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Abstract 

 

Norditerpenoid alkaloids are the main bioactive components of the medicinal plants of 

Aconitum and Delphinium. To achieve structure-activity relationship (SAR) studies of these 

natural products, especially of methyllycaconitine (MLA), investigation of their 3D structures 

is essential as the conformation of a molecule determines its bioactivities. 

NMR spectroscopic data (1H, 13C, COSY, HSQC, HMBC and NOESY) of 5 commercially 

available norditerpenoid alkaloid free bases and 2 of their salts (aconitine HCl and 

lappaconitine HBr) were obtained. It is notable that basic norditerpenoid alkaloids and their 

analogues are partially protonated at neutral pH, e.g. in plasma or water. Therefore, essential 

studies on the solution conformations of the two alkaloid salts, which are bioactive 

conformations, were carried out in D2O. Solution conformation of these alkaloids were 

investigated with NOESY spectroscopies and key 1H signal coupling patterns. NMR analyses 

also demonstrated a rare through-space 1H NMR effect of steric compression in synthetic 

[3.3.1]azabicyclic analogues of MLA. This effect is shown in norditerpenoid alkaloids with 

uncommonly small intensity compared with that in the synthetic analogues, suggesting there 

are conformational differences between the alkaloids and their synthetic analogues. Single-

crystal X-ray diffraction (XRD) is one of the best methods for investigating configuration and 

conformation, if such high quality crystals are available. 15 single-crystals of norditerpenoid 

alkaloids and their synthetic analogues were obtained in this work and used for determining 

their crystal conformations, and then their conformational common features were summarized.  

13C signal assignments reported in previous studies of the well-known lycoctonine, 

lappaconitine and crassicauline A norditerpenoid alkaloids are revised supported by 2D NMR 

spectroscopic data. Notably, a rare NMR effect of steric compression has been clearly 

demonstrated. Protonated norditerpenoid alkaloid salts adopt boat/chair conformations in 

crystals and in D2O, the same conformation of protonated [3.3.1]azabicycle in crystals, but that 

protonated [3.3.1]azabicycle adopts a chair/chair conformation in D2O. 
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Chapter 1. General introduction and literature review 

 

1.1. Plant resources and Traditional Chinese Medicine 

Among many catalogues of alkaloids, polycyclic norditerpenoid alkaloids remain 

attractive to chemists to pay attention to these natural products, not only for understanding their 

complicated six-ring-fused structures, but also for their biological activities. For the majority 

of these molecules, their bioactive compounds were reported to be isolated from the tribe 

Delphineae Warming in subfamily Helleboroideae, family Ranunculaceae, and this tribe (with 

total species over 750) consists of four genera: Aconitum Linnaeus, Delphinium Linnaeus, 

Consolida (DC.) S. F. Gray and Aconitella Spach (Jabbour and Renner, 2012a; Wang et al., 

2018). There are about 400 species of Aconitum, 300 species of Delphinium, 40 species 

Consolida and a few species Aconitella, and the last genus was classified in the genus 

Consolida (Jabbour and Renner, 2011). All these plants in the tribe, especially Delphinium, are 

well-known for their colourful zygomorphic dolphin-shaped flowers that are planted in gardens 

worldwide (Jabbour and Renner, 2012b). Delphinium was named after delphínion, which 

means dolphin in ancient Greek, displayed in the ancient Greek medical book “De Materia 

Medica” (Gledhill, 2008). Plants of perennial Delphinium were commonly known as larkspur, 

but it actually is an informal name shared with annual plants of Consolida and Aconitella 

(Kindersley, 2008). 

The whole of the plants are of high toxicity, and larkspurs have been extensively reported 

for poisoning livestock in North America leading to financial losses (Pfister et al., 1999; Cook 

et al., 2015). Indeed, the juice of Aconitum was smeared on weapons for both hunting and 

warfare in ancient times (Song et al., 1966). However, if the dose is appropriately adjusted, it 

is of no surprise that they have been known to be widely used as folk medicines for two 

thousand years (Singhuber et al., 2009). 

 

 

 

https://en.wikipedia.org/wiki/De_Materia_Medica
https://en.wikipedia.org/wiki/De_Materia_Medica
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Aconitum L. 

Clinical application of Aconitum in the traditional medicinal systems was worldwide, 

particularly in the Eurasia (Zhou et al., 2015; Povsnar et al., 2017). One of the most well-known 

applications of these plants as folk drugs might be the roots (tubers) of Aconitum recorded in 

Traditional Chinese Medicine (TCM). TCM has been being widely practiced in China for over 

2000 years, and the Chinese herbology, which is also known as Chinese herbal medicine, is one 

of most important aspects of TCM. The oldest medicinal monograph of TCM, “Shennong 

Bencaojing” (“The Classic of Herbal Medicine”, 200-250 A.D.), recorded 365 Chinese 

medicines and classified them into three types based on their toxicity (“noble”, harmless, can 

be used for long-term treatment; “middle”, potent or potentially toxic; “low”, poisonous, or has 

violent biological activities, cannot be applied for long-term practice), in which the main root 

and the side root of Aconitum are recorded in the “low herb”. In this book, the roots of Aconitum 

are mainly described as anti-rheumatic and analgesic agent, and the similar description was also 

displayed in the different TCM books in the different ages, e.g. “Xinxiu Bencao” (the first 

pharmacopoeia in the world, 659 A.D.) and “Bencao Gangmu” (“Compendium of Materia 

Medica”, 1578 A.D.). 

36 species of Aconitum have been used as folk drugs in China. The species that are involved 

in current Chinese Pharmacopoeia (2015 edition, volume 1) are A. carmichaelli Debx. and A. 

kusnezoffii Reichb., also A. coreanum (H.Lév.) Rapaics. and A. brachypodum Diels. were also 

recorded in the 1997 edition (volume 1). Besides, four other species, A. tanguticum (Maxim.) 

Stapf, A. naviculare (Bruhl.) Stapf., A. flavum Hand.-Mazz. and A. pendulum Busch., were also 

recorded in “People’s Republic of China Ministry of Health Drug Standards”:  Tibetan medicine 

(1995 edition, volume 1). The details in the Pharmacopoeia of these herbal medicines mainly 

ruled the property of “Daodi” (including the species of the plants, planting locations and harvest 

time), methods of processes (known as “Pao’zhi”), storage and quality control by both trait 

identification and chemical analysis (chemical tests and HPLC). The qualified products are 

allowed to be used in the TCM hospitals and pharmacies, or in the pharmaceutical manufactures 

as raw materials. 
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It is worth noting the Chinese medicines, especially toxic medicines like Aconitum root, are 

not generally used as oral drugs as they are too potent or too toxic. The herbal drugs are normally 

processed (thus detoxified) boiled (or boiled with complexed herbal drugs) and then the 

decoction used as oral drugs, and this is a part of the service in a TCM pharmacy. The processed 

drugs could also be used for making certain pharmaceuticals with excipients, such as honey 

pills, for oral use. Therefore, these procedures decreased the toxicity again after processing as 

the dose was decreased. 

The information of methods of process and usages of A. carmichaelli Debx. and A. 

kusnezoffii Reichb., that are the main species used in clinics in China according to the Chinese 

Pharmacopeia (2015 edition), are briefly stated: 

 

A. carmichaelli Debx. 

According to the Chinese Pharmacopoeia (2015 edition), A. carmichaelli Debx. is often 

applied in the clinic in two settings: Zhi’chuan’wu (processed dry main root. “Zhi” refers to as 

processed; “chuan” refers to the planting location of Sichuan province; and “wu” refers to the 

plant of Aconitum, which is known as “wu’tou” in Chinese) and Fu’zi (processed dry side root). 

 

Zhi’chuan’wu (processed dry main root of A. carmichaelli):  

The entire root of the plant is dug up between late June and early August. After the side 

roots are removed, the main root is cleaned and dried in sunlight. This form is known as 

Chuan’wu or Sheng’chuan’wu (raw chuan’wu) that is not suggested to be used internally due 

to its high toxicity, but the tincture of Chuan’wu (water, alcohol or vinegar suspensions of 

powdered Chuan’wu, and some plants could also be complexed with Chuan’wu, e.g. ginger, 

liquorice) as widely shown in many ancient Chinese medical books. The tincture has been used 

externally for relieving pain for rheumatism and treating bruises. 

As for processing method, the thoroughly moistened Chuan’wu that had been soaked in 

cold water was then boiled in fresh water for 4-8 hours until the “white part” on the vertical 

section cannot be seen and this section tastes as slightly burning. Then the processed product is 
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allowed to be sliced and air dried. The sliced processed main root is boiled in water, and the 

decoction applied as an analgesic for rheumatism, joint pain and several different other pains. 

Fu’zi (processed dry side root of A. carmichaelli): 

The time to harvest the side root is same as that of Chuan’wu. After the raw side root was 

air dried, there are five methods of process stated in the Chinese Pharmacopoeia: 

Yan’fu’zi (salted Fu’zi): clean and dried side root is soaked in as aqueous solution of 

“Danba” overnight. “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. After sodium chloride is added to the solution, the side root is soaked for 

several days. During this period, it is dried in sunlight and is then put back into the solution for 

soaking every day until it is hardened and plenty of salt is crystallized on its surface when it is 

dried. This form is not usually used in the clinic. 

1．Dan’fu’pian (slight salted Fu’zi slice): Yan’fu’zi is soaked with clean water for several 

days, and the water should be refreshed 2-3 times every day until the majority of the salt is 

removed. Then it is thoroughly boiled with liquorice and black beans (100 kg Yan’fu’zi with 5 

kg liquorice and 10 kg black beans) until the burning taste on the vertical section disappears, 

and then it is sliced and dried in sunlight. 

2．Hei’shun’pian (Black glossy Fu’zi slice): clean and dried side root is soaked in an 

aqueous solution of “Danba” for several days, and then it is thoroughly boiled in the solution. 

Afterwards, the completely infiltrated side root is rinsed with water, vertically sliced into pieces 

with thickness of 0.5 cm, and the slices are again rinsed with water. These brown coloured slices 

are then steamed until the surface is glossy followed by oven drying. 

3．Bai’fu’pian (White Fu’zi slice): clean and dried side root is soaked in an aqueous 

solution of “Danba” for several days, and then it is boiled thoroughly in the solution. After the 

side root is completely moistened, it is taken out of solution, peeled, vertically sliced to be 

pieces with thickness of around 0.3 cm and washed in water. The slices are steamed thoroughly 

then dried in sunlight. 

4．Pao’fu’pian (Roasted Fu’zi slice): clean and dried side root is roasted in hot sand 
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leading to a volumetric expansion and a slight colour change. 

Although these methods of processing Fu’zi are different, their usages are all similar. The 

water decoctions of the processed side-root slices are also used as analgesics and as tonics. 

 

A. kusnezoffii Reichb. 

Two forms of this species, Zhi’cao’wu (processed dry main root) and Cao’wu’ye (dry 

leaves), are included in the Chinese Pharmacopoeia (2015 edition). 

 

Zhi’cao’wu (processed dry main root of A. kusnezoffii): 

The harvest time of main root of A. kusnezoffii Reichb. is fall after the leaves and stems 

are withered. Clean and dried main root of A. kusnezoffii is named as Cao’wu, and this form is 

not suggested to be used internally because of its high toxicity like Chuan’wu, but the tincture 

of Cao’wu is recorded in “People’s Republic of China Ministry of Health Drug Standards”: 

pharmaceutics of Chinese medicine prescription (Volume 8), and it is used externally for joint 

pain caused by rheumatism. 

