-squares procedure 

based on F (Shelxl-2018/3). All non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were placed onto calculated positions and refined using a riding model except for the OH 

hydrogen atoms which have been located in the difference Fourier map and were refined freely.  

 

Extraction of D. elatum seeds 

D. elatum seeds (500 g) were ground macerated for two days in isopropanol (3 L). This step was 

repeated five times and each extract was evaporated to dryness under reduced pressure at <45 

οC using a vacuum rotary evaporator. Each extract was tested for the presence of alkaloids using 

Dragendorff reagent. The combined crude extract was accurately weighed (110 g). The extract 
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was suspended in water and extracted with petroleum ether (6 x 300 mL) to yield 78 g fraction. 

The extract then extracted with dichloromethane (8 x 300 mL) until the last extract showed 

negative result with Dragendorff reagent to yield around 30 gm fraction. The petroleum ether 

fraction and the dichloromethane fraction were partitioned between 0.1M aq. HCl (200 mL) and 

dichloromethane (400 mL). The organic layer was further extracted with aq. HCl (3 x 200 mL) 

until the last extract showed a negative result with Dragendorff’s reagent. The combined aq. 

Layers were collected and made alkaline using saturated aq. sodium carbonate solution then 

partitioned against dichloromethane (6 x 300 mL) and the combined organic layers were dried 

(MgSO4), filtered, and then concentrated in vacuo to yield the extracts of (25 g) and (6 g) 

respectively. 

The total alkaloid extract from the dichloromethane extract, was purified by column 

chromatography using silica gel and mobile phase dichloromethane: methanol (9.8:0.2) to (9:1) 

gradually in order of increasing polarity. five fractions were obtained, fraction 1 (150 mg) was 

identified as methyllycaconitine 1 (Rf = 0.27 5% DCM / MeOH). Fraction 4 (30 mg) was 

identified as shawurensine A 2 (Rf = 0.55 20% DCM / MeOH). Faction 5 was purified by 

column chromatography and yield shawurensine B 3 (10 mg) (Rf = 0.60 20% DCM / MeOH). 

Total alkaloidal extract from the petroleum ether extract, was purified by column 

chromatography using silica gel and mobile phase dichloromethane: methanol (9.8:0.2) to (9:1) 

gradually in order of increasing polarity and yield delpheline 4 (60 mg) (Rf = 0.42 5% DCM / 

MeOH).  

 

Table 5. Crystal data and structure refinement for delpheline 4 (s22phar2). 

Identification code  s22phar2 

Empirical formula  C25 H39 N O6 

Formula weight  449.57 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  P212121 
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Unit cell dimensions a = 11.98820(9) Å a= 90°. 

 b = 13.21037(11) Å b= 90°. 

 c = 14.32101(13) Å g = 90°. 

Volume 2268.00(3) Å3 

Z 4 

Density (calculated) 1.317 Mg/m3 

Absorption coefficient 0.753 mm-1 

F(000) 976 

Crystal size 0.308 x 0.189 x 0.172 mm3 

Theta range for data collection 4.554 to 72.911°. 

Index ranges -14<=h<=14, -16<=k<=16, -16<=l<=17 

Reflections collected 49710 

Independent reflections 4522 [R(int) = 0.0268] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.86657 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4522 / 0 / 298 

Goodness-of-fit on F2 1.102 

Final R indices [I>2sigma(I)] R1 = 0.0397, wR2 = 0.1109 

R indices (all data) R1 = 0.0398, wR2 = 0.1110 

Absolute structure parameter 0.01(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.565 and -0.291 e.Å-3 
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Conclusions 

This study reports the isolation of methyllycaconitine 1, shawurensine A 2, shwurensine B 3, 

and delpheline 6 from Delphinium elatum seeds. The NMR analysis is in agreement with the 

literature. The reported NMR assignment of shawurensine A 2 has been corrected in this study 

based on 2D NMR. This study reports the isolation of shwurensine isomer for the first time, 

shwurensine B 3. The NMR analysis alongside the MS/MS fragmentation study suggests that 

the methyl group of the open side chain has moved to be next to the carboxylic acid end. The 

isolation of delpheline 6 has been accomplished and based on NOESY spectrum, the reported 

NMR assignment of the methylenedioxy protons has been reversed where the β proton resonates 

downfield to the α proton. This study shows the X-ray crystal structure of delpheline 6 free base 

for the first time.   
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Chapter 3 

 

Quantification and chemical profiling of TCM Aconitum preparations using LC-

ESI-MS/MS 

 

Introduction 

According to Shen'nong'ben'cao'jing, 1 the application of Aconitum plants as analgesics in 

TCM, especially for the treatment of rheumatism, is known since 200–250 A.D. Thus, there is 

no doubt that Aconitum is useful in the clinical treatment. However, in terms of modern 

pharmacology, the key to the application of medicine is dose, especially for those with an 

unclear boundary between the potent activity and toxicity. Indeed, poisoning by clinical use of 

Aconitum plants is widely reported. 2 Furthermore, aconitine (1, C19-diterpenoid alkaloid, Fig. 

1), which is the first isolated diterpenoid alkaloid and thus it is named after this plant, 3 is one of 

the main toxicological components of many species of Aconitum, and this natural product is 

known to be one of the most toxic chemicals in the world. 4  

The bioactivities of Aconitum alkaloids vary, for instance, aconitine can induce arrhythmia 

as it maintains cardiac voltage-sensitive sodium channels (VSSCs) in an open-state, thus it 

could be lethal (depending upon dose), 4,5 however, its derivative, 3-O-acetylaconitine 2, is less 

toxic and is allowed to be clinically used as an analgesic in China. 5,6 Moreover, C18-diterpenoid 

alkaloid analogue lappaconitine 3 isolated from Aconitum plants even displays antiarrhythmic 

activity by the blockade of VSSCs, and its HBr salt, allapinin is used as an antiarrhythmic agent 

in China and Russia. 7,8 The development and use of medicines of single component of NDA 

would be much safer than using plant preparations which contains mixture of components and 

require quality control of the preparation method. For the safe clinical administration of 

Aconitum in modern TCM, the total amount of both di- and monoester-type diterpenoid 

alkaloids is limited in the current Chinese Pharmacopeia. 9 Indeed, due to the various 

bioactivities of Aconitum alkaloids, it is essential to understand the amount of certain key 

components in detail. Thus, the quantitative analysis on both toxic and pharmacologically active 
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components of Aconitum product should be investigated in-depth, for discovering a safe and 

effective dose of medicinal application of TCM.  

The processed roots of Aconitum carmichaelii Debx. (Family Ranunculaceae) are used in 

the clinic as analgesic, tonic, and anti-rheumatic.10 The processed main roots are called 

Zhi’chuan’wu while the side roots (Aconiti Lateralis Radix Praeparata) are called Fu’zi. There 

are five different methods of Fu’zi processing in the Chinese Pharmacopeia and result in five 

different preparations: Yan’fu’zi (salted Fu’zi), Dan’fu’pian (slight salted Fu’zi slice), 

Hei’shun’pian (Black glossy Fu’zi slice), Bai’fu’pian (White Fu’zi slice), and Pao’fu’pian 

(Roasted Fu’zi slice). The main medical application of Fu’zi. Preparations as analgesic and 

tonic. On the other hand, the processed main roots of A. kusnezoffii Reichb. (Zhi’cao’wu) are 

used in clinic as analgesic and anti-rheumatic. 10 Diester norditerpenoid alkaloids DDA (mainly 

aconitine 1, mesaconitine 4, and hypaconitine 5) pose cardiac and analgesic activities,5 but due 

to their high toxicity, these herbal preparations are used after processing to convert DDA into 

monoester alkaloids MDA (benzoylaconine 6, benzoylmesaconine 7, and benzoylhypaconine 8) 

which are less toxic but still active. Therefore, these 6 alkaloids have been chosen (Fig. 1) as the 

target compounds for the quality control of Aconitum preparations. As many cases are being 

reported due to Aconitum poisoning,2 these preparations must be analysed and quantified to 

ensure its content. According to Chinese Pharmacopeia, the total amount of the DDA in the 

main root preparations (Zhi’chuan’wu and Zhi’cao’wu) must be less than 0.04% (400 μg/g) and 

total MDA must be in the range 0.07-0.15% (700-1500 μg/g).9,11 For side root preparations 

(Bai’fu’pian, Yan’fu’zi, and Hei’shun’pian), total DDA must be less than 0.02% (200 μg/g) and 

total MDA must be higher than 0.01% (100 μg/g) 9,12. In this study, we analyse and quantify five 

Aconitum preparations using LC/MS-ESI: Zhi’cao’wu, Zhi’chuan’wu, Yan’fu’zi, Bai’fu’pian, 

and, Hei’shun’pian (Fig. 2) obtained from a pharmacy in China to ensure that the DDA and 

MDA levels comply with the Chinese Pharmacopeia limits, and also to chemically profile these 

preparations to identify the markers related to each of them and help assess the quality of them  

Table 1 explains the processing method for each of the five TCM preparations. 
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Fig. 1. Selected Aconitum norditerpenoid alkaloids 

 

 

  

  

  

 

 

 

 

 

 

 

 

 

Fig. 2. Processing of Aconitum plants. D. Bai’fu’pian  
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Table 1. Processing method of the TCM preparations. 

Preparation Source Processing method 

A. Zhi’cao’wu 

 

processed dry 

main root of A. 

kusnezoffii 

soaked and boiled in water until no “white part” 

is displayed on the vertical section. 

B. Zhi’chuan’wu 

 

processed dry 

main root of A. 

carmichaelli 

soaked in cold water then boiled in fresh water 

for 4-8 hours until no “white part” is displayed on 

the vertical section. 

C. Yan’fu’zi 

 

processed dry side 

root of A. 

carmichaelli 

soaked in as aqueous solution of “Danba”* 

overnight, then dried. This process repeated till 

until it is hardened and plenty of salt is 

crystallized on its surface. 

D. Bai’fu’pian  

 

processed dry side 

root of A. 

carmichaelli 

soaked in an aqueous solution of “Danba”* for 

several days, and then it is boiled thoroughly in 

the solution. Then sliced, washed with water, and  

The slices are steamed thoroughly then dried in 

sunlight.  

E. Hei’shun’pian 

 

processed dry side 

root of A. 

carmichaelli 

soaked in an aqueous solution of “Danba”* for 

several days, and then it is thoroughly boiled in 

the solution. Then sliced, washed with water, and 

these brown coloured slices are then steamed 

until the surface is glossy followed by oven 

drying.  

* “Danba” is the crystals from the dried mother liquor of sea water or water from salt lakes that 

are used for salt production, which mainly consists of magnesium chloride and sodium chloride.
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Results and Discussion 

1. Optimization of the alkaloid’s extraction 

In order to optimize the extraction process, six alkaloids markers (Table 2) have been quantified 

in Aconitum carmichaelii seeds, and Fig. 3 shows the plotting charts. The seeds were extracted 

using seven different solvents mixtures: methanol (MeOH), ethanol (EtOH), EtOH: water (1:1), 

water, isopropanol (IPA), IPA: ethyl acetate (EtOAc) 1:1, and chloroform (Table 3). The six 

alkaloids markers have been quantified to choose the best extracting solvent (Fig. 4). 

 

Table 2. Calibration curve data of NDAs 

 equation R2 Linear range ng/mL 

Aconitine 59679x - 48361 0.999 1.5625-100 

Mesaconitine 11518x - 10136 0.999 1.5625-100 

Hypaconitine 78217x - 239778 0.997 1.5625-200 

Benzoylaconine 50674x – 65893 0.999 1.5625-200 

Benzoylmesaconine 104029x - 95453 0.999 1.5625-100 

Benzoylhypaconine 51569x - 113881 0.999 1.5625-200 
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E  

         F  

Fig. 3. Calibration curves A-F for aconitine, mesaconitine, hypaconitine, benzoylaconine, 

benzoylmesaconine, and benzoylhypaconine respectively. 

 

Table 3. Quantification of NDAs using different extraction solvents 

 

Ac 

μg/g 

Mes 

μg/g 

Hyp 

μg/g 

BAc 

μg/g 

BMes 

μg/g 

BHyp 

μg/g 

MeOH 0.18 1.22 0.58 0.18 0.57 0.28 

EtOH 2.31 2.32 0.61 2.8 11.00 0.92 

EtOH:H2O (1:1) 1.92 2.3 0.95 1.64 6.02 0.61 
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H2O 0.01 0.01 0.02 0.13 3.54 0.13 

Isopropanol (IPA) 3.29 1.8 2.54 1.41 4.54 0.32 

IPA:EtOAc (1:1) 1.48 1.22 0.86 1.48 5.51 0.35 

CHCl3 0.05 0.05 0.04 0.13 2.05 0.12 

 

 

Fig. 4. NDAs quantities in different solvent (Chart) 

 

Based on the quantification results, it was found that IPA, EtOH and MeOH were the best 

extracting conditions. It was reported that protic solvents but due to the stability concerns of 

diester NDAs in MeOH and EtOH.13 IPA was chosen for the extraction of the TCM 

preparations as IPA showed good stability toward the DDA.14,15 
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2. TCM quantification  

 

The chromatography retention time of the six markers standards were compared to those in the 

TCM samples where hei’shun’pian and yan’fu’zi were taken as examples (Table 4). Fig. 5 

shows the markers chromatogram in a standard mixture and TCM preparations.  

Table 4. Retention time of the six markers in a standard mixture, Hei’shun’pian extract, and 

Yan’fu’zi extract. 

 Molecular 

formula 

Required 

m/z 

Observed 

m/z 
Std RT 

Hei’shun’pian 

RT 

Yan’fu’zi 

RT 

Ac C34H47NO11 646.3227 646.3217 7.172 7.174 7.166 

Hyp C33H45NO10 616.3122 616.3126 7.152 7.163 7.155 

Mes C33H45NO11 632.3071 632.3079 7.120 7.122 7.124 

BAc C32H45NO10 604.3122 604.3131 6.964 6.965 6.957 

BHyp C31H43NO9 574.3016 574.3024 7.020 7.017 7.020 

BMes C31H43NO10 590.2965 590.2977 6.880 6.871 6.863 

 

The five Aconitum preparations were extracted using isopropanol and the six markers were 

quantified. Table 5 summarize the quantification results. 

  

 Table 5. Quantification of Aconitine Ac, Mesaconitine Mes, Hypaconitine Hyp, 

benzoylaconine BAc, benzoylmesaconine BMes, benzoylhypaconine, in five TCM preparations. 

 

Ac 

μg/g 

Mes 

μg/g 

Hyp 

μg/g 

BAc 

μg/g 

BMes 

μg/g 

BHyp 

μg/g 

Zhi’cao’wu 123.90 5.08 3.41 556.51 8.49 10.93 

Zhi’chuan’wu 1.02 9.29 6.11 7.24 15.13 11.98 

Yan’fu’zi 0.36 5.34 1.63 1.02 7.92 8.47 

Bai’fu’pian 0.04 0.09 0.10 0.10 0.09 0.14 

Hei’shun’pian 0.96 6.90 0.27 2.82 10.32 1.69 
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C 

D 

 

Fig. 5. LC-MS chromatograms of the six markers. A. Standards mixture, B. Standards mixture 

expansion, C. Hei’shun’pian extract, D. Yan’fu’zi extract. 

 

The quantification results of the main roots preparations, Zhi’chuan’wu and Zhi’cao’wu, 

indicated that the total DDA (aconitine 1, mesaconitine 4, and hypaconitine 5) amount is around 

16 and 132.39 μg/g respectively and that’s comply the pharmacopeia limit which is 400 μg/g. 

The total amount of the MDA markers (benzoulaconine 6, benzoylmesaconine 7, and 

benzoylhypaconine 8) is around 34 μg/g in Zhi’chuan’wu and that is lower than the Chinese 
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Pharmacopeia range (700-1500 μg/g) which means lower efficacy of this sample. The total 

MDA in Zhi’cao’wu is around 576 μg/g which fits in the specified range.  

 The Bai’fu’pian sample was found to have lower concentration of the DDA and 

MDA compared to other samples, and the assay was repeated twice. The total DDA in 

Bai’fu’pian is around 0.23 μg/g which is within the limit (< 200 μg/g), and the total MDA is 

around 0.33 μg/g which is much lower than the specified range (> 100 μg/g). 

 The total DDA amount in Yan’fu’zi and Hei’shun’pian is 7.33 and 8.13 μg/g 

respectively, which fit withtin the limit (< 200 μg/g) while the total MDA amount (17.41 and 

14.83 μg/g respectively) is out of the Chinese Pharmacopeia range (> 100 μg/g). 

 Among the tested TCM prepartions, only Zhi’cao’wu fits within the 

pharmacopeia limit for DDA which ensures the safety, and alo MDA limit which guarantee the 

efficacy. The other four preparations comply with DDA ranges and that means they will be safe 

to consume. on the other hand, the total MDA amount in them is much lower than the specified 

range and that does not lead to the desired therapeutic effect.  

 

3. Chemical profiling  

In Aconitum species, diterpenoid alkaloids are the major alkaloidal group and responsible of 

their activities. The main concerns in the TCM application are the toxicity and adulterants. The 

chemical profiling of the TCM preparations contribute to identify the markers related to each of 

them and help assess the quality of these preapartions.  

 The chromatograms of the five preparations were obtained isng HPLC and the peaks 

were identified using ESI-MS/MS where the accurate masses along with their fragments and 

retentions times were used to identify these compounds and compare it with the literature.12,16–18  

 A summary of the identifed Aconitum alkaloids in this study is reported in Table 6 with 

retention time of each marker, accurate masses of molecular ions with mass error (ppm), and the 

major fragments. The losses of H2O, CH2O, CH3OH, and CH3COOH are the main fragmentaion 

pathways.  
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 The amount of the identified diterpenoid alkaloids in the main root preparations, 

Zhi’chuan’wu and Zhi’cao’wu, is much more compared to the lateral roots preparations and the 

total ion chromatograms shown below in Fig. 6 explain the difference in complexity between 

the main roots and the side roots sample, Hei’shun’pian. 

A  

B  

C  

Fig. 6. Total ion chromatograms (TIC) of A. Zhi’chuan’wu, B. Zhi’cao’wu, and C. 

Hei’shun’pian.  
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Table 6. Summary of the identified markers in the TCM preparations 

No. 

Retention 

time (min) 

Molecular 

formula 

[M+H]+ (mass error, ppm) 

Fragment ions Identification 

Structure 

type * 

Detected 

in ** Detected Expected 

Error 

(ppm) 

1 7.27 C22H35NO5 394.2583 394.2593 -2.54 

376.2477 [M+H-H2O]+, 358.2366 

[M+H-2H2O]+, 340.2261 [M+H-

3H2O]+, 344.2212 [M+H-H2O-

CH3OH]+. 

Kalacolidine 

C19 

NDA 

A, B, C, 

D, E 

2 7.68 C23H37NO6 424.2691 424.2699 -1.89 

394.2584 [M+H-CH2O]+, 392.2426 

[M+H- CH3OH]+ , 374.2322 [M+H-

H2O-CH3OH]+ , 360.2528 [M+H-

H2O-HCOOH]+ , 356.2211 [M+H-

2H2O-CH3OH]+. 

Senbusine A 

C19 

NDA 

A, B, D 

3 7.73 C22H35NO5 394.2583 394.2593 -2.54 

376.2477 [M+H-H2O]+, 358.2366 

[M+H-2H2O]+, 340.2261 [M+H-

Chuanfumine C20 DA 

A, B, C, 

D, E 
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3H2O]+, 328.2255 [M+H-2H2O-

CH2O]+, 322.2156 [M+H-4H2O]+. 

4 7.74 C24H39NO9 486.2694 486.2703 -1.85 

468.2581 [M+H-H2O]+, 454.2417 

[M+H- CH3OH]+ , 436.2329 [M+H-

H2O-CH3OH]+ , 422.2161 [M+H-

2CH3OH]+, 404.2061[M+H-H2O-

2CH3OH]+. 

Mesaconine 

C19 

NDA 

A, B 

5 7.75 C22H31NO3 358.2375 358.2382 -1.95 

340.2268 [M+H-H2O]+, 322.2157 

[M+H-2H2O]+. 

Songorine C20 DA 

A, B, D, 

E 

6 7.76 C23H37NO6 424.2691 424.2699 -1.89 

394.2584 [M+H-CH2O]+, 392.2426 

[M+H- CH3OH]+ , 374.2322 [M+H-

H2O-CH3OH]+ , 360.2528 [M+H-

H2O-HCOOH]+ , 356.2211 [M+H-

2H2O-CH3OH]+. 

Senbusine B 

C19 

NDA 

A, B, D 

7 7.77 C22H35NO4 378.2636 378.2644 -2.12 

360.2529 [M+H-H2O]+ , 346.2371 

[M+H- CH3OH]+ . 

Karacoline 

C19 

NDA 

A 
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8 7.78 C23H37NO5 408.2745 408.2750 -1.22 

378.2638 [M+H-CH2O]+, 360.2532 

[M+H- CH3OH]+ , 342.2421 [M+H-

2H2O-CH2O]+. 

Isotalatizidine 

C19 

NDA 

A, B 

9 7.82 C25H41NO8 484.2898 484.2910 -2.48 

438.2852 [M+H-HCOOH]+ , 

408.2742 [M+H-HCOOH-CH2O]+ , 

378.2258 [M+H-C2H5OH-

CH3COOH]+ , 360.2534 [M+H-

CH3OH- 2CH2O2]+ . 

Preudoaconine 

C19 

NDA 

A 

10 7.83 C25H41NO9 500.2853 500.2860 -1.40 

482.2742 [M+H-H2O]+, 468.2581 

[M+H- CH3OH]+ , 450.2848 [M+H-

H2O-CH3OH]+ , 436.2330 [M+H- 

2CH3OH]+ . 

Aconine 

C19 

NDA 

A, B 

11 7.89 C24H39NO8 470.2744 470.2754 -2.13 

452.2275 [M+H-H2O]+, 438.2425 

[M+H- CH3OH]+ , 420.2742 [M+H-

H2O-CH3OH]+ , 406.2584 [M+H-

2CH3OH]+. 

Hypaconine 

C19 

NDA 

B 
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12 7.94 C24H39NO7 454.2799 454.2805 -1.32 

436.2688 [M+H-H2O]+, 422.2533 

[M+H- CH3OH]+ , 408.2745 [M+H-

CH3CH2OH]+ , 404.2426 [M+H-H2O-

CH3OH]+ . 

Fuziline 

C19 

NDA 

A, B, C, 

E 

13 7.94 C24H39NO5 422.2902 422.2906 -1.42 

404.2674 [M+H-H2O]+, 392.2790 

[M+H-CH2O]+, 390.2639 [M+H- 

CH3OH]+ , 372.2525 [M+H-H2O-

CH3OH]+ , 360.2528 [M+H-CH2O-

CH3OH]+ , 358.2375 [M+H-

2CH3OH]+ , 326.1417 [M+H-

3CH3OH]+. 

Talatisamine 

C19 

NDA 

A, B, C, 

D 

14 7.96 C24H39NO6 438.2844 438.2856 -2.74 

420.2734 [M+H-H2O]+, 402.2573 

[M+H-2H2O]+ , 388.2477 [M+H-

H2O-CH3OH]+ , 374.2322 [M+H-

2CH3OH]+ , 370.2311 [M+H-2H2O-

CH3OH]+ . 

Neoline 

C19 

NDA 

A, B, C, 

D, E 



117 

 

15 8.03 C25H41NO6 452.3005 452.3012 -1.55 

422.2899 [M+H-CH2O]+, 420.2742 

[M+H- CH3OH]+ . 

8-

dehydroxybikhaconine 

C19 

NDA 

B 

16 8.07 C26H41NO6 464.3006 464.3012 -1.29 

434.2891 [M+H-CH2O]+, 402.2629 

[M+H-CH2O-CH3OH]+ , 386.2369 

[M+H-H2O-CH3COOH]+ . 

14-Acetyltalatisamine 

C19 

MDA 

B 

17 8.28 C30H41NO8 544.2910 544.2910 0.00 

526.2775 [M+H-H2O]+, 514.2796 

[M+H-CH2O]+. 

Straconitine B 

C19 

MDA 

B, D 

18 8.29 C31H43NO10 590.2966 590.2965 0.17 

558.2686 [M+H-CH3OH]+ , 540.2596 

[M+H-H2O-CH3OH]+ , 526.2438 

[M+H-2CH3OH]+ , 508.2329 [M+H-

H2O-2CH3OH]+ . 

Benzoylmesaconine 

C19 

MDA 

A, B, C, 

D, E 

19 8.34 C32H45NO10 604.3115 604.3122 1.16 

586.3006 [M+H-H2O]+, 572.2854 

[M+H-CH3OH]+ , 554.2749 [M+H-

H2O-CH3OH]+ ,540.2596 [M+H-

2CH3OH]+ , 522.2488 [M+H-H2O-

Benzoylaconine 

C19 

MDA 

A, B, C, 

D, E 
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2CH3OH]+ , 462.2617 [M+H-CH2O-

CH3OH]+ . 

20 8.38 C31H43NO9 574.3014 574.3016 0.35 

542.2740 [M+H-CH3OH]+ , 524.2644 

[M+H-H2O-CH3OH]+ , 510.2473 

[M+H-2CH3OH]+ , 492.2383 [M+H-

H2O-2CH3OH]+ . 

Benzoylhypaconine 

C19 

MDA 

A, B, C, 

D, E 

21 8.39 C35H49NO12 676.3325 676.3333 -1.18 

644.3068 [M+H-CH3OH]+ , 554.3109 

[M+H-CH2O-2HCOOH]+ . 

Transaconitine B 

C19 

DDA 

A 

22 8.41 C33H45NO12 648.3033 648.3020 2.01 

616.2755 [M+H-CH3OH]+ , 558 3062 

[M+H-CO2-HCOOH]+ . 

Beiwutine 

C19 

DDA 

B, E 

23 8.42 C35H49NO11 660.3374 660.3384 -1.51 

600.3160 [M+H- CH3COOH]+ , 

584.3197 [M+H-CO2-CH3OH]+. 

Yunaconitine 

C19 

DDA 

A 

24 8.43 C33H45NO11 632.3073 632.3071 0.32 

600.2800 [M+H-CH3OH]+ , 572.2854 

[M+H-AcOH]+ , 540.2596 [M+H-

AcOH-CH3OH]+ . 

Mesaconitine 

C19 

DDA 

A, B, C, 

D, E 
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25 8.44 C32H43NO9 586.3008 586.3016 -1.36 568.2905 [M+H-H2O]+. Negaconitine B 

C19 

MDA 

B 

26 8.45 C31H43NO8 558.3063 558.3067 -0.72 540.2946 [M+H-H2O]+. Straconitine A 

C19 

MDA 

C 

27 8.47 C30H43NO7 530.3112 530.3118 -1.13 

512.3025 [M+H-H2O]+, 494.2886 

[M+H-2H2O]+. 

Carmichaeline D 

C19 

DDA 

B 

28 8.47 C33H45NO10 616.3120 616.3116 0.65 

584.2855 [M+H-CH3OH]+ ,556.2906 

[M+H-AcOH]+ , 524.2644 [M+H-

AcOH-CH3OH]+ , 492.2383 [M+H-

AcOH-2CH3OH]+ . 

Hypaconitine 

C19 

DDA 

A, B, C, 

D, E 

29 8.48 C34H47NO11 646.3220 646.3221 -0.15 

600.3166 [M+H-HCOOH]+ , 

586.3006 [M+H-AcOH]+ , 572.3216 

[M+H-CO2-CH2O]+ , 568.2905 

[M+H-H2O-AcOH]+ , 554.2749 

[M+H-AcOH-CH3OH]+ . 

Aconitine 

C19 

DDA 

A, B, C, 

D, E 
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* DA: Diterpenoid alkaloid, NDA: non-ester DA, MDA: mono-ester DA, DDA: di-ester DA. 

** A: Zhi’cao’wu, B: Zhi’chuan’wu, C: Yan’fu’zi, D: Bai’fu’pian, E: Hei’shun’pian.  

 

 

 

 

 

 

30 8.50 C33H45NO9 600.3165 600.3173 -1.33 

582.3165 [M+H-H2O]+, 568.2903 

[M+H-CH3OH]+ , 564.2954 [M+H-

2H2O]+. 

Ducloudine A 

C19 

DDA 

A, C, D, 

E 

31 8.51 C34H47NO10 630.3266 630.3261 0.79 

600.3166 [M+H-CH2O]+ , 570.3064 

[M+H-AcOH]+ , 538.2796 [M+H-

AcOH-CH3OH]+, 506.2534 [M+H-

AcOH-2CH3OH]+. 