Cao’wu is soaked in water until fully moist, and it is boiled in water until no “white part” 

is displayed on the vertical section, and it tastes only slightly burning. This processed Cao’wu 

is named as Zhi’cao’wu, and the method and purpose of clinical application of this form are 

similar to those of Zhi’chuan’wu. 

 

Cao’wu’ye (dry leave of A. kusnezoffii): 

Dry leaf of A. kusnezoffii Reichb. (A. kusnezoffii folium) is a Mongolian herbal medicine. 

The fresh leaves are harvested in the summer before flowering, followed by cleaning and 

drying. Powdered dry leaves (or made into pills, e.g. the powders are mixed with warm honey 

or beeswax and the mixture is shaped into round pills) can be used as antipyretics and analgesics 

for abdominal pain of diarrhoea, headache and toothache. 

 

Delphinium L. 
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There are about 18 species of Delphinium used as drugs in folk medicine for treating 

bruises, toothache, rheumatism and enteritis, but these plants are not found in the Chinese 

Pharmacopoeia. Medicinal application of D. kamaonense Huth var. glabrescens (W. T. Wang) 

W. T. Wang is found in the “People’s Republic of China Ministry of Health Drug Standards”: 

Tibetan Medicine (1995 edition, volume 1), detailed as follows: 

 

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

The above ground part is harvested between June and August followed by slicing and 

drying in sunlight. The slices can be internally used for treating diarrhoea and dysentery, and 

can also be externally applied on skin ulcers. 

 

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

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

particularly in India and Pakistan. The species of D. denudatum Wall., which is known as 

Jadwar, was even described as one of the most important drugs in the Unani medicine system. 

The roots were reported to be used for treatment of aconite poisoning, brain diseases, fungal 

infection, piles and toothache (Atta-ur-Rahman et al., 1997; Rahman et al., 2002). 

 

1.2. Structures of norditerpenoid alkaloids 

Diterpenoid alkaloids are the main bioactive components isolated from plants of the tribe 

Delphineae, and these alkaloids can be divided into three types according to the carbon number 

of their skeletal: C18-, C19- and C20-diterpenoid alkaloids (Wang et al., 2010). Skeleta of C18- 

or C19-diterpenoid alkaloids are highly similar, and thus they are known as norditerpenoid 

alkaloids. They are differentiated by whether a C18 carbon atom is attached to C4 (Fig. 1.1); 

normally numbering of C18 is not used in the C18-diterpenoid alkaloids for unification of the 

numbering system with the C19-type. 
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Figure 1.1. Rings, ring sizes and skeleta of norditerpenoid alkaloids 

 

In fact, the total number of C19-norditerpenoid alkaloids is much larger than that of the 

C18-type, which are about 700 and 100, respectively (Wang et al., 2009; Wang and Chen, 2010). 

These norditerpenoid alkaloids consist of six fused rings labelled A-F with 6, 7, 5, 6, 6 and 5 

members, respectively. In some studies, especially single-crystal X-ray studies (Przybylska and 

Marion, 1956; Przybylska, 1961; Codding, 1982), the 7-membered B-ring (shown in blue and 

purple in Fig. 1.1) refers to a 6-membered ring (B'-ring = C7–C8–C9–C10–C11–C17), which 

is shown in red and purple. 

 

 

Figure 1.2. Drawings A1 and A2 of norditerpenoid alkaloids, aconitine (1) is used as an example 
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The drawing A1 (Fig. 1.2) of the skeleta of norditerpenoid alkaloids is currently the most 

popular reported in the field of phytochemistry, but actually it is not the only one employed in 

refereed publications. The drawings clearly display three rings, A-, B- and C-ring, in suitable 

shapes, and also demonstrate the relationship of the A/E-azabicycle. However, shapes of D-, 

E- and F-ring are odd, especially with a well-known long C7-C17 bond. This drawing does not 

express any conformational information about the norditerpenoid alkaloid molecule. To allow 

enough space for drawing C14 bearing substituents, the lengths of bonds C13-C16 and C8-C15 

are extended leading to the relationship between the bonds of C14-OR and C15-C16 in space 

being ambiguous, where C14-OR was above C15-C16 in space in this drawing proven by X-

ray data (see Chapter 4). Also, the accurate configurational information of several carbons can 

be hard to represent, e.g. C7, C15 and C16. In some studies, drawing A2 which is viewing 

drawing A1 from the other face (it is not the enantiomer) was also employed in order to present 

D-, E- or F-ring in the front, or it could be only caused by the limitations of printing several 

decades ago (Wiesner et al., 1978; Tabuchi et al., 2016). 

 

 

Figure 1.3. Drawing B of norditerpenoid alkaloids, aconitine (1) is used as an example 
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Drawings B1 and B2 (Fig. 1.3) are also popularly used (Edwards et al., 1966). Generally, 

they allow almost all the rings in the correct conformation and the bond lengths are well-

balanced (not of extreme length with respect to the drawing), and they showed orientation 

information in the structures, e.g. 6-OMe, 7-H and 8-OAc are not parallel with each other. 

However, the seven-membered B-rings are hard to extract from these drawings. Drawings B1 

and B2 were employed by organic synthetic chemists and their reasons were various, e.g. B-

ring with largest number of bridgeheads were displayed in the front benefiting retrosynthetic 

analysis (Marth et al., 2015; Kou et al., 2017), and it is also good for designing disconnections 

of C-, D- and F-rings as these drawings correctly express the conformations (Zhou et al., 2018; 

Doering et al., 2018). A rotated drawing of B2 (drawing B3) (Fig. 1.3) was used for designing 

synthetic approaches starting with analogues of C/D-rings (Conrad and Du Bois, 2007). 

 

 

Figure 1.4. Drawings C and D of norditerpenoid alkaloids, aconitine (1) is used as example 

 

Apart from the popular drawings A and B, an uncommon drawing C was also used for 

retrosynthetic analysis (Fig. 1.4, Liu and Chen, 2014), in which A/E-[3.3.1]azabicycle and 

C/D-bicycle with correct conformations were distinctly expressed. The drawing D was shown 

in some older X-ray crystallographic studies (Przybylska and Marion, 1956; Przybylska, 1961) 

in the early stages of research on diterpenoid alkaloids, which displayed piperidine E-, B'- and 

D-rings in essentially ideal shapes. 
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1.3. Brief history of norditerpenoid alkaloids 

Diterpenoid alkaloids were reviewed by previous outstanding phytochemists (Pelletier and 

Page, 1986; Yunusov, 1991; Yunusov, 1993; Wang et al., 2010) in the last decades, and this 

section is focused on briefly introducing certain well-studied norditerpenoid alkaloids, which 

are important for structural or pharmacological research. 

Aconitine (1, Fig. 1.5) was the first alkaloid isolated from A. napellus Linnaeus in 1833 

(Geiger, 1833; Nyirimigabo et al., 2015). It is well-known that it interacts with cardiac voltage-

sensitive sodium channels (VSSC; Catterall, 1980), which it maintains in an open-state, and it 

can also act with VSSC in the central nervous system (CNS) and muscle tissues (Li et al., 

2017). A recent study proved that it influences intracellular Ca2+ signals which is also related 

to its cardio-toxicity (Zhou et al., 2013). All of these bioactivities were related to the induction 

of arrhythmia (Dzhakhangirov et al., 1997; Friese et al., 1997), whereby this alkaloid is highly 

toxic, and it was believed to be one of the most potent non-protein poisonous compounds in 

the world (Lamanna, 1959).  

 

 

Figure 1.5. Some norditerpenoid alkaloids 
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An N-methyl analogue of aconitine (1), mesaconitine (2) was isolated from A. 

manschuricum Nakai sp. nov. in 1929 (Morio, 1929), and in the same year deoxymesaconitine, 

which is more well-known as hypaconitine (3) was also isolated from A. kamtschaticnm Wild 

et Reichb. (A. fischeri Rchb., Majima and Morio, 1929). Aconitine (1) and these two analogues 

have been isolated from widely different species of Aconitum and all three of them show a 

similar arrhythmia-induction effect (Friese et al., 1997). Thus, the total amount of these three 

alkaloids, aconitine (1), mesaconitine (2) and hypaconitine (3), is strictly controlled by HPLC 

in the Aconitum or Aconitum-containing herbal medicines in the TCM according to the Chinese 

Pharmacopeia. These alkaloids with 8-OAc or other fatty acid ester side-chains are sometimes 

known as lipo-alkaloids (Kitagawa et al., 1984). An alkaloid “neopelline” was reported to be 

isolated from A. napellus Linnaeus (Schulze and Berger, 1924), in which acetic acid and 

benzoic acid were used to treat plant extracts. In the next decade, the phytochemists who 

followed the reported method could not obtain this “neopelline”, but rather they obtained 

another alkaloid neoline (4), acquired from a basified extract fragment (Freudenberg and 

Rogers, 1937), and then further structural study suggested that the “neopelline” was highly 

likely to be an artefact as evidenced by a semi-synthetic product of 8-OAc-14-OBz-neoline (5) 

that displayed the same chemical formula as that of “neopelline” (Pelletier et al., 1977). 

 

 

Figure 1.6. Neoline (4) and delphirine (6) and details of their A/E-azabicycles 
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1-Epineoline, delphirine (6) was isolated from Delphinium staphisagria Linnaeus 

(Pelletier and Bhattacharyya, 1976), and these epimers of 1-OH were good for studying the 

influences that conformational changes of the A-ring had on the properties of these 

norditerpenoid alkaloids, e.g. pKa neoline (4) = 7.6, and of its C1 epimer pKa delphirine (6) = 

6.7. The A-ring of neoline (4) adopted a boat conformation with 1α-hydroxyl group (as proton 

donor) forming a hydrogen-bond with the N-ethyl piperidine N-atom (proton acceptor), and the 

A-ring of delphirine (6) was in a chair conformation (Pelletier and Mody, 1979; Fig. 1.6). Such 

pairs of 1-epimers are rarely found among all the known norditerpenoid alkaloids as the 

naturally occurring alkaloids with 1β-orientated oxygenated functional groups are uncommon. 

The primary functional subunit of VSSC is the α-subunit, and it contains four domains (I- 

IV). There have been at least five toxin binding sites reported on domain I. Some hydrophilic 

toxins like tetrodotoxin (7, TTX, Fig. 1.7) are able to bind on the extracellular neurotoxin 

receptor 1 (Catterall, 1992). The lipophilic diterpenoid alkaloids like aconitine (1) and 

mesaconitine (2), which bear esters of 8-OAc and 14-OBz, can bind on the neurotoxin receptor 

2 that was located in the transmembrane, and this binding leading to VSSC remaining in the 

open-state and thereby causing arrhythmia (Adams and Olivera, 1994). Therefore, these diester 

alkaloids are highly toxic, with their LD50 (mice; subcutaneous; mg/kg) = 0.12-0.20 and 0.20, 

respectively (Zhu et al., 1996; Ameri, 1998). This assumption was proved by the toxicity 

reduction of raw roots of Aconitum after being processed by heating to bring about hydrolysis 

(Hikino et al., 1977). 