Deoxyaconitine 

C19 

DDA 

A, B, C, 

D, E 
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Conclusions 

The safety and effectiveness have been assessed for five Aconitum TCM preparations through 

the quantification of six norditerpenoid markers. It was found that the total DDA amount is 

within the pharmacopeia limit and therefore they can be safely used. On the other hand, only 

Zhi’cao’wu met the pharmacopeia limit for the total MDA amount which ensures the 

preparation efficacy, while the others do not contain enough amount to show the expected 

therapeutic activity. These results highlight the importance of quality control studies on TCM 

preparations to ensure their effectiveness and safety. In addition to the safety and effectiveness 

of TCM, adulteration is a main concern where it is important to identify preparations markers to 

assess their quality. Therefore, chemical profiling of the selected TCM preparations was 

accomplished where compounds were identified based on their fragments with comparison to 

databases. 

 

Experimental  

General Methods   

Chemicals and Materials. Aconitine 1 was purchased from Sigma-Aldrich (U.K.), mesaconitine 

4 was extracted and then purified by sulfuric acid acid-base cycling from the ground roots of 

Aconitum napellus. After column chromatography to homogeneity, it was indistinguishable 

from a commercial sample (Sigma-Aldrich, U.K.). Hypaconitine 5, benzoylaconine 6, 

Benzoylhypaconine 7, benzoulmesaconine 8 were purchased from Carbosynth Ltd. (U.K.). All 

other solvents were of HPLC grade, ≥99.9% purity (Fisher Scientific, U.K. and VWR, U.K.). 

Instrumentation. The quantification was done using LC-MS analyses and performed using an 

Agilent QTOF 6545 with Jetstream ESI spray source coupled to an Agilent 1260 Infinity II 

Quat pump HPLC with 1260 autosampler, column oven compartment and variable wavelength 

detector (VWD). The MS was operated in separate injections in either positive or negative 

ionization mode with the gas temperature at 250°C, the drying gas at 12 L/min and the nebulizer 

gas at 45 psi (3.10 bar). The sheath gas temperature and flow were set to 350 °C and 12 L/min, 

respectively. The MS was calibrated using reference calibrant introduced from the independent 

ESI reference sprayer. The VCap, Fragmentor and Skimmer was set to 3500, 125 and 45 V 
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respectively. The MS was operated in all-ions mode with 3 collision energy scan segments at 0, 

20 and 40 eV. Chromatographic separation of a 5 µL sample injection was performed on a 

InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm, 2.7 µm) column  using H2O (Merck, LC-MS 

grade) with 0.1 % formic acid (FA, Fluka) v/v and methanol (MeOH, VWR, HiPerSolv) with 

0.1 % FA v/v as mobile phase A and B, respectively. The column was operated at flow rate of 

0.4 mL/min at 50°C starting with 5 % mobile phase B up to 95 % at 5 min and then back to 5% 

after 7 min, the process repeated as a dual wash procedure. The VWD was set to detect at 254 

and 320 nm wavelengths at a frequency of 2.5 Hz. Data processing was automated in Qual 10 

with molecular feature extraction set to the largest 20 compounds for [M+H]+, [M-H]- and 

[M+HCOO]- ions.  

 

The chemical profiling was done using LC-MS analyses performed using an Agilent QTOF 

6545 with Jetstream ESI spray source coupled to an Agilent 1260 Infinity II Quat pump HPLC 

with 1260 autosampler, column oven compartment, and variable wavelength detector (VWD). 

The MS was operated in positive-ion mode with the gas temperature at 250 °C, the drying gas at 

12 L/min and the nebulizer gas at 45 psi (3.10 bar). The sheath gas temperature and flow were 

set to 350 °C and 12 L/min, respectively. The MS was calibrated using a reference calibrant 

introduced from the independent ESI reference sprayer. The VCap, Fragmentor, and Skimmer 

were set to 3500, 100, and 45 respectively. The MS was operated in all-ions mode with 3 

collision energy scan segments at 0, 20 and 40 eV. Chromatographic separation of a 5 µL 

sample injection was performed on a InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm, 2.7 µm) 

column using H2O (Merck, LC-MS grade) with 0.1 % formic acid (FA, Fluka) v/v and methanol 

(MeOH, VWR, HiPerSolv) with 0.1% FA v/v as mobile phase A and B, respectively. The 

column was operated at a flow rate of 0.3 mL/min at 40°C starting with 1 % mobile phase B for 

3 min, thereafter the gradient was initiated and ran for 2 min to a final 100% B, held at 100% B 

for 3 min then returned to 1% B, held for re-equilibration for 3.9 min in a total run time of 12 

min. The VWD was set to collect 254 and 320 nm wavelengths at 2.5 Hz. Data processing was 

automated in Qual B 07.00 with a Find by formula matching tolerance of 10 ppm.  
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Chapter 4 

 

The 1α-Hydroxy-A-rings of norditerpenoid alkaloids are twisted-boat conformers 

 

Aims:  The skeletal conformations of naturally occurring norditerpenoid alkaloids fix their 

substituent functional groups in space, thereby directing their bioactivities. Solution 

conformations of the A-rings of 4 selected norditerpenoid alkaloid free bases:  mesaconitine, 

karacoline (karakoline), condelphine, and neoline (bullatine B), were analysed by NMR 

spectroscopy and single-crystal X-ray crystallography. They adopt twisted-chair, twisted-boat, 

twisted-boat, twisted-boat conformations, respectively. That the A-ring is stabilised in a boat 

conformer by an intramolecular H-bond from 1α-OH to the N-ethyl tertiary amine is also 

confirmed in the condelphine single crystal data. The conformations are a result of through-space 

repulsion between 12-He' and atoms attached to C1 (in the equatorial positions). This causes the 

A-rings with 1α-OR always to be twisted whether in a chair or a boat conformation. The impact 

of these studies is in providing a detailed understanding of the shape of the A-ring of these 

important biologically active natural product alkaloids.  
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Introduction 

 

Figure 1. Selected norditerpenoid alkaloids 

 

The unambiguous structural identification of naturally occurring norditerpenoid alkaloids 

with 6 fused and bridged rings is complicated. Evaluation of their structure in terms of both 

conformation and configuration is important as 3D orientation is a key parameter for controlling 

biological activity. The positions of certain functional groups were not initially assigned 

accurately.1-4 With application of single crystal X-ray diffraction (SXRD), several important 

norditerpenoid alkaloids were eventually evaluated, e.g. aconitine (1, Fig. 1) was first reported in 

1833,5 and its structure was confirmed in 1959;6,7 lycoctonine (2) was first reported in 1865,8 and 

its structure was confirmed in 1956;9 lappaconitine (3) was first reported in 1895,10,11 and its 

structure was confirmed in 1969.12,13. The orientational assignments of oxygenated groups 

attached to C1 of several norditerpenoid alkaloids were revised unambiguously using SXRD data, 

e.g. aconitine (1), lycoctonine (2), and chasmanine (4).14-20 Solution conformation studies can 

provide detail of the bioactive conformations in biological fluids of these pharmacologically 

important norditerpenoid alkaloids. Specifically, we are studying the effects of the C1--

oxygenated substituents on the A-rings in four selected norditerpenoid alkaloids.  
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Figure 2. Key NOESY correlations of the selected norditerpenoid alkaloids. Orientation label: a = 

axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-equatorial. 
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Results and Discussion 

Complete and unambiguous NMR spectroscopic data of mesaconitine (5, Fig. 1), karacoline (6, 

karakoline), condelphine (7), and neoline (8, bullatine B) were obtained. Some literature 

assignments of 13C NMR signals of mesaconitine (5) and condelphine (7) have been revised 

supported by 2D NMR data. Due to repulsion between 1α-OMe (in the equatorial position)/12-

He' proposed by Pelletier and co-workers,13,21,22 the A-ring of norditerpenoid alkaloid free bases 

with 1α-OMe adopting chair conformations are twisted. This significant proximity decreases 

when the A-rings adopt boat conformations as the O-atom flips to the axial position and therefore 

away from 12-He', e.g. norditerpenoid alkaloid (with 1α-OMe/OH) salts and norditerpenoid 

alkaloid free bases with 1α-OH, which may lead to the A-rings adopting true-boat (not twisted) 

conformations. 

Mesaconitine (5) with 1α-OMe, having an A-ring in the chair conformation proven by 

NOESY correlation 2-Ha/19-He (Fig. 2) and SXRD data (Fig. 3, torsion angle θC1−C11−C4−C3 = 9.28° 

> 4°, details of SXRD data are reported in Tables S5-S6). It is highlighted that δ (2-Ha) = 2.31 

ppm is unusually larger than δ (2-Ha) = 2.14 ppm by 0.17 ppm. The chemical shift of the axial 

proton of cyclohexane is normally larger than that of the geminal equatorial proton by ~0.5 ppm 

due to magnetic anisotropic effect.23,24 As the lone-pair electrons of the tertiary amine N-atom 

sterically compress 2-Ha in the half-cage A/E-[3.3.1]azabicycle, 2-Ha is therefore deshielded and 

its chemical shift becomes larger than that of 2-He.25,26 In detail, 1-Ha (Fig. 4) of mesaconitine (5) 

resonates as a dd peak (δ = 3.11 ppm, 3Jaa = 9.0 Hz, 3Jae = 6.2 Hz, Fig. 5) confirms that the A-ring 

adopts a chair conformation,22 and the smaller 3Jaa = 9.0 Hz (normally found in the range 12-14 

Hz) indicates that this chair conformation is twisted as explained by Eliel.27,28 

The A-rings of the selected 1α-OH alkaloids, karacoline (6), condelphine (7), and neoline 

(8), adopt boat conformations stabilized by an H-bond between the tertiary amine and 1α-

OH,21,29,30 and they are proven to be in a twisted-boat conformation. For instance, the A-ring of 

neoline (8) adopts a boat conformation confirmed by NOESY correlation 2-Hf/5-H, and 1-He 

resonates as a narrow t peak (δ = 3.66 ppm, 3Jbe = 3Jef = 3.3 Hz, proton labelling is shown in Fig. 

4). It is notable that 3Jef = 3.3 Hz of this 1-He of neoline (8) is different from 3Jef = 5.3 Hz of 3-He 
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that displays in the signal of 2-Hf (δ = 1.49 ppm, tdd, 2Jgem = 3Jaf =14.0 Hz, 3Jef =5.3 Hz, 3Jef = 3.3 

Hz) determining that the boat-conformer A-ring of neoline (8) is twisted, as 3Jef = 5.3 Hz (3-He) 

> 3Jef = 3.3 Hz (1-He) indicates dihedral angle ∠(1-He)−C1−C2−(2-Hf) < ∠(2-Hf)−C2−C3−(3-He) 

according to the Karplus relationship.31 

 

 

Figure 3. SXRD data of mesaconitine (5, upper) and condelphine (7, lower), and their A/E-

[3.3.1]azabicyclic frames. ORTEP presentations of the crystal structures show the atom position 

with a 50% probability for each ellipsoid. 
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Figure 4. Conformations of A/E-[3.3.1]azabicycles of norditerpenoid alkaloids 

 

 

Figure 5. Coupling patterns of key 1H NMR signals of the selected norditerpenoid alkaloids 

 

This result reveals that the through-space repulsion between 1-He and 12-He' is twisting the 

A-ring in a boat conformation.21,22 Similar broad triplets of 1-He with small 3Jef ~3 Hz were 

observed in 1H NMR spectra of karacoline (6) (δ = 3.71 ppm, 3Jbe = 3Jef = 3.0 Hz) and condelphine 

(7) (δ = 3.73 ppm, 3Jbe = 3Jef = 3.0 Hz). In addition, 3-He of karacoline (6) resonates as a ddd peak 

(δ = 1.48 ppm, 2Jgem = 13.5 Hz, 3Jef = 5.8 Hz, 3Jbe = 3.0 Hz). Its 3Jef (5.8 Hz) of 3-He is significantly 

different from the 3Jef (3.0 Hz) of 1-He which supports the conclusion that the boat-like A-rings 

of these 1α-OH alkaloids are twisted. This conclusion that the A-rings of 1α-OH norditerpenoid 

alkaloids adopt twisted-boat conformations are supported by SXRD data of condelphine (7) free 

base (Fig. 3), in which the A-ring clearly adopts a twisted-boat conformer (torsion angle 

θC1−C11−C4−C3 = 6.81° > 4°), and is stabilized by an H-bond between 1-OH and the tertiary N-atom. 

As there is proximity between 6α-He' (or 6α-OMe) and 19-Ha, e.g. in the NOESY correlation 

6α-He'/19-Ha of condelphine (7) (Fig. 2), the N-substituted piperidine E-rings of norditerpenoid 

alkaloids always adopt twisted-chair conformations.21,22 This conclusion of the E-ring adopting 

twisted-chair conformations is supported by the SXRD data of both mesaconitine (5) and 

condelphine (7) (torsion angles θC19−C4−C11−C17 are 13.60° and 11.32°, respectively, > 4°). Thus, 
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the conformations of the A/E-[3.3.1]azabicycles of norditerpenoid alkaloids bearing 1α-OR are 

always twisted (Fig. 4). 

 

 

Figure 6. Aconitine (1) free base shown in different literature depictions 

 

For any research purpose in studies of norditerpenoid alkaloids, certain depictions must be 

employed to present structures of these polycyclic natural products, and a suitable depiction 

displaying favourable stereochemical information helps to achieve those specific goals. Such an 

understanding may possibly inspire research in various related areas, e.g. phytochemistry, organic 

synthesis, and structure-activity relationship (SAR) studies of biological activity. Several 
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different reported depictions of norditerpenoid alkaloids are shown (Fig. 6) using aconitine (1) 

free base as an example. 

The depiction A1 is currently the most popular reported in the field of phytochemistry.32-36 

The depiction clearly displays three rings, A-, B- and C-ring, in suitable shapes. However, the 

conformations of some rings, e.g. A-, B-, and D-ring, are difficult to determine from this 

depiction. Through-space distances between some atoms are not favoured, e.g. C15 and C17 are 

actually close in space, but they are shown away in depiction A1. Also, some bonds have to be 

depicted with a particularly long length, e.g. C7–C17. In some reported studies, especially in 

crystallographic studies,9,37,38 the 7-membered B-ring (C5-C11) refers to a 6-membered ring (B'-

ring = C7–C8–C9–C10–C11–C17). Depiction A2 which is viewing depiction A1 from the other 

face (it is not the enantiomer) was also employed in order to present the D-, E- or F-ring on the 

β-face that might be beneficial for retrosynthetic analysis.39-41 

Depictions B1 and B2 are also popularly used.42,43 Generally, these depictions B1 and B2 

allow almost all the rings to be shown in the correct conformation, with well-balanced bond 

lengths (not of extreme length), and reasonable orientations of substituted functional groups. 

Specifically, depiction B1 shows the D-ring in the correct mono-flattened conformation. 

Depiction B2 allows space for the highly bridged B-ring, which brings benefit to any essential 

expansion of functional groups attached to the B-ring. However, depiction B2 cannot show the 

conformation of the D-ring, and therefore the orientations of the atoms/functional groups attached 

to this ring are ambiguously presented. Depictions B1 and B2 are widely employed by organic 

synthetic chemists for various reasons, e.g. B-ring with the largest number of bridgeheads 

displayed in the front may benefit retrosynthetic analysis,44,45 and it is also useful for designing 

disconnections of C-, D- and F-rings as these drawings correctly express the conformations.46,47 

A rotated depiction of B2 (depiction B3, Fig. 6) was used for designing synthetic approaches 

starting with analogues of C/D-rings.48 Apart from the popular drawings A and B, an uncommon 

depiction C1 was also used,49,50 in which the relationship between the A/E/F-tricycle and C/D-

bicycle are distinctly expressed, and these two cycles are clearly linked by bond C7–C8 and bond 

C10–C11 perhaps motivating retrosynthetic analysis. As the D-ring adopts a mono-flattened boat 

conformation with C14 at the flap, thus depiction C1 is slightly revised to C2. It is notable that 
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only the A-ring has 3 flexible C-atoms (C1-C3) that allow the conformation of the A-ring to flip; 

all other rings only have one or two flexible atoms in their skeleta. Therefore, conformations of 

these rings are inflexible, and the D-ring thereby adopts a fixed mono-flattened boat 

conformation. Furthermore, rare depictions D and E were also reported in older studies. Depiction 

D presents similar ideals to those of depiction C1,51 and depiction E was also shown in some 

crystallographic studies displaying piperidine E-, B'-, and D-rings in essentially ideal shapes.9,20,37 

In order to compare these depictions of norditerpenoid alkaloid, key NOESY correlations of 

mesaconitine (5), karacoline (6), condelphine (7), and neoline (8) are shown in depiction B1 (B1') 

and C2 (C2') (Fig. 7a and Fig. 7b) in comparison with those in depiction A1 (Fig. 6). 

 

Figure 7a. Key NOESY correlations of the selected norditerpenoid alkaloids in depiction B1 

(B1'). Depiction B1 shows the A-ring in chair conformation and depiction B1' shows the A-ring 

in boat conformation 

 

The A-rings of karacoline (6), condelphine (7), and neoline (8) adopt boat conformation 

proven by NOESY correlation 2-Hf/5-H; however, this evidence cannot be unambiguously 

presented by depiction A1 as the conformation of the A-ring is hard to display in this depiction 

(Fig. 7). Moreover, some atoms that are close in space are not able to be displayed in this 

depiction, e.g. 7-H/19-Ha, 15-Hb/17-H (both on the α-face). 
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Figure 7b. Key NOESY correlations of the selected norditerpenoid alkaloids in depiction C2 

(C2'). Depiction C2 shows the A-ring in chair conformation and depiction C2' shows the A-ring 

in boat conformation 

 

Depictions B1 (B1') and C2 (C2') indicate the conformations of the A-rings (Fig. 7a and Fig. 

7b). However, some atoms that are close in space are separated from each other in depiction C2, 

e.g. 6-He'/19-Ha of condelphine (7) and 15-Hb/17-H of neoline (8). Besides, the internal space of 

depiction C2 is too narrow to allow the essential expansion of certain C–H bonds, e.g. protons 

attached to C1 and C12. Depiction B1 (B1') almost ideally displays the distances between atoms 

in space except 7-H/19-Ha, and the internal space of the B-ring of this depiction is narrow, in 

which some C–H bonds are hard to be shown clearly, e.g. protons attached to C6 and C9. 

According to the SXRD data of mesaconitine (5) and condelphine (7) (Fig. 8) and a report by 

Marion and co-workers,43 depiction B1 (B1') is slightly modified to afford depiction B4 (B4') 

(Fig. 7c), in which through-space distances between atoms are well-balanced and that aspect is 

favoured for the investigation of the stereochemistry of these norditerpenoid alkaloids. 
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Figure 7c. Key NOESY correlations of the selected norditerpenoid alkaloids in depiction B4 

(B4'). Depiction B4 shows the A-ring in chair conformation and depiction B4' shows the A-ring 

in boat conformation 

 

 

Figure 8. Depiction B4 (B4') according to SXRD data of mesaconitine (5, upper) and condelphine 

(7, lower) 
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Orientation of 7-H/OR 

 

 

Figure 9. Skeleta of norditerpenoid alkaloids in depiction A1 

 

7-OR is the signature of the lycoctonine-subtype C19-diterpenoid alkaloids.18 In norditerpenoid 

alkaloids presented in depiction A1, 7-H/7-OR is popularly assigned as β-orientated (Fig. 

9a).32,33,36 However, 7-H displayed in the SXRD data of mesaconitine (5) and condelphine (7) 

shown in an angle imitating depiction A1 do not show a typical β-orientation (Fig. 3). Moreover, 

NOESY correlations of 7-H/19-Ha of mesaconitine (5), condelphine (7), and neoline (8) were 

observed in this work, which proves that this 7-H cannot be β-orientated as typically drawn. In 

fact, a few uncommon assignments of 7α-OH of lycoctonine-type alkaloids have been reported 

(Fig. 9b),37,52 but they are not favoured as bond C7−C17 must be on the α-face. These 7-H/7-OR 

are equatorial β-orientated rather than typically axial β-orientated like protons or functional 

groups attached to C8 (Fig. 8), therefore, it is more appropriate and precise to draw the 7-H/7-OR 

in the plane of the paper if depiction A1 is employed for emphasizing this orientational feature of 

7-H/7-OR, which has also been used in previous publications (Fig. 9c).18,34,35 

 

Conclusions 

A rare 1H NMR effect of steric compression is demonstrated in the A/E-[3.3.1]azabicycle of 

mesaconitine (5), in which the lone-pair electrons of the tertiary amine N-atom compress 2-Ha 

through space and therefore they deshield this proton. The A-rings of norditerpenoid alkaloids 

substituted at C1 with α-orientated oxygenated functional groups adopt twisted conformers due 

to the repulsion between atoms attached to C1 (H- or O-atoms in the equatorial position) and 12-

He', no matter whether the A-rings are in chair or boat conformations. Different reported 

depictions of norditerpenoid alkaloids are compared according to the clarity of understanding for 
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key NOESY correlations of the 4 selected alkaloid free bases, and the depiction B4 modified from 

depictions B1 and B2 is favoured to represent these natural products in publications as B4 

expresses all the necessary information on conformation and orientation. 7-H/OR of 

norditerpenoid alkaloids is equatorially β-orientated, thus 7-H/7-OR is best drawn in the plane of 

the paper to distinguish its orientation from those typically axially β-orientated functional groups, 

e.g. 8-H/OR. 
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Chapter 5 

 

Impacts of steric compression, protonation, and intramolecular hydrogen-bonding 

on the 15N NMR spectroscopy of norditerpenoid alkaloids and their         

piperidine-ring Analogues 

 

Aims:  1H-15N HMBC spectra of norditerpenoid alkaloids and their synthetic azabicyclic 

analogues were obtained in order to investigate the impacts caused by the through-space effect of 

steric compression, protonation, and the formation of intramolecular hydrogen-bonding on the 

15N NMR spectroscopy of these natural products and their piperidine containing analogues. A 

rare 15N NMR effect of steric compression is demonstrated in half-cage A/E-rings of 

norditerpenoid alkaloid free bases and their synthetic azabicyclic analogues, in which the 

distribution of the lone-pair electrons of the tertiary amine N-atom is sterically restricted by 

bridged cycloalkanes, e.g. cyclopentane, cyclohexane, and cycloheptane rings. This results in 

significant changes in the 15N chemical shift, typically by at least ~10 ppm. The lone-pair electrons 

of the N-atom in the piperidine ring are sterically compressed whether the bridged cyclohexane 

ring adopts a chair or boat conformation. The 15N chemical shifts of 1α-OMe norditerpenoid 

alkaloid free bases significantly increase (ΔδN ≥ 15.6 ppm) on alkaloid protonation and thence the 

formation of an intramolecular hydrogen bond between N+-H and 1α-OMe. The intramolecular 

hydrogen bonds between the N-atom and 1α-OH of 1α-OH norditerpenoid alkaloid free bases, 

karacoline, condelphine, and neoline, stabilize their A-rings adopting an unusual twisted boat 

conformation, and they also significantly increase δN of the tertiary amine N-atom. 

 

ACS Omega, 2020, 5, 14116-14122. doi  10.1021/acsomega.0c01648 
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INTRODUCTION 

 

Figure 1. [14]Annulene (4), synthetic azabicycles (5-12), and norditerpenoid alkaloids (13-22). 

 

For non-isotopically enriched samples, the sensitivity of 15N NMR is limited by the low natural 

abundance of 15N nuclei (0.36%, I = ½) and its intrinsic low receptivity. Typically, compared with 

the 1H signals in a sample, the signal to noise will be of the order of 104 smaller. This essentially 

precludes direct measurement without recourse to extended acquisition times or extremely 

concentrated samples. These limitations can be overcome through judicious use of inverse-

detected 15N NMR experiments, e.g. 1H-15N heteronuclear multiple-bond correlation (1H-15N 

HMBC) spectroscopy.1,2 Chemical shifts of 15N nuclei (δN) in simple aliphatic amines, e.g. N-Et- 

(1), N-Me- (2), and N-H-piperidine (3), have been reported,3-6 and steric and electronic effects of 

Nα- and Nβ-substituents on δN have also been investigated.6,7 A rare, indeed possibly the only 

case that has demonstrated the through-space 1H NMR effect of steric compression caused by a 

secondary amine deshielding a proton that is close to the N-atom in space has been reported for 
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imino[14]annulene (4, Fig. 1).8 We are investigating the effects of such steric compression in the 

synthetic azabicycles (5-12) and their related norditerpenoid alkaloids (13-21),9,10 and how such 

steric interactions impact the tertiary amine using 1H-15N HMBC spectroscopy to report on the 

environment of the N-atom. 

 

RESULTS AND DISCUSSION 

1H-15N HMBC spectroscopic experiments were carried out on three sample piperidines (1-3, 

Table 1), synthetic azabicycles (5-12, Table 2), and their related norditerpenoid alkaloids (Table 

3), aconitine (13), mesaconitine (14), crassicauline A (15), lappaconitine (16), lycoctonine (17), 

methyllycaconitine (18, MLA), karacoline (19), condelphine (20), and neoline (21). In addition, 

several protonated forms of these compounds (1'-3', 13', 15'-17') have been studied. All the 1H-

15N HMBC spectra were externally calibrated with a MeNO2 solution (50% in CDCl3, v/v) 

following IUPAC guidelines.11,12 

 

Figure 2. A/E-[3.3.1]azabicyclic frames of norditerpenoid alkaloids and their analogues. Pink:  

lone-pair electrons of the N-atom. 
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Table 1. δN of piperidines (δ in ppm) 

Compound Solvent δN Compound Solvent δN 

N-Et piperidine (1) 

CDCl3 64.1 

N-Me piperidine (2) 

CDCl3 51.3 

CD3OD 63.0 D2Oa, D2Oa,b 51.2 

d6-DMSO 62.3 

N-Me piperidine HCl salt (2') 

CDCl3 57.8 

D2Oa 62.7 D2O 54.7 

D2Oa,b 62.6 

N-H piperidine (3) 

CDCl3 49.8 

N-Et piperidine HCl salt (1') 

CDCl3 65.5 D2O 49.0 

CD3OD 64.5 D2Ob 48.5 

d6-DMSO 64.4 

N-H piperidine HCl salt (3') 

CDCl3
a 53.9 

D2O 64.3 D2O 48.6 

a with additional 2 drops of d6-DMSO. 

b with additional drops of NaOD solution (30% in D2O, w/w), pD ~13. 

 

Table 2. Key NMR data of synthetic [3.3.1]azabicycles (δ in ppm) 

Compound Solvent δN Δδ7-H 
δ (7-H)a 

a (endo) e (exo) 

A/E-[3.3.1]azabicycle (5, N-Et) CDCl3 51.5 1.33 2.86 1.53 

A/E-[3.3.1]azabicycle (6, N-Me) CDCl3 39.7 1.29 2.84 1.55 

7-Me A/E-[3.3.1]azabicycle (7) CDCl3 52.0 - 3.42 - 

7-iPr A/E-[3.3.1]azabicycle (8)  CDCl3 52.0 - 3.02 - 

7,7-diMe A/E-[3.3.1]azabicycle (9) CDCl3 47.7 - - - 

A/E-[3.3.1]azabicyclic diol (10) 

CDCl3 53.6 1.11 2.59 1.48 

CD3OD 53.2 1.16 2.58 1.42 

d6-DMSO 53.7 1.18 2.47 1.29 

D2Ob 55.3 0.45 2.04 1.59 

[4.3.1]azabicycle (11) CDCl3 50.9 

Δδ3-H = 0.68 δ (3-Ha') = 2.04 δ (3-He') = 1.36 

Δδ4-H = 0.45 δ (4-Ha') = 1.96 δ (4-He') = 1.51 

[3.2.1]azabicycle (12) CDCl3 50.4 

Δδ6-H = 0.00 δ (6-Ha') = δ (6-He') = 1.95 

Δδ7-H = 0.13 δ (7-He') = 2.38 δ (7-Ha') = 2.25 

a Orientation label: a = axial, e = equatorial, a' = pseudo-axial, e' = pseudo-equatorial. Chemical shifts of 

overlapping signals were extracted from HSQC. 

b with additional 2 drops of d6-DMSO. 
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Table 3. Key NMR data of the selected norditerpenoid alkaloids (δ in ppm) 

Compound Solvent δN (amine) Δδ2-H 

δ (2-H)a 

a (b) e (f) 

1
α

-O
M

e 
aconitine (13) CDCl3 52.9 0.37 2.38 2.01 

aconitine HCl salt (13') D2Ob 70.3 0.63 2.32 1.69 

mesaconitine (14) CDCl3 38.8 0.17 2.31 2.14 

crassicauline A (15) CDCl3 50.7 0.34 2.29 1.95 

crassicauline A HCl salt 

(15') 

D2O 67.0 0.33 1.98 1.65 

lappaconitine (16) CDCl3 52.3 0.12 2.23 2.11 

lappaconitine HBr salt (16') D2Ob 67.9 0.27 2.17 1.90 

lycoctonine (17) CDCl3 47.3 0.07 2.15d 2.08 

lycoctonine HCl salt (17') D2Ob,c 67.2 0.61 2.02 1.41 

MLA (18) CDCl3 46.9 0.08 2.10 2.02 

1
α

-O
H

 

karacoline (19) CDCl3 56.1 0.04 1.62, 1.58e 

condelphine (20) CDCl3
 54.2 0.04 1.60 1.56 

neoline (21) 

CDCl3 54.5 0.07 1.56 1.49 

CDCl3
f 54.5 0.07 1.56 1.49 

CDCl3
g 54.3 0.06 1.55 1.49 

a Orientation label: a = axial, e = equatorial in a chair conformation; b = bowsprit, f = flagpole in a boat 

conformation. Chemical shifts of overlapping signals were extracted from HSQC. 

b with additional 2 drops of d6-DMSO. 

c with additional drops of DCl (35% in D2O), pD ~2. 

d Chemical shift of this overlapping signal were extracted from COSY. 

e no evidence was obtained to identify the orientation of these protons unambiguously. 

f with additional 2 drops of d5-pyridine. 

g with additional 2 drops of d5-pyridine and 2 drops of NaOD solution (30% in D2O, w/w). 

 

1. Steric compression 

In CDCl3, synthetic A/E-[3.3.1]azabicyclic free bases (5-8, 10) and their relative 1α-OMe 

norditerpenoid alkaloid free bases (13-18) show the rare NMR effect of steric compression on 7-

Ha (2-Ha) as the chemical shifts of 7-Ha (2-Ha) are larger than those of 7-He (2-He). The chemical 
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shift of an axial proton (~1.1 ppm) attached to cyclohexane is normally at higher field than that 

of its geminal equatorial proton (1.6 ppm) by ~0.5 ppm due to the magnetic anisotropic effect,13,14 

and the reversed order of chemical shifts that are observed in [3.3.1]azabicyclic compounds (5-8, 

10, 13-18) is indicative of the electron cloud of 7-Ha (2-Ha) being repulsed by the lone-pair 

electrons of the tertiary amine N-atoms in such half-cage [3.3.1]azabicycles. Therefore, these 7-

Ha (2-Ha) are deshielded and their chemical shifts increase.15 Similar effects are displayed in 

[4.3.1]- and [3.2.1]azabicycles (11, 12).9 Δδ7-H of synthetic [3.3.1]azabicyclic free bases (5-8, 10, 

≥ 1.11 ppm) are significantly larger than Δδ2-H of natural alkaloid free bases (13-18, ≤ 0.37 ppm), 

as the synthetic [3.3.1]azabicycles (5-8, 10) adopt true-chair/true-chair conformations, and the 

A/E-[3.3.1]azabicycles of the natural norditerpenoid alkaloid free bases (13-18) are in twisted-

chair/twisted-chair conformations due to through-space repulsion between 12-He'/O-atom of 1α-

OMe acting on the A-rings and 19-Ha/6α-He' (6α-OMe) acting on the E-rings.10,16  

It is notable that the chemical shifts for N-Et, N-Me, and N-H piperidine (1-3) occur at 64.1, 

51.3, 49.8 ppm (in CDCl3, Table 1), respectively. Likewise, similar differences for δN between N-

Et (5, 7, 8, 10) and N-Me (6) bicyclic piperidine analogues were obtained. Shifts of synthetic N-

Et [3.3.1]azabicyclic free bases (5, 7, 8, 10) (in CDCl3, Table 2) and N-Et 1α-OMe-norditerpenoid 

alkaloid free bases (13, 15-18) are found at ~50 ppm (in CDCl3, Table 3), and those of N-Me 

[3.3.1]azabicyclic free bases (6) and N-Me mesaconitine (14) resonate at ~39 ppm (in CDCl3). 

Thus, the N-alkyl substituents (Et, Me, H) sensitively influence δN in a simple piperidine. In the 

half-cage molecules, the typical 15N shift is reduced by ~12 ppm when compared with such 

piperidines. This could be a result of the deformation in size and hybridization of the orbitals for 

the lone-pair electrons of the tertiary amine N-atoms.3  

In order to investigate solvent effects on chemical shift, the 15N shifts for N-Et piperidine (1) 

were recorded in CDCl3, CD3OD, d6-DMSO, D2O, NaOD solution (in D2O, pD ~13) resulting in 

a value of ~63 ppm, thus showing negligible differences. Similarly, the 15N shifts of diol (10) 

were obtained from solutions in:  CDCl3, CD3OD, d6-DMSO, D2O, and are typically ~54 ppm. 

Therefore, the difference of δN between simple piperidines (1-3) and [3.3.1]azabicycles (5-8, 10, 

13-18) is not caused by solvent effects. 
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The distribution of the N-atom lone-pair electrons in piperidines (1-3) is not restricted by the 

steric hindrance caused by bridged cyclohexane rings (Fig. 2a), but those in the half-cage 

[3.3.1]azabicycles adopting chair/chair conformations are restricted by 7-Ha (2-Ha) (Fig. 2b, 2f), 

and therefore the distribution of the N-atom lone-pair electrons are concentrated around the N-

atom increasing the electron density and decreasing the δN by ~10 ppm. 

Similar results of δN were observed in synthetic [4.3.1]- and [3.2.1]azabicycles (11, 12), 

which resonate at 50.9 and 50.4 ppm (Table 2), respectively; these results show that the amine N-

atoms are shielded by endo protons attached to C3 and C4 of [4.3.1]azabicycles (11, Fig. 2c) and 

endo protons attached to C6 and C7 of [3.2.1]azabicycles (12, Fig. 2d). 

N-Et 7,7-diMe [3.3.1]azabicycle (9) adopts a boat/chair conformation,9 and its δN is smaller 

than those of N-Et [3.3.1]azabicycles (5, 7, 8, 10) which adopt chair/chair conformations. The 

lone-pair electrons of 7,7-diMe [3.3.1]azabicycle (9) are restricted by 6-Ha and 8-Ha (Fig. 2e),17 

thus the electron density of the N-atom of 7,7-diMe [3.3.1]azabicycle (9) is more concentrated in 

comparison with those of [3.3.1]azabicycles (5, 7, 8, 10). That such 15N shift effects can be larger 

has been previously reported by Roberts and co-workers.3 From our studies, we conclude that the 

15N shift effects makes them useful reporter nuclei of the substitution pattern. Indeed, a possible 

reason is the difference in size and hybridization of the orbitals for the unshared electrons in such 

tertiary amines,4 and whether the substituents adopt axial or equatorial positions.3  

Due to the proximity in space between 7-OH and the N-atom (Fig. 2g), the amine δN of 

norditerpenoid alkaloid free bases with N-Et and 7-OH (17, 18) resonate at ~47 ppm, slightly 

lower than those of alkaloid free bases with N-Et and 7-H, (13, 15, 16) which resonate at ~52 

ppm. 

2. Protonation 

δN of N-Et piperidine (1) resonates at ~63 ppm (in CDCl3, CD3OD, d6-DMSO, and D2O) 

showing only a small difference4 from its HCl salt (1') resonating at ~65 ppm (in CDCl3, CD3OD, 

d6-DMSO, and D2O). δN of N-Et (1), N-Me (2), and N-H free bases (3) were also measured in 

NaOD solutions (in D2O, pD ~13), and these δN have no significant difference from those of their 

corresponding free bases (1-3) obtained in D2O. 
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The A/E-[3.3.1]azabicyclic rings of protonated 1α-OMe norditerpenoid alkaloid salts (13', 

15'-17') adopt twisted-boat/twisted-chair conformations, which are stabilized by hydrogen bonds 

between N+-H and 1α-OMe (Fig. 2f').10,16 δN of norditerpenoid alkaloid free bases (13, 15-17; 

resonating at 52.9, 50.7, 52.3, and 47.3 ppm, respectively; in CDCl3) are at higher field than those 

of their protonated forms (13', 15'-17'; 70.3, 67.0, 67.9, and 67.2 ppm, respectively; in D2O), and 

the δN of these natural products (13, 15-17) increase by 17.4, 16.3, 15.6, 19.9 ppm, respectively 

on protonation. The ΔδN (≥ 15.6 ppm) between norditerpenoid alkaloids (13, 15-17) and their salts 

(13', 15'-17') are further supported by the recently reported ΔδN = 18.0 ppm between 3-

deoxyaconitine (22) (δN = 40.7 ppm, in d6-acetone) and its trifluoroacetate salt (δN = 58.7 ppm, in 

d6-acetone).18 

The space that the lone-pair electrons of the N-atoms in piperidines (1-3) occupy (Fig. 2a) is 

similar to that of their HCl salts (1'-3') (fixed in the N+-H bonds, Fig. 2a'), hence δN of simple 

piperidines (1-3) show only a small change on protonation. The distribution of the lone-pair 

electrons of the N-atoms in norditerpenoid alkaloid free bases (13, 15-17) are restricted by 2-Ha 

through space (Fig. 2f), which is near the N-atoms, and these electrons are fixed by N+-H bonds 

and are away from the N-atom (Fig. 2f') leading to a decrease in the electron density when the 

alkaloids (13, 15-17) are protonated. 

 

3. Intramolecular hydrogen bonding 

The A-ring of 1α-OH norditerpenoid alkaloid free bases adopt twisted-boat conformations 

stabilized by H-bonds between tertiary amine N-atom and 1α-OH (Fig. 2h).19,20 Compared with 

δN (47.7 ppm, in CDCl3) of 7,7-diMe [3.3.1]azabicycle (9), which adopts a boat/chair 

conformation, δN of 1α-OH norditerpenoid alkaloid free bases (19-21) are higher field, resonating 

at ~55 ppm for all three. The lone-pair electrons of the N-atom in 7,7-diMe [3.3.1]azabicycle (9) 

are significantly compressed by 6-Ha and 8-Ha through space (Fig. 2e). The lone-pair electrons of 

the N-atom in 1α-OH natural alkaloids (19-21) are shared and fixed by intramolecular H-bond to 

1α-OH. Thus the the electrons are distributed away from the N-atom, leading to an increase of δN 

(Fig. 2h), typically of 6-8 ppm compared with δN of boat/chair analogue (9). Neoline (21) in 

CDCl3 was treated with additional d5-pyridine and NaOD solution (30% in D2O, w/w) 
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successively for cleaving the intramolecular H-bond. In comparison with those of neoline (21) in 

CDCl3, no notable change was observed in the 1H NMR and 1H-15N HMBC spectra of neoline 

(21) in basified CDCl3, demonstrating that this intramolecular H-bond is stable, and it holds the 

A-ring in a twisted-boat conformation. 

 

CONCLUSIONS 

A rare 15N NMR spectroscopic effect of steric compression has been demonstrated in the A/E-

rings of several norditerpenoid alkaloid free bases and their synthetic azabicyclic analogues using 

1H-15N HMBC spectroscopy. The distribution of the tertiary amine N-atom lone-pair electrons is 

restricted in the half-cage azabicycles, and therefore the electron density of the N-atom increases 

and its δN decreases. δN of norditerpenoid alkaloids bearing 1α-OMe significantly increase on 

protonation. The intramolecular hydrogen bonds between the N-atom and 1α-OH of 1α-OH 

norditerpenoid alkaloid free bases not only stabilize the A-rings, adopting twisted-boat 

conformation, but they also increase the δN of the tertiary amine N-atom. Thus, 1H-15N HMBC 

spectroscopy has been demonstrated to be an excellent reporter for the analysis of the electron 

density of substituted piperidine alkaloids. It is particularly useful for certain norditerpenoid 

alkaloids with complex substitution patterns and half-cage skeleta. 
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Chapter 6 

 

Conformational analysis of 1α-methoxy and 1α-hydroxy norditerpenoid alkaloids 

 

Aims: The conformations of the naturally occurring norditerpenoid alkaloids (NDA) affect their 

bioactivities. Solution conformations of ring A of four selected NDA free bases:  3-

deoxyaconitine 1, hypaconitine 2, delsoline (belsoline) 3, and fuziline 4 were analysed using 

NMR spectroscopy. Their full NMR assignments are reported for the first time. Each ring A 

adopts twisted chair, twisted chair, twisted boat, and twisted boat respectively. Steric 

interactions have been reported at various positions as they affect 1H and 15N chemical shifts. 

The intramolecular H-bond between 1-αOH and the tertiary N-atom in delsoline 3 and fuziline 4 

results in a significant increase in the δN. These studies provide detailed analysis of these 

pharmacologically important NDA and that leads to a better understanding of their possible 

bioactive conformations. 
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1. Introduction 

The naturally occurring norditerpenoid alkaloids (NDA) have bridged highly oxygenated 

hexacyclic skeleta.1-4 The analysis of their structures is important to determine their 

conformation and solution studies of these alkaloids using NMR spectroscopy leads to a better 

understanding of their possible 3D-conformations in biological fluids as several of these 

alkaloids are of pharmacological and even clinical importance. The structures of NDA show 

through-space steric compression in 1H NMR 5–7, and 1H-15N HMBC has overcome the 

limitation of the 15N low sensitivity and shows how such interactions affect the tertiary amine in 

these alkaloids.5 We are investigating the effect of C1-α substituents on the conformation of ring 

A in four selected NDA, 3-deoxyaconitine 1, hypaconitine 2, delsoline 3, and fuziline 4, and 

studying the through-space interactions and how they affect the N and H chemical shifts at 

various positions. 3-Deoxyaconitine 1 was prepared chemically from aconitine 5 in 1962.8 It 

was isolated from Aconitum kusenzoffi in 1980,9 and its crystal structure was reported in 2010 10 

and 2014.11 Hypaconitine 2 was first isolated from A. senanense Nakai in 1929 12, and its crystal 

structure was reported in 2010 13 and 2012.14 Delsoline (also known as belsoline) 3 was first 

isolated from Delphinium consolida in 1924 15 and its crystal structure was reported in 1992.16 

Fuziline 4 has been isolated from fu’zi (the processed lateral roots of A. carmichaelii Debx.) and 

its crystal structure was reported in 1982.17  
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Fig. 1 Selected 1-OMe and 1-OH NDA. 

 

2. Results and discussion 

Detailed NMR assignments assisted by 2D NMR have been undertaken for 3-deoxyaconitine 1 

(Table 1), hypaconitine 2 (Table 2), delsoline (belsoline) 3 (Table 3), and fuziline 4 (Table 4). 

The 13C NMR of 3-deoxyaconitine 1 was reported 18 and the literature 13C NMR assignments for 

hypaconitine 2 and fuziline 4 have been corrected with the assistance of 2D NMR.19 This is the 

first complete and unambiguous report of the NMR assignments of these four NDA. The 1-OH 

1H NMR signal in delsoline 3 and fuziline 4 resonates at ~7.5 ppm compared to other hydroxyl 

groups which resonate between ~2.50-4.10 ppm, and this difference is due to the intramolecular 

H-bond between 1α-OH and the N-atom. In delsoline 3, DEPT135 used to determine carbons 4 
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and 13 as they resonate close to each other, and to differentiate between carbon 19 and 16-OMe. 

In 3-deoxyaconitine 1, DEPT135 helps to differentiate between carbon 5 and methylene carbon 

in N-ethyl side chain (NCH2CH3), and between C-17 and 16-OMe. In 3-deoxyaconitine 1 and 

hypaconitine 2 there was a 1H-15N HMBC correlation with H-17 and H-19. In these four 

alkaloids, HSQC, HMBC, and H2BC spectroscopy were used to assign carbons which resonate 

close to each other and where DEPT cannot be helpful. HSQC was used to determine the exact 

chemical shifts of proton signals overlapped with others. 

 

Table 1. 3-Deoxyaconitine 1 

 

Carbon δC 
δH, multiplicity 

(J, in Hz; orientation or label*) 
key HMBC (C→H) key NOESY 

1 85.27 3.04, dd (10.6, 6.5; a, β) 1-OMe - 

2 26.39 
1.95, ddd (14.8, 7.0, 4.3; e, β) 

- 
1-H (β) 

2.32-2.42, m (a, α)  

3 35.27 1.60-1.66, m  -  19-He 

4 39.08 - 
5-H, 18 (HA, HB), 19-

H 
- 

5 49.05 2.10, m (β) - - 

6 83.27 3.98, d (7.5; β) 6-OMe - 

7 45.14 2.85, br s - - 

8 92.12 - 6-H, 7-H, 17-H - 

9 44.61 2.90, m (β) - - 

10 41.00 2.12, m (β) 1-H, 12-H (a’, e’), 17-H  - 

11 49.95 - 1-H, 5-H, 7-H - 

12 36.66 
2.93, m (e’,α) 

13-OH 
1-H, 16-H, 17-H  

2.15, m (a’, β) 14-H (β) 

13 74.14 - 12-H (a’, e’), 13-OH - 

14 79.00 4.88, d (5.0; β) - - 

15 78.86 4.46, dd (5.3, 2.8; f, β) - - 

16 90.17 3.33, d (5.3; α) 16-OMe - 

17 61.42 3.14, m - - 

18 80.30 3.11, d (8.3; HA) 18-OMe - 



158 

 

3.63, d (8.3; HB) 

19 53.15 2.48, br s  5-H, 17-H 3-He 

NCH2CH3 49.23 
2.74, dq (12.3, 7.4; HA) 

- 
7-H 

2.32-2.42, m (HB)  

NCH2CH3 13.45 1.07, t (7.2) - - 

1-OMe 56.29 3.26, s   

6-OMe 58.01 3.15, s - - 

16-OMe 61.03 3.73, s - - 

18-OMe 59.07 3.30, s - - 

OCOMe 21.43 1.37, s - - 

OCOMe 172.42 - OCOMe - 

OCOPh 166.16 - 2’-H, 6’-H, 14-H - 

1’ 129.88 - - - 

2’, 6’ 129.62 8.03, d (7.4) - - 

3’, 5’ 128.63 7.45, t (7.4) - - 

4’ 133.23 7.57, t (7.4) - - 

13-OH - 3.90, s - - 

15-OH - 4.37, d (2.7) - 7-H 

* a: axial, e: equatorial, a’: pseudoaxial, e’: pseudoequatorial, f: flagpole, b: bowsprit. 

 

Table 2. Hypaconitine 2 

 

Carbon δC 
δH, multiplicity 

(J, in Hz; orientation or label*) 
key HMBC (C→H) key NOESY 

1 85.10 3.04, dd (10.0, 6.5; a, β) 1-OMe - 

2 26.40 
2.00, ddt (12.0, 6.5, 4.0; e, β) 

- 
- 

2.24, ddt (15.0, 10.0 ,8.6; a, α) 19-He 

3 34.90 1.60-1.66, m -  19- He 

4 39.28 - 18 (HA, HB), 5-H - 

5 48.19 2.09, d (6.9; β) 3-H - 

6 83.16 3.97, d (6.9; β) 6-OMe - 

7 43.85 2.88, br s 5-H - 

8 91.96 - 6-H, 15-H - 

9 44.55 2.90, m (β) - - 

10 41.10 2.13, m (β) 1-H, 17-H  - 

11 49.94 - 5-H - 
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12 36.27 
2.14, m (a’, β) 

13-OH, 16-H 
1-H, 16-H, 17-H  

2.93, m (e’, α) - 

13 74.14 - - - 

14 78.94 4.88, d (5.0; β) - - 

15 78.85 4.46, dd (5.3, 2.9; f, β) 15-OH - 

16 90.14 3.33, d (5.3; α) 16-OMe - 

17 62.18 3.08, br s NCH3, 5-H - 

18 80.17 
3.11, d (8.4; HA) 

3-H, 5-H, 18-OMe - 
3.62, d (8.3; HB) 

19 56.00 
2.36, d (11.1; e)  

5-H, NCH3 
2-Ha (α), 3-He 

2.55, d (11.1; a)  

NCH3 42.62 2.34, s  - - 

1-OMe 56.62 3.28, s 1-H  

6-OMe 57.97 3.15, s - - 

16-OMe 60.99 3.73, s - - 

18-OMe 59.06 3.27, s 18-H - 

OCOMe 21.42 1.37, s - - 

OCOMe 172.43 - OCOMe - 

OCOPh 166.14 - 2’-H, 6’-H, 14-H - 

1’ 129.85 - - - 

2’, 6’ 129.61 8.03, dd (7.9, 1.3) - - 

3’, 5’ 128.63 7.45, t (7.9) - - 

4’ 133.24 7.57, tt (7.9, 1.3) - - 

13-OH - 3.91, s - - 

15-OH - 4.35, d (2.9)   

* a: axial, e: equatorial, a’: pseudoaxial, e’: pseudoequatorial, f: flagpole, b: bowsprit. 

 

Table 3. Delsoline 3 

 

Carbon δC 
δH, multiplicity 

(J, in Hz; orientation or label*) 
key HMBC (C→H) key NOESY 

1 72.68 3.68, dt (9.0, 3.2; e’, β) 6-H - 

2 29.39 
1.46, tdd (14.5, 7.5, 3.2; f, β) 

- 
5-H (β) 

1.60, m (b, α) - 

3 27.22 1.63, m (a’, α)  - 19-H eq 
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2.00, m (e’, β) - 

4 37.68 - 3-H (α, β), 5-H - 

5 44.99 1.88, br s (β) 
6-H, 17-H, 18 (HA, 

HB) 
- 

6 90.45 4.00, s (α) 5-H, 17-H, 6-OMe - 

7 87.80 - 
15-H (α, β), 5-H, 6-H, 

7-OH 
- 

8 78.51 - 
6-H, 8-OH, 15-H (α, β), 

17-H 
- 

9 43.37 2.92-2.98, m (β) - - 

10 43.95 1.94, m (β) 12-H (α, β) - 

11 49.33 - 12-H (α, β) - 

12 30.56 
1.68, m (e’, α) 

- 
16-H  

2.05, m (a’, β) - 

13 37.47 2.41, m (β) - - 

14 84.52 3.63, t (4.6; β) 14-OMe - 

15 33.49 
1.74, m (f, β) 

8-OH - 
2.62, dd (14.6, 8.8; b, α) 

16 82.93 3.29, t (8.8; α) 16-OMe - 

17 66.01 2.77-2.85, m H-19, H-5, 7-OH - 

18 77.34 
3.01, d (9.4; HA) 

18-OMe - 
3.40, d (9.4; HB) 

19 57.27 2.44, m  -  - 

NCH2CH3 50.28 
2.77-2.85, m (HA) 

- 
- 

2.92-2.98, m (HB) 15-Hb (α) 

NCH2CH3 13.58 1.10, t (7.0) NCH2CH3 - 

6-OMe 57.28 3.36, s - - 

14-OMe 57.70 3.42, s -  

16-OMe 56.29 3.36, s 16-H - 

18-OMe 59.08 3.34, s - - 

1-OH - 7.51, d (9.0) - - 

7-OH  3.34, s - - 

8-OH  4.05, s - - 

* a: axial, e: equatorial, a’: pseudoaxial, e’: pseudoequatorial, f: flagpole, b: bowsprit. 
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Table 4. Fuziline 4 

 

Carbon δC 
δH, multiplicity 

(J, in Hz; orientation or label*) 
key HMBC (C→H) key NOESY 

1 72.15 3.65, m (e’, β) - - 

2 30.10 
1.49, tdd (14.3, 6.3, 3.1; f, β) 

- 
5-H (β) 

1.58, m (b, α) - 

3 29.46 
1.63, m (a’, α)  

18 (HA, HB), 19-He  
19-H e 

1.89, m (e’, β) - 

4 38.08 - 
3-H (a’, e’), 18 (HA, 

HB), 19 (Ha, He), 5-H 
- 

5 48.81 2.16, m (β) - - 

6 84.12 4.14, m (β) 7-H, 6-OMe - 

7 46.33 2.32, br s - NCH2CH3 (HA) 

8 78.86 - 7-H, 8-OH - 

9 43.82 2.17, m (β) - - 

10 44.09 1.87, m (β) - - 

11 49.39 - - - 

12 30.56 
1.84, m (e’,α) 

- 
16-H (α)  

2.05, ddd (13.3, 10.6, 7.2; a’, β) 14-H (β) 

13 40.67 2.28, m (β) - - 

14 76.25 4.16, m (β) - - 

15 79.98 4.41, dd (6.7, 4.1; f, β) - - 

16 90.08 3.17, d (6.7; α) 16-OMe - 

17 62.77 2.68-2.76, m NCH2CH3 (HA) - 

18 80.23 
3.19, d (8.1; HA) 

18-OMe - 
3.67, m (HB) 

19 56.75 
2.26, m (e) 

NCH2CH3 (HA), 5-H - 
2.68-2.76, m (a) 

NCH2CH3 48.53 
2.42, dq (12.5, 6.9; HA) 

- - 
2.68-2.76, m (HB) 

NCH2CH3 13.15 1.11, t (7.5) - - 

6-OMe 58.01 3.35, s - - 

16-OMe 57.42 3.45, s - - 

18-OMe 59.18 3.33, s - - 

1-OH - 7.57, br s  - - 

8-OH - 2.78, br s - - 
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14-OH - 2.55, br s - - 

15-OH - 2.78, br s - - 

* a: axial, e: equatorial, a’: pseudoaxial, e’: pseudoequatorial, f: flagpole, b: bowsprit. 

 

It was proven that the A ring of 1-OMe NDAs free bases adopt a twisted-chair 

conformation (Fig. 2A) as the 12-He’ (α) repulsion with the 1-OMe leads to this twist.20 Such 

through space proximity has been observed in the NOE between 12-He’ (α) and 1β-H in 3-

deoxyaconitine 1 and hypaconitine 2. The NOE also showed correlation between 3-He (α) and 

19-He, and between 2-He () and 1-Ha (β) in 3-deoxyaconitine 1, and showed correlation 

between 2-Ha (α) and 19-He in hypaconitine 2 (Fig. 3). These results support the conclusion that 

ring A in 1α-OMe alkaloids adopts a twisted-chair confirmation. 

 

 

Fig. 2 A (Upper) Ring A in a twisted-chair conformation in 1-OMe NDA; B (Lower) Ring A in a 

twisted-boat conformation due to the intramolecular H-bond. a: axial, e: equatorial, f: flagpole, b: 

bowsprit. 
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Fig. 3 NOESY correlation in A 3-deoxyaconitine 1 (19-He to 3-He); B hypaconitine 2 (19-He to 

2-Ha-(α)); C delsoline 3 (5-H to 2-Hf (β)); and D fuziline 4 (5-H to 2-Hf (β)). a: axial, e: 

equatorial, a’: pseudoaxial, e’: pseudoequatorial, f: flagpole, b: bowsprit. 

 

In 3-deoxyaconitine 1, the 1-Ha (β) resonates at 3.04 ppm (dd, 3Jaa = 10.6 Hz, 3Jae = 6.5 

Hz) and in hypaconitine 2, the 1-Ha (β) also resonates at 3.04 ppm (dd, 3Jaa = 10.0 Hz, 3Jae = 6.5 

Hz). This supports the conclusion that ring A adopts a chair conformation in both compounds. 