When the norditerpenoid alkaloids bear different oxygenated substituents, for example 3-

O-acetylaconitine (8) and crassicauline A (9, 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 (Zhu et al., 

1996; Dzhakhangirov et al., 1997; Ameri, 1998). These two naturally occurring alkaloids 

exhibited non-addictive potent analgesic activity [ED50 (mice; hotplate; mg/kg) = 0.16 and 

0.087, respectively], which were even more potent than that of morphine [10, ED50 (mice; 

hotplate; mg/kg) = 5.7]. Although the clinical use of the lipophilic norditerpenoid alkaloids 
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with triester like 3-O-acetylaconitine (8) is in argument as they are still toxic (Ameri, 1998), 3-

O-acetylaconitine (8) and crassicauline A (9) have been introduced (in the 1980s) into clinical 

application in China as analgesic agents for long-term treatment (Lu et al., 1988; Wang et al., 

2007; Zhu et al., 2015). Toxicity versus therapy depends on dose. 

 

 

Figure 1.7. Naturally occurring alkaloids 

 

The most successful medical application of norditerpenoid alkaloids to date is allapinin 

(11), the hydrobromide salt of lappaconitine (12). Lappaconitine (12) was first isolated from 

A. septentrionale Koelle by Rosendahl in the Karolinska Institutet, Sweden reported in 1894 

https://www.nrcresearchpress.com/doi/abs/10.1139/v67-161


 

23 

(Marion et al., 1967; Pelletier and Mody, 1979), and it is the first reported C18-diterpenoid 

alkaloid. This natural alkaloid presents antiarrhythmic activity rather than arrhythmia, and also 

shows non-addictive analgesic properties, and the former effect is relating to the blockade of 

VSSC and the latter is mediated by central nervous system (CNS). This analgesic property of 

lappaconitine (12) working through CNS was proven to be not related to opioid receptors 

(Mollov et al., 1969; Singhuber et al., 2009; Wang et al., 2009). Moreover, a naturally 

occurring homologue of lappaconitine (12), puberanidine (13), which is N-

deacetyllappaconitine, exhibited similar activities, and this compound is also the metabolite 

product of lappaconitine (12) found in the urine of the drug users, both human and mice (Xie 

et al., 1990a; Xie et al., 1990b). The toxicity studies on these two compounds revealed that 

their LD50 (mice; subcutaneous; mg/kg) were 11.7 and 36.4, respectively, which were 

significantly smaller than that of aconitine (1) (Zhu et al., 1996; Ameri, 1998), thereby the 

hydrobromide salt of lappaconitine (10) was introduced into medical practice in Soviet Union 

in 1987 as an antiarrhythmic agent (Vakhitova et al., 2013; Zaurov et al., 2013). In terms of 

structure, this lappaconitine (12) and puberanidine (13) are monoesters and they has smaller 

chance to bind on the neurotoxin receptor 2 in the transmembrane in comparison of lipophilic 

aconitine (1), thus, these compounds are less toxic (Ameri, 1997). When these norditerpenoid 

alkaloids are short of lipophilic ester groups, their activities on VSSC are less whereas the 

effects on the CNS remain, e.g. neoline (4) and lappaconine (14) (Wang et al., 2009). 

Lycoctonine (15, royline, delsine, Fig. 1.8) was first isolated from A. lycoctonum Linnaeus 

by Hübschmann in 1865 (Stern, 1954), and its structure identification took almost ninety years 

until the X-ray data of its derivative are acquired (Przybylska and Marion, 1956). This 

compound was also isolated from Inula royleana DC. Prod. (family Compositae) and several 

species of Delphinium (Edwards and Marion, 1952; Edwards and Rodger, 1959), and thereby 

it has also been named as royline and delsine. As royline and delsine suggested it was originally 

from or mainly occurred in I. royleana and Delphinium plants, and lycoctonine was established 

much earlier than these two names, these names were abandoned (Edwards and Marion, 1954). 
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Figure 1.8. MLA (18) related norditerpenoid alkaloids and semisynthetic analogues 

 

Two naturally occurring analogues of lycoctonine (15, royline) have been isolated. Inuline 

(16) was originally isolated from I. royleana, and it was also found in different species of 

Delphinium (Edwards and Rodger, 1959; Pelletier and Mody, 1979). Lycaconitine (17) was 

also originally isolated from A. lycoctonum in 1913 (Schulze and Bierling, 1913), and it yielded 

products of succinic acid, anthranilic acid and lycoctonine (15) on hydrolysis (Goodson, 1943). 

These three alkaloids are chemically related to the biologically important natural product 

methyllycaconitine (18, MLA). MLA was first isolated from Delphinium brownii Rydb. by 

https://www.nrcresearchpress.com/doi/abs/10.1139/cjr38b-007
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Manske in 1938 with final hydrolytic products of anthranilic acid, 2S-methylsuccinic acid and 

lycoctonine (15), and so it was named as methyl-lycaconitine (Manske, 1938; Goodson, 1943). 

MLA (18) is one of the most potent competitive antagonists of α7 nicotinic acetylcholine 

receptors (nAChRs) with highly selective targeting of the snake venom toxin α-bungarotoxin 

(αBgTx) binding sites, and it is also known as the most active non-peptide competitive 

antagonist of nAChRs (Barrantes et al., 1995; Bergmeier et al., 2004). The 2S-

(methylsuccinimido)benzoate moiety was the key for this compound to exhibit high affinity. 

Compared with MLA (18) IC50 of 7.6 ± 3.4 × 10-9 M (mice brain neuronal α7 nAChR), the IC50 

of lycaconitine (17) on α7 nAChR dropped to 6.8 ± 0.9 × 10-6 M as the methyl group on the 

succinimide was removed, and the IC50 of inuline (16) was even more modest 1.6 ± 0.6 × 10-6 

M due to the removal of the methylsuccinimide group. When the whole 

(methylsuccinimido)benzoate was cleaved, the IC50 of lycoctonine (15) sharply decreased to 

1.0 ± 0.1 × 10-5 M, which indicated that this neopentyl alcohol derived from MLA (18) 

essentially lost all affinity for the α7 nAChRs (Hardick et al., 1996). For the norditerpenoid 

alkaloids substituted with 18-O-2S-(methylsuccinimido)benzoates for instance nudicauline 

(19) and elatine (20), their IC50 stayed at the same level as that of MLA (15), 1.7 ± 0.7 × 10-9 

M and 6.1 ± 1.5 × 10-9 M, respectively. Carroll et al. (2007) reported that chemical modification 

on the alkyl groups on the succinimide of MLA (15) in several ways, e.g. changing the chirality 

of the methylene substituted with a methyl on the succinimide from S to R, increased the 

affinity on α7 nAChR at the same level, e.g. semisynthetic analogues 21, 22 and 23. 

 

1.4. Total synthesis 

As polycyclic norditerpenoid alkaloids display a wide arrange of pharmacological 

activities and possess structural intricacy in their chemical architectures, the total synthesis of 

norditerpenoid alkaloids remains an extremely challenging, but attractive target even for the 

top synthetic chemists. Up to date, only a few norditerpenoids featuring polycyclic skeleta, 

bearing functional groups with various oxygenated levels, have been totally synthesized by 

some outstanding chemists. 
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The first great milestone was reached by Wiesner and his co-workers in the 1970s, who 

successfully synthesized a C19-diterpenoid alkaloid talatisamine (24, Fig. 1.9, Wiesner et al., 

1974), achieving the first total synthesis of a compound belonging to this family of 

norditerpenoid alkaloids. In the next few years, they synthesized another two similar C19-

norditerpenoids, chasmanine (25, Tsai et al., 1977) and 13-deoxydelphonine (26, Wiesner et 

al., 1978), which bear 6-OMe functional groups. 

 

 

Figure 1.9. Norditerpenoid alkaloids that have been totally synthesized  

 

After this initial synthetic success of three related C19-norditerpenoid alkaloids, this 

research area of total synthesis of norditerpenoid alkaloids was silent for almost 30 years until 

Gin and his co-workers made a breakthrough reporting a total synthesis of a C18-diterpenoid of 

neofinaconitine (27), which is an analogue of lappaconitine (12, Shi et al., 2013, Liu and Chen, 

2014). Recently, Sarpong and his co-workers developed a web-based graphing program 

assisting them with the complex retrosynthetic analyses of diterpenoid alkaloids and eventually 

they achieved the impressive total synthesis of weisaconitine D (28) and liljestrandinine (29). 

They then applied their synthetic methods to the total synthesis of C20-diterpenoid alkaloids 

(Marth et al., 2015; Kou et al., 2017). Fukuyama and his co-workers have also recently reported 

a total synthesis of (–)-cardiopetaline (30, Nishiyama et al., 2016). 
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1.5. Structure-activity relationship studies 

Since the bioactivity of MLA (18) was fully revealed, establishing it as the most potent 

competitive antagonist of α7 nAChRs, structure-activity relationships (SAR) of this naturally 

occurring alkaloid have related it back to acetylcholine (31, ACh, Fig. 1.10). 

 

 

Figure 1.10. Key AChR ligands 

 

Generally, AChRs are classified into two types:  muscarinic and nicotinic acetylcholine 

receptors (mAChRs and nAChRs) as they are sensitive to muscarine (32) and nicotine (33), 

respectively. By conformational analyses of the ligands of the different AChRs on the basis of 

X-ray data, Beers and Reich (1970) concluded some key features of AChR ligands in their 

eponymous pharmacophore. The tertiary amines of the ligands can be protonated at neutral pH, 

thus these tertiary amines and quaternary ammonium ions are positively charged centres. The 

distances from positively charged centres to the point on the van der Waals surface of the 

electronegative heteroatoms bearing lone-pair electrons were the key for the AChR ligands to 

exhibit specific affinities whether for the mAChRs or the nAChRs. The point was determined 

as the intersection between the vector of the heteroatom lone-pair electrons that have the 

potential to form an H-bond and the van der Waals surface of the heteroatoms. The mAChRs 

ligands were revealed to have the distance of 4.4 Å, such as in muscarine (32, Fig. 1.11), and 

that of nAChRs ligands was 5.9 Å, e.g. in protonated nicotine (34), known as the muscarinic 

(m) and nicotinic (n) distances respectively in the Beers-Reich pharmacophore. Due to 

conformational differences between ligands, these distances can be slightly different. In ACh 

(31), its ether and carbonyl oxygens are able to provide the distances of 4.4 Å and 5.9 Å to the 

ammonium ion, respectively, therefore ACh (31) is the endogenous ligand of both mAChRs 

and nAChRs. Subsequent studies on these receptors supported these conclusions with respect 

to the Beers-Reich pharmacophore (Sheridan et al., 1986; Tonder et al., 1999). 



 

28 

 

Figure 1.11. Beers-Reich pharmacophore of AChR ligands 

 

 

Figure 1.12. Sheridan pharmacophore of nAChR agonists 

 

Beers-Reich pharmacophore demonstrated that the spatial distance between the positively 

charged centres and the points on the van der Waals surface of the heteroatoms are important, 

but angles from the heteroatoms to those points are hard to know accurately. Sheridan and co-

workers developed this pharmacophore, especially a nAChR pharmacophore, and they not only 

revealed the distances between the key atoms, but also the correlated angles. Therefore, it 

demonstrated the importance of the conformation of the structure for the nAChR 

pharmacophore (Sheridan et al., 1986). 
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Similar to the Beers-Reich pharmacophore, the positively charged centres (point A, Fig. 

1.12) and the electronegative heteroatoms (point B) of the nAChR agonists were employed by 

Sheridan and co-workers, and they also defined a point C, which is C-atoms of carbonyl groups, 

e.g. (–)-muscarone (36) and (–)-cytisine (37), or dummy atoms (labelled D) for the 

electronegative heteroatoms in the functional groups like imine and ether, e.g. S-(–)-nicotine 

(33) and strychnine (38), respectively. Hence, a triangle ABC was built and Sheridan’s work 

found that the distances between A-B was about 4.8 Å, A-C was about 4.0 Å and B-C was 

about 1.2 Å. 