In a true chair, 3Jaa is typically between 12-14 Hz, but as it is a slightly smaller value (10.0-10.6 

Hz), this indicates that it is a twisted chair ring.6,7  

In 1-OH NDA, an intramolecular hydrogen bond exists between 1-αOH and the 

piperidine tertiary amine, resulting in a boat conformation of ring A (Fig. 2B).20,21 The NOE 

showed correlation between 2-Hf and 5-H and that supports ring A adopting a boat 

B A 

C D 
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conformation in both of them (Fig. 3). In delsoline 3, the 1-He’ (β) resonates at 3.68 ppm (dt, 

3Je’f = 3Je’b = 3.2 Hz, 3J = 9.0 Hz (through the hydrogen bonded oxygen)). H-2f (β) resonates at 

1.46 ppm (tdd, 2Jgem = 3Ja’f = 14.5 Hz, 3Je’f = 7.5 Hz, 3Je’f = 3.2 Hz) (Fig. 4) and this indicates a 

twisted ring as the 3Je’f = 3.2 Hz (with 1-He’) < 3Je’f = 7.5 Hz (3-He’) which means that the 

dihedral angle ∠((1-He’)-C1-C2-(2-Hf)) is larger than ∠ ((2-Hf)-C2-C3-(3-He’)) according to the 

Karplus equation. The dihedral angle dependence of the magnitude of vicinal couplings results 

from molecular orbital overlap, where maximum orbital overlap occurs when the dihedral angle 

is 0° and 180° (3JHH is large) and the orbital overlap is minimal when the dihedral angle is 90° 

(3JHH is small).22 In fuziline 4, 2-Hf resonates at 1.49 ppm (tdd, 2Jgem = 3Jaf = 14.3 Hz, 3Jef = 6.3 

Hz, 3Jef = 3.1 Hz) (Fig. 4), and it also indicates a twist in ring A; 1-He’ and 3-He’ signals were 

overlapped with other signals. 

 

 

 Delsoline                                  Delsoline                                                   Fuziline  

 

Fig. 4 1H NMR coupling pattern of key signals in delsoline 3 (1-He’ centred around 3.68 ppm 

and 2-Hf centred around 1.46 ppm) and fuziline 4 (2-Hf centred around 1.49 ppm). 

 

2.1.  Steric compression 

Through-space steric interactions have been reported in NDA and their synthetic analogues.5,7 

Such an effect can be observed on 2-H in 1-OMe NDA as the tertiary amine causes steric 

compression deshielding the axial proton to resonate downfield of the equatorial proton. In 3-
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deoxyacontine 1, 2-Ha resonated at 2.24 ppm compared to 1.95 ppm for 2-He. In hypaconitine 2, 

2-Ha resonated at 2.24 ppm compared to 2.00 ppm for 2-He. This difference is unusual as the 

equatorial protons of such 6-membered rings are usually found at a higher chemical shift 

compared to the axial protons due to the anisotropic effect, but the lone pair of the tertiary N-

atom pushes the electrons around 2-Ha (α) and results in this deshielding (Fig. 5A).20 In 1-OH 

alkaloids as the hydrogen-bonded ring A adopts a boat conformation, the protons are no longer 

close to the N-atom and 2-Hb (α) chemical shift is higher than 2-Hf (β) with a difference of 0.14 

ppm in delsoline 3 and 0.09 ppm in fuziline 4 (Fig. 5B). 

At position 19, it was observed that in NDA that have a 3-OH substituent (e, α) like 

aconitine 5 and mesaconitine 6, the hydroxyl group causes deshielding on 19-He. 19-He 

resonated downfield by ~0.5 ppm in aconitine 5 6 and by ~0.4 ppm in mesaconitine 6 20, 

compared to 19-Ha. Such difference has diminished in 3-deoxyaconitine 1 as both the axial and 

the equatorial protons resonate together as broad singlet (br s). In hypaconitine 2, 19-Ha 

chemical shift was higher compared to 19-He by ~0.2 ppm which could be due to steric 

compression from 6-OMe (α) (Fig. 5A). In fuziline 4, the same effect was observed as 19-Ha 

chemical shift was higher than 19-He by ~0.5 ppm and that supports the idea of the 6-OMe (α) 

compression of 19-Ha (Fig. 5A). In delsoline 3, the 6-OMe is in a β-configuration, but still the 

steric effect on 19-Ha is observed as both protons resonate together, possibly due to an effect 

from 7-OH. 

At position 18, it was observed that 6α-OMe in 3-deoxyaconitine 1, hypaconitine 2, and 

fuziline 4 resulted in a deshielding effect on 18-HA,B, where the chemical shift was higher by 

~0.2 ppm, compared to the 6β-OMe in delsoline 3 (Fig. 5C). 

At position 12, it was observed in 3-deoxyaconitine 1 and hypaconitine 2 that 1-OMe 

sterically compresses 12-He’ (α) and it resonates downfield compared to 12-Ha’ (β) by ~0.8 ppm 

(Fig. 5A). Such an effect was not observed in delsoline 3 and fuziline 4 as the 1-OH group 

flipped to the axial position away from 12-He’ (α) due to the intramolecular H-bond with the N-

atom (Fig. 5B), and the difference between both protons was reduced to ~0.2 ppm. These results 

are consistent with the NMR data of mesaconitine 6, karacoline 7, neoline 8, and condelphine 

9.20 In addition, it was observed that the difference in aconitine 5 was ~0.6 ppm and that 
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difference reduced to ~0.4 ppm in aconitine 5 HCl (pseudoaxial δ was higher) as ring A flipped 

into a boat conformation due to the intramolecular H-bond with the N-alkylpiperidine N-atom.6  

It was also observed that 7-OH caused a steric effect on the methylene protons of the N-

ethyl side-chain (Fig. 5A). The chemical shift in delsoline 3 was higher by ~0.4 ppm compared 

to 3-deoxyaconitine 1, hypaconitine 2, and fuziline 4. Such an effect can also be detected in 

previously reported lycoctonine 10 and methyllycaconitine (MLA) 11.6 Another comparison at 

position 7 is between fuziline (15α-hydroxyneoline) 4 and neoline 8, where a steric effect was 

observed from the 15-OH (b, α) on 7-H (Fig. 5C) which results in an increase in the δ7H by ~0.3 

ppm in fuziline 4 compared to neoline 8.20 

It has previously been reported that the tertiary nitrogen in 1-OH NDA is affected by 

the intramolecular H-bonding and that results in higher chemical shifts compared to 1-OMe 

NDA (Fig. 5A, 5B).5 In this study, the data are consistent with what has been reported as the 

nitrogen chemical shifts (δN) of delsoline 3 and fuziline 4 were 54.2 and 55.4 ppm respectively, 

compared to 51.7 and 38.4 ppm for 3-deoxyaconitine 1 and hypaconitine 2 respectively. 

 

Fig. 5 Steric compression effects seen within 1-OMe and 1-OH NDA. A Effect on 12-He’, 2-Ha, 

19-H (a,e), and NCH2CH3. B Effect on the N-atom due to the intramolecular H-bond in 1-OH 

NDA. C Effect on 18-H and 7-H. 
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3. Conclusions 

The full NMR assignment of four NDA (3-deoxyaconitine 1, hypaconitine 2, delsoline 3, and 

fuziline 4) is reported in this study for the first time. The effect of C1 substituent on the 

conformation of ring A was accomplished in these four NDA, where it was found that ring A 

adopts a twisted chair conformation in 1-OMe NDA (3-deoxyaconitine 1 and hypaconitine 2) 

while it adopts a twisted boat conformation in 1-OH NDA (delsoline 3, and fuziline 4) due to an 

intramolecular H-bonding between the tertiary nitrogen and the hydroxy group at position 1. 

Such a conformational difference affects the through space steric interactions at various 

positions and affects chemical environment around the nitrogen where the nitrogen chemical 

shifts (δN) was higher in 1-OH NDA compared to 1-OMe NDA.  

 

4. Experimental 

General Methods. Chemicals and Materials. 3-Deoxyaconitine 1 (98%), delsoline (belsoline) 3 

(98%), and fuziline 4 (98%) were donated by Carbosynth Ltd. (U.K.). Hypaconitine 2 (98%) 

was purchased from Carbosynth Ltd. (U.K.). All other chemicals were purchased from Sigma-

Aldrich (U.K.) and used as received. Chloroform-d (99.8% D atom, CDCl3) was used for NMR 

experiments purchased from Cambridge Isotope Laboratories (U.S.A.).  

Instrumentation. 1H NMR spectra were recorded on a Bruker Avance III (1H Larmor precession 

frequency 500 MHz) spectrometer at 25 °C. Chemical shifts were expressed in parts per million 

(ppm) and residual (protio) solvent peak (CHCl3) was used as the internal standard (7.26 ppm). 

Chemical shifts δH (ppm) were reported as position (accurate δH of overlapping signals were 

extracted from two-dimensional (2D) NMR spectra, e.g., HSQC, COSY, and NOESY), 

expressed in ppm, relative integral, multiplicity, and assignment. Multiplicity was abbreviated:  

s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet; br = broad. Coupling constants (J) 

are line separations (absolute values expressed in hertz, Hz), rounded and rationalized to 0.1 Hz. 

13C NMR spectra were recorded with complete proton decoupling on a Bruker Avance III (13C 

Larmor precession frequency 125 MHz) spectrometer at 25 °C as well as 2D NMR experiments 

including HSQC, HMBC, and H2BC. The CDCl3 signal was used as the internal standard (77.0 

ppm), and δC (ppm) were reported as position, number of attached protons (CH3, CH2, CH, quat 
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= quaternary), and assignment. 1H−15N HMBC spectra were recorded on a Bruker Avance III 

(15N Larmor precession frequency 51 MHz) spectrometer at 25 °C. The spectra were externally 

calibrated with a MeNO2 solution (50% in CDCl3, v/v), recorded, and set at δN 379.8 ppm, and 

the correction factor is measured as -511.72 on our spectrometer. Positive-ion [M+H]+ mode 

mass spectrometry was performed on samples dissolved in methanol, using an Agilent ESI-Q-

TOF mass spectrometer. High-resolution mass spectrometry (HR-MS) data were within 5 ppm 

error. 3-Deoxyaconitine 1:  m/z calcd. for C34H48NO10 630.3278, found 630.3275 [M+H]+. 

Hypaconitine 2:  m/z calcd. for C33H46NO10 616.3122, found 616.3122 [M+H]+. Delsoline 3:  

m/z calcd. for C25H42NO7 468.2961, found 468.2963 [M+H]+. Fuziline 4:  m/z calcd. for 

C24H40NO7 454.2805, found 454.2808 [M+H]+. 
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Chapter 7 

 

Effect of position 1 substituent and configuration on APCI-MS fragmentation of 

norditerpenoid alkaloids including 1-epi-condelphine 

 

AIMS 

 

Norditerpenoid alkaloids (NDA) are hexacyclic highly oxygenated compounds and the analysis 

of their 3D configuration is important as it helps to interpret their bioactive conformations. High 

performance liquid chromatography/ atmospheric pressure chemical ionization mass 

spectrometry (LC/MS-APCI) is a promising technique to investigate NDA stereochemistry. The 

effect of the alpha (α)-substituent at carbon 1 and its configuration on the stability of NDA in 

the mass spectrometer was studied. It was observed that 1-OH NDA are more stable compared 

to 1-OMe NDA due to the intramolecular H-bonding that exists in 1-OH NDA. In addition, 1-

epi-condelphine 9 was found to be less stable in the mass spectrometer compared to 

condelphine 7 as the nitrogen is no longer hydrogen bonded to the β-hydroxyl at position 1 

which highlights the importance of the substituent configuration at carbon 1. 
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INTRODUCTION 

 

The structural investigation and elucidation of natural products is one of the major 

applications of mass spectrometry. The fragmentation pattern of the analytes is sensitive to the 

experimental conditions of ionization.1 Therefore, several analytical methods have been 

developed to control the amount of energy used to fragment the precursor ion with regards to 

the fragment ion.1,2 Several studies have been reported on the application of electrospray 

ionization tandem mass spectrometry (ESI-MS/MS) to differentiate stereoisomers of different 

alkaloids groups like indole alkaloids,3 indoloquinolizidine alkaloids,4 and matrine-type 

alkaloids.5 Electron impact-mass spectrometry (EI-MS) has been applied to study the structural 

effect on fragmentation, for example to study the effect of stereoisomerism on EI fragmentation 

of eburnane-type alkaloids.6 In addition, EI-MS was applied to study the effect of the substituent 

configuration at position 1 of norditerpenoid alkaloids (NDA) where it was found the intensity 

of the fragment peak [M-15]+ was higher for 1-β-OH NDA compared to 1-α-OH NDA where 

the intensity of the [M-OH]+ was higher with 1-α-OH NDA compared to 1-β-OH NDA.7,8  

There are only a few reports on the usage of high-performance liquid chromatography-

atmospheric pressure chemical ionization mass spectrometry (HPLC-APCI-MS), which is a 

promising technique to investigate the effect of substituents’ configuration on the NDA skeleton 

fragmentation.9-11 APCI works on the analyte in the gas-phase through nebulization (aerosol 

generation) by high speed gas and then desolvation of the droplets in the vaporization chamber. 

After that, ionization of the analyte happens in the gas-phase through corona discharge which is 

produced through a high voltage needle. The CI reagent gas in APCI is the LC mobile phase (or 

analyte solvent) where the vaporized solvent forms several adduct ions through the reaction 

with electrons from corona discharge. In positive-ion mode, proton transfer occurs from the 

adducts to the analyte. In negative-ion mode, proton subtraction produces the molecular ion.12  

The advantage of using APCI is that ionization occurs in the gaseous state compared to 

in the liquid state in ESI, and that enables APCI to work with non-polar solvents, also APCI is 

less susceptible to matrix effects (including ion suppression) compared to ESI and therefore 

APCI can be considered for a wide range of applications including non-polar analytes.11 
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Although APCI uses high collision frequency which results in more fragments in the ionizer 

chamber compared to ESI (harder ionization),13,14 it is still considered a soft ionization method 

as the rapid desolvation reduces the thermal degradation considerably and that results in fewer 

fragmentations compared to hard ionization methods.14  

It was demonstrated that using APCI ionization, the major fragmentation of the NDA 

skeleton occurs at position 8 where NDA with 8-OH, 8-OCH3, and 8-OAc fragment with the 

loss of 18 Da, 32 Da, and 60 Da respectively.10 It was also demonstrated using deuterium 

labelling that the fragmentation at position 8 starts from the nitrogen where it was shown that 

the deuterium atom introduced on the nitrogen atom is in the leaving fragment (loss of 20 Da 

with 8-OH NDA, and loss of 62 Da with 8-OAc NDA).10 Figure 1A shows the fragmentation at 

position 8 starting from the nitrogen atom. 

 

 

 

 

Figure 1. A. Fragmentation of NDA skeleton at position 8 using APCI. B. Intramolecular H-

bond in 1-OH NDA where the secondary alcohol is axial. 

 

The influence of substitution at position 1 was reported where it was observed that the presence 

of α-OH at position 1 results in stabilization and lower fragmentation compared to 1-OMe 

NDA. It was proposed that the stabilization occurs due to intramolecular H-bonding (Figure 

1B).10 In this study, the APCI fragmentation results of a series of 1-OMe and 1-OH NDA are 

reported showing the effect of ring A conformation on the mass spectral fragmentation pattern. 

Also highlighting the importance of the substituent configuration at position 1 on the 

stabilization of the NDA skeleton. 
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RESULTS and DISCUSSION 

 

1. Effect of carbon 1 substituent on NDA stability in APCI mass spectrometry.  

To study the effect of position 1 substituent on the stability of the NDA skeleton, 8 compounds 

were chosen (Figure 2) where all of them possess a hydroxy group at position 8 (the initial 

fragmentation position). The APCI-MS method was applied to investigate the stereochemical 

effect of the carbon 1 substituent on the stability of alkaloids 1-8. The APCI mass spectra were 

simple and showed the [M+H]+ parent ion alongside the major fragment ion [M+H-H2O]+. The 

detected signals and their relative abundance (I%) are given in Table 1. 

 

Figure 2. Norditerpenoid alkaloids 1-8. 
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Table 1. The Detected Signal of the Parent Ion and their Fragment Ion with their 

Intensities (I%) 

Cmpd Molecular formula 

[M+H]+ 

m/z 

[M+H]+ 

I% 

[M+H-H2O]+ 

m/z 

[M+H-H2O]+ 

I% 

1 C31H43NO9 574.3049 100 556.2936 57 

2 C31H43NO10 590.3002 100 572.2781 62 

3 C32H45NO10 604.3147 100 586.3016 58 

4 C24H39NO7 454.2851 100 436.2730 30 

5 C22H35NO4 378.2660 100 360.2551 29 

6 C24H39NO6 438.2926 100 420.2817 27 

7 C25H39NO6 450.2941 100 432.2811 31 

8 C25H41NO7 468.3015 100 450.2894 33 

 

The APCI spectra of the 1-OMe alkaloids 1-3 were obtained and showed a parent [M+H]+ ion 

peak (100%) and a major fragment ion peak [M+H-H2O]+ (Table 1) at position 8 with relative 

abundance ~60% (Figure 3).  

 

A  

    

https://pubchem.ncbi.nlm.nih.gov/#query=C25H41NO7
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B  

C  

Figure 3. APCI mass spectra (A, B, and C) of compounds 1-3 respectively. 

 

                   A     

                     B  
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                              C   

 

                             D  

 

                  E  

Figure 4. APCI mass spectra (A-E) of compounds 4-8 respectively. 

 

The obtained APCI mass spectra of compounds 4-8 were more stable as they showed less 

fragmentation at position 8 compared to compounds 1-3 (Figure 4). The intensity of the 

fragment-ion peak observed for compounds 4-8 is around 30% compared to 60% for 

compounds 1-3 and that indicates the role of conformation in the stabilization of the NDA 

skeleton. 

We have reported that ring A conformations of 1-OMe and 1-OH NDA are different 

due to the intramolecular H-bond.15 The tertiary nitrogen is bonded (H-bond) to the 1-OH in 
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compounds 4-8 and that results in flipping ring A into a boat conformation compared to a chair 

conformation in compounds 1-3 (Figure 5A). The explanation reported by Wada and co-

workers 10 for the stabilization of 1-OH NDA is that the introduced proton, which is the starting 

point of the fragmentation at position 8 (Figure 5B), is stabilized by an intramolecular 

hydrogen-bond with the 1-OH where ring A adopts a boat conformation.15 On the other hand, 1-

OMe NDA salts also form intramolecular H-bonds between the methoxy group and the 

protonated nitrogen and that flips ring A from a chair conformation into a boat 16,17 (Figure 6) 

and that should result in a stabilization effect similar to 1-OH NDA. Therefore, the reported 

theory does not explain the observed higher fragmentation of 1-OMe NDA compared to 1-OH 

NDA. 

 

Figure 5. A. 1-OH and 1-OMe NDA skeleton, B. fragmentation of 1-OH and 1-OMe NDA at 

position 8. 

 

Figure 6. A. 1-OMe NDA skeleton, B. Conformation of the AE bicycle as a free base (left) and 

salt (right). 
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A most reasonable explanation for the difference in the stability of 1-OH NDA and 1-OMe 

NDA is that the positive charge in 1-OH NDA is delocalized and stabilized over four atoms 

[N—H—O—H]+ while the positive charge in 1-OMe NDA is delocalized over three atoms 

[N—H—O]+ and therefore 1-OMe NDA has higher tendency to lose the introduced proton on 

the nitrogen and consequently to lose H2O at position 8 (Figure 7).  

 

Figure 7. Charge delocalisation (green area) in 1-OMe NDA salts (left) and 1-OH NDA salts 

(right).  

 

2. Effect of 1-OH configuration on NDA fragmentation.  

The vast majority of NDA are functionalized with an α-substituent, and it was noted 

that a β-substituent should lead to less stabilization of the skeleton.10,11 To investigate the effect 

of the configuration on the NDA ring A conformation and skeleton MS fragmentation, 

condelphine 7 was converted into 1-epi-condelphine 9 (Figure 8). 

 

    

Figure 8. Oxidation of condelphine 7 and then reduction to obtain 1-epi-condelphine 9. 

 



181 

 

The first step of the reaction was oxidation of condelphine 7 (Rf = 0.28 in 10% MeOH/DCM) 

into 1-keto-condelphine (Rf = 0.35 in 10% MeOH/DCM) using 4 equivalents of Dess-Martin 

periodinane in anhydrous dichloromethane at 20 oC for 24 h. 1-Keto-condelphine was then 

reduced with 1 equivalent of NaBH4 to obtain 1-epi-condelphine 9 (33%). The final mixture 

was purified using an NX-C18 LC column where 1-epi-condelphine 9 eluted after 4.3 min and 

1-keto-condelphine at 8.0 min (Figure 9). 

 

Figure 9. LC/MS-ESI ion chromatogram shows 1-epi-condelphine signal (4.3 min) and 1-keto-

condelphine (8.0 min). 

 

The obtained 1-epi-condelphine 9 showed TLC Rf = 0.32 (10% MeOH/DCM) compared to 

condelphine 7 where the TLC Rf = 0.28 (10% MeOH/DCM). Both compounds were also 

analysed using an analytical InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm, 2.7 µm) column 

where condelphine 7 elutes at 5.1 min (Figure 10, upper) while 1-epi-condelphine 9 elutes at 5.0 

min (Figure 10. lower). The reduction of 1-keto-NDA has also been reported using NaBH4 18 

where both epimers were isolated and 1-β-OH-NDA was the major epimer (3:1 ratio) and that 

could be due to an effect from nitrogen where the delivery of the hydride complex is easier from 

the bottom face of the NDA skeleton. The obtained product from 1-keto-condelphine reduction 

was determined as 1-epi-condelpine 9 and the product was not a mixture of epimers. 
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Figure 10. LC/MS-ESI ion chromatogram shows condelphine 7 elutes at 5.1 min (upper) and 1-

epi-condelphine 9 elutes at 5.0 min (lower). 

 

The conformation of ring A of condelphine 7 was studied 15 and it was proved to be a twisted 

boat conformation due to the intramolecular H-bond with the basic nitrogen atom. Upon 

oxidation, the hydrogen bonding no longer exists and that being observed in the APCI mass 

spectrum where the intensity of the fragment peak was 67% compared to 31% for condelphine 7 

(Figure 11A). After reduction, 1-epi-condelphine 9 shows a 72% fragment ion peak (Figure 

11B). This is comparable to 1-keto-condelphine which indicates that the skeleton is no longer 

stabilized by an intramolecular H-bond. 
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A  

B  

Figure 11. APCI mass spectra (A and B) for 1-keto-condelphine and 1-epi-condelphine 

respectively. 

 

 

Figure 12. Charge delocalisation (green area) in 1--OH NDA salts (left) and 1--OH NDA salts 

(right). 

 

Figure 12 shows that the skeleton of 1-β-OH NDA is not stabilized by intramolecular H-bond as 

the substituent at position 1 cannot form a H-bond with the nitrogen, and the positive charge is 

delocalised over 2 atoms compared to delocalisation over 4 atoms in 1-α-OH NDA and that 

could be the reason for the observed difference in the APCI-MS fragmentation. NMR spectra 

also support the change of conformation as the chemical shift of the nitrogen in condelphine 7 is 
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54.2 ppm while 1-epi-condelphine 9 has a lower chemical shift (43.8 ppm) for its nitrogen 

which indicates that the nitrogen in 1-epi-condelphine 9 is no longer H-bonded to the 1-OH. 

The proton at position 1 in condelphine 7 resonates at 3.73 ppm while in 1-epi-condelphine 9 it 

resonates at 4.05 ppm which indicates the change of ring A conformation where it was reported 

that the proton at position 1 has higher chemical shift in 1-β-OH NDA compared to 1-α-OH 

NDA.15 Carbon 1 in condelphine 7 resonates at 72.21 ppm 13 while it resonates at 65.00 ppm in 

1-epi-condelphine 9 which is consistent with the 13C NMR spectra literature of some NDA and 

their derivatives where such a decrease in the chemical shift of carbon 1 was observed when a 

1-α-OH NDA was converted into the epimeric 1-β-OH NDA,19,20 for example, in the unusual 

epimerization of the 1-α-OH group in the NDA delphisine. Hydrolysis of delphisine in refluxing 

water gave 14-O-acetyl-1-epi-neoline and solvolysis of 8-O-acetylneoline in methanol gave 8-

O-methyl-1-epi-neoline. Likewise, solvolysis of delphisine in refluxing methanol gave 8-

deacetyl-8-O-methyl-1-epi-delphisine. For such an epimerization to occur, both an α-1-OH and 

an 8-OAc functional groups are necessary.20 

 

CONCLUSIONS 

 

The stability of the NDA skeleton was studied using APCI-MS where it was observed that the 

alpha (α)-substituent at carbon 1 affects the stability of the NDA towards fragmentation. It was 

found that 1-OH NDA are more stable compared to 1-OMe NDA which showed higher 

intensity of the fragment-ion peak. That difference in stability could be due to the charge 

delocalisation where the positive charge delocalises in 1-OH NDA over four atoms compared to 

three atoms in 1-OMe NDA which decreases the chance of the proton transfer in the 

fragmentation scheme. In addition, the effect of carbon 1 substituent configuration was studied 

by the synthesis of 1-epi-condelphine 9 where it was found that it is less stable in the mass 

spectrometer compared to condelphine 7 as the nitrogen is no longer bonded to the b-hydroxyl 

at position 1. The application of APCI-MS is a promising technique to study the 3D 

configuration of NDA as it leads to a better understanding of their possible 3D-conformations in 

biological fluids. 
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EXPERIMENTAL 

 

Materials and General Methods. Fuziline 4, condelphine 7, and delsoline (belsoline) 8 were 

donated by Carbosynth Ltd. (U.K.). Benzoylhypaconine 1, benzoulmesaconine 2, 

benzoylaconine 3, and neoline 6 were purchased from Carbosynth Ltd. (U.K.). Karacoline 5 was 

purchased from Latoxan (France). All other chemicals were purchased from Sigma-Aldrich 

(U.K.) and used as received. Chloroform-d (99.8% D atom, CDCl3) was used for NMR 

experiments purchased from Cambridge Isotope Laboratories (U.S.A.). All other solvents were 

of HPLC grade, ≥99.9% purity (Fisher Scientific, U.K. and VWR, U.K.). 

Instrumentation. Analytical thin layer chromatography (TLC) was performed using aluminium 

backed sheets of precoated silica gel (Merck Kieselgel 60 F254). Compounds were visualized 

by staining with iodine vapour, and Dragendorff solution, stock solution prepared by mixing 

bismuth subnitrate (1.7 g) with water (80 mL) and glacial acetic acid (20 mL). Aqueous 

potassium iodide solution (50% w/v, 100 mL) was added then and stirred until dissolved. The 

solution was stored in an amber bottle. The working solution was prepared by mixing the stock 

solution (100 mL) with glacial acetic acid (200 mL) and made up to volume (1 L) with distilled 

water and stored in an amber bottle. The purification of 1-epi-condelphine from 1-keto-

condelphine was done using Gemini 5 µm NX-C18 110 Å, LC Column 250 x 10 mm with 

MaXis HD quadrupole electrospray time-of-flight (ESI-QTOF) mass spectrometric detection 

(Bruker Daltonik GmbH, Bremen, Germany). The comparison between condelphine and 1-epi-

condelphine was done using LC-MS analyses performed using an Agilent QTOF 6545 with 

Jetstream ESI spray source coupled to an Agilent 1260 Infinity II Quat pump HPLC with 1260 

autosampler, column oven compartment, and variable wavelength detector (VWD). The MS 

was operated in positive-ion mode with the gas temperature at 250 °C, the drying gas at 12 

L/min and the nebulizer gas at 45 psi (3.10 bar). The sheath gas temperature and flow were set 

to 350 °C and 12 L/min, respectively. The MS was calibrated using a reference calibrant 

introduced from the independent ESI reference sprayer. The VCap, Fragmentor, and Skimmer 

were set to 3500, 100, and 45 respectively. Chromatographic separation of a 5 µL sample 

injection was performed on a InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm, 2.7 µm) column 
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using H2O (Merck, LC-MS grade) with 0.1% formic acid (FA, Fluka) v/v and methanol 

(MeOH, VWR, HiPerSolv) with 0.1% FA v/v as mobile phases A and B, respectively. The 

column was operated at a flow rate of 0.3 mL/min at 40 °C starting with 1% mobile phase B for 

3 min, thereafter the gradient was initiated and run for 2 min to a final 100% B, held at 100% B 

for 3 min then returned to 1% B, held for re-equilibration for 3.9 min, in a total run time of 12 

min. The VWD was set to collect 254 and 320 nm wavelengths at 2.5 Hz. Data processing was 

automated in Qual B 07.00 with a Find by formula matching tolerance of 10 ppm. 1H NMR 

spectra were recorded with a Bruker Avance III (500 MHz) spectrometer at 25 oC. Chemical 

shifts are given in parts per million (ppm) referenced to the CDCl3 solvent or its residual CHCl3 

signal, and reported as chemical shift (δ), multiplicity (br = broad, d = doublet, dd = doublet of 

doublet, m = multiplet, s = singlet, t = triplet), coupling constant (J absolute values and 

rationalized to 1 d.p. in Hz), relative integral, and assignment. 1H-15N HMBC spectra were 

recorded on a Bruker Avance III (15N Larmor precession frequency 50.67 MHz) spectrometer at 

25 °C. The spectra were externally calibrated with a MeNO2 solution (50% in CDCl3, v/v), 

recorded and set at δN 379.8 ppm, and the correction factor was measured as -511.72 on our 

spectrometer. High Resolution Time-of-Flight (HR TOF) mass spectra were obtained on a 

Bruker Daltonics “micrOTOF” mass spectrometer using electrospray ionisation (ESI) (loop 

injection +ve ion mode). 