The nAChR pharmacophore was seen in MLA (18, Hardick et al, 1996), and the key 

distance lies between the N-atom of the piperidine E-ring and the ester carbonyl of 18-O-2S-

(methylsuccinimido)benzoate. Aconitine (1) itself shows only modest affinity to nAChRs and 

it bears no nAChR pharmacophore. However, after 3-OH and methyl of 18-OMe were 

specifically removed-chemically and the 2S-(methylsuccinimido) benzoic acid was reacted 

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

(methylsuccinimido) benzoate]aconitine (35, Fig. 1.13) exhibited affinity to nAChRs at the 

same nM level as that of MLA (18). Thus, the importance of both the nAChR pharmacophore 

and the 18-O-2S-(methylsuccinimido)benzoate moiety of MLA was clearly demonstrated by 

the Blagbrough research group (Hardick et al., 1995). 

 

 

Figure 1.13. Adding the nAChR pharmacophore to aconitine (1)  

https://en.wikipedia.org/w/index.php?title=2-(methylsuccinimido)-benzoic_acid&action=edit&redlink=1
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1.6. Aims and Objectives 

This research project is about norditerpenoid alkaloids from Aconitum and Delphinium 

plants. Despite their similar sounding trivial names and being based on the same hexacyclic 

skeleton, norditerpenoid alkaloids are not substituted with the same oxygenated functionalities 

and, probably correlated, they therefore display different bioactivities. Conformations of these 

alakloids as well as their functional groups determine their bioactivities. Therefore, 

conformational studies on these alkaloids and their analogues might be instructive for 

improving the rational design of synthetic analogues. Also, there are still many chemical 

analytical aspects in the characterisation of these natural products that are incomplete, e.g. the 

various unknown aspects of their NMR spectroscopy and X-ray crystallography. The literature 

on 1D NMR spectroscopic signal assignments of some well-known norditerpenoid alkaloids, 

e.g. lycoctonine, lappaconitine, are not definitive as 2D NMR data were rarely used to support 

their assignments. Therefore, comprehensive 2D NMR spectra of several selected 

norditerpenoid alkaloids will be provided in this work. X-ray data of norditerpenoid alkaloids 

are only sporadically reported in previous papers. Hence, a series of X-ray studies of these 

alkaloids are going to be obtained in order to search for their common conformational features 

which are the key for designing synthetic analogues mimicking these alkaloids. 

The objectives to achieve the above research aims are divided in to three aspects. Firstly, 

detailed NMR spectroscopic studies of selected members of the norditerpenoid alkaloid series 

will be undertaken, which will involve coupling analysis on 1H signals and comprehensive 2D 

NMR for obtaining precise assignments and understanding the solution conformations, 

especially those of the A/E-rings of these alkaloids. Secondly, A/E-azabicyclic analogues of 

MLA will be designed and synthesized, which will demonstrate the structural relationship 

between the different potential target simplified analogues and their corresponding 

norditerpenoid alkaloid natural product. Thirdly, a wide variety of single-crystal X-ray 

diffraction studies will be undertaken confirming the NMR conformational studies on the 

alkaloids and their synthetic analogues, if suitable crystals are obtained. 

These chemical analyses will make detailed use of NMR spectroscopy, mass 

spectrometry, and single-crystal X-ray diffraction studies for gaining a detailed understanding 

of the conformations of the selected norditerpenoid alkaloids and of their synthetic analogues. 
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Chapter 2. Conformational studies of norditerpenoid alkaloids by detailed NMR 

 

2.1. Introduction 

The phenomenon of nuclear magnetic resonance (NMR) was first observed in 1946 and it 

has been widely used in organic chemistry since the 1960s helping chemists to identify 

structures of molecules. The power of the technique grows steadily and now NMR 

spectroscopy is greatly used in areas of biology as well as across chemistry (Timothy, 2009). 

It is now regarded as one of the most helpful methods for structure evaluation (Williams and 

Fleming, 2007). 

The discovery and application of NMR spectroscopy impacts areas of physics, biology, 

chemistry and their branch disciplines. To date, 6 Nobel Prizes have been awarded to the 

outstanding scientists who made extraordinary contributions to this technique. The first Nobel 

Prize laureate related to NMR was Otto Stern, who developed the molecular ray method and 

discovered the magnetic moment by application of an inhomogeneous magnetic field on the 

magnetic moment of atoms leading to the deflexion of the atoms. He won the Nobel Prize in 

Physics in 1943. In the next year, the Nobel Prize in Physics was awarded to another NMR 

research pioneer, Isidor I. Rabi. Rabi recorded the magnetic properties of atomic nuclei in the 

molecular beam by understanding that the nuclei emit electromagnetic radio waves with the 

same frequency as the Larmor precession frequency of the atomic nuclei in a magnetic field. 

In 1946, Felix Bloch and Edward M. Purcell developed accurate NMR measurement by 

determination of the evolution time of nuclear magnetization with the Bloch equations, and 

then they demonstrated the NMR measurement in solutions and solids. Since then, NMR has 

become popularly used to identify molecular structures. Bloch and Purcell were awarded the 

Nobel Prize in Physics in 1952. 

In fact, the evaluation of complex organic compounds with only one-dimensional (1D) 

NMR spectroscopies, e.g. 1H and 13C spectroscopies, is not easy, especially when signals are 

overlapped. From 1960 to 1970, Richard R. Ernst improved NMR methods and finally 

achieved the Fourier transform NMR spectroscopy, and this technique is able to perform 
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multiple-dimensional NMR spectroscopies, of which two-dimensional (2D) NMR 

spectroscopies are now widely applied for molecular structure studies. Due to his tremendous 

contribution on the development of the NMR methods, Ernst won the Nobel Prize in Chemistry 

in 1991. NMR is also able to assist the studies on the stereochemistry of biological molecules, 

like proteins, that normally consist of large number of atoms. Single-crystal X-ray diffraction 

on these molecules can produce precise structural data in solids. However, scientists working 

on biology are often concerned about the solution structure. Kurt Wüthrich was awarded the 

Nobel Prize in Chemistry in 2002 for his development of the NMR methods on determination 

of the 3D structure of biological molecules. Apart from application of NMR in the basic 

sciences, the technique based on the phenomenon of NMR was also used in medicine, which 

is magnetic resonance imaging (MRI). Paul C. Lauterbur and Sir Peter Mansfield (University 

of Nottingham) were awarded the Nobel Prize in Physiology or Medicine in 2003 for their 

contribution on the development of MRI. 

Before the 1960s, the structural identification of norditerpenoid alkaloids had to be based 

on the chemical degradation with some support from UV and IR spectroscopy. Wherever 

possible, X-ray single-crystal diffraction was applied. From 1976, the application of 1H and 13C 

NMR spectroscopy on the norditerpenoid alkaloids has been widely reported, and some 

spectroscopic features of these natural products have been summarized (Pelletier and Djarmati, 

1976; Wang, 2008; Wang and Chen, 2010). With the further development of NMR resolution, 

mainly due to ever increasing spectrometer frequency which has now reached 1000 MHz, 

together with the now routine application of multiple dimension NMR techniques, especially 

2D NMR such as COSY, HSQC and HMBC. NMR spectroscopy is therefore firmly established 

for structural studies of complicated natural products such as norditerpenoid alkaloids. NMR 

spectroscopy is not only able to be applied for identifying planar structures, but also provides 

the opportunity to evaluate the stereochemistry of a molecule by analysis of the coupling 

patterns of some specific 1H signals and the application of nuclear Overhauser effect (NOE) 

experiments. 
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In this Chapter, comprehensive 1D and 2D NMR (1H and 13C; COSY, HSQC, HMBC and 

NOESY) studies with a 500 MHz spectrometer on five selected norditerpenoid alkaloids (free 

bases) were achieved. These alkaloids are: aconitine (1), lycoctonine (2), lappaconitine (3) 

crassicauline A (4) and methyllycaconitine (5, MLA, Fig. 2.1). Spectroscopies of two acidified 

norditerpenoids, aconitine hydrochloride (6) and lappaconitine hydrobromide (7, Fig. 2.2), salts 

dissolved in D2O, have also been recorded. Based on the 1H NMR spectroscopic assignments, 

NOESY analyses were carried out, and combined with analyses of 1H coupling patterns of 

protons on the A-rings of these alkaloids, the solution conformations of the A/E-

[3.3.1]azabicycles of the natural products have been determined. 

 

 

Figure 2.1. The selected norditerpenoid alkaloids and their skeleton 
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Figure 2.2. The two norditerpenoid alkaloid salts 

 

2.2. Results 

2.2.1. NMR studies of norditerpenoid alkaloid free bases 

Aconitine (1) 

Aconitine (1) is the first isolated and possibly the most typical aconitine-type C19-

diterpenoid alkaloid, hence the sub-type was named by this alkaloid and this is the diterpenoid 

alkaloid sub-type with largest number of members, 351 (Wang and Chen, 2010). The alkaloids 

that belong to this sub-type feature 6α-oxygenated functionalities and 7-H. NMR analysis on 

aconitine (1) was achieved, and the assignments of 1H and 13C are shown in Table 2.1, which 

were achieved by COSY, HSQC and HMBC, and the key COSY and HMBC are shown in Fig. 

2.3. These results are in agreement with previous studies (Pelletier and Djarmati, 1976; Joshi 

et al., 1987).  

 

 

Figure 2.3. Aconitine (1) and key COSY and key HMBC correlations 
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Table 2.1. NMR data of aconitine (1; CDCl3; 1H 500 MHz; 13C 125 MHz; calibrated with TMS) 

Carbon δc 
δH, multiplicity  

(J, in Hz; orientation or label) 
key HMBC (C→H) key NOESY 

1 82.39 3.13, dd (8.1, 5.7) 1-OMe 3-H, 12-Ha', 12-He' 

2 33.63 
2.38, m (α/a)a 

- 
- 

2.01, dt (12.5, 5.7; β/e) - 

3 71.59 3.77, ma - 1-H 

4 43.14 - 
5-H, 6-H, 18-HA, 18-

HB, 19-Ha, 19-He 
- 

5 46.85 2.11, ma,b - - 

6 83.38 4.04, br d, (6.6) 6-OMe - 

7 44.70 2.84, s - 19-Ha 

8 92.06 - 6-H, 17-H - 

9 44.21 2.91, ma - 12-Ha' 

10 40.91 2.11, ma,b 1-H  

11 50.01 - 1-H, 2-He, 7-H, 17-H  

12 35.83 
2.74, m (α/e')a,c 

13-OH, 16-H 
1-H, 15-OH 

2.14, m (β/a')a 1-H, 9-H, 14-H 

13 74.06 - 13-OH - 

14 78.92 4.88, d (5.0) 13-OH 12-Ha' 

15 78.86 4.48, dd (5.4, 2.8) 15-OH - 

16 89.97 3.34, d (5.3) 15-OH, 16-OMe 17-H 

17 61.04 3.11, br s - 16-H, 1-OMe 

18 76.85 
3.63, d (8.9; HB) 

3-H, 18-OMe 
- 

3.50, d (8.9; HA) - 

19 47.01 
2.89, m (e)a 

- 
- 

2.35, m (a)a 7-H 

NCH2CH3 

(N-1) 
48.95 

2.74, m (N-1B)a,c 
NCH2CH3 

- 

2.39, m (N-1A)a - 

NCH2CH3 

(N-2) 
13.36 1.10, t (7.1)  - - 

1-OMe 55.95 3.26, s - 17-H 

6-OMe 58.01 3.17, s - - 

16-OMe 61.16 3.75, s - - 

18-OMe 59.14 3.30, s - - 

CH3CO 21.45 1.39, s - - 

CH3CO 172.45 - CH3CO - 

PhCO 166.11 - 14-H, 2'-H, 6'-H - 

1' 129.79 - - - 

2' and 6' 128.67 8.03, d (7.5) - - 

3' and 5' 129.63 7.46, t (7.5) - - 
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4' 133.31 7.58, t (7.5) - - 

13-OH - 3.94, s - - 

15-OH - 4.39, d (2.8) - 17-H 

* Orientation label: a = axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-

equatorial. 

a. The accurate δH of the overlapping signal was extracted from HSQC. 

b. 5-H and 10-H were fully overlapped. 

c. 12-He and N-1B were fully overlapped. 