APCI-MS conditions. Accurate mass spectrometry analyses were conducted using a MaXis 

HD quadrupole electrospray time-of-flight (APCI-QTOF) mass spectrometer (Bruker Daltonik 

GmbH, Bremen, Germany), using a glass syringe (Hamilton) and syringe pump (KD Scientific, 

Model 781100) for infusions at a flow rate of 3 µL/min. Analyses were performed in APCI 

positive-ion mode with the capillary voltage set to 4500 V, corona discharge 4000 V, nebulizing 

gas at 0.4 bar, APCI temperature was set at 280 oC and drying gas temperature at 240 oC. The 

TOF scan range was from 50–1000 mass-to-charge ratio (m/z). The MS instrument was 

calibrated using an APCI tuning solution (Sigma Aldrich, U.K.). All samples were prepared in 

isopropanol at 20 μg/mL. Data processing was performed using the Compass Data Analysis 

software version 4.3 (Bruker Daltonik GmbH, Bremen, Germany). 
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Synthesis of 1-epi-condelphine 9. Condelphine 7 (Rf = 0.28 in 10% MeOH/DCM) (0.0134 

mmol, 6 mg) was dissolved in anhydrous dichloromethane (10 mL) under anhydrous N2 gas, 

and Dess-Martin periodinane (4 equiv., 0.0535 mmol, 22.7 mg) was added. The reaction 

mixture was stirred at 20 oC for 24 h and then concentrated under vacuum and the product, 1-

keto-condelphine, was used in the next step without purification. The crude 1-keto-condelphine 

(Rf = 0.35 in 10% MeOH/DCM) was reduced using sodium borohydride (0.013 mmol, 0.5 mg) 

in anhydrous methanol (5 mL) at 20 oC for 24 h. The mixture was then concentrated under 

vacuum and purified using HPLC to obtain the title compound 9 (2 mg, 33%) as a pale yellow 

oil. Rf = 0.32 (10% MeOH in dichloromethane). HRMS (ESI): m/z calcd. for C25H40NO6: 

450.2856, found: 450.2836 [M+H]+. 1H NMR (500 MHz, CDCl3): δ (ppm) (including) = 1.13 

(br t, 3H, NCH2CH3), 2.06 (s, 3H, COCH3), 2.06-2.13 (m, 1H, H19ax), 2.30-2.35 (m, 1H, 

H19eq), 2.43-2.57 (m, 2H, NCH2CH3), 2.64 (dd, J = 7.9, 4.8, 1H, H13), 2.76 (br s, 1H, H17), 

3.01 (d, J = 8.8, 1H, H18A), 3.15 (d, J = 8.8, 1H, H18B), 3.27 (s, 3H, 16-OCH3), 3.28-3.31 (m, 

1H, H16), 3.32 (s, 3H, 18-OCH3), 4.05 (t, J = 7.0, 1H, H1), 4.87 (t, J = 4.9, 1H, H14). 13C NMR 

(125 MHz, CDCl3): δ (ppm) (including) = 13.3 (NCH2CH3), 21.1 (COCH3), 36.4 (C13), 48.1 

(NCH2CH3), 56.0 (16-OCH3), 56.5 (C19), 59.5 (18-OCH3), 63.5 (C17), 65.0 (C1), 76.9 (C14), 

78.9 (C18), 82.0 (C16). 
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Chapter 8 

 

Synthesis and antagonist activity of methyllycaconitine analogues on human        

α7 nicotinic acetylcholine receptors 

 

AIM:  The aim of this study was to synthesize AE-bicyclic analogues of MLA 1 with different 

nitrogen and ester side-chains to get a better SAR understanding of their activity at human α7 

nAChRs.  
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INTRODUCTION 

 

Nicotinic acetylcholine receptors (nAChRs) are members of a superfamily of ligand-gated ion 

channels and are receptors for the neurotransmitter acetylcholine (ACh). They are oligomeric 

proteins in which five transmembrane subunits co-assemble to form a central cation-selective 

pore. Agonists, such as ACh, bind to a site on the extracellular region of nAChRs and, in doing 

so, cause a conformational change in the receptor that results in the opening of the 

transmembrane ion channel and the influx of cations.1,2 Nicotinic receptors are located at post-

synaptic sites (for example on nerve and muscle cells), where they can mediate rapid neuronal 

or neuromuscular signalling, but they are also located at pre-synaptic sites (for example in the 

brain), where they can play a more modulatory role. Sixteen nAChR subunits are expressed in 

humans (α1-α7, α9, α10, β1-β4, γ, δ and ε) and these can co-assemble into a diverse array of 

both homomeric and heteromeric nAChR subtypes with distinct physiological and 

pharmacological properties.3 One nAChR subtype that has attracted particular attention is the α7 

nAChR, a homomeric receptor containing five copies of the α7 subunit. It is expressed in 

several regions of the brain and has been implicated in a range of neurological disorders.4  

 Signalling through nAChRs can be blocked by the binding of antagonists acting either 

at the orthosteric agonist binding site (competitive antagonists) or at distinct allosteric sites 

(non-competitive antagonists).5 Methyllycaconitine (MLA) 1 is one example of a nAChR 

competitive antagonist that is highly potent and highly selective for α7 nAChRs.6 It forms part 

of a broader family of norditerpenoid alkaloids (NDA) from Delphinium and Aconitum, that are 

highly oxygenated hexacyclic systems and which can exert a variety of pharmacological effects 

by modulating transmembrane proteins such as nAChRs and voltage gated sodium channels 

(VGSCs).7,8 In addition, the potential therapeutic use of MLA 1 has been examined in 

connection with disorders such as cerebral palsy and Parkinson’s disease.8 MLA 1 and other 

Delphinium alkaloids are also responsible for livestock intoxication 9 due to their action on α1 

nAChRs expressed at neuromuscular junctions.10 However, it has been reported previously that 

MLA 1 has higher affinity for α7 nAChRs compared to other nAChR subtypes.6,11,12  
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Several structural features of MLA 1 have been studied in our ongoing structure-activity 

relationship (SAR) studies. For example, it was found that the nitrogen atom plays a key role in 

the pharmacological action of NDA.13 Also, the ester side-chain is an important moiety as MLA 

1 lost 1000-fold of its activity when converted to neopentyl alcohol lycoctonine.14-16 

Furthermore, the side-chain on the nitrogen atom affects the interaction with the target nAChR. 

Several piperidine (Ring E) analogues of MLA have been synthesized (Figure 1) with different 

N-side chains (methyl, ethyl, n-butyl, 2-phenylethyl, 3-phenylpropyl, diethyl ether, and 2-

phenylethyl ether) and tested on bovine adrenal α3β4 nAChRs, where the best analogue had a 3-

phenylpropyl N-side-chain.17 This analogue system was tested on the α7 nAChR in a 

competition binding experiment on rat brain preparations using [125I]αBGT, where the best 

analogue (3-phenylpropyl N-side-chain) showed little inhibition with an IC50 = 177 μM while 

other analogues showed no inhibition with IC50 >300 μM.18  

 

  

Figure 1. E-ring analogues system of MLA 1  

 

The aim of this study was to synthesize AE-bicyclic analogues of MLA 1 with different 

nitrogen and ester side-chains (Scheme 1) and to examine their ability to modulate the activity 

of human α7 nAChRs, with the aim of obtaining a better SAR understanding of these 

compounds. 

 



193 

 

 

Scheme 1. Relationship of MLA 1 to the target AE-bicyclic system 

 

RESULTS and DISCUSSION 

 

1. Synthesis of the AE-bicyclic core 

The synthesis of MLA analogues starts with the core synthesis using the classical double 

Mannich reaction 18,19 where different amines were used to obtain different N-side chains. The 

side-chains (methyl, ethyl, benzyl, 2-phenylethyl, 3-phenylpropyl, and 4-phenylbutyl) (Scheme 

2) were selected to investigate the importance of the hydrophobic interactions. The reaction was 

accomplished by heating the reactants under reflux in ethanol for 4 h. As the boiling point of 

methylamine solution (40 wt % in water) is 48 oC, the synthesis of compound 3 was also 

achieved at 20 oC for 2 d with no significant drop in yield. 
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Scheme 2. Synthesis of AE-bicyclic analogues 14-21. 

 

2. Reduction of the AE-bicyclic core using LiAlH4 (LAH) 

The reduction of the AE-bicyclic compounds 3-8 was performed using LAH in anhydrous THF 

under N2 gas (Scheme 2), and the reaction was monitored by TLC and quenched after 7 h using 

the Fieser method, where X mL (X = grams of LAH) of water were added slowly followed by X 

mL of 15% aq. sodium hydroxide solution and then 3X mL of water. The resulting mixture was 

stirred with magnesium sulfate for 10 min and then filtered over celite and evaporated to 

dryness. The reduction results in epimeric secondary alcohol at position 9. As an example, 

cyclohexanone 4 was reduced to get both epimers at position 9. The 1H NMR methyl triplet 

signals of the NCH2CH3 showed that the ratio of the isomers is 3:1 (Figure 2). The 1H NMR 

spectrum also shows the difference in the intensity of 9-H signals in both epimers (3.60 ppm vs 



195 

 

3.68 ppm) (Figure 2). The full 1H and 13C NMR spectra also showed different intensities of 

signals for the 3:1 isomeric ratio (SI Figure S1). 

   

Figure 2. The 1H NMR (500 MHz) of 9-H proton (left) and the methyl of NCH2CH3 (right) of 

the epimeric mixture after reduction of cyclohexanone 4 

 

The mixture was purified using column chromatography to obtain the major isomer, diol 9. The 

β-alcohol was established by NOESY as the proton at position 9 showed a correlation with 

protons 2ax and 4ax (Figure 3). The methylene protons (CH2OH) resonate as two adjacent 

doublets (3.35 and 3.39 ppm) while they showed as a multiplet in the epimeric mixture (Figure 

2). The compounds 3 and 5-8 were reduced and used in the esterification step without 

purification. 
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Figure 3. NOESY correlation between 9-Heq and 2-Hax, 4-Hax in diol 9. 

 

3. Synthesis of the carboxylic acids side-chains 

MLA 1 is a potent nAChR antagonist. Lappaconitine 10 is the most clinically successful NDA 

where its hydrobromide salt (Allapinin®) is used as antiarrhythmic drug.8 Therefore, their side-

chains (Figure 4) were chosen to be attached to the analogues. 

9-Heq 

2-Hax 

4-Hax 
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Figure 4. Side-chains (red) of methyllycaconitine 1 and lappaconitine 10 

 

3.1. Synthesis of lappaconitine side-chain 

The synthesis of 2-acetamidobenzoic acid 11 was accomplished through refluxing anthranilic 

acid and acetic anhydride in anhydrous tetrahydrofuran under nitrogen gas for 4 h. The reaction 

was quenched using 1 M aq. HCl and the product was recrystallized from water and ethanol 

(1:1). 

 

3.2. Synthesis of methyllycaconitine side-chain 

The first step of MLA 1 side-chain synthesis was performed by neat fusion of anthranilic acid 

and citraconic anhydride at 140 oC under nitrogen gas for 24 h (Scheme 3).19-21 Chiral 

hydrogenation of 12 to get the S-enantiomer was tried with (S)-ruthenium diacetate (2,2′-

bis(diphenylphosphino)-1,1′-binaphthyl) (S-Ru(OAc)2BINAP) without success. Then it was 

performed using (2S,4S)-1-Boc-4-diphenylphosphino-2-(diphenylphosphinomethyl)pyrrolidine 

(BPPM) coupled with rhodium cyclooctadiene chloride dimer (Rh(COD)Cl)2.22-24 The optical 

rotation was (-12.0o), consistent with the literature value.25  
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Scheme 3. Synthesis of MLA side-chain 

 

      

  

Figure 5. 13C NMR (125 MHz) in CDCl3 of 13 at various temperatures. 

 

15 oC (288 K) 

25 oC (298 K) 

50 oC (323 K) 

35 oC (308 K) 

25 oC (298 K) 
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The 13C NMR of 13 showed doubling phenomena at 25 oC when measured in CDCl3 and that 

could be due to an intramolecular interaction that hindered the free rotation of the methyl 

succinimide group. Variable temperature (VT) NMR experiments were performed, and the 

doubling phenomena disappeared on increasing the temperature to 55 oC where the molecule 

has more energy to rotate freely, and then re-appeared upon cooling down to 25 oC and 15 oC 

(Figure 5). To explain the hindrance that results in the NMR doubling, the 3D models in Figure 

5 show the clash happens between the carboxylic acid and the methylsuccinimide moiety. 

NMR of 13 was also measured in CD3OD to check if the doubling happens due to 

intramolecular H-bonding or steric clash. 13C NMR spectra in CD3OD again showed doubling 

of the signals (SI Figure S2) consistent with steric hindrance in methylsuccinimido anthranilate 

13. 

 

4. Synthesis of the analogues by esterification 

The reduced AE-bicycles were esterified with the naturally occurring NDA side-chains (11 and 

13) using N,N'-dicyclohexyl-carbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) in 

anhydrous acetonitrile at 40 oC under anhydrous nitrogen gas (Scheme 2). The reaction was 

monitored and stopped after 24 h and the crude material was purified to homogeneity to yield 

analogues 14-21.  

The stereochemistry of the hydroxy group at position 9 was determined to be axial by 

NOESY spectrum as the 9-Heq showed correlation with 2-Hax and 4-Hax. Analogues 14 and 21 

were taken as examples and SI Figure S3 shows the NOE correlations in both of them. 

The NMR spectra of the analogues were similar, the only major difference observed 

was for the protons at carbon 1′ which showed the roofing effect in analogues 20 and 21 with 

the 2-acetamido-benzoic acid side-chain where this could be caused by a steric hindrance effect 

from the side chain. They merge into one multiplet signal in analogues 14-19 with the 2-

methylsuccinimidobenzoic acid side-chain. SI Figure S4 shows the 1H NMR signal at position 

1′ in analogues 14-15 and 20-21. 
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As we have reported with some naturally occurring NDA,26 these simple analogues show the 

effect of steric compression on the axial proton of position 7. The equatorial protons resonate 

usually at a higher frequency due to the anisotropic effect of the C-C bond.27 In these bicyclic 

compounds, the axial proton at position 7 is further downfield due to the interaction with the 

nitrogen lone pair of electrons. The chemical shift difference that was observed in the bicyclic 

compounds 3-9 and 14-21 is ~1-1.5 ppm. The axial protons at position 6 and 8 also resonate at a 

higher chemical shift, which is probably due to 1-3 interactions through space with substituents 

at positions 1 and 9.28 

 

5. Antagonist activity of MLA analogues on human α7 nAChRs 

The antagonistic activity of MLA 1 and the analogues 14-21 has been tested on human α7 

nAChRs heterologously expressed in Xenopus oocytes. The level of antagonism was measured 

by the co-application of the analogues [1 nM] with an EC50 concentration ACh [100 M], after 

a pre-application of the analogues for 2 min. Responses to ACh in the presence of MLA 

analogues were normalised to responses to an EC50 concentration of ACh [100 M] applied in 

the absence of analogues (Figure 6). MLA 1 inhibited the receptor response to 3.4 ± 0.2 % (n = 

4) of normalised responses. In addition, all of the analogues exhibited antagonist effects at 

human α7 nAChRs, resulting in significantly reduced agonist responses (P <0.0001; Figure 6). 

Compounds 16, 19, and 17 showed the highest levels of antagonism, agonist responses to 53.2 ± 

1.9 % (n = 3), 56.7 ± 2.5 % (n = 3), and 64.3 ± 2.2 % (n = 3) of normalised responses, 

respectively (Figure 6).  
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Figure 6. Normalized agonist (ACh) response of α7 nAChRs in the presence of MLA or 

analogues 14-21. Data were generated from cloned human α7 nAChRs expressed in Xenopus 

oocytes. Data are means ± SEM of at least three independent experiments. 

 

The antagonist activity of these analogues showed little advantage of the (S)-2-

methylsuccinimido benzoate ester side chain especially when comparing analogue 14 with 20. 

The data of analogues 14-19 highlights the effect of the N-side-chain on the antagonist activity 

at human α7 nAChR where the activity is in the following order:  benzyl > 4-phenylbutyl > 2-

phenylethyl > 3-phenylpropyl > methyl > ethyl (Figure 7). These data indicate that a bulkier N-

side-chain (with phenyl moiety) enhances the activity compared to alkane side-chains. The E-

ring analogue system developed by Bergmeier, McKay and co-workers 17,18,29,30,31 was tested on 

bovine adrenal α3β4 nAChRs and showed that the best analogue, 3-phenylpropyl N-side-chain, 

inhibits the nicotine-stimulated catecholamine secretion [50 μM] by around 86% 17 with an IC50 

11.4 μM 18 compared to 95% inhibition of the nicotine-stimulated catecholamine secretion [50 

μM] 17 with an IC50 2.6 μM 18 for MLA 1. In addition, this analogue system was tested on α7 

nAChRs in a competition binding experiment on rat brain preparations using [125I]αBGT where 

the best analogue (3-phenylpropyl N-side-chain) showed only a little inhibition with an IC50 177 

μM compared to 0.01 μM for MLA 1.18 The AE-bicyclic analogues showed better activity 
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compared to the reported one (E) ring system where at the best analogue 16, benzyl N-side-

chain, inhibits the agonist response at human α7 nAChR to around 53% [1 nM].  

 

 

Figure 7. The three most active analogues, 16, 17, and 19. 

 

CONCLUSIONS 

 

Several MLA 1 AE-bicyclic analogues were synthesized with different N-side-chains and ester 

side-chains. Antagonist effects of synthetic analogues were examined on human α7 nAChRs 

and compared to that of MLA 1. The antagonist activity of these analogues showed little 

advantage of the (S)-2-methylsuccinimido benzoate ester side-chain especially when comparing 

analogue 14 with 20. The data from analogues 14-19 highlight the effect of the N-side-chain on 

the antagonist activity at human α7 nAChRs, where a bulkier N-side-chain (with a phenyl 

moiety) enhanced the antagonist activity compared to alkane side-chains. The pharmacological 

results achieved with these AE-bicyclic analogues, synthesized in three steps, showed better 

activity compared to the reported one ring system. The best analogue 16, containing a benzyl N-

side-chain, inhibited the agonist response at human α7 nAChRs to around 53% [1 nM]. 

However, these are significantly less efficacious than MLA 1 so further optimisation will be 

required to achieve comparable antagonist activity. In addition, it may be of interest to 

undertake further studies to examine the selectivity of these novel compounds for α7 nAChRs 

by examining their influence on a broader range of nAChR subtypes.  
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EXPERIMENTAL 

General Methods 

Analytical thin layer chromatography (TLC) was performed using aluminium backed sheets 

precoated silica gel plates (Merck Kieselgel 60 F254). Compounds were visualized by UV light 

or by staining with iodine, ninhydrin and p-anisaldehyde. Column chromatography was 

performed over silica gel 200-400 mesh (purchased from Sigma-Aldrich).1H NMR spectra were 

recorded with a Bruker Avance III (500 MHz) spectrometer at 25 oC. Chemical shifts are given 

in parts per million (ppm) which was referenced to the residual solvent peak, and reported as 

position (δ), multiplicity (s = singlet, br = broad, d = doublet, dd = doublet of doublets, t = 

triplet, dt = doublet of triplets, tt = triplet of triplets, q = quartet, qd = quartet of doublets, qt = 

quartet of triplets, quin = quintet, m = multiplet), relative integral, assignment and coupling 

constant (J in Hz). 13C NMR spectra were recorded with a Bruker Avance III (125 MHz) 

spectrometer at 25 oC with complete proton decoupling. Chemical shifts are expressed in parts 

per million (ppm) referenced to the used solvent, and reported as position (δ). In addition, 1H-1H 

COSY, 1H-13C HMBC and 1H-13C HSQC correlation spectra were used for the complete 

assignment of the proton and carbon resonances. 1H-1H-NOESY NMR spectra were recorded in 

special cases to determine the stereochemistry of diastereoisomers. High Resolution Time-of 

Flight (HR TOF) mass spectra (MS) were obtained on a Bruker Daltonics “micrOTOF” mass 

spectrometer using electrospray ionisation (ESI) (loop injection +ve and -ve mode). A 

PerkinElmer 65 spectrum FT-IR spectrometer was used to obtain the IR spectra. Optical 

rotations were recorded on an Optical Activity LTD high performance Polarimeter using 

halogen spectral line 589 nm. The final compounds tested for biological activity were all >98% 

pure, indeed analytical HPLC showed purity of 18 was 98% pure, all the other seven analogues 

were >99% pure (HPLC traces for compounds 14-21 are provided in the SI). These compounds 

were also all homogeneous by TLC and NMR.  

 

Ethyl 3-methyl-9-oxo-3-azabicyclo-[3.3.1]nonane-1-carboxylate (3)   

A solution of ethyl cyclohexanone-2-carboxylate (4.44 mmol, 0.748 mL, 95%), 2.2 equiv. 

formaldehyde (9.768 mmol, 0.713 mL, 38% aq v/v) and 1.1 equiv. of methylamine (4.88 mmol, 
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0.608 mL, 33% in EtOH) in ethanol (25 mL) was stirred at 40 oC for 2 d under N2. Then the 

solution was concentrated under vacuum and purified by column chromatography using 12.5% 

EtOAc in petroleum ether to yield the title compound 3 (280 mg, 28%) as a yellow oil. Rf = 

0.36 (12.5% EtOAc in petroleum ether). HRMS (ESI): m/z calcd. for C12H20NO3: 226.1443, 

found: 226.1443 [M+H]+ and m/z calcd. for C12H19NO3Na: 248.1263, found: 248.1262 

[M+Na]+. νmax (NaCl)/cm-1 1733 (ester, C=O), 1717 (ketone, C=O).1H NMR (500 MHz, CDCl3): 

δ (ppm) = 1.26 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.49-1.57 (m, 1H, H7eq), 2.00-2.09 (m, 1H, 

H6eq), 2.10-2.17 (m, 1H, H6ax), 2.15-2.29 (m, 1H, H8eq), 2.25 (s, 3H, NCH3), 2.40-2.45 (m, 1H, 

H5eq), 2.50 (dddd, J = 14.2, 12.3, 6.3, 2.0 Hz, 1H, H8ax), 2.59 (dd, J = 11.2, 3.8 Hz, 1H, H4ax), 

2.76-2.89 (m, 1H, H7ax), 2.96 (dd, J = 11.3, 1.9 Hz, 1H, H2ax), 3.04 (dt, J = 11.2, 2.3 Hz, 1H, 

H4eq), 3.11 (dd, J = 11.5, 2.2 Hz, 1H, H2eq), 4.19 (q, J = 7.1 Hz, 2H, OCH2CH3). 13C NMR (125 

MHz, CDCl3): δ (ppm) = 13.8 (OCH2CH3), 20.2 (C7), 34.0 (C6), 36.8 (C8), 44.8 (N CH3), 47.1 

(C5), 58.5 (C1), 60.9 (OCH2CH3), 62.3 (C4), 64.0 (C2), 170.9 (ester), 212.3 (C9). 

 

Ethyl 3-ethyl-9-oxo-3-azabicyclo-[3.3.1]nonane-1-carboxylate (4) 

A solution of ethyl cyclohexanone-2-carboxylate (25.07 mmol, 4.09 mL, 98%), 2.2 equiv. 

formaldehyde (55.154 mmol, 2.19 mL, 38% aq v/v) and 1.1 equiv. of ethylamine (27.577 mmol, 

3.99 mL, 70% aq v/v) in ethanol (170 mL) was heated under reflux for 3 h under N2. Then the 

solution was cooled and concentrated under vacuum and purified by column chromatography 

using 10% EtOAc in petroleum ether to yield the title compound 4 (3.75 g, 63%) as a yellow 

oil. Rf = 0.25 (10% EtOAc in petroleum ether). HRMS (ESI): m/z calcd. for C13H22NO3: 

240.1600, found: 240.1600 [M+H]+ and m/z calcd. for C13H21NO3Na: 262.1419, found: 

262.1418 [M+Na]+. νmax (NaCl)/cm-1 1733 (ester, C=O), 1716 (ketone, C=O).1H NMR (500 

MHz, CDCl3): δ (ppm) = 1.10 ( t, J = 7.2 Hz, 3H, NCH2CH3), 1.28 (t, J = 7.1 Hz, 3H, 

OCH2CH3), 1.46- 1.57 (m, 1H, H7eq), 2.00-2.18 (m, 2H, H6ax and H6eq), 2.19-2.28 (m, 1H, 

H8eq), 2.37-2.60 (m, 5H, NCH2CH3, H5, H8ax and H4ax), 2.78-2.90 (m, 1H, H7ax), 2.94 (d, J = 

12.0 Hz, 1H, H2ax), 3.15 (d, J = 11.1 Hz, 1H, H4eq), 3.22 (d, J = 11.4 Hz, 1H, H2eq), 4.21 (q, J = 

7.1 Hz, 2H, OCH2CH3). 13C NMR (125 MHz, CDCl3): δ (ppm) = 12.7 (NCH2CH3), 14.1 
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(OCH2CH3), 20.5 (C7), 34.1 (C6), 36.8 (C8), 47.2 (C5), 51.1 (NCH2CH3), 58.8 (C1), 59.9 (C4), 

61.0 (OCH2CH3), 61.6 (C2), 171.1 (ester), 212.6 (C9). 

 

Ethyl 3-benzyl-9-oxo-3-azabicyclo-[3.3.1]nonane-1-carboxylate (5) 

A solution of ethyl cyclohexanone-2-carboxylate (9.95 mmol, 1.62 mL, 98%), 2.2 equiv. 

formaldehyde (21.89 mmol, 1.6 mL, 38% aq v/v) and 1.1 equiv. of benzylamine (10.9 mmol, 

1.2 mL, 99%) in ethanol (70 mL) was heated under reflux for 3 h under N2. Then the solution 

was cooled and concentrated under vacuum and purified by column chromatography using 10% 

EtOAc in petroleum ether to yield the title compound 5 (750 mg, 25%) as a yellow oil. Rf = 

0.29 (10% EtOAc in petroleum ether). HRMS (ESI): m/z calcd. for C18H24NO3: 302.1756, 

found: 302.1755 [M+H]+ and m/z calcd. for C18H23NO3Na: 324.1576, found: 324.1573 

[M+Na]+. νmax (NaCl)/cm-1 1732 (ester, C=O), 1717 (ketone, C=O).1H NMR (500 MHz, CDCl3): 

δ (ppm) = 1.27 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.55- 1.65 (m, 1H, H7eq), 2.02-2.19 (m, 2H, H6ax 

and H6eq), 2.20-2.27 (m, 1H, H8eq), 2.44-2.48 (m, 5H), 2.54 (dddd, J = 14.1, 12.2, 6.4, 1.9 Hz, 

1H, H8ax), 2.63 (dd, J = 10.9, 2.5 Hz, 1H, H4ax), 2.92-3.06 (m, 2H, H2ax and H7ax), 3.13 (d, J = 

11.2, 2.4 Hz, 1H, H4eq), 3.20 (dd, J = 11.5, 2.4 Hz, 1 H, H2eq), 3.52 (s, 2H, NCH2Ph), 4.19 (qd, 

J = 7.2, 3.0 Hz, 2H, OCH2CH3), 7.27-7.36 (m, 5H, NCH2Ph) . 13C NMR (125 MHz, CDCl3): δ 

(ppm) =14.1 (OCH2CH3), 20.7 (C7), 34.1 (C6), 36.7 (C8), 47.2 (C5), 58.9 (C1), 60.3 (C4), 61.1 

(OCH2CH3), 61.8 (C2), 62.1 (NCH2Ph), 127.2 (C4 arom), 128.4, 128.7 (C2 arom, C3 arom, C5 

arom and C6 arom), 138.3 (C1 arom), 170.9 (ester), 212.4 (C9). 

 

Ethyl 3-(2-phenylethyl)-9-oxo-3-azabicyclo-[3.3.1]nonane-1-carboxylate (6) 

A solution of ethyl cyclohexanone-2-carboxylate (3.17 mmol, 0.517 mL, 98%), 2.2 equiv. 

formaldehyde (7 mmol, 0.525 mL, 38% aq. v/v) and 1.1 equiv. of 2-phenylethyl amine (3.49 

mmol, 0.446 mL, 99%) in ethanol (20 mL) was heated under reflux for 3 h under N2. Then the 

solution was cooled and concentrated under vacuum and purified by column chromatography 

using 10% EtOAc in petroleum ether to yield the title compound 6 (640 mg, 64%) as a yellow 

oil. Rf = 0.30 (10% EtOAc in petroleum ether). HRMS (ESI): m/z calcd. for C19H26NO3: 

316.1913, found: 316.1912 [M+H]+ and m/z calcd. for C19H25NO3Na: 338.1732, found: 
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338.1731 [M+Na]+. νmax (NaCl)/cm-1 1732 (ester, C=O), 1716 (ketone, C=O).1H NMR (500 

MHz, CDCl3): δ (ppm) = 1.28 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.37-1.45 (m, 1H, H7eq), 1.97-

2.11 (m, 2H, H6ax and H6eq), 2.12-2.20 (m, 1H, H8eq), 2.42-2.53 (m, H5 and H8ax), 2.55-2.68 

(m, 4H, H7ax, H4ax and NCH2CH2Ph), 2.82 (t, J = 7.5 Hz, 2H, NCH2CH2Ph), 3.02 (d, J = 11.3 

Hz, 1H, H2ax), 3.18 (d, J = 11.0 Hz, 1H, H4eq), 3.27 (d, J = 11.4 Hz, 1 H, H2eq), 4.21 (q, J = 7.1 

Hz, 2H, OCH2CH3), 7.18-7.32 (m, 5H, NCH2CH2Ph) . 13C NMR (125 MHz, CDCl3): δ (ppm) = 

14.1 (OCH2CH3), 20.2 (C7), 33.8 (NCH2CH2Ph), 34.1 (C6), 36.8 (C8), 47.2 (C5), 58.5 

(NCH2CH2Ph), 58.8 (C1), 60.2 (C4), 61.1 (OCH2CH3), 61.8 (C2), 126.0 (C4 arom), 128.3 (C2 

arom and C6 arom), 128.6 (C3 arom and C5 arom), 140.1 (C1 arom), 171.1 (ester), 212.5 (C9). 

 

Ethyl 3-(3-phenylpropyl)-9-oxo-3-azabicyclo-[3.3.1]nonane-1-carboxylate (7) 

A solution of ethyl cyclohexanone-2-carboxylate (3 mmol, 0.49 mL, 99%), 2.2 equiv. 

formaldehyde (6.6 mmol, 0.48 mL, 38% aq. v/v) and 1.1 equiv. of 3-phenylpropyl amine (3.3 

mmol, 0.48 ml, 99%) in ethanol (20 mL) was heated under reflux for 3 h under N2. Then the 

solution was concentrated under vacuum and purified by column chromatography using 10% 

EtOAc in petroleum ether to yield the title compound 7 (540 mg, 54%) as a yellow oil. Rf = 

0.34 (10% EtOAc in petroleum ether). HRMS (ESI): m/z calcd. for C20H28NO3: 330.2069, 

found: 330.2068 [M+H]+ and m/z calcd. for C20H27NO3Na: 352.1889, found: 352.1887 

[M+Na]+. νmax (NaCl)/cm-1 1732 (ester, C=O), 1716 (ketone, C=O).1H NMR (500 MHz, CDCl3): 

δ (ppm) = 1.28 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.52- 1.62 (m, 1H, H7eq), 1.83 (quin, J = 7.2 Hz, 

1H, NCH2CH2CH2Ph), 2.05-2.16 (m, 2H, H6ax and H6eq), 2.21-2.29 (m, 1H, H8eq), 2.36 (t, J = 

7.0 Hz, 2H, NCH2CH2CH2Ph), 2.45-2.49 (m, 1H, H5), 2.51-2.61 (m, 2H, H4ax and H8ax), 2.7 (t, 

J = 7.7 Hz, 2H, NCH2CH2CH2Ph), 2.84-2.97 (m, 2H, H2ax and H7ax), 3.15 (dt, J = 11.1, 2.4 Hz, 

1H, H4eq), 3.21 (dd, J = 11.4, 2.3 Hz, 1 H, H2eq), 4.21 (q, J = 7.1 Hz, 2H, OCH2CH3), 7.16-

7.22, 7.26-7.32 (m, 5H, NCH2CH2CH2Ph). 13C NMR (125 MHz, CDCl3): δ (ppm) = 14.1 

(OCH2CH3), 20.6 (C7), 29.1 (N CH2CH2CH2Ph), 33.5 (NCH2CH2CH2Ph) 34.2 (C6), 36.8 (C8), 

47.2 (C5), 56.4 (NCH2CH2CH2Ph), 58.8 (C1), 60.4 (C4), 61.1 (OCH2CH3), 62.0 (C2), 125.8 

(C4 arom), 128.37, 128.40 (C2 arom, C6 arom, C3 arom and C5 arom), 142.0 (C1 arom), 171.1 

(ester), 212.5 (C9). 
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Ethyl 3-(4-phenylbutyl)-9-oxo-3-azabicyclo-[3.3.1]nonane-1-carboxylate (8) 

A solution of ethyl cyclohexanone-2-carboxylate (2.91 mmol, 0.476 mL, 95%), 2.2 equiv. 

formaldehyde (5.83 mmol, 0.425 mL, 38% aq v/v) and 1.1 equiv. of 4-phenylbutylamine (3.205 

mmol, 0.52 mL, 98%) in ethanol (20 mL) was heated under reflux for 3 h under N2. Then the 

solution was cooled and concentrated under vacuum and purified by column chromatography 

using 10% EtOAc in petroleum ether to yield the title compound 8 (600 mg, 60%) as a yellow 

oil. Rf = 0.35 (10% EtOAc in petroleum ether). HRMS (ESI): m/z calcd. for C21H30NO3: 

344.2226, found: 344.2227 [M+H]+ and m/z calcd. for C21H29NO3Na: 366.2045, found: 

366.2044 [M+Na]+. νmax (NaCl)/cm-1 1733 (ester, C=O), 1717 (ketone, C=O).1H NMR (500 

MHz, CDCl3): δ (ppm) = 1.28 (t, J = 7.2 Hz, 3H, OCH2CH3), 1.50- 1.68 (m, 3H, H7eq and 

NCH2CH2CH2CH2Ph), 1.66-1.74 (m, 2H, NCH2CH2CH2CH2Ph), 2.02-2.16 (m, 2H, H6ax and 

H6eq), 2.19-2.25 (m, 1H, H8eq), 2.35 (td, J = 7.0, 1.4 Hz, 2H, NCH2CH2CH2CH2Ph), 2.42-2.46 

(m, 1H, H5), 2.49-2.57 (m, 2H, H4ax and H8ax), 2.65 (t, J = 7.6 Hz, 2H, NCH2CH2CH2CH2Ph), 

2.80-2.88 (m, 1H, H7ax), 2.91 (dd, J = 11.5, 2.0 Hz, 1H, H2ax) 3.10 (dt, J = 11.2, 2.4 Hz, 1 H, 

H4eq), 3.17 (dd, J = 11.4, 2.3 Hz, 1H, H2eq), 4.20 (q, J = 7.1 Hz, 2H, OCH2CH3), 7.16-7.21, 

7.26-7.31 (m, 5H, NCH2CH2CH2CH2Ph) . 13C NMR (125 MHz, CDCl3): δ (ppm) = 14.1 

(OCH2CH3), 20.5 (C7), 26.7 (NCH2CH2CH2CH2Ph), 29.0 (NCH2CH2CH2CH2Ph), 34.1 (C6), 

35.6 (NCH2CH2CH2CH2Ph), 36.8 (C8), 47.2 (C5), 56.8 (NCH2CH2CH2CH2Ph), 58.8 (C1), 60.4 

(C4), 61.0 (OCH2CH3), 62.0 (C2), 125.7 (C4 arom), 128.26 (C2 arom and C6 arom), 128.31 

(C3 arom and C5 arom), 142.4 (C1 arom), 171.1 (ester), 212.6 (C9). 

 

(9R)-3-Ethyl-1-hydroxymethyl-3-azabicyclo[3.3.1]nonan-9-ol (9) 

LiAlH4 (1.756 mmol, 66.6 mg) was added to a solution of cyclohexanone 4 (which was dried 

under high vacuum for 24 h) (0.878 mmol, 210 mg) in anhydrous THF (5 mL), and the reaction 

stirred for 7 h at 19 oC under N2. Then the mixture quenched with 66 μL of water, followed by 

66 μL of sodium hydroxide solution (15 %w/v), and then 200 μL water. The result mixture was 

stirred with anhydrous magnesium sulfate for 15 min and filtered over celite. The filtrate was 

concentrated under vacuum and the purified over column chromatography with 5-20% MeOH 
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in DCM to yield the title compound 9 (60 mg, 34%) as a yellow oil. Rf = 0.27 (20% MeOH in 

DCM). HRMS (ESI): m/z calcd. for C11H22NO2: 200.1651, found: 200.1648 [M+H]+ and m/z 

calcd. for C11H21NO2Na: 222.1470, found: 222.1488 [M+Na]+. νmax (NaCl)/cm-1 3413 (OH).1H 

NMR (500 MHz, CDCl3): δ (ppm) = 1.03 (t, J = 7.2 Hz, 3H, NCH2CH3), 1.26 (dd, J = 13.0, 5.6 

Hz, 1H, H8eq), 1.43-1.54 (m, 2H, H7eq and H6eq), 1.80-2.02 (m, 4H, H8ax, H6ax, H5 and H2ax), 

2.18 (dt, J = 11.1, 2.4 Hz, 1H, H4ax), 2.20-2.28 (m, 2H, NCH2CH3), 2.52-2.61 (m, 1H, H7ax), 

2.63 (dd, J = 11.0, 1.5 Hz, 1H, H2eq), 2.66-2.93 (br, 2H, 9-OH and 1 x-OH), 2.96 (dt, J = 11.1, 

2.1 Hz, 1H, H4eq), 3.35 (d, J = 10.8, 1H, CHaHbOH), 3.39 (d, J = 10.8, 1H, CHaHbOH), 3.70 

(d, J = 3.6 Hz, 1H, 9-H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 12.7 (NCH2CH3), 20.5 (C7), 

23.9 (C6), 26.5 (C8), 36.1 (C5), 38.1 (C1), 52.3 (NCH2CH3), 58.3 (C4), 60.4 (C2), 70.9 (C1), 

75.1 (C9). 

 

2-Acetamidobenzoic acid (11) 

Anthranilic acid (28 mmol, 3.92 g, 98%) was heated under reflux with 5 equiv. acetic anhydride 

(140 mmol, 13.23 mL) and 1 equiv. anhydrous triethylamine (28 mmol, 3.94 mL, 99%) in THF 

(20 mL) under nitrogen for 4 h. The reaction mixture was cooled to 19 oC and then in an ice 

bath, then 20 mL of 1 M aq. HCl was added gradually while the reaction mixture was on ice. 

The precipitate was filtered and washed with ice-cold water. The product was recrystallized 

from water and ethanol to yield the title compound 11 (4.2 g, 84%) as pale brown crystals. Rf = 

0.42 (10% MeOH in DCM). HRMS (ESI): m/z calcd. for C9H8NO3: 178.0504, found: 178.0505 

[M-H]- and m/z calcd. for C10H10NO5: 224.0559, found: 224.0606 [M+HCOO]-. 1H NMR (500 

MHz, CD3OD): δ (ppm) = 2.18 (s, 3H, COCH3), 7.11 (td, J = 7.7, 1.2 Hz, 1H, H5 arom), 7.52 

(ddd, J = 8.7, 7.7, 1.7 Hz, 1H, H4 arom), 8.05 (dd, J = 7.7, 1.7 Hz, 1H, H6 arom), 8.52 (d, J = 

8.4 Hz, 1H, H3 arom). 13C NMR (125 MHz, CD3OD): δ (ppm) = 25.1 (COCH3), 117.4 (C1 

arom), 121.4 (C3 arom), 123.9 (C5 arom), 132.5 (C6 arom), 135.1 (C4 arom), 142.3 (C2 arom), 

171.24 (COOH), 171.39 (NHCOCH3). 
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2-(3-Methyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid (12) 

Neat anthranilic acid (21.6 mmol, 3.02 g, 98%) was stirred with 1 equiv. citraconic anhydride 

(21.6 mmol, 1.98 mL, 98%) at 140 oC for 24 h under nitrogen then cooled to 19 oC. After that, 

the crude mixture was dissolved in EtOAc (30 mL). The organic layer was washed sequentially 

with 1M HCl (2 x 20 mL), water (1 x 20 mL) and brine (1 x 20 mL). The organic layer was 

dried (MgSO4) and filtered, the filtrate was concentrated under vacuum and purified over 

column chromatography with 10% MeOH in DCM to yield the title compound 12 (4.0 g, 80 %) 

as a brownish yellow powder. Rf = 0.32 (10% MeOH in DCM). HRMS (ESI): m/z calcd. for 

C12H8NO4: 230.0453, found: 230.0458 [M-H]- and m/z calcd. for C13H10NO6: 276.0508, found: 

276.0528 [M+HCOO]-. 1H NMR (500 MHz, CDCl3): δ (ppm) = 2.18 (d, J = 1.7 Hz, 3H, 5′ 

CH3), 6.51 (d, J = 1.9 Hz, 1H, H3′), 7.32 (dd, J = 7.9, 1.2 Hz, 1H, H3 arom), 7.52 (td, J = 7.7, 

1.2 Hz, 1H, H5 arom), 7.69 (td, J = 7.7, 1.6 Hz, 1H, H4 arom), 8.16 (dd, J = 7.9, 1.5 Hz, 1H, H6 

arom). 13C NMR (125 MHz, CDCl3): δ (ppm) = 11.3 (5′, CH3), 127.20 (C1 arom), 128.05 (C3′), 

129.15 (C5 arom), 130.54 (C3 arom), 132.16 (C2 arom), 132.44 (C6 arom), 134.25 (C4 arom), 

146.4 (C2′), 169.84 (COOH), 170.20 (C4′), 170.87 (C1′). 

 

(S)-2-(3-Methyl-2,5-dioxopyrrolidin-1-yl)benzoic acid (13) 

(2S,4S)-1-Boc-4-diphenylphosphino-2-(diphenylphosphinomethyl)pyrrolidine (BPPM) (0.649 

mmol (5 mol %), 359 mg) and rhodium cyclooctadiene chloride dimer (Rh(COD)Cl)2  (0.649 

mmol (5 mol %), 326 mg, 98%) stirred together in anhydrous toluene (10 mL) under nitrogen 

gas for 30 min. Then the flask was vacuumed, and hydrogen was introduced. Compound 12 

(0.01298 mol, 3 gm) was dissolved in anhydrous methanol (10 mL) and added to the mixture. 

The reaction was monitored by TLC and stopped after 24 h. The mixture was concentrated 

under vacuum and purified over column chromatography with 10% MeOH in DCM to yield the 

title compound 13 (2.9 g, 95 %) as a brownish yellow powder. Rf = 0.31 (10% MeOH in DCM). 

[α]D −12.0° (c 1.0, CHCl3). HRMS (ESI): m/z calcd. for C12H10NO4: 232.0610, found: 232.0613 

[M-H]-. 1H NMR (500 MHz, CDCl3): δ (ppm) = 1.44 (d, J = 6.8 Hz, 3H, 5′ CH3), 2.53 (d, J = 

17.9 Hz, 1H, H3′A), 3.01-3.16 (m, 2H, H2′ and H3′ B), 7.27 (d, J = 7.7 Hz, 1H, H3 arom), 7.54 

(t, J = 7.7 Hz,1H, H5 arom), 7.70 (t, J = 7.7 Hz, 1H, H4 arom), 8.19 (d, J = 7.7 Hz, 1H, H6 



210 

 

arom). 13C NMR (125 MHz, CDCl3): δ (ppm) = 16.5 (5′), 35.13 and 35.5 (3′), 37.0 (2′), 125.5 

(C1 arom), 129.5 (C5 arom), 129.9 (C3 arom), 132.5 (C6 arom), 132.9 (C2 arom), 134.4 (C4 

arom), 146.4 (C2′), 169.2 and 169.4 (COOH), 176.0 and 176.1 (C4′), 179.9 and 180.0 (C1′). 

 

((9R)-9-Hydroxy-3-methyl-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-((S)-3-methyl-2,5-

dioxopyrrolidin-1-yl)benzoate (14) 

Compound 3 (0.89 mmol, 200 mg) was reduced using LAH (1.78 mmol, 84.2 mg) as described 

for compound 9. The crude product was used for the esterification step without purification. 

Compound 13 (0.189 mmol, 44 mg) was stirred with DCC (0.189 mmol, 39.4 mg, 99%) and 

DMAP (0.0189 mmol, 2.3 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 oC for 

20 min, and then the crude amino alcohol (35 mg) was added. The reaction monitored by TLC 

and stopped after 24 h. The mixture was concentrated under vacuum and purified over column 

chromatography with 5% MeOH in DCM to yield the title compound 14 (18 mg, 24 %) as a 

yellow oil. Rf = 0.4 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C22H29N2O5: 401.2077, 

found: 401.2073 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.41 (d, J = 6.7 Hz, 3H, 5′′′), 

1.44-1.56 (m, 3H, H6eq, H7eq, H8eq), 1.72-1.81 (m, 1H, H8ax), 1.86 (br s, 1H, H5), 1.99-2.07 

(m, 1H, H6ax), 2.14-2.21 (m, 4H, N-CH3, H2ax), 2.34 (d, J = 11.4,1H, H4ax), 2.45-2.63 (m, 2H, 

H7ax, H3′′′A), 2.85-2.91 (m, 1H, H2eq), 2.96 (d, J = 11.4 Hz, 1H, H4eq), 3.04-3.15 (m, 2H, H2′′′ 

and H3′′′B), 3.59-3.66 (m, 1H, H9), 3.96-4.11 (m, 2H, H1′ A and B), 7.35 (d, J = 7.4 Hz, 1H, 

H3′′), 7.61 (d, J = 7.4 Hz, 1H, H5′′), 7.73 (d, J = 7.4 Hz, 1H, H4′′), 8.12 (d, J = 7.4 Hz, 1H, 

H6′′) . 13C NMR (125 MHz, CDCl3): δ (ppm) = 16.2 (5′′′), 21.5 (C7), 25.0 (C6), 28.0 (C8), 

36.18 (C2′′′), 37.33 (C5), 38.00 (C3′′′), 39.51 (C1), 46.4 (NCH3), 62.30 (C4), 64.44 (C2), 71.78 

(C9), 71.80 (C1′), 128.99 (C1′′), 130.42 (C5′′), 131.10 (C3′′), 132.07 (C6′′), 133.72 (C2′′), 

134.50 (C4′′), 165.6 (ester), 173.1 (C4′′′), 181.8 (C1′′′). 

 

((9R)-3-Ethyl-9-hydroxy-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-((S)-3-methyl-2,5-

dioxopyrrolidin-1-yl)benzoate (15) 

Compound 13 (0.778 mmol, 181 mg) was stirred with DCC (0.778 mmol, 162 mg, 99%) and 

DMAP (0.0778 mmol, 9.6 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 oC for 
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20 min, and then compound 9 (155 mg) was added. The reaction was monitored by TLC and 

stopped after 24 h. The mixture was concentrated under vacuum and purified over column 

chromatography with 5% MeOH in DCM to yield the title compound 15 (130 mg, 40 %) as a 

yellow oil. Rf = 0.44 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C23H31N2O5: 415.2233, 

found: 415.2233 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.19 (m, 3H, NCH2CH3), 

1.41 (d, J = 7.0 Hz, 3H, 5′′′), 1.44-1.55 (m, 3H, H6eq, H7eq, H8eq), 1.66-1.74 (m, 1H, H8ax), 1.80-

1.87 (m, 1H, H5), 1.97-2.05 (m, 1H, H6ax), 2.07-2.12 (m, 1H, H2ax), 2.14-2.29 (m, 3H, H4ax and 

NCH2CH3 ), 2.46-2.57 (m, 1H, H3′′′A), 2.58-2.69 (m, 1H, H7ax), 2.89-2.96 (m, 1H, H2eq), 3.00-

3.06 (m,1H, H4eq), 3.05-3.14 (m, 2H, H2′′′ and H3′′′B), 3.76 (br s, 1H, H9), 4.00-4.16 (m, 2H, 

H1′ A and B), 7.36 (d, J = 7.8 Hz, 1H, H3′′), 7.61 (d, J = 7.8 Hz, 1H, H5′′), 7.74 (d, J = 7.8 Hz, 

1H, H4′′), 8.13 (d, J = 7.8 Hz, 1H, H6′′) . 13C NMR (125 MHz, CDCl3): δ (ppm) = 11.3 

(NCH2CH3), 15.8 (5′′′), 21.3 (C7), 24.8 (C6), 27.9 (C8), 35.7 (C2′′′), 37.18 (C5), 37.67 (C3′′′), 

39.5 (C1), 53.1 (NCH2CH3), 59.4 (C4), 61.7 (C2), 70.7 (C1′), 72.0 (C9), 128.79 (C1′′), 130.50 

(C5′′), 131.21 (C3′′), 132.10 (C6′′), 133.82 (C2′′), 134.62 (C4′′), 165.4 (ester), 175.5 (C4′′′), 

182.1 (C1′′′). 

 

((9R)-3-Benzyl-9-hydroxy-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-((S)-3-methyl-2,5-

dioxopyrrolidin-1-yl)benzoate (16) 

Compound 5 (1.66 mmol, 500 mg) was reduced using LAH (4.15 mmol, 157.5 mg) as described 

for compound 9. The crude product was used for the esterification step without purification. 

Compound 13 (0.593 mmol, 138 mg) was stirred with DCC (0.593 mmol, 123.6 mg, 99%) and 

DMAP (0.0593 mmol, 7.3 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 oC for 

20 min, and then the crude amino alcohol (155 mg) was added. The reaction monitored by TLC 

and stopped after 24 h. The mixture was concentrated under vacuum and purified over column 

chromatography with 5% MeOH in DCM to yield the title compound 16 (140 mg, 50 %) as a 

yellow oil. Rf = 0.48 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C28H33N2O5: 477.2390, 

found: 477.2385 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.37-1.43 (m, 3H, 5′′′), 1.42-

1.53 (m, 3H, H6eq, H7eq, H8eq), 1.67-1.81 (m, 1H, H8ax), 1.82-1.86 (m, 1H, H5), 1.95-2.06 (m, 

1H, H6ax), 2.08-2.15 (m, 1H, H2ax), 2.21-2.30 (m,1H, H4ax), 2.43-2.63 (m, 1H, H3′′′A), 2.72-
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2.83 (m, 1H, H7ax), 2.83-2.91 (m, 1H, H2eq), 2.90-2.96 (m,1H, H4eq), 3.01-3.14 (m, 2H, H2′′′ 

and H3′′′B), 3.34-3.41 (m, 2H, NCH2Ph), 3.60-3.68 (m, 1H, H9), 3.95-4.13 (m, 2H, H1′ A and 

B), 7.18-7.30 (m, 5H, NCH2Ph), 7.31-7.35 (m, 1H, H3′′), 7.56 (td, J = 7.7, 1.3 Hz, 1H, H5′′), 

7.72 (td, J = 7.7, 1.5 Hz, 1H, H4′′), 7.99 (dd, J = 7.7, 1.6 Hz, 1H, H6′′) . 13C NMR (125 MHz, 

CDCl3): δ (ppm) = 16.4 (5′′′), 22.1 (C7), 25.1 (C6), 28.2 (C8), 36.31 (C2′′′), 37.73 (C5), 38.16 

(C3′′′), 39.54 (C1), 60.1 (C4), 62.40 (C2), 64.38 (NCH2Ph), 71.20 (C1′), 72.63 (C9), 127.92 (C4 

Ph), 128.87 (C1′′), 129.26, 129.75 (C2 Ph, C3 Ph, C5 Ph, C6 Ph), 130.48 (C5′′), 131.12 (C3′′), 

132.00 (C6′′), 133.97 (C2′′), 134.48 (C4′′), 140.5 (C1 Ph), 165.7 (ester), 174.9 (C4′′′), 181.6 

(C1′′′). 

 

((9R)-9-Hydroxy-3-(2-phenethyl)-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-((S)-3-methyl-2,5-

dioxopyrrolidin-1-yl)benzoate (17) 

Compound 6 (0.634 mmol, 200 mg) was reduced using LAH (1.585 mmol, 60.2 mg) as 

described for compound 9. The crude product was used for the esterification step without 

purification. Compound 13 (0.2 mmol, 46.6 mg) was stirred with DCC (0.2 mmol, 41.6 mg, 

99%) and DMAP (0.02 mmol, 2.5 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 

oC for 20 min, and then the crude amino alcohol (55 mg) was added. The reaction monitored by 

TLC and stopped after 24 h. The mixture was concentrated under vacuum and purified over 

column chromatography with 5% MeOH in DCM to yield the title compound 17 (25 mg, 26 %) 

as a yellow oil. Rf = 0.54 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C29H35N2O5: 

491.2546, found: 491.2549 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.37-1.52 (m, 6H, 

H5′′′, H6eq, H7eq, H8eq), 1.67-1.80 (m, 1H, H8ax), 1.91 (br s, 1H, H5), 1.97-2.08 (m, 1H, H6ax), 

2.09-2.18 (m, 1H, H7ax), 2.34-2.42 (m, 1H, H2ax), 2.45-2.60 (m, 2H, H4ax and H3′′′A), 2.63-2.73 

(m, 2H, NCH2CH2Ph), 2.80-2.89 (m, 2H, NCH2CH2Ph), 3.02-3.16 (m, 2H, H2′′′ and H3′′′B), 

3.18-3.28 (m, 2H, H2eq and H4eq), 3.63-3.72 (m, 1H, H9), 4.00-4.12 (m, 2H, H1′ A and B), 

7.12-7.30 (m, 5H, NCH2CH2Ph), 7.35 (d, J = 7.5 Hz, 1H, H3′′), 7.61 (td, J = 7.5, 1.3 Hz, 1H, 

H5′′), 7.74 (td, J = 7.5, 1.5 Hz, 1H, H4′′), 8.13 (dd, J = 7.5, 1.6 Hz, 1H, H6′′) . 13C NMR (125 

MHz, CDCl3): δ (ppm) = 16.1 (5′′′), 20.6 (C7), 24.3 (C6), 27.2 (C8), 33.45 (NCH2CH2Ph), 

35.76 (C2′′′), 36.62 (C5), 37.48 (C3′′′), 39.58 (C1), 59.46 (C4), 60.81 (NCH2CH2Ph), 61.30 
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(C2), 70.00 (C1′), 70.85 (C9), 127.07 (C4 Ph), 128.96 (C1′′), 129.29, 129.73 (C2 Ph, C3 Ph, C5 

Ph, C6 Ph), 130.50 (C5′′), 131.04 (C3′′), 132.15 (C6′′), 133.26 (C2′′), 134.47 (C4′′), 139.67 (C1 

Ph), 164.5 (ester), 177.9 (C4′′′), 180.8 (C1′′′). 

 

((9R)-9-Hydroxy-3-(3-phenylpropyl)-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-((S)-3-methyl-

2,5-dioxopyrrolidin-1-yl)benzoate (18) 

Compound 7 (0.91 mmol, 300 mg) was reduced using LAH (2.28 mmol, 86.3 mg) as described 

for compound 9. The crude product was used for the esterification step without purification. 