 

On the basis of the assignment of proton signals, NOESY analysis was carried out, which 

was focused on assigning the orientation of three methylene groups, 2-H, 12-H and 19-H, in 

the skeleton of this natural product (Fig. 2.4). Secondly, the solution (CDCl3) conformation of 

the A/E-azabicycle in aconitine (1) was investigated. 

 

 

Figure 2.4. Aconitine (1) and key NOESY correlations 

 

The key NOESY correlations were shown in the Fig. 2.4. 12-Ha' was correlated to 9-H and 

14-H, both of which are on axial positions (β), thus the signal of 2.74 ppm was assigned to 12-

Ha'. Therefore, the orientations of 12-H were revealed. The correlation between 19-Ha/7-H was 

observed, thus orientations of 19-H were also revealed. It is appropriate to present the 
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orientations of the 19-H using axial and equatorial rather than α and β because both of 19-H 

were indicated to be α-orientated when this way of structure drawing was employed. The 

orientation of C7 will be discussed in Chapter 4. 

E-rings in these norditerpenoid alkaloids cannot flip in to boat conformations (Codding, 

1982) as there are only two flexible C-atoms in the N-substituted piperidine ring. NOESY 

correlation of 1-OMe/17-H means that 1-OMe is on the equatorial position, thus 1-H is axial. 

Another correlation of 1-H/3-H (axial-axial 1,3-interaction) further proved that the A-ring has 

to be in a chair conformer. In addition, NOESY correlations between 17-H/15-OH and 17-

H/16-H were observed which confirmed the orientations of 15-OH (α) and 16-H (α), and this 

result was further supported by the following X-ray study on this compound, see Chapter 4. 

None of decisive NOESY correlations was found to determine the orientations of 2-H. 

One of 2-H signals (2.38 ppm) was overlapped with N-1A and 19-Ha, however, the other 2-H 

signal (2.01 ppm) was well-separated, thus its coupling pattern was analysed to understand its 

orientation. In six-membered rings, such as cyclohexane rings, axial-axial vicinal coupling 

constant 3Jaa is known to be as large as a geminal coupling constant 2Jgem (9-14 Hz), and axial-

equatorial 3Jae and equatorial-equatorial 3Jee constants are small (2-5 Hz, Williams and Fleming, 

2007). When the chair conformation of the cyclohexane ring was further stabilized with some 

factors, e.g. fused in bicycles (Carroll et al., 1982), attached to substituents (Grenier-Loustalot 

et al., 1977a; Grenier-Loustalot et al., 1977b; Höfner et al., 1978), or at low temperatures 

(Garbisch and Griffith, 1968), 3Jae can be clearly differentiated from 3Jee. 3Jae was detected to 

be ~5-7 Hz and 3Jee was typically ~2-4 Hz. 

 

Figure 2.5. 1H NMR spectrum expansion: Coupling pattern of 2-He of aconitine (1) 
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The signal at 2.01 ppm on the 1H spectrum of aconitine (1) displayed a doublet of triplets 

(Fig. 2.5) as a consequence of its coupling with 2-Ha (2Jgem = 12.5 Hz), 1-Ha (3Jae = 5.7 Hz) and 

3-Ha (3Jae = 5.7 Hz). Therefore, this signal of 2-H was assigned to 2-He, and therefore the other 

2-H at 2.38 ppm is concluded to be 2-Ha. 

Additionally, both axial and equatorial 12-H have been proven to be close to 1-OMe in 

space by NOESY correlations of 1-OMe/12-Ha' and 1-OMe/12-He', which generates a repulsive 

force leading the conformation of the A-ring to become twisted. The interaction, also an 

observed NOESY correlation, between 7-H/19-Ha may also lead the E-ring to be twisted. 

 

Lycoctonine (2) 

The orientation of 1-OMe lycoctonine (2) was one of the top topics in this research area 

in the 1970s, which had been incorrectly assigned to β-oriented and then it was revised to α-

oriented (Pelletier et al., 1981). As its structure was well-studied, a sub-type of C19-diterpenoid 

alkaloid, lycoctonine-type, was named by this compound, and this sub-type has the second 

largest number of members (284) among all the sub-types of diterpenoid alkaloids. This sub-

type features 6β,7β-oxygenated groups (Wang and Chen, 2010). 

With the assistance of 2D NMR (COSY, HSQC and HMBC, key correlations are shown 

in Fig. 2.6), 1H and 13C signals of lycoctonine (2) were fully assigned (Table 2.2). 

 

 

Figure 2.6. Lycoctonine (2) and key COSY and key HMBC correlations 
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Table 2.2. NMR data of lycoctonine (2; CDCl3; 1H 500 MHz; 13C 125 MHz; calibrated with TMS) 

Carbon δc 
δH, multiplicity 

(J, in Hz; orientation or label) 
key HMBC (C→H) key NOESY 

1 84.31 2.94, dd (10.0, 7.5) 1-OMe 3-Ha,  

2 26.16 
2.15, tdd (14.5, 10.0, 4.9; α/a) 

- 
19-He 

2.08, m (β/e) - 

3 31.65 
1.65, m (α/e)a 

- 
- 

1.52, tdd (14.5, 4.9, 1.8; β/a)a 1-H 

4 38.56 - 19-Ha - 

5 49.62 1.68, sa 3-Ha, 18-HB - 

6 90.62 3.84, s 6-OMe 19-Ha 

7 88.48 - 8-OH, 15-Hb - 

8 77.50 - 6-H, 8-OH - 

9 43.26 3.06, dd (7.0, 4.7) - - 

10 46.15 1.91, ddd (11.7, 7.0, 4.9) 1-H, 5-H - 

11 48.87 - 2-He, 6-H - 

12 28.72 
2.43, dd (14.4, 4.9; α/e') 

16-H 
1-H, 15-Hb, 16-H, 17-H 

1.83, m (β/a')a,b 14-H 

13 38.07 2.33, dd (7.0, 4.9) - - 

14 83.93 3.60, ma 14-OMe 12-Ha' 

15 33.60 
2.60, m (α/b)a 

8-OH, 9-H, 13-H 
12-He' 

1.66, m (β/f)a - 

16 82.61 3.21, dd (9.0, 7.0) 14-H, 16-OMe 12-He' 

17 64.89 2.90, ma,c N-1A 12-He' 

18 67.79 
3.63, m (HB)a 

19-Ha, 3-He 

- 

3.35, m (HA)a - 

19 52.61 
2.59, m (e)a 

3-Ha, 5-H, N-1A 
- 

2.27, dd (11.7, 1.8; a) 6-H 

NCH2CH3 

(N-1) 
51.14 

2.90, m (N-1B)a,c 
19-Ha 

- 

2.79, dq (13.7, 7.0; N-1A) - 

NCH2CH3 

(N-2) 
14.18 1.04, t (7.0) N-1A - 

1-OMe 55.83 3.25, s - - 

6-OMe 57.91 3.45, s - - 

14-OMe 57.82 3.41, s - - 

16-OMe 56.29 3.34, s - - 

8-OH - 4.08, s - - 

* Orientation label: a = axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-

equatorial. 

a. The accurate δH of the overlapping signal was extracted from HSQC. 

b. 12-Ha overlapped with a HDO signal. 
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c. 17-H and N-1B were fully overlapped. 

 

Figure 2.7. Lycoctonine (2) and key NOESY correlations 

 

Based on detailed 1H NMR signal assignments, NOESY analysis was carried out (Fig. 

2.7). As the E-ring adopts a chair conformation, NOESY correlation of 6-H/19-Ha indicated 

orientations of axial and equatorial 19-H. Combined with correlations of 2-Ha/19-He, which 

proved the orientations of both of 2-H, it is therefore inferred that the A-ring is in a chair 

conformation. 

 

 

Figure 2.8. 1H NMR spectrum expansion: coupling pattern of 3-Ha of lycoctonine (2) 
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As 1-H was correlated with 3-Ha on the NOESY spectrum, the orientation of 3-H was 

revealed. Alternatively, the coupling pattern of the well-separated signal of 3-Ha (1.52 ppm) 

can be used to determine its orientation, which showed a triplets of doublets of doublets, and it 

was the result that it was coupling with 3-He (2Jgem = 14.5 Hz), 2-Ha (3Jaa = 14.5 Hz), 2-He (3Jae 

= 4.9 Hz) and some long-range coupling (4J = 1.8 Hz) detailed in Fig. 2.8. 

NOESY correlations of 14-H/12-Ha' and 16-H/12-He' revealed orientations of 12-H. The 

12-He' was close to 1-OMe in space determined from correlations of 12-He'/1-H and 12-He'/17-

H. Also, 12-He' was correlated with 15-Hb, and it showed the orientations of flagpole and 

bowsprit 15-H, which were used to describe protons on the flap carbon in the boat-like 

cyclohexane ring, which has been detailed in Chapter 4. The D-ring was confirmed to be in a 

boat conformation by single-crystal X-ray data (see Chapter 4). 

In comparison with the reported 13C assignments of lycoctonine (2) (Table 2.3), 

assignments of C5, C9, C10 and C13 are in disagreement (Jones and Benn, 1973; Pelletier et 

al., 1977; Chen and Wu, 1990). COSY and HMBC were employed for interpretation of the 

assignments in this study, and HSQC was applied to indicate the C-H one-bond links. 

Correlations of 9-H/10-H, 5-H/6-H were observed in the COSY spectrum (Fig. 2.9), thus C5 

can be assigned. HMBC spectrum showed that C5 was correlated with 18-HB and 3-Ha, and 5-

H was correlated with C19 (Fig. 2.10). COSY correlations of 10-H/12-He and 9-H/14-H 

showed as well as HMBC correlations of C10/1-H and C10/5-H. As for C13, 13-H showed 

correlations with 12-Ha' and 14-H on COSY spectrum, it also showed a long-range correlation 

with C15 on HMBC, thus the assignment of C13 was confirmed and therefore corrected. 