Compound 13 (0.17 mmol, 40.3 mg) was stirred with DCC (0.17 mmol, 36 mg, 99%) and 

DMAP (0.017 mmol, 2.1 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 oC for 20 

min, and then the crude amino alcohol (50 mg) was added. The reaction monitored by TLC and 

stopped after 24 h. The mixture was concentrated under vacuum and purified over column 

chromatography with 5% MeOH in DCM to yield the title compound 18 (26 mg, 30 %) as a 

yellow oil. Rf = 0.57 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C30H37N2O5: 505.2703, 

found: 505.2701 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.41 (d, J = 7.5 Hz, H5′′′), 

1.49-1.74 (m, 3H, H6eq, H7eq, H8eq), 1.66-1.88 (m, 1H, H8ax), 1.89-1.96 (m, 1H, H5), 1.96-2.02 

(m, 2H, NCH2CH2CH2Ph), 2.04-2.12 (m, 1H, H6ax), 2.13-2.26 (m, 1H, H7ax), 2.29-2.39 (m, 1H, 

H2ax), 2.42-2.55 (m, 2H, H4ax and H3′′′A), 2.57-2.63 (m, 2H, NCH2CH2CH2Ph), 2.64-2.74 (m, 

2H, NCH2CH2CH2Ph), 3.01-3.06 (m, 1H, H2eq), 3.05-3.16 (m, 3H, H4eq, H2′′′ and H3′′′B), 

3.63-3.68 (m, 1H, H9), 4.04-4.16 (m, 2H, H1′ A and B), 7.12-7.30 (m, 5H, NCH2CH2CH2Ph), 

7.34 (dd, J = 7.7, 1.3 Hz, 1H, H3′′), 7.58 (td, J = 7.7, 1.3 Hz, 1H, H5′′), 7.72 (td, J = 7.7, 1.6 Hz, 

1H, H4′′), 8.10 (dd, J = 7.7, 1.6 Hz, 1H, H6′′) . 13C NMR (125 MHz, CDCl3): δ (ppm) = 16.5 

(5′′′), 21.0 (C7), 24.3 (C6), 27.6 (C8), 32.0 (NCH2CH2CH2Ph), 34.0 (NCH2CH2CH2Ph), 36.64 

(C2′′′), 36.72 (C5), 38.10 (C3′′′), 39.61 (C1), 59.88 (C4), 60.53 (NCH2CH2CH2Ph), 61.42 (C2), 

70.57 (C1′), 71.67 (C9), 126.98 (C4 Ph), 128.87 (C1′′), 129.33, 129.56 (C2 Ph, C3 Ph, C5 Ph, 

C6 Ph), 130.43 (C5′′), 131.06 (C3′′), 132.36 (C6′′), 133.57 (C2′′), 134.43 (C4′′), 143.0 (C1 Ph), 

166.4 (ester), 177.4 (C4′′′), 182.0 (C1′′′). 
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((9R)-9-Hydroxy-3-(4-phenylbutyl)-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-((S)-3-methyl-2,5-

dioxopyrrolidin-1-yl)benzoate (19) 

Compound 8 (0.58 mmol, 200 mg) was reduced using LAH (1.54 mmol, 55 mg) as described 

for compound 9. The crude product was used for the esterification step without purification. 

Compound 13 (0.158 mmol, 36.8 mg) was stirred with DCC (0.158 mmol, 32.9 mg, 99%) and 

DMAP (0.0158 mmol, 1.9 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 oC for 

20 min, and then the crude amino alcohol (48 mg) was added. The reaction monitored by TLC 

and stopped after 24 h. The mixture was concentrated under vacuum and purified over column 

chromatography with 5% MeOH in DCM to yield the title compound 19 (20 mg, 25 %) as a 

yellow oil. Rf = 0.61 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C31H39N2O5: 519.2859, 

found: 519.2851 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.41 (d, J = 7.1 Hz, H5′′′), 

1.46-1.74 (m, 3H, H6eq, H7eq, H8eq), 1.79-1.97 (m, 4H, H5, H8ax and NCH2CH2CH2CH2Ph), 

1.98-2.10 (m, 3H, H6ax and NCH2CH2CH2CH2Ph), 2.17-2.29 (m, 1H, H7ax), 2.33-2.42 (m, 1H, 

H2ax), 2.43-2.52 (m, 2H, H4ax and H3′′′A), 2.54-2.61 (m, 2H, NCH2CH2CH2CH2Ph), 2.62-2.77 

(m, 2H, NCH2CH2CH2CH2Ph), 2.99-3.05 (m, 1H, H2eq), 3.06-3.16 (m, 3H, H4eq, H2′′′ and 

H3′′′B), 3.62-3.66 (m, 1H, H9), 4.01-4.18 (m, 2H, H1′ A and B), 7.10-7.30 (m, 5H, 

NCH2CH2CH2Ph), 7.34 (dd, J = 7.9, 1.3 Hz, 1H, H3′′), 7.58 (td, J = 7.9, 1.3 Hz, 1H, H5′′), 7.72 

(td, J = 7.9, 1.6 Hz, 1H, H4′′), 8.10 (dd, J = 7.9, 1.6 Hz, 1H, H6′′). 13C NMR (125 MHz, CDCl3): 

δ (ppm) = 16.5 (5′′′), 21.1 (C7), 24.4 (C6), 28.8 (C8), 32.0 (NCH2CH2CH2CH2Ph), 34.71 

(NCH2CH2CH2CH2Ph), 36.33 (C2′′′), 36.59 (NCH2CH2CH2CH2Ph), 37.19 (C5), 38.05 (C3′′′), 

39.54 (C1), 60.00 (C4), 60.48 (NCH2CH2CH2CH2Ph), 61.26 (C2), 70.35 (C1′), 71.70 (C9), 

127.07 (C4 Ph), 128.50 (C1′′), 129.35, 129.50 (C2 Ph, C3 Ph, C5 Ph, C6 Ph), 130.45 (C5′′), 

131.05 (C3′′), 132.35 (C6′′), 133.35 (C2′′), 134.47 (C4′′), 143.0 (C1 Ph), 166.5 (ester), 177.4 

(C4′′′), 181.9 (C1′′′). 

 

((9R)-9-Hydroxy-3-methyl-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-acetamidobenzoate (20) 

Compound 3 (0.89 mmol, 200 mg) was reduced using LAH (1.78 mmol, 84.2 mg) as described 

for compound 9. The crude product was used for the esterification step without purification. 

Compound 11 (0.189 mmol, 33.8 mg) was stirred with DCC (0.189 mmol, 39.4 mg, 99%) and 
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DMAP (0.0189 mmol, 2.3 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 oC for 

20 min, and then the crude amino alcohol (35 mg) was added. The reaction monitored by TLC 

and stopped after 24 h. The mixture was concentrated under vacuum and purified over column 

chromatography with 5% MeOH in DCM to yield the title compound 20 (29 mg, 45 %) as a 

yellow oil. Rf = 0.6 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C19H27N2O4: 347.1971, 

found: 347.1969 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.43-1.59 (m, 3H, H6eq, 

H7eq, H8eq), 1.78-1.83 (m, 1H, H8ax), 1.86 (br s, 1H, H5), 1.99-2.08 (m, 1H, H6ax), 2.18 (s, 3H, 

N-CH3), 2.19-2.22 (m, 4H, NHCOCH3, H2ax), 2.32 (d, J = 11.4 Hz,1H, H4ax), 2.53-2.61 (m, 1H, 

H7ax), 2.92 (d, J = 11.3 Hz, 1H, H2eq), 2.95 (d, J = 11.4 Hz, 1H, H4eq), 3.67 (d, J = 3.8 Hz, 1H, 

H9), 4.08 (d, J = 11.0 Hz, 1H, H1′A), 4.14 (d, J = 11.0 Hz, 1H, H1′B), 7.19 (td, J = 7.7, 1.3 Hz, 

1H, H5′′), 7.58 (ddd, J = 8.6, 7.7, 1.3 Hz, 1H, H4′′), 8.05 (dd, J = 7.7, 1.3 Hz, 1H, H6′′), 8.46 (d, 

J = 8.6 Hz, 1H, H3′′) . 13C NMR (125 MHz, CDCl3): δ (ppm) = 21.3 (C7), 24.48 (NHCOCH3), 

24.77 (C6), 28.0 (C8), 37.35 (C5), 39.44 (C1), 46.1 (NCH3), 61.9 (C4), 64.2 (C2), 71.09 (C1′), 

72.00 (C9), 116.6 (C1′′), 121.5 (C3′′), 124.1 (C5′′), 131.3 (C6′′), 134.8 (C4′′), 140.4 (C2′′), 

167.5 (ester), 169.9 (amide). 

 

((9R)-3-Ethyl-9-hydroxy-3-azabicyclo[3.3.1]nonan-1-yl)methyl 2-acetamidobenzoate (21) 

Compound 11 (0.8 mmol, 143.9 mg) was stirred with DCC (0.8 mmol, 167 mg, 99%) and 

DMAP (0.08 mmol, 9.9 mg, 99%) in anhydrous acetonitrile under nitrogen gas at 40 oC for 20 

min, and then compound 9 (160 mg) was added. The reaction monitored by TLC and stopped 

after 24 h. The mixture was concentrated under vacuum and purified over column 

chromatography with 5% MeOH in DCM to yield the title compound 21 (130 mg, 45 %) as a 

yellow oil. Rf = 0.64 (5% MeOH in DCM). HRMS (ESI): m/z calcd. for C20H29N2O4: 361.2127, 

found: 361.2122 [M+H]+. 1H NMR (500 MHz, CD3OD): δ (ppm) = 1.20 (t, J = 7.2 Hz, 3H, 

NCH2CH3), 1.52-1.66 (m, 3H, H6eq, H7eq, H8eq), 1.81-1.92 (m, 1H, H8ax), 1.99-2.16 (m, 2H, H5 

and H6ax), 2.20 (s, 3H, NHCOCH3), 2.24-2.34 (m, 1H, H7ax), 2.58-2.80 (m, 4H, H2ax, H4ax and 

NCH2CH3), 3.27-3.36 (m, 2H, H2eq and H4eq), 3.82 (d, J = 3.5 Hz, 1H, H9), 4.09 (d, J = 11.2 

Hz, 1H, H1′A), 4.21 (d, J = 11.2 Hz, 1H, H1′B), 7.20 (t, J = 7.7 Hz, 1H, H5′′), 7.58 (ddd, J = 

8.7, 7.7, 1.7 Hz, 1H, H4′′), 8.07 (dd, J = 7.7, 1.3 Hz, 1H, H6′′), 8.42 (d, J = 8.7 Hz, 1H, H3′′). 
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13C NMR (125 MHz, CDCl3): δ (ppm) = 11.2 (NCH2CH3), 20.5 (C7), 23.76 (C6), 24.53 

(NHCOCH3), 26.9 (C8), 36.4 (C5), 39.4 (C1), 54.3 (NCH2CH3), 58.90 (C4), 60.63 (C2), 69.88 

(C9), 70.16 (C1′), 118.2 (C1′′), 121.8 (C3′′), 123.9 (C5′′), 131.6 (C6′′), 135.0 (C4′′), 141.5 

(C2′′), 169.0 (ester), 171.5 (amide). 

 

 

Electrophysiological Methods 

Oocyte expression studies employed the human α7 nAChR subunit in plasmid pSP64GL.32 

Oocytes were isolated from adult female Xenopus laevis and defolliculated by treatment with 

collagenase by Victoria R. Sanders and Prof Neil S. Millar,33-35 University College London, 

Gower Street, London WC1E 6BT, U.K. funded by a BBSRC Industrial CASE PhD studentship 

associated with the London Interdisciplinary Doctoral Program (LIDo) and in collaboration with 

Syngenta [Grant BB/ M009513/1] awarded to Victoria R. Sanders. 
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Chapter 9 

 

Conclusions 

 

This research project is focussed on the characterization of norditerpenoid alkaloids (NDA) in 

their natural sources by isolation, some aspects of quantification, and detailed analytical 

chemistry. Analysis of NDA using NMR spectroscopy of various solutions and MS (vapour 

phase analysis) led to a better understanding of their possible 3D-conformations in biological 

fluids. The synthesis of small molecule AE-bicyclic NDA analogues with different ester and N-

side-chains gave a better understanding of their structure-activity relationships (SAR). 

Plants from Aconitum and Delphinium are well-known as herbal medicines, but it is dose 

dependent as they also contain highly toxic NDA, e.g. aconitine, and therefore such herbal 

medicines are banned in the UK. Delphinium extracts were well-known for their pediculicide 

activity where Delphinium seeds, pounded and extracted into wine (ethanol), rid the head and 

body of lice. Packets of Delphinium seeds were even reportedly issued to British soldiers at the 

battle of Waterloo (still for the treatment of body lice). The application of Aconitum plants as 

analgesics in TCM, especially for the treatment of rheumatism, is known since 200–250 A.D. 

Thus, there is no doubt that Aconitum is useful in the clinical treatment. Aconitine, which is the 

first isolated NDA and thus it is named after this plant, is one of the main toxicological 

components of every species of Aconitum, and this natural product is known to be one of the 

most toxic NDA in the world. The bioactivities of Aconitum alkaloids vary, for instance, 

aconitine can induce arrhythmia as it maintains cardiac voltage-sensitive sodium channels 

(VSSCs) in an open-state, thus it could be lethal (depending upon dose). However, its 

derivative, 3-O-acetylaconitine, is less toxic and is allowed to be clinically used as an analgesic 

in China. Moreover, C18-diterpenoid alkaloid lappaconitine isolated from Aconitum plants even 

displays antiarrhythmic activity by the blockade of VSSCs, and its HBr salt, allapinin is an 

antiarrhythmic agent in China and Russia. 
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The first theme of this research is the identification of NDA in their natural sources, 

Delphinium and Aconitum plants. The phytochemical investigation of D. elatum seeds resulted 

in the isolation of four NDA:  methyllycaconitine (MLA) 1, shawurensine A 2, shawurensine B 

3, and delpheline 4. MLA 1 is a potent competitive antagonist at α7 nAChRs where a rare 

pharmaceutical preparation, mellictin, was reported in a few countries like Uzbekistan and 

Kyrgyzstan to be used clinically to treat Parkinson's disease and cerebral palsy. Shawurensine 

has a similar structure to MLA with a succinimide opened (hydrolysed) side-chain. The SAR 

importance of the open (by methanolysis) side-chain was reported where it was found that the 

delavaines (LD50 = 3.3 μg/kg) are more toxic than MLA 1 (LD50 = 7.5 μg/kg) when tested in 

mice. Shawurensine A 2 antifeedant activity was found to be higher than MLA 1 against the 

larvae of Spodoptera exigua (Hübner). 

For the use of Aconitum plants in TCM, the key for safe application is the dose. Indeed, the 

poisoning by the clinical use of Aconitum plants is widely reported. For the safe clinical 

administration of Aconitum in modern TCM, the total amount of both di- and monoester-type 

diterpenoid alkaloids is limited in the current Chinese Pharmacopeia. Indeed, due to the various 

bioactivities of Aconitum alkaloids, it is essential to understand the amount of certain key 

components in detail. Thus, the quantitative analysis on both toxic and pharmacologically active 

components of Aconitum product should be investigated in-depth, for discovering a safe and 

effective dose of medicinal applications of TCM. Diester norditerpenoid alkaloids (DDA) 

(mainly aconitine, mesaconitine, and hypaconitine) possess cardiac and analgesic activities, but 

due to their high toxicity, these herbal preparations are used after processing to convert DDA 

into monoester diterpenoid alkaloids (MDA) (benzoylaconine, benzoylmesaconine, and 

benzoylhypaconine) which are less toxic, but still biologically active. The possible safety and 

effectiveness have been assessed for five Aconitum TCM preparations through the 

quantification of six NDA markers. It was found that the total DDA amount is within the 

Chinese Pharmacopeia limit and therefore they can be safely used. On the other hand, only 

Zhi’cao’wu met the Chinese Pharmacopeia limit for the total MDA amount which ensures the 

preparation efficacy, while the others do not contain enough NDA to show the expected 

therapeutic activity. 
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In addition to the safety and effectiveness of TCM, adulteration is a main concern where it 

is important to identify preparation markers to assess their quality. Therefore, chemical profiling 

of the selected TCM preparations was accomplished where compounds were identified based on 

their fragments with comparison to databases. These results highlight the importance of quality 

control studies on TCM preparations to ensure their effectiveness and safety and therefore it 

would be more appropriate in modern medicine to formulate medicines of a single component 

with a desired therapeutic activity, justifying the importance of the work in the following 

themes of this project where the characterization and analogue synthesis of active NDA will 

contribute to the drug discovery journey to get potent medicines acting on nAChR and VGSC. 

The second theme of this research project is the in-solution characterization of NDA using 

NMR spectroscopy and mass spectrometry (MS). It was observed using NMR spectroscopy that 

the A-ring in 1-OH NDA adopts a boat conformation compared to a chair conformer in 1-OMe 

NDA due to the intramolecular H-bonding between that 1-OH group and the piperidine 

nitrogen. A rare 1H NMR spectroscopic effect of steric compression was observed in 1-OMe 

NDA in which the lone-pair electrons of the tertiary amine N-atom compress 2-Ha through 

space and therefore they deshield this proton. The A-rings of NDA substituted at C1 with -

orientated oxygenated functional groups adopt twisted conformers due to the repulsion between 

atoms attached to C1 (H- or O-atoms in the equatorial position) and 12-He, no matter whether 

the A-rings are in chair or boat conformations. In addition, a rare 15N NMR spectroscopic effect 

of steric compression has been demonstrated in the A/E-rings of several NDA free bases and 

their synthetic azabicyclic analogues using 1H-15N HMBC NMR spectroscopy. The distribution 

of the tertiary amine N-atom lone pair of electrons is restricted in the half-cage azabicycles; 

therefore, the electron density of the N-atom increases and its δN decreases. δN of NDA bearing 

1α-OMe significantly increase on protonation. The intramolecular hydrogen bonds between the 

N-atom and 1α-OH of 1α-OH NDA free bases not only stabilize the A-rings, adopting a twisted-

boat conformation, but they also increase the δN of the tertiary amine N-atom. Thus, 1H-15N 

HMBC spectroscopy has been demonstrated to be an excellent reporter for the analysis of the 

electron density of substituted piperidine alkaloids. It is particularly useful for certain NDA with 

complex substitution patterns and half-cage skeleta. 
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The stability of NDA skeleton was studied using APCI-MS where it was observed that the 

alpha (α)-substituent at carbon 1 affects the stability of NDA towards fragmentation. It was 

found that 1-OH NDA are more stable compared to 1-OMe NDA which showed higher 

intensity of the fragment-ion peak. That difference in stability could be due to the charge 

delocalisation where the positive charge delocalises in 1-OH NDA over four atoms compared to 

three in 1-OMe NDA which decreases the chance of the proton transfer in the fragmentation. In 

addition, the effect of carbon 1 substituent configuration was studied by the synthesis of 1-epi-

condelphine 6 (by oxidation to the 1-ketocondelphine, followed by borohydride reduction to 

yield the epimer) where it was found that it is less stable in the mass spectrometer compared to 

condelphine 5 as the nitrogen is no longer hydrogen bonded to the -OH at position 1. The 

application of APCI-MS is a promising technique to study the 3D configuration of NDA as it 

leads to a better understanding of their possible 3D-conformations in biological fluids. 

The third theme of the research project is the synthesis AE-bicyclic analogues of MLA 1 

with different nitrogen and ester side-chains to get a better SAR understanding of their activity 

at human α7 nAChR. Several MLA 1 AE-bicyclic analogues were designed and synthesized 

with different N-side-chains and ester side-chains. Any antagonist effects of synthetic analogues 

were examined (in collaborative studies at UCL) on human α7-nAChR and compared to that of 

MLA. In SAR studies, the antagonist activity of these analogues showed little advantage of the 

(S)-2-methysuccinimido benzoate ester side-chain especially when comparing analogue 7 with 

13. The data of analogues 7-14 highlight the effect of the N-side-chain on the antagonist activity 

at human α7-nAChR where the activity is in the following order:  benzyl > 4-phenylbutyl > 2-

phenylethyl > 3-phenylpropyl > methyl > ethyl. These data indicate that bulkier N-side-chain 

(with a phenyl moiety) enhance the activity compared to alkyl side-chains. The AE-bicyclic 

analogues showed better activity compared to the reported simple monocyclic system where the 

best analogue 9, N-benzyl side-chain, inhibits the agonist response at human α7-nAChR to 

around 53% [1 nM]. However, these bicyclic analogues are significantly less efficacious than 

MLA 1, so further molecular optimisation will be required, possibly including more of the rings 

of hexacyclic MLA, to achieve antagonist activity at concentrations [1 nM] comparable to those 

of MLA which retains its position as the most potent and selective NDA antagonist at nAChR. 
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Appendix 1:  Abstracts presented at conferences 

 

 

Date  Conference and 

presentation  

Place  

8-11/9/2019  20th RSC / SCI Medicinal 

chemistry symposium. 

Poster 

Cambridge, UK 

13-15/9/2021  21st RSC / SCI Medicinal 

chemistry symposium. 

Poster 

Cambridge, UK  

17/11/2021  JPAG Pharmaceutical 

Analysis Research Awards 

and Careers Fair 2021. 

Flash Poster 

Virtual meeting  

30th June-1st July/2022  NMR Discussion Group 

Postgraduate Meeting. 

Poster  

Manchester, UK  

4-6/07/2022  SCT 29th Young Research 

Fellows Meeting. Flash 

Poster  

Nantes, France  

4-8/9/2022  XXVII EFMC International 

Symposium on Medicinal 

Chemistry (EFMC-ISMC 

2022). 2 Posters  

Nice, France 

8-9/9/2022  9th EFMC Young 

Medicinal Chemists' 

Symposium (EFMC-

YMCS 2022). 2 Posters 

Nice, France 
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20th SCI/RSC Medicinal Chemistry Symposium 

Poster Abstract 

Synthesis of AE-Bicycle Analogues of Methyllycaconitine 
Ashraf Qasem, Michael G. Rowan, and Ian S. Blagbrough 

University of Bath 

Department of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, UK 

Email:  aq250@bath.ac.uk prsisb@bath.ac.uk  
Plants from the genera Delphinium and Aconitum are used as poisons and as medicines as 

analgesics and antiarrythmics in Chinese and Japanese traditional medicine (Benn & Jacyno, 

1983; Wang & Chen, 2010). Norditerpenoid alkaloids are the major alkaloid group in the 

genera Delphinium and Aconitum. Some of these alkaloids, e.g. methyllycaconitine (MLA) act 

as competitive inhibitors of nicotinic acetylcholine receptors (nAChRs). However, some, e.g. 

lappaconitine (allapinine used clinically in Russia), close voltage-gated sodium channels whilst 

some, e.g. aconitine, keep them in an open conformation. These differences in 

pharmacological effects encourage studies on the SAR of norditerpenoid alkaloids (Hardick et 

al., 1996; Bryant et al., 2001; McKay et al., 2007). We are making analogues around the key N-

alkyl piperidine ring. 
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Summary 

 

Plants from the genera Delphinium and Aconitum are used as poisons and as medicines as 

analgesics and antiarrhythmics in Chinese and Japanese traditional medicine (Benn & Jacyno, 

1983). Norditerpenoid alkaloids (NDAs) are the major alkaloid group of these two genera. 

Methyllycaconitine (MLA) 1, a highly potent α7 nicotinic acetylcholine receptor (nAChR) 

antagonist, and lappaconitine 2, which is a voltage gated sodium channel (VGSC) blocker and 

used clinically as antiarrhythmic drug (Allapinin®), have been considered drug-like according to 

several molecular descriptors of the drug-likeness (Turabekova et al., 2008). On the other 

hand, aconitine 3, which is an arrhythmogenic alkaloid and keeps VGSCs in their open state 

(Ameri, 1998), has been considered as a non-drug-like compound (Turabekova et al., 2008). 

These pharmacological activities encourage SAR studies on NDAs, and we have investigated, 

through AE-bicyclic analogues, the importance of N-alkyl chain length, the ester side-chain, the 

distance between the amine and the ester side-chain, and how these factors affect the activity 

at nAChRs and VGSCs. 
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Conformational analysis of norditerpenoid alkaloids using NMR and MS 
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Objectives 

To analyze the conformations of pharmacologically important norditerpenoid alkaloids 

(NDA) in solution as this provides details of the bioactive conformations in biological 

fluids.  

Materials and methods 

The analysis of these alkaloids has been undertaken using NMR spectroscopy (Zeng et 

al., 2020a, 2020b), and mass spectrometry using the LC/MS-APCI method (Wada et al., 

2000). 

Results 

The NMR results showed a difference between 1-OH and 1-OMe NDA as 1-OH 

compounds form an intramolecular hydrogen bond with the piperidine ring E N-atom 

(Fig. 1). Therefore, ring A will adopt a boat conformation compared to the chair ring A 

in 1-OMe alkaloids (Zeng et al., 2020a). Such intramolecular hydrogen bonding in 1-

OH alkaloids leads to a significant increase in the δN of the N-atom (Zeng et al., 2020b).  

On the other hand, 1-OH NDA showed better stability (less fragmentation) compared to 

1-OMe NDA using LC/MS-APCI (Wada et al., 2000), due to the intramolecular H-

bonding. 

 
Fig. 1. A. Skeleton and numbering of NDA, B. Conformation of A-ring in 1-OMe NDA 

(left) and 1-OH NDA (right). 

 

Conclusions 

1-OH NDA adopt a different conformation from 1-OMe and that results in different 

properties such as their pKa. Therefore, it will affect their availability at the binding site 

and their biological action. 
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Norditerpenoid alkaloids (NDA), from the genera Aconitum and Delphinium, have a complicated 

6 fused and bridged rings. The structural identification of NDA in terms of conformation and 

configuration is important as their 3D structure is a key factor affecting their biological activities 

(Qasem et al., 2022). Using NMR, we can analyse the conformation in solution as this provides 

details of the bioactive conformations in biological fluids.  

The NMR results showed a difference between 1α-OH and 1α-OMe NDA as 1-OH compounds 

form an intramolecular hydrogen bond with the piperidine ring E N-atom (Fig. 1). Therefore, ring 

A will adopt a boat conformation compared to the chair ring A in 1-OMe alkaloids (Zeng et al., 

2020a). Such intramolecular hydrogen bonding in 1-OH alkaloids leads to a significant increase 

in the δN of the N-atom (Zeng et al., 2020b). In addition, the 15N chemical shifts of 1α-OMe 

norditerpenoid alkaloid free bases significantly increase on alkaloid protonation due to the 

formation of an intramolecular hydrogen bond between N+-H and 1α-OMe. The conformational 

difference between 1α-OH and 1α-OMe results in different steric compression effects in 1H-

NMR. 

 
Fig. 1. A. Skeleton and numbering of NDA, B. Conformation of A-ring in 1-OMe free base NDA 

(left), 1-OMe NDA salt (middle) and 1-OH free base NDA (right). 
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The naturally occurring norditerpenoid alkaloids (NDA) have bridged highly oxygenated 
hexacyclic skeleta. The analysis of their structures is important to determine their 
conformation. Solution studies of these alkaloids using NMR spectroscopy leads to a better 
understanding of their possible 3D-conformations in biological fluids as several of these 
alkaloids are of pharmacological and even clinical importance (Qasem et al., 2022). We are 
investigating the effect of C1-α substituents on the conformation of ring A in selected NDA 
(Zeng et al., 2020 a, b) and studying the through-space interactions and how they affect their 
MS fragmentation using LC/MS-APCI (Wada et al., 2000). 

 
 

 

 

In addition, to exclude the effect of structure variability, we have oxidized and then reduced 
condelphine to get 1-epi-condelphine and to study the effect of 1-OH on NMR and MS 
fragmentation. 
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Norditerpenoid alkaloids (NDAs) are the major alkaloid group of the genera Delphinium and 

Aconitum, which are used as poisons and as analgesics and antiarrhythmics in traditional 

Chinese and Japanese medicine (Shen et al., 2020). Methyllycaconitine (MLA) 1, a highly 

potent α7 nicotinic acetylcholine receptor (nAChR) antagonist, is formulated as Mellictin, 

reported in clinical use at least in Uzbekistan and Kyrgyzstan for the treatment of Parkinson's 

disease and cerebral palsy (Qasem et al., 2022). These pharmacological activities encourage 

SAR studies on NDAs, and we have investigated, through AE-bicyclic analogues, the importance 

of N-alkyl chain length, and the ester side-chain, and how these factors affect the activity at 

human α7 nAChRs. The antagonism (normalised response) was measured through the 

application of these analogues [1 nM] with EC50 ACh. These easily prepared neopentyl esters 

include promising analogues 8, 5, 2, and 6.  
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The analysis of norditerpenoid alkaloids (NDA) is important to determine their conformation. 

They have bridged highly oxygenated hexacyclic skeleta. Solution studies of these alkaloids 

using NMR spectroscopy leads to a better understanding of their possible 3D-conformations in 

biological fluids as several of these alkaloids are of pharmacological and even clinical 

importance (Qasem et al., 2022). We are investigating the effect of C1-α substituents on the 

conformation of ring A in selected NDA (Zeng et al., 2020 a, b) and studying the through-space 

interactions and how they affect their MS fragmentation using LC/MS-APCI (Wada et al., 2000). 

       
 

 

 

 

In addition, to exclude the effect of structure variability, we have oxidized and reduced 

condelphine to get 1-epi-condelphine and to study the effect of 1-OH on NMR and MS 

fragmentation. 
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Fig. 2. Fragmentation of NDA 
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Fig. 1. A. Ring A in a twisted-chair conformation in 1-OMe NDA; B. 

Ring A in a twisted-boat conformation due to the intramolecular 

H-bond. a: axial, e: equatorial, f: flagpole, b: bowsprit 
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Appendix 2:  Data of single-crystal X-ray determinations of delpheline (s22phar2) 

 

Table 1.  Crystal data and structure refinement for s22phar2. 

Identification code  s22phar2 

Empirical formula  C25 H39 N O6 

Formula weight  449.57 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 11.98820(9) Å = 90°. 

 b = 13.21037(11) Å = 90°. 

 c = 14.32101(13) Å  = 90°. 

Volume 2268.00(3) Å3 

Z 4 

Density (calculated) 1.317 Mg/m3 

Absorption coefficient 0.753 mm-1 

F(000) 976 

Crystal size 0.308 x 0.189 x 0.172 mm3 

Theta range for data collection 4.554 to 72.911°. 

Index ranges -14<=h<=14, -16<=k<=16, -16<=l<=17 

Reflections collected 49710 

Independent reflections 4522 [R(int) = 0.0268] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.86657 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4522 / 0 / 298 

Goodness-of-fit on F2 1.102 

Final R indices [I>2sigma(I)] R1 = 0.0397, wR2 = 0.1109 

R indices (all data) R1 = 0.0398, wR2 = 0.1110 

Absolute structure parameter 0.01(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.565 and -0.291 e.Å-3 
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Table 2.  Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) 

for s22phar2.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

N(1) 1133(2) 7230(2) 7776(2) 33(1) 

O(1) 4894(2) 5966(1) 7671(1) 28(1) 

O(2) 3492(2) 6760(1) 8503(1) 28(1) 

O(3) 130(2) 5744(2) 6161(2) 39(1) 

O(4) 4498(2) 7660(1) 6488(1) 29(1) 

O(5) 3394(2) 2930(1) 7578(1) 33(1) 

O(6) 5046(2) 4033(1) 6311(1) 30(1) 

C(1) 3822(2) 5685(2) 7282(2) 24(1) 

C(2) 4636(2) 6454(2) 8533(2) 30(1) 

C(3) 3167(2) 6627(2) 7547(2) 24(1) 

C(4) 1908(2) 6495(2) 7364(2) 25(1) 

C(5) 959(3) 7073(3) 8776(2) 41(1) 

C(6) -162(3) 7422(3) 9104(2) 48(1) 

C(7) 1306(2) 8296(2) 7544(2) 31(1) 

C(8) 1687(2) 8500(2) 6532(2) 30(1) 

C(9) 2243(3) 9547(2) 6495(2) 37(1) 

C(10) 696(2) 8507(2) 5856(2) 34(1) 

C(11) 32(2) 7541(2) 5933(2) 34(1) 

C(12) 745(2) 6595(2) 5819(2) 29(1) 

C(13) -798(3) 5494(3) 5596(3) 45(1) 

C(14) 1916(2) 6608(2) 6292(2) 24(1) 

C(15) 2501(2) 7659(2) 6236(2) 25(1) 

C(16) 3457(2) 7590(2) 6952(2) 25(1) 

C(17) 2653(2) 5771(2) 5819(2) 25(1) 

C(18) 2139(2) 4683(2) 5791(2) 32(1) 

C(19) 3027(2) 3958(2) 6170(2) 29(1) 

C(20) 2902(2) 3853(2) 7236(2) 26(1) 

C(21) 2737(3) 2064(2) 7451(3) 52(1) 

C(22) 3458(2) 4701(2) 7796(2) 27(1) 

C(23) 4097(2) 4502(2) 5908(2) 28(1) 

C(24) 6052(2) 4436(2) 5967(2) 37(1) 

C(25) 3855(2) 5590(2) 6223(2) 24(1) 

________________________________________________________________________________  
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Table 3.  Bond lengths [Å] for s22phar2. 

_____________________________________________________  

N(1)-C(7)  1.462(3) 

N(1)-C(5)  1.463(3) 

N(1)-C(4)  1.467(3) 

O(1)-C(2)  1.426(3) 

O(1)-C(1)  1.450(3) 

O(2)-C(2)  1.430(3) 

O(2)-C(3)  1.435(3) 

O(3)-C(13)  1.415(4) 

O(3)-C(12)  1.430(3) 

O(4)-C(16)  1.417(3) 

O(4)-H(4A)  0.79(4) 

O(5)-C(21)  1.400(4) 

O(5)-C(20)  1.442(3) 

O(6)-C(24)  1.407(3) 

O(6)-C(23)  1.417(3) 

C(1)-C(3)  1.520(3) 

C(1)-C(25)  1.521(3) 

C(1)-C(22)  1.556(3) 

C(2)-H(2A)  0.9900 

C(2)-H(2B)  0.9900 

C(3)-C(4)  1.542(3) 

C(3)-C(16)  1.569(3) 

C(4)-C(14)  1.542(3) 

C(4)-H(4)  1.0000 

C(5)-C(6)  1.496(4) 

C(5)-H(5A)  0.9900 

C(5)-H(5B)  0.9900 

C(6)-H(6A)  0.9800 

C(6)-H(6B)  0.9800 

C(6)-H(6C)  0.9800 

C(7)-C(8)  1.543(4) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(10)  1.533(4) 

C(8)-C(9)  1.536(4) 

C(8)-C(15)  1.539(3) 

C(9)-H(9A)  0.9800 

C(9)-H(9B)  0.9800 
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C(9)-H(9C)  0.9800 

C(10)-C(11)  1.508(4) 

C(10)-H(10A)  0.9900 

C(10)-H(10B)  0.9900 

C(11)-C(12)  1.523(4) 

C(11)-H(11A)  0.9900 

C(11)-H(11B)  0.9900 

C(12)-C(14)  1.559(3) 

C(12)-H(12)  1.0000 

C(13)-H(13A)  0.9800 

C(13)-H(13B)  0.9800 

C(13)-H(13C)  0.9800 

C(14)-C(15)  1.559(3) 

C(14)-C(17)  1.569(3) 

C(15)-C(16)  1.541(3) 

C(15)-H(15)  1.0000 

C(16)-H(16)  1.0000 

C(17)-C(18)  1.564(3) 

C(17)-C(25)  1.571(3) 

C(17)-H(17)  1.0000 

C(18)-C(19)  1.532(4) 

C(18)-H(18A)  0.9900 

C(18)-H(18B)  0.9900 

C(19)-C(23)  1.517(4) 

C(19)-C(20)  1.540(3) 

C(19)-H(19)  1.0000 

C(20)-C(22)  1.531(3) 

C(20)-H(20)  1.0000 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(22)-H(22A)  0.9900 

C(22)-H(22B)  0.9900 

C(23)-C(25)  1.534(3) 

C(23)-H(23)  1.0000 

C(24)-H(24A)  0.9800 

C(24)-H(24B)  0.9800 

C(24)-H(24C)  0.9800 

C(25)-H(25)  1.0000 
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Table 4.   Bond angles [°] for s22phar2. 

C(7)-N(1)-C(5) 112.3(2) 

C(7)-N(1)-C(4) 117.1(2) 

C(5)-N(1)-C(4) 113.0(2) 

C(2)-O(1)-C(1) 104.88(18) 

C(2)-O(2)-C(3) 104.74(18) 

C(13)-O(3)-C(12) 113.1(2) 

C(16)-O(4)-H(4A) 115(3) 

C(21)-O(5)-C(20) 114.6(2) 

C(24)-O(6)-C(23) 112.34(19) 

O(1)-C(1)-C(3) 98.72(18) 

O(1)-C(1)-C(25) 112.44(19) 

C(3)-C(1)-C(25) 109.26(19) 

O(1)-C(1)-C(22) 106.27(19) 

C(3)-C(1)-C(22) 114.9(2) 

C(25)-C(1)-C(22) 114.2(2) 

O(1)-C(2)-O(2) 108.08(19) 

O(1)-C(2)-H(2A) 110.1 

O(2)-C(2)-H(2A) 110.1 

O(1)-C(2)-H(2B) 110.1 

O(2)-C(2)-H(2B) 110.1 

H(2A)-C(2)-H(2B) 108.4 

O(2)-C(3)-C(1) 101.44(18) 

O(2)-C(3)-C(4) 116.3(2) 

C(1)-C(3)-C(4) 111.72(19) 

O(2)-C(3)-C(16) 111.00(19) 

C(1)-C(3)-C(16) 114.4(2) 

C(4)-C(3)-C(16) 102.50(18) 

N(1)-C(4)-C(3) 118.4(2) 

N(1)-C(4)-C(14) 109.9(2) 

C(3)-C(4)-C(14) 98.75(19) 

N(1)-C(4)-H(4) 109.7 

C(3)-C(4)-H(4) 109.7 

C(14)-C(4)-H(4) 109.7 

N(1)-C(5)-C(6) 113.0(2) 

N(1)-C(5)-H(5A) 109.0 

C(6)-C(5)-H(5A) 109.0 

N(1)-C(5)-H(5B) 109.0 

C(6)-C(5)-H(5B) 109.0 

H(5A)-C(5)-H(5B) 107.8 
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C(5)-C(6)-H(6A) 109.5 

C(5)-C(6)-H(6B) 109.5 

H(6A)-C(6)-H(6B) 109.5 

C(5)-C(6)-H(6C) 109.5 

H(6A)-C(6)-H(6C) 109.5 

H(6B)-C(6)-H(6C) 109.5 

N(1)-C(7)-C(8) 115.1(2) 

N(1)-C(7)-H(7A) 108.5 

C(8)-C(7)-H(7A) 108.5 

N(1)-C(7)-H(7B) 108.5 

C(8)-C(7)-H(7B) 108.5 

H(7A)-C(7)-H(7B) 107.5 

C(10)-C(8)-C(9) 108.1(2) 

C(10)-C(8)-C(15) 108.8(2) 

C(9)-C(8)-C(15) 111.4(2) 

C(10)-C(8)-C(7) 111.4(2) 

C(9)-C(8)-C(7) 108.5(2) 

C(15)-C(8)-C(7) 108.7(2) 

C(8)-C(9)-H(9A) 109.5 

C(8)-C(9)-H(9B) 109.5 

H(9A)-C(9)-H(9B) 109.5 

C(8)-C(9)-H(9C) 109.5 

H(9A)-C(9)-H(9C) 109.5 

H(9B)-C(9)-H(9C) 109.5 

C(11)-C(10)-C(8) 111.0(2) 

C(11)-C(10)-H(10A) 109.4 

C(8)-C(10)-H(10A) 109.4 

C(11)-C(10)-H(10B) 109.4 

C(8)-C(10)-H(10B) 109.4 

H(10A)-C(10)-H(10B) 108.0 

C(10)-C(11)-C(12) 113.0(2) 

C(10)-C(11)-H(11A) 109.0 

C(12)-C(11)-H(11A) 109.0 

C(10)-C(11)-H(11B) 109.0 

C(12)-C(11)-H(11B) 109.0 

H(11A)-C(11)-H(11B) 107.8 

O(3)-C(12)-C(11) 108.6(2) 

O(3)-C(12)-C(14) 108.88(19) 

C(11)-C(12)-C(14) 116.8(2) 

O(3)-C(12)-H(12) 107.4 
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C(11)-C(12)-H(12) 107.4 

C(14)-C(12)-H(12) 107.4 

O(3)-C(13)-H(13A) 109.5 

O(3)-C(13)-H(13B) 109.5 

H(13A)-C(13)-H(13B) 109.5 

O(3)-C(13)-H(13C) 109.5 

H(13A)-C(13)-H(13C) 109.5 

H(13B)-C(13)-H(13C) 109.5 

C(4)-C(14)-C(12) 115.2(2) 

C(4)-C(14)-C(15) 98.05(19) 

C(12)-C(14)-C(15) 113.10(19) 

C(4)-C(14)-C(17) 111.42(19) 

C(12)-C(14)-C(17) 108.2(2) 

C(15)-C(14)-C(17) 110.6(2) 

C(8)-C(15)-C(16) 109.4(2) 

C(8)-C(15)-C(14) 110.1(2) 

C(16)-C(15)-C(14) 104.33(18) 

C(8)-C(15)-H(15) 110.9 

C(16)-C(15)-H(15) 110.9 

C(14)-C(15)-H(15) 110.9 

O(4)-C(16)-C(15) 109.84(19) 

O(4)-C(16)-C(3) 120.2(2) 

C(15)-C(16)-C(3) 104.17(19) 

O(4)-C(16)-H(16) 107.4 

C(15)-C(16)-H(16) 107.4 

C(3)-C(16)-H(16) 107.4 

C(18)-C(17)-C(14) 115.9(2) 

C(18)-C(17)-C(25) 103.35(19) 

C(14)-C(17)-C(25) 117.70(19) 

C(18)-C(17)-H(17) 106.4 

C(14)-C(17)-H(17) 106.4 

C(25)-C(17)-H(17) 106.4 

C(19)-C(18)-C(17) 107.0(2) 

C(19)-C(18)-H(18A) 110.3 

C(17)-C(18)-H(18A) 110.3 

C(19)-C(18)-H(18B) 110.3 

C(17)-C(18)-H(18B) 110.3 

H(18A)-C(18)-H(18B) 108.6 

C(23)-C(19)-C(18) 101.7(2) 

C(23)-C(19)-C(20) 111.7(2) 
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C(18)-C(19)-C(20) 109.8(2) 

C(23)-C(19)-H(19) 111.1 

C(18)-C(19)-H(19) 111.1 

C(20)-C(19)-H(19) 111.1 

O(5)-C(20)-C(22) 105.23(19) 

O(5)-C(20)-C(19) 111.9(2) 

C(22)-C(20)-C(19) 114.3(2) 

O(5)-C(20)-H(20) 108.4 

C(22)-C(20)-H(20) 108.4 

C(19)-C(20)-H(20) 108.4 

O(5)-C(21)-H(21A) 109.5 

O(5)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

O(5)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

C(20)-C(22)-C(1) 119.0(2) 

C(20)-C(22)-H(22A) 107.6 

C(1)-C(22)-H(22A) 107.6 

C(20)-C(22)-H(22B) 107.6 

C(1)-C(22)-H(22B) 107.6 

H(22A)-C(22)-H(22B) 107.0 

O(6)-C(23)-C(19) 111.8(2) 

O(6)-C(23)-C(25) 116.2(2) 

C(19)-C(23)-C(25) 102.2(2) 

O(6)-C(23)-H(23) 108.8 

C(19)-C(23)-H(23) 108.8 

C(25)-C(23)-H(23) 108.8 

O(6)-C(24)-H(24A) 109.5 

O(6)-C(24)-H(24B) 109.5 

H(24A)-C(24)-H(24B) 109.5 

O(6)-C(24)-H(24C) 109.5 

H(24A)-C(24)-H(24C) 109.5 

H(24B)-C(24)-H(24C) 109.5 

C(1)-C(25)-C(23) 112.0(2) 

C(1)-C(25)-C(17) 109.32(19) 

C(23)-C(25)-C(17) 102.00(19) 

C(1)-C(25)-H(25) 111.1 

C(23)-C(25)-H(25) 111.1 

C(17)-C(25)-H(25) 111.1 



243 

 

Table 5.   Anisotropic displacement parameters (Å2x 103) for s22phar2.  The anisotropic 

displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

N(1) 41(1)  37(1) 23(1)  7(1) 5(1)  12(1) 

O(1) 29(1)  31(1) 23(1)  -2(1) -5(1)  1(1) 

O(2) 35(1)  31(1) 19(1)  -2(1) -5(1)  4(1) 

O(3) 30(1)  37(1) 50(1)  15(1) -6(1)  -6(1) 

O(4) 30(1)  29(1) 29(1)  4(1) -2(1)  -5(1) 

O(5) 31(1)  24(1) 44(1)  10(1) -1(1)  0(1) 

O(6) 34(1)  28(1) 28(1)  4(1) 4(1)  4(1) 

C(1) 27(1)  22(1) 21(1)  1(1) -3(1)  1(1) 

C(2) 35(1)  32(1) 22(1)  -2(1) -6(1)  0(1) 

C(3) 31(1)  25(1) 16(1)  -1(1) -3(1)  1(1) 

C(4) 29(1)  24(1) 22(1)  4(1) 1(1)  2(1) 

C(5) 47(2)  51(2) 26(1)  7(1) 6(1)  16(1) 

C(6) 46(2)  61(2) 36(1)  7(2) 10(1)  10(2) 

C(7) 33(1)  31(1) 29(1)  -1(1) -3(1)  8(1) 

C(8) 34(1)  24(1) 30(1)  3(1) -4(1)  3(1) 

C(9) 45(2)  24(1) 43(2)  4(1) -4(1)  4(1) 

C(10) 36(1)  32(1) 34(1)  9(1) -6(1)  6(1) 

C(11) 30(1)  40(1) 32(1)  9(1) -6(1)  3(1) 

C(12) 31(1)  31(1) 26(1)  6(1) -4(1)  -2(1) 

C(13) 32(2)  40(2) 62(2)  2(1) -8(1)  -5(1) 

C(14) 28(1)  24(1) 22(1)  4(1) -2(1)  0(1) 

C(15) 31(1)  24(1) 22(1)  4(1) -3(1)  0(1) 

C(16) 30(1)  22(1) 23(1)  1(1) -2(1)  0(1) 

C(17) 30(1)  26(1) 19(1)  1(1) -4(1)  -1(1) 

C(18) 37(1)  26(1) 31(1)  0(1) -12(1)  -2(1) 

C(19) 36(1)  24(1) 28(1)  -2(1) -4(1)  1(1) 

C(20) 28(1)  23(1) 29(1)  2(1) -2(1)  2(1) 

C(21) 43(2)  37(2) 76(2)  10(2) 3(2)  -6(1) 

C(22) 34(1)  25(1) 23(1)  3(1) -2(1)  2(1) 

C(23) 37(1)  25(1) 21(1)  0(1) 0(1)  2(1) 

C(24) 37(1)  35(1) 38(2)  7(1) 2(1)  1(1) 

C(25) 27(1)  24(1) 21(1)  1(1) -1(1)  0(1) 

______________________________________________________________________________  
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Table 6.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

for s22phar2. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________   

H(4A) 5020(40) 7670(30) 6820(30) 46(10) 

H(2A) 5123 7052 8621 36 

H(2B) 4759 5983 9060 36 

H(4) 1674 5793 7536 30 

H(5A) 1544 7442 9127 49 

H(5B) 1041 6343 8919 49 

H(6A) -208 8160 9051 72 

H(6B) -268 7223 9757 72 

H(6C) -743 7111 8718 72 

H(7A) 1872 8578 7975 37 

H(7B) 600 8666 7655 37 

H(9A) 2394 9729 5844 56 

H(9B) 2946 9528 6844 56 

H(9C) 1745 10052 6775 56 

H(10A) 207 9092 5998 41 

H(10B) 972 8585 5208 41 

H(11A) -557 7541 5448 40 

H(11B) -340 7521 6550 40 

H(12) 863 6490 5135 35 

H(13A) -600 5581 4937 67 

H(13B) -1424 5940 5750 67 

H(13C) -1012 4789 5709 67 

H(15) 2798 7787 5594 30 

H(16) 3393 8191 7374 30 

H(17) 2755 5984 5154 30 

H(18A) 1459 4653 6182 38 

H(18B) 1937 4498 5143 38 

H(19) 2980 3283 5856 35 

H(20) 2088 3846 7390 32 

H(21A) 2617 1951 6783 78 

H(21B) 2016 2159 7762 78 

H(21C) 3118 1476 7721 78 

H(22A) 4129 4413 8099 33 

H(22B) 2938 4899 8301 33 

H(23) 4178 4493 5213 33 
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H(24A) 6023 4463 5283 55 

H(24B) 6675 4006 6162 55 

H(24C) 6158 5121 6215 55 

H(25) 4403 6075 5947 28 

________________________________________________________________________________ 
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Table 7.  Torsion angles [°] for s22phar2. 

________________________________________________________________  

C(2)-O(1)-C(1)-C(3) 39.5(2) 

C(2)-O(1)-C(1)-C(25) 154.6(2) 

C(2)-O(1)-C(1)-C(22) -79.8(2) 

C(1)-O(1)-C(2)-O(2) -19.1(2) 

C(3)-O(2)-C(2)-O(1) -11.4(2) 

C(2)-O(2)-C(3)-C(1) 35.7(2) 

C(2)-O(2)-C(3)-C(4) 157.1(2) 

C(2)-O(2)-C(3)-C(16) -86.3(2) 

O(1)-C(1)-C(3)-O(2) -46.2(2) 

C(25)-C(1)-C(3)-O(2) -163.79(19) 

C(22)-C(1)-C(3)-O(2) 66.3(2) 

O(1)-C(1)-C(3)-C(4) -170.75(18) 

C(25)-C(1)-C(3)-C(4) 71.7(2) 

C(22)-C(1)-C(3)-C(4) -58.2(3) 

O(1)-C(1)-C(3)-C(16) 73.3(2) 

C(25)-C(1)-C(3)-C(16) -44.2(3) 

C(22)-C(1)-C(3)-C(16) -174.1(2) 

C(7)-N(1)-C(4)-C(3) 57.0(3) 

C(5)-N(1)-C(4)-C(3) -75.9(3) 

C(7)-N(1)-C(4)-C(14) -55.4(3) 

C(5)-N(1)-C(4)-C(14) 171.7(2) 

O(2)-C(3)-C(4)-N(1) 50.3(3) 

C(1)-C(3)-C(4)-N(1) 166.08(19) 

C(16)-C(3)-C(4)-N(1) -71.0(2) 

O(2)-C(3)-C(4)-C(14) 168.70(19) 

C(1)-C(3)-C(4)-C(14) -75.5(2) 

C(16)-C(3)-C(4)-C(14) 47.4(2) 

C(7)-N(1)-C(5)-C(6) 73.1(4) 

C(4)-N(1)-C(5)-C(6) -151.7(3) 

C(5)-N(1)-C(7)-C(8) 170.3(2) 

C(4)-N(1)-C(7)-C(8) 37.1(3) 

N(1)-C(7)-C(8)-C(10) 82.1(3) 

N(1)-C(7)-C(8)-C(9) -159.0(2) 

N(1)-C(7)-C(8)-C(15) -37.7(3) 

C(9)-C(8)-C(10)-C(11) -173.7(2) 

C(15)-C(8)-C(10)-C(11) 65.2(3) 

C(7)-C(8)-C(10)-C(11) -54.6(3) 

C(8)-C(10)-C(11)-C(12) -53.4(3) 
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C(13)-O(3)-C(12)-C(11) 68.9(3) 

C(13)-O(3)-C(12)-C(14) -163.0(2) 

C(10)-C(11)-C(12)-O(3) 163.7(2) 

C(10)-C(11)-C(12)-C(14) 40.1(3) 

N(1)-C(4)-C(14)-C(12) -51.2(3) 

C(3)-C(4)-C(14)-C(12) -175.8(2) 

N(1)-C(4)-C(14)-C(15) 69.1(2) 

C(3)-C(4)-C(14)-C(15) -55.5(2) 

N(1)-C(4)-C(14)-C(17) -174.9(2) 

C(3)-C(4)-C(14)-C(17) 60.4(2) 

O(3)-C(12)-C(14)-C(4) -49.4(3) 

C(11)-C(12)-C(14)-C(4) 74.0(3) 

O(3)-C(12)-C(14)-C(15) -161.0(2) 

C(11)-C(12)-C(14)-C(15) -37.6(3) 

O(3)-C(12)-C(14)-C(17) 76.0(2) 

C(11)-C(12)-C(14)-C(17) -160.5(2) 

C(10)-C(8)-C(15)-C(16) -175.7(2) 

C(9)-C(8)-C(15)-C(16) 65.2(3) 

C(7)-C(8)-C(15)-C(16) -54.3(3) 

C(10)-C(8)-C(15)-C(14) -61.7(3) 

C(9)-C(8)-C(15)-C(14) 179.3(2) 

C(7)-C(8)-C(15)-C(14) 59.8(3) 

C(4)-C(14)-C(15)-C(8) -74.0(2) 

C(12)-C(14)-C(15)-C(8) 47.9(3) 

C(17)-C(14)-C(15)-C(8) 169.46(19) 

C(4)-C(14)-C(15)-C(16) 43.3(2) 

C(12)-C(14)-C(15)-C(16) 165.1(2) 

C(17)-C(14)-C(15)-C(16) -73.3(2) 

C(8)-C(15)-C(16)-O(4) -126.5(2) 

C(14)-C(15)-C(16)-O(4) 115.7(2) 

C(8)-C(15)-C(16)-C(3) 103.5(2) 

C(14)-C(15)-C(16)-C(3) -14.3(2) 

O(2)-C(3)-C(16)-O(4) 91.4(3) 

C(1)-C(3)-C(16)-O(4) -22.7(3) 

C(4)-C(3)-C(16)-O(4) -143.8(2) 

O(2)-C(3)-C(16)-C(15) -145.15(19) 

C(1)-C(3)-C(16)-C(15) 100.8(2) 

C(4)-C(3)-C(16)-C(15) -20.3(2) 

C(4)-C(14)-C(17)-C(18) 74.4(3) 

C(12)-C(14)-C(17)-C(18) -53.2(3) 
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C(15)-C(14)-C(17)-C(18) -177.62(19) 

C(4)-C(14)-C(17)-C(25) -48.6(3) 

C(12)-C(14)-C(17)-C(25) -176.17(19) 

C(15)-C(14)-C(17)-C(25) 59.4(3) 

C(14)-C(17)-C(18)-C(19) -129.9(2) 

C(25)-C(17)-C(18)-C(19) 0.3(3) 

C(17)-C(18)-C(19)-C(23) -28.7(3) 

C(17)-C(18)-C(19)-C(20) 89.8(2) 

C(21)-O(5)-C(20)-C(22) 155.9(3) 

C(21)-O(5)-C(20)-C(19) -79.4(3) 

C(23)-C(19)-C(20)-O(5) -90.1(2) 

C(18)-C(19)-C(20)-O(5) 157.8(2) 

C(23)-C(19)-C(20)-C(22) 29.4(3) 

C(18)-C(19)-C(20)-C(22) -82.7(3) 

O(5)-C(20)-C(22)-C(1) 137.9(2) 

C(19)-C(20)-C(22)-C(1) 14.7(3) 

O(1)-C(1)-C(22)-C(20) -139.7(2) 

C(3)-C(1)-C(22)-C(20) 112.3(2) 

C(25)-C(1)-C(22)-C(20) -15.1(3) 

C(24)-O(6)-C(23)-C(19) 171.3(2) 

C(24)-O(6)-C(23)-C(25) -72.0(3) 

C(18)-C(19)-C(23)-O(6) 171.6(2) 

C(20)-C(19)-C(23)-O(6) 54.5(3) 

C(18)-C(19)-C(23)-C(25) 46.7(2) 

C(20)-C(19)-C(23)-C(25) -70.4(2) 

O(1)-C(1)-C(25)-C(23) 92.8(2) 

C(3)-C(1)-C(25)-C(23) -158.6(2) 

C(22)-C(1)-C(25)-C(23) -28.4(3) 

O(1)-C(1)-C(25)-C(17) -154.86(18) 

C(3)-C(1)-C(25)-C(17) -46.3(3) 

C(22)-C(1)-C(25)-C(17) 83.9(2) 

O(6)-C(23)-C(25)-C(1) -51.8(3) 

C(19)-C(23)-C(25)-C(1) 70.1(2) 

O(6)-C(23)-C(25)-C(17) -168.6(2) 

C(19)-C(23)-C(25)-C(17) -46.7(2) 

C(18)-C(17)-C(25)-C(1) -90.9(2) 

C(14)-C(17)-C(25)-C(1) 38.2(3) 

C(18)-C(17)-C(25)-C(23) 27.8(2) 

C(14)-C(17)-C(25)-C(23) 157.0(2) 

________________________________________________________________  
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Table 8.  Hydrogen bonds for s22phar2  [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O(4)-H(4A)...O(5)#1 0.79(4) 2.11(4) 2.881(3) 165(4) 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,y+1/2,-z+3/2       

 