 

Table 2.3. Comparison of 13C NMR data of lycoctonine (2) 

Carbon 

Previous studies This study 

(125 MHz, 

CDCl3) 
Jones and Benn, 1973  

(22.63 MHz, CDCl3)
 

Pelletier et al., 1977 

(15.03 MHz, CDCl3) 

Chen and Wu, 1990 

(100 MHz, CDCl3) 

5 43.4a 43.3 43.1 49.62 

9 49.7a 49.7 49.9 43.26 

10 46.1a 38.0 45.5 46.15 

13 38.0 46.1 38.2 38.07 

a. Original comment in the article: Uncertainties in assignment within a given group. 
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Figure 2.9. COSY spectrum expansion of lycoctonine (2) and key correlations 
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Figure 2.10. HMBC spectrum expansion of lycoctonine (2) and key correlations 
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Lappaconitine (3) 

Lappaconitine (3) is the first isolated and the most well-known of the C18-diterpenoid 

alkaloids as its hydrobromide salt (7, allapinin) is a clinically applied antiarrhythmic agent. 

This alkaloid was classified into lappaconine sub-type, lappaconitine type C18-diterpenoid 

alkaloids, and the members in this subtype are characterized as bearing 4-oxygenated group, 

6-methylene and 7-methine, and most of them also have 9-OH (Wang et al., 2009). 

With the assistance of 2D NMR spectroscopy (COSY, HSQC and HMBC, key 

correlations are shown in Fig. 2.11), 1H and 13C signals of lappaconitine (3) were fully 

assigned (Table 2.4). No COSY, HSQC, HMBC or NOESY data of this compound (3) have 

been previously reported. 

 

 

Figure 2.11. Lappaconitine (3) and key COSY and key HMBC correlations 

 

Table 2.4. NMR data of lappaconitine (3; CDCl3; 1H 500MHz, calibrated with TMS; 13C 125 MHz, 

calibrated with CDCl3) 

Carbon δc 
δH, multiplicity 

(J, in Hz; orientation) 

key HMBC 

(C→H) 
key NOESY 

1 84.26 3.19, dd (10.3, 6.9) 10-H, 1-OMe 3-Ha, 5-H 

2 26.88 
2.23, tdd (12.4, 10.3, 5.0; α/a)a 

- 
- 

2.11, m (β/e)a 1-OMe 
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3 31.94 
2.59, m (α/e)a 

19-He 

19-He 

1.75, dddd (14.5, 12.4, 5.0, 2.2; β/a) 1-H, 5-H 

4 84.71 - 6-Ha', 19-He  - 

5 48.63 2.34, ma 7-H, 19-He 1-H, 3-Ha 

6 24.26 
2.63, dd (15.2, 7.5; β/e')a 

- 
- 

1.53, dd (15.2, 8.2; α/a') 19-Ha, 6'-H 

7 47.69 2.09, d (8.2) - 19-Ha 

8 75.77 - 6-Ha' - 

9 78.68 - 12-Ha' - 

10 49.95 2.03, dd (12.4, 4.6) 1-H - 

11 51.09 - 6-Ha' - 

12 26.35 
2.43, dd (15.3, 4.3; α/e')a 

- 
15-Hb, 17-H, 1-OMe 

1.91, m (β/a')a 14-H 

13 36.43 2.31, ma - - 

14 90.26 3.37, d (4.9) 14-OMe 12-Ha' 

15 44.99 
2.33, m (α/b)a 

7-H, 13-H 
12-He', 17-H 

1.95, m (β/f)a - 

16 83.02 3.24, ma,b 16-OMe - 

17 61.67 2.95, s 7-H, 10-H, N-1 12-He', 15-Hb 

19 55.65 
3.52, br d (11.7; e) 

N-1 
3-He 

2.48, m (a)a 3-Ha, 7-H 

NCH2CH3 

(N-1) 
49.15 2.52, ma N-2 - 

NCH2CH3 

(N-2) 
13.65 1.06, t (7.2) - - 

1-OMe 56.69 3.23, s - 2-He, 12-He' 

14-OMe 58.07 3.34, s - - 

16-OMe 56.27 3.24, sb - - 

1' 115.89 - 5'-H - 

2' 141.78 - 4'-H - 

3' 120.35 8.68, d (8.0) NH - 

4' 134.52 7.43, td (8.0, 1.5) - - 

5' 122.46 6.96, t (8.0) - - 

6' 131.21 7.85, dd (8.0, 1.5) - 6-Ha' 

COCH3 25.69 2.16, s - - 

OCOAr 167.55  - 6'-H - 

NHCO 169.19 - NH, COCH3 - 

NH - 10.99, s - - 

* Orientation label: a = axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-

equatorial. 

a. The accurate δH of the overlapping signal was extracted from HSQC or HMBC. 

b. 16-Ha and 16-OMe were overlapped. 
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Figure 2.12. Lappaconitine (3) and key NOESY correlations 

 

Following the detailed 1H NMR assignment, NOESY analysis on lappaconitine (3) 

focusing on the conformation of the A/E bicycle was carried out. Key NOESY correlations 

are shown in Fig. 2.12. 

NOESY correlations of 6-Ha'/19-Ha and 7-H/19-Ha can be used to infer the orientations 

of axial and equatorial proton 19-H. The correlations of 3-He/19-He and 1-OMe/17-H showed 

that the A-ring is in a chair conformation supported by the correlations of 1-H/3-Ha, 1-H/5-H 

and 3-Ha/5-H, thus A/E-rings are in a chair-chair conformation. Orientations of 2-H were 

determined by observing a correlation of 2-He/1-OMe. 12-Ha' was correlated with 14-H that is 

axial, and 12-He' was correlated with 1-OMe and 17-H, thus orientation of axial and equatorial 

12-H are assigned. Also, the correlations of 15-Hb/12-He' (both on the α face) and 15-Hb/17-H 

were seen, therefore flagpole and bowsprit 15-H were assigned. Moreover, 12-He' was proven 

to be close to 1-OMe, and 6-He' and 7-H were close to 19-He, which caused a through space 

repulsive force on the A/E-rings. 



 

52 

In comparison with reported (Pelletier et al., 1979) 13C assignments of lappaconitine (3) 

(Table 2.5), assignments of C2, C6, C10, C12 and C13 are in disagreement. COSY and HMBC 

were employed for interpretation of the assignments in this study, and HSQC was applied to 

indicate the C-H one-bond links.  

 

Table 2.5. Comparison of 13C NMR data of lappaconitine (3) 

Carbon 

Previous study 

(Pelletier et al., 1979) 

(15.03 MHz, 30 °C, CDCl3) 

This study 

(125 MHz, 25 °C, CDCl3) 

2 26.2 26.88 

6 26.8 24.26 

10 36.4 49.95 

12 24.2 26.35 

13 49.0 36.43 

 

The signal of 2-Ha showed COSY correlations with 1-H and 3-Ha which confirmed 

assignments of C2 (Fig. 2.13). 6-Ha' was correlated to 7-H on COSY, and it also showed long-

range correlations with C4, C8 and C11 on HMBC (Fig. 2.14). 10-H was correlated with 12-

He' on COSY and C10 showed HMBC correlations with 1-H. 13-H was correlated with 14-H 

on COSY and it showed HMBC correlations with C15. The COSY correlation of 10-H/12-He' 

was observed as well as the HMBC correlation of 12-Ha'/C-9. Hence the assignments of this 

work is all confirmed. 
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Figure 2.13. COSY spectrum expansion of lappaconitine (3) and key correlations 
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Figure 2.14. HMBC spectrum expansion of lappaconitine (3) and key correlations
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Crassicauline A (4) 

Crassicauline A (4), also known as bulleyaconitine A, is an analgesic, and it has been 

clinically used mainly for the treatment of different types of pain caused by osteoarthritis, 

periarthritis humeroscapularis (frozen shoulder), lumbar muscle strain and sprain (Chen et al., 

2011). Compared with aconitine (1), this aconitine-type alkaloid is 3,15-dehydroxylated, and 

it has a p-anisoyl group replacing the benzoyl group on the C14 oxygen. 

2D NMR (COSY, HSQC and HMBC, key correlations are shown in Fig. 2.15), 1H and 

13C signals of crassicauline A (4) are assigned (Table 2.6). 

 

 

Figure 2.15. Crassicauline A (4) and key COSY and key HMBC correlations 

 

Table 2.6. NMR data of crassicauline A (4; CDCl3; 1H 500 MHz; 13C 125 MHz; calibrated with TMS) 

Carbon δc 
δH, multiplicity 

(J, in Hz; orientation or label) 
key HMBC (C→H) key NOESY 

1 85.02 3.03, dd (10.5, 6.6)a 1-OMe 2-He, 12-He' 

2 26.33 
2.29, tdd (13.5; 10.5; 4.7; α/a) 

- 
19-H 

1.95, m (β/e) 1-H, 1-OMe 

3 34.92 
1.66, ddd (13.5, 5.3, 3.3; α/e) 

- 
19-H 

1.59, td (13.5, 4.7; β/a) 1-H, 5-H 
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4 39.13 - 2-He, 6-H, 19-H - 

5 49.51 2.09, mb 18-HA, 19-H 3-Ha 

6 83.04 3.97, d (6.8) 6-OMe - 

7 49.11 3.02, ma 15-Hb 19-H 

8 85.59 - 16-H - 

9 45.13 2.89, ma - - 

10 41.01 2.09, ma,b 1-H - 

11 50.17 - 2-Ha, 12-He' - 

12 35.80 
2.79, m (α/e') 

13-OH, 16-H 
1-H, 1-OMe 

2.09, m (β/a')a,b - 

13 74.86 - 13-OH, 15-Hb - 

14 78.56 4.87, d (5.1) 16-H - 

15 39.33 
3.00, m (α/b)a 

- 
- 

2.44, m (β/f)a 2'-H, 6'-H 

16 83.70 3.38, dd (9.1, 5.5) 13-OH, 16-OMe - 

17 62.04 2.91, ma 1-H, 10-H, N-1B - 

18 80.40 
3.60 d (8.5; HB) 

18-OMe 
- 

3.18 d (8.5; HA) - 

19 53.62 2.48, ma 3-Ha, 3-He, 18-HA, 18-

HB, N-1B 
2-Ha, 3-He, 7-H 

NCH2CH3 

(N-1) 
49.18 

2.58, dq (12.1, 7.2; N-1B) 
N-2 

- 

2.45, m (N-1A)a - 

NCH2CH3 

(N-2) 
13.49 1.09, t (7.2) - - 

1-OMe 56.21 3.25, s - 2-He, 12-He' 

6-OMe 57.79 3.15, s - - 

16-OMe 58.73 3.52, s - - 

18-OMe 59.11 3.28, s - - 

4'-OMe 55.44 3.85, s - - 

COCH3 21.69 1.33, s - - 

COCH3 169.88 - COCH3 - 

COAr 166.14 - 14-H, 6'-H - 

1' 122.72 - - - 

2' and 6' 131.72 8.01, d (8.8) - 15-Hf 

3' and 5' 113.74 6.92, d (8.8) - - 

4' 163.41 - 4'-OMe - 

13-OH - 3.81, s - - 

* Orientation label: a = axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-

equatorial. 

a. The accurate δH of the overlapping signal was extracted from HSQC or HMBC. 

b. 5-H, 10-H and 12-Ha were fully overlapped. 
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Figure 2.16. Structure of crassicauline A (4) and key NOESY correlations 

 

Based on detailed 1H signal assignments, NOESY analysis (Fig. 2.16) on crassicauline A 

(4) was accomplished. 3-H was NOESY correlated with 1-Ha and 5-H, hence the orientations 

of 3-H are revealed. Also, axial and equatorial 2-H can be assigned following observation of 

NOESY correlations of 2-He/1-H and 2-He/1-OMe, where 2-Ha did not show similar 

correlations. The E-ring is known to be in a chair conformation, and NOESY correlations of 

2-Ha/19-H and 3-He/19-H were observed. Thus, the A/E-rings have adopted a chair/chair 

conformation. 12-He' showed NOESY correlations with both 1-H and 1-OMe indicating the 

orientations of 12-H, and it also revealed that 12-He' was close to 1-OMe in space. The flagpole 

15-Hf was correlated to 6'-H. Thus, flagpole and bowsprit 15-H in the D-ring were assigned. 

COSY and HMBC were employed for confirming the assignments of C3 and C12 of 

crassicauline A (4) as the 13C NMR signal assignments of these two carbons in this study 

disagreed with the reported data (Wang and Pelletier, 1987; Table 2.7), and C-H one-bond 

links were indicated by HSQC. 

 
Table 2.7. Comparison of 13C NMR data of crassicauline A (4) 

Carbon 

Previous study 

(Wang and Pelletier, 1987) 

(22.5 MHz, CDCl3) 

This study 

(125 MHz, CDCl3) 

3 35.4 34.92 

12 34.5 35.80 



 

58 

Axial and equatorial 3-H were assigned by support of their COSY correlations with axial 

and equatorial 2-H (Fig. 2.17), and then C2 was also assigned with HSQC, and it was further 

confirmed by HMBC correlations of C19/3-H and C3/18-H (Fig. 2.18). Moreover, C12 

showed HMBC correlations with 16-H and 13-OH proved the assignment of C12 in this work, 

and therefore the assignments of C3 and C12 were also confirmed. 

 

 
Figure 2.17. COSY spectrum expansion of crassicauline A (4) and key correlations 
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Figure 2.18. HMBC spectrum expansion of crassicauline A (4) and key correlations
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Methyllycaconitine (5, MLA) 

MLA (5) is one of the most potent competitive antagonists of α7 nAChRs with highly 

selective targeting of the snake venom toxin α-bungarotoxin (αBgTx) binding sites, and it is 

also known as the most active non-peptide competitive antagonist of nAChRs (Peng and Ding, 

2015). In terms of structure, this compound is an 18-O-(2-methylsuccinimide)anthraniloyl 

ester of lycoctonine (2), therefore MLA (5) is a lycoctonine-type C19-diterpenoid alkaloid. The 

importance of this anthraniloyl moiety of MLA is widely known. Cleavage of this aromatic 

side-chain leads to reduction of affinity on the receptor by 2000-fold (Hardick et al., 1996). 

With the assistance of 2D NMR (COSY, HSQC and HMBC, key correlations are shown in 

Fig. 2.19), 1H and 13C signals of MLA (5) were assigned and details are given in Table 2.8, 

which are further supported by the reported assignments, especially 13C NMR assignments 

(Sun and Benn, 1992; Batbayar et al., 2003). 

 

 

Figure 2.19. MLA (5) and key COSY and key HMBC correlations 
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Table 2.8. NMR data of MLA (5; CDCl3; 1H 500 MHz, calibrated with TMS; 13C 125 MHz, 

calibrated with CDCl3) 

Carbon δc 
δH, multiplicity 

(J, in Hz; orientation or label) 

key HMBC 

(C→H) 
key NOESY 

1 84.12 2.91, dd (10.5, 7.1) - 3-H, 5-H, 12-He' 

2 26.27 
2.10, tdd (14.7, 10.5, 5.2; α/a)  

- 
19-He 

2.02, m (β/e) - 

3 32.25 
1.67, m (α/e)a 

18-HB, 19-He 
19-He 

1.47, m (β/a)a 1-H, 6'-H 

4 37.69 - 6-H, 18-HB, 19-He - 

5 50.34 1.65, ma 19-He 1-H, 6'-H 

6 90.96 3.80, s - 19-Ha 

7 88.64 - 6-H, 15-Hf, 15-Hb - 

8 77.67 - 6-H, 8-OH - 

9 43.38 3.00, ma 13-H, 14-H, 15-Hb - 

10 46.26 1.87, ddd (12.0, 7.1, 5.1) 1-H - 

11 49.20 - 2-Ha, 12-He' - 

12 28.85 
2.35, dd (12.0, 2.3; α/e') 

- 
1-H, 1-OMe 

1.77, ddd (14.8, 12.0, 7.5; β/a') 14-H 

13 38.34 2.26, dd (7.5, 4.6) - - 

14 84.07 353, t (4.6) - 12-Ha' 

15 33.74 
2.54, dd (15.0, 9.0; α/b) 

8-OH 
17-H 

1.61, dd (15.0, 6.9; β/f) 14-OMe 

16 82.72 3.15, t (9.0, 6.9) 
12-Ha', 14-H, 16-

OMe 
- 

17 64.66 2.87, d (1.0) 10-H, 19-He 15-Hb 

18 69.60b 
4.05, d (11.0; HB)  

- 
- 

4.00, br d (11.0; HA) - 

19 52.46 
2.63, d (11.6; e)  

N-1A 
2-Ha, 3-He 

2.35, dd (11.6, 2.3; a) 6-H, 8-OH 

NCH2CH3 

(N-1) 
51.16 

2.86, m (N-1B)a 

N-2 
- 

2.74, dq (13.7, 7.1; N-1A) - 

NCH2CH3 

(N-2) 
14.22 0.99, t (7.1)  - - 

1-OMe 55.98 3.19, s 1-H 12-He' 

6-OMe 58.27 3.29, br s 6-H - 

14-OMe 57.99 3.34, s 14-H 15-Hf 

16-OMe 56.46 3.24, s - - 

OCO 164.16a,b - 6'-H - 

1' 127.17a,b - 5'-H - 

2' 133.20 - 2'-H - 
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3' 130.21 7.21, d (7.7, 1.2) - - 

4' 133.82 7.62, td (7.7, 1.2) - - 

5' 129.54 7.47, td (7.7, 1.2) - - 

6' 131.15 7.98, br d (7.7) - 3-Ha, 5-H 

1" 179.99 - 5''-H - 

2" 35.36b 2.98, ma 5''-H - 

3" 37.16 
3.02, ma 

5''-H 
- 

2.45, ma - 

4" 175.92a,b - - - 

5" 16.68 1.39, br m - - 

8-OH - 3.93, s - 19-Ha 

* Orientation label: a = axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-

equatorial. 

a. The accurate δC or δH was recorded from HSQC or HMBC as in 13C/1H (1D) spectra signals were 

often overlapped. 

b. Weak carbon signal. 

 

 

Figure 2.20. MLA (5) and key NOESY correlations 
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Following on from the detailed 1H signal assignments, NOESY analysis (Fig. 2.20) was 

accomplished and the result of this stereochemical analysis was similar to those of previous 

alkaloids in this study. NOESY correlations of 1-H/3-Ha indicated the axial and equatorial 3-

H, and correlations of 6-H/19-Ha, 8-OH/19-Ha revealed the orientations of 19-H. NOESY 

correlations of 2-Ha/19-He and 3-He/19-He were also observed, thus the axial and equatorial 

2-H can be assigned and A/E rings were considered to be in a chair/chair conformation. Also, 

12-Ha' was correlated with 14-H, and 12-He' was correlated with 1-H and 1-OMe, so the 

orientation of these two protons on C12 was determined. As for 15-H, 15-Hb, which was on 

the bottom (α) face, showed a correlation with 17-H and the one on the top (β) face, 15-Hf was 

correlated with 14-OMe. Moreover, the pharmacologically important anthraniloyl ester was 

considered to be sitting on the top (β face) of A-ring following the observation that 6'-H was 

correlated with 3-Ha and 5-H. 

 

2.2.2. NMR studies of norditerpenoid alkaloid salts 

Aconitine hydrochloride (6) 

Previous studies have reported that protonation of norditerpenoid alkaloids leads to A-

ring changes conformation from chair to boat conformer (Pelletier et al., 1974; Pelletier and 

Djarmati, 1976; Zhang et al., 2013), which could be related to the observed bioactivity of 

these natural product alkaloids. 

 

 

Figure 2.21. Aconitine HCl (6) in D2O and key COSY and key HMBC correlations 
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To gain more understanding of these salts, especially information of conformations in 

aqueous solution, comprehensive NMR (1D/2D) studies on aconitine HCl (6) and 

lappaconitine HBr (7) dissolved in D2O (with drops of d6-DMSO) were carried out. Following 

2D NMR (COSY, HSQC and HMBC, key correlations are shown in Fig. 2.21), 1H and 13C 

signals of aconitine HCl (6) were assigned and details are given in Table 2.9. 

 

Table 2.9. NMR data of aconitine hydrochloride [6, D2O (with drops of d6-DMSO); 1H 500 MHz, 

calibrated with DMSO residual (2.71 ppm); 13C 125 MHz, calibrated with d6-DMSO (39.39 ppm, central 

peak) (Babij et al., 2016)] 

Carbon δc 

δH, multiplicity  

(J, in Hz; orientation or 

label) 

key HMBC (C→H) key NOESY 

1 83.01 3.67, br s 1-OMe 10-H 

2 30.39 
2.32, d (16.5; α/b) 

- 
1-OMe 

1.69, dt (16.5, 4.5; β/f) 5-H 

3 70.82 4.29, d (4.5) - - 

4 44.29 - 5-H, 6-H - 

5 44.06a 2.57, d (6.4) - - 

6 83.01 4.37, d (6.4) 6-OMe - 

7 45.65 3.18, s 5-H, 15-H - 

8 91.05 - 10-H, 17-H - 

9 44.01a 3.11, dd (6.4, 5.5) - - 

10 40.31 2.66, dt (14.0, 6.4) 1-H 1-H 

11 51.41 - 2-Hb, 12-Ha' - 

12 36.84 
2.41, t (14.0; β/a') 

- 
- 

1.97, dd (14.0, 6.4; α/e') - 

13 76.31 - 9-H - 

14 80.23 5.08, d (5.5) - - 

15 79.19 4.57, d (5.8) - - 

16 91.82 3.50, mb 12-Ha', 12-He', 16-OMe - 

17 65.62 3.47, mb 5-H, 6-H, 10-H, N-1A - 

18 78.14 
3.59, m (HB)b 

3-H, 5-H, 18-OMe 
- 

3.55, m (HA)b - 

19 50.19 
3.57, m (HB)b 5-H, 18-HA, 18-HB, 

N-1A 

- 

3.24, m (HA)b - 

NCH2CH3 

(N-1) 
51.71 

3.51, m (N-1B)b 
N-2 

- 

3.26, m (N-1A)b - 

NCH2CH3 

(N-2) 
11.49 1.42, t (7.2) - - 
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1-OMe 56.49 3.42,s  - 2-Hb 

6-OMe 59.76 3.30, s - - 

16-OMe 63.06 3.74, s - - 

18-OMe 60.35 3.38, s - - 

CH3CO 22.08 1.50, s - - 

CH3CO 175.24 - CH3CO - 

PhCO 169.19 - 14-H, 2'-H, 6'-H - 

1' 129.93 - - - 

2' and 6' 131.12 8.09, d (7.6) - - 

3' and 5' 130.64 7.61, t, (7.6) - - 

4' 136.02 7.77, t (7.6) - - 

* Orientation label: a = axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-

equatorial. 

a. The δC of C5 and C9 were differentiated with HMBC. 

b. The accurate δH of the overlapping signal was extracted from HSQC. 

 

 

Figure 2.22. Partial structure of aconitine HCl in D2O (6) and key NOESY correlations 

 

Compared with the NMR spectra of the free base of aconitine (1), the most significant 

changes were the 1H signals of α-N-atom protons, 17-H, 19-H and N-1, displayed downfield 

shifts (17-H:  3.11 → 3.47; 19-H:  2.89, 2.35 → 3.24, 3.57, the orientations of axial and 

equatorial 19-H of the aconitine HCl (6) were not assigned; N-1:  2.39, 2.74 → 3.26, 3.51, in 

ppm) once it was protonated, a consequence of the inductive effect of the N-atom increasing 

as it became protonated (Williams and Fleming, 2007). 

Based on detailed 1H signal assignments, NOESY analysis (Fig. 2.22) on this 

hydrochloride salt (6), especially the conformation of the A/E-bicycle, was accomplished. As 
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NOESY correlations of 2-Hf/5-H and 2-Hb/1-OMe were displayed, these interactions clearly 

indicated that the A-ring flipped into a boat conformation on N-protonation. This conclusion 

is supported by the correlation of 1-H/10-H, in which 1-H used to be on the axial position in 

the boat conformer and it changed to be equatorial on ring flipping, thus it is close to 10-H. 

As for methylene 12-H, their orientations were revealed by analysis of the coupling 

pattern of the 1H signals. According to the Karplus equation (Eq. 2.1; Karplus, 1963) and 

Karplus relationship (Fig. 2.23; Minch, 1994; Williams and Fleming, 2007), 3Jcis (10-Ha'/12-

Ha') is normally larger than 3Jtrans (10-Ha'/12-He') in the five-membered C-ring of aconitine HCl 

(6, Fig. 2.24; Eliel, 1962; Abraham and Medforth, 1987), which adopted an envelope 

conformation with C14 at the flap detailed in Chapter 4. 

 

3Jvic (Hz) = Acos2θ + Bcosθ +C (0° ≤ θ ≤ 180°)  

θ = 0°:  cosθ = 1, 3Jvic = A + B + C (Hz) 

θ = 90°:  cosθ = 0, 3Jvic = C (Hz) 

θ = 180°:  cosθ = −1, 3Jvic = A − B + C (Hz) 

Equation 2.1. Karplus equation: A, B and C are parameters derived by experience and their values are 

related to the atoms and the substituents, in which B is often negative in the experimental data; θ is the 

dihedral angle between the two vicinal protons concerned. 

 

 

Figure 2.23. Karplus relationship: experimental values of 3Jvic (A = 12, B = −1, C = 2) 

{  
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Figure 2.24. Structure of the C-ring of aconitine HCl (6) 

 

One 1H signal (2.41 ppm) of 12-H showed a triplet with J = 14.0 Hz, which was 

considered to be the result that this 12-H was both geminally coupled to the other 12-H (2Jgem 

= 14.0 Hz) and also 10-Ha' (3Jcis = 14.0 Hz, Fig. 2.25), thus this signal was assigned to the 

pseudo-axial position. The other 1H signal (1.97 ppm) of 12-H, which is known to be 12-He', 

displayed as a doublet of doublets as it was coupling to 12-Ha' (2Jgem = 14.0 Hz) and 10-Ha' 

(3Jtrans = 6.4 Hz). Here cis and trans indicate the positions between pseudo-axial 10-H and two 

12-H on pseudo-axial and pseudo-equatorial positions rather than specifying any alkene 

group. None of the required key evidence was found to identify the orientations of 19-H. 

 

 

Figure 2.25. 1H NMR spectrum expansion: Coupling pattern comparison between 12-Ha' and 12-He' 

 

Lappaconitine hydrobromide (7) 

Lappaconitine hydrobromide (7) is well-known as allapinin, and it is used in Russian 

clinics as an antiarrhythmic agent. Exhibition of this pharmacological activity is due to it 

acting as a sodium channel blocker (Heubach and Schule, 1998; Bryzgalov et al., 2013). Its 



 

68 

potent, non-addictive analgesia is also widely reported (Dzhakhangirov et al., 1997). This 

biological activity is related to decrease of expression and sensitization of the P2X3 receptors 

on mice dorsal root ganglion (DRG) neurons (Ou et al., 2011; Quintans et al., 2014). 

Following on from 2D NMR (COSY, HSQC and HMBC, key correlations are shown in Fig. 

2.26), 1H and 13C signals of this compound are fully assigned in Table 2.10. 

 

 

Figure 2.26. Lappaconitine HBr (7) in D2O and key COSY and key HMBC correlations 

 

Table 2.10. NMR data of lappaconitine hydrobromide [7; D2O (with drops of d6-DMSO); 1H 500 MHz, 

calibrated with DMSO residual (2.71 ppm); 13C 125 MHz, calibrated with d6-DMSO (39.39 ppm, central peak)] 

Carbon δc 
δH, multiplicity 

(J, in Hz; orientation) 
key HMBC (C→H) key NOESY 

1 81.81 3.76, br s 1-OMe 10-H 

2 22.68 
2.17, br d (15.8; α/b) 

- 
1-OMe 

1.90, m (β/f)a - 

3 29.93 
2.46, m (α/a)b 

1-H, 19-He 
19-He 

2.36-2.45, m (β/e)b - 

4 82.00 - 6-H, 19-He - 

5 48.28 2.49, br d (8.1) 7-H, 17-H - 

6 24.17 
2.89, dd (15.6, 7.4; β/e') 

- 
- 

1.86, dd (15.6, 8.1; α/a')a 19-Ha 
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7 43.04 2.80, d (7.4) - - 

8 76.30 - 6-Ha', 17-H - 

9 78.65 - 13-H - 

10 50.08 2.36, ma 1-H, 13-H 1-H 

11 51.95 - 6-Ha', 7-H - 

12 27.62 
2.42, m (β/a')b 

16-H 
- 

1.45, dd (14.1, 3.1; α/e') 17-H 

13 36.89 2.65, dd (7.5, 4.7) - - 

14 90.24 3.61, d (4.7) 14-OMe - 

15 43.12 
2.43, m (HB)b 

- 
- 

2.28, dd (14.9, 8.8; HA) - 

16 83.64 3.55, t (8.8) 14-H, 16-OMe - 

17 64.05 3.46, br s 6-Ha', 19-He, N-1A 12-He' 

19 58.10 
4.05, d (12.6; e) 

- 
3-Ha 

3.38, m (a)c 6-Ha' 

NCH2CH3 

(N-1) 
51.10 

3.41, m (N-1B)a 

N-2 - 
3.27, dt (14.6, 7.3; N-1B) 

NCH2CH3 

(N-2) 
11.29 1.40, t (7.3) - - 

1-OMe 56.96d 3.41, s - 2-Hb 

14-OMe 59.32 3.42, s - - 

16-OMe 57.09d 3.39, s - - 

1' 137.61 - 5'-H, 6'-H - 

2' 124.89 - 3'-H, 4'-H - 

3' 126.42 7.63, d (8.0)  - - 

4' 135.59 7.68, t (8.0) - - 

5' 127.63 7.40, t (8.0) - - 

6' 132.28 7.94, d (8.0) - - 

COCH3 24.38 3.23, s - - 

OCOAr 168.27 - 6'-H - 

NHCO 174.46 - COCH3 - 

* Orientation label: a = axial, e = equatorial, b = bowsprit, f = flagpole, a' = pseudo-axial, e' = pseudo-

equatorial. 

a. The accurate δH of the overlapping signal was extracted from HSQC. 

b. The accurate δH of the overlapping signal was extracted from NOESY. 

c. The accurate δH of the overlapping signal was extracted from HMBC. 

d. δC of 1-OMe and 16-OMe were differentiated with HMBC. 

 

In comparison with the free base of lappaconitine (3), α-N protons (17-H, 19-H, N-1) of 

this salt (7) display significant downfield shifts (17-H:  2.95 → 3.46; 19-H:  2.48, 3.52 → 3.38 

→ 4.05; N-1:  2.52 → 3.27, 3.41 ppm) indicating that the molecule was protonated. 
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Figure 2.27. Partial structure of lappaconitine HBr (7) in D2O and key NOESY correlations 

 

Following detailed 1H signal assignments, NOESY analysis (Fig. 2.27) on this 

hydrobromide salt (7) was undertaken. Key NOESY correlations, such as 2-Hb/5-H, which 

determines any conformational change on the A-ring, were not found. 1-H has a NOESY 

correlation with 10-H, which may suggest that the A-ring has flipped into a boat conformation. 

12-He' showed a NOESY correlation with 17-H, and it displayed as a doublet of doublets 

caused by 12-He' (2Jcis = 14.1 Hz) and 10-H (3Jtrans = 3.1 Hz), therefore the orientations of 12-

H are assigned. 6-Ha' was NOESY correlated with 19-Ha, thus the orientations of both 6-H and 

19-H were revealed. 19-He was NOESY correlated with 3-Ha, therefore the orientations of the 

two protons attached on C3 were determined. None of the required evidence was found to 

identify the specific orientations of methylene 15-H. 

 

2.2.3. 1H NMR variable-temperature studies on lycoctonine (2) 

The synthetic [3.3.1]azabicyclic analogues showed a rare 1H NMR effect of steric 

compression (see Chapter 3), in which axial 7-H (correlating to 2-H in the norditerpenoid 

alkaloids) was significantly deshielded, and this effect was obviously decreased on 2-Ha of the 

selected norditerpenoid free bases (1-5). The single-crystal structures of these natural product 

alkaloids (1-4) demonstrated (see Chapter 4) that the A-rings were in twisted-chair 

conformations leading to the steric compression effect being reduced as the nitrogen lone-pair 
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electrons are not fully overlapping with 2-Ha (see Chapter 4). Structures of molecules at low 

temperatures become fixed as decrease of the rate of free-bond rotation leading to bond angle 

decrease by perhaps 1-2°. For a flexible cyclic compound, the bond angles of different ring 

members decrease when the temperature decrease, and the conformation of this compound 

may eventually change, more or less, due to the summarised changes of each bond angle. If 

the temperature was decreased, the twisted conformations of the A/E-rings could be revised 

to the ideal conformations, or the extent of twist may be decreased, and the effect of steric 

compression on 2-Ha could be increased to the degree as the effect occurred on 7-Ha in the 

synthetic [3.3.1]azabicycles. 

A variable-temperature (VT) 1H NMR experiment was carried out on lycoctonine 

(2) in CD3CD2OD as the solvent. Protio ethanol has a lower freezing point (-114.1 °C, 

159 K) compared to other common solvents used in NMR, e.g. methanol (-97.6 °C, 176 

K), acetone (-95.0 °C, 178 K), and chloroform (-63.5 °C, 210 K). This allowed the NMR 

experiment temperature to be reduced <-100 °C, close to the temperature for recording 

X-ray data (-123.1 °C, 150 K). Due to the solubility decreasing with decreasing temperature, 

only ~0.1 mg of lycoctonine (2) was dissolved in 1 mL of CD3CD2OD for this VT experiment 

which was carried out with a Bruker 400 MHz spectrometer equipped with a liquid nitrogen 

chiller. 

The 1H NMR spectrum of lycoctonine (2) in CD3CD2OD at 25 °C (298 K) was obtained 

(Fig. 2.28), in which the peak of solvent residuals, both water and ethanol, can be clearly seen, 

and the majority of the signals of the detected molecule, especially the region from 1.5-3.0 

ppm where both axial and equatorial 2-H were expected to display, can also be observed in 

the expansion. This spectrum was compared with the fully assigned data obtained from 1H 

NMR spectroscopy in CDCl3 solution. According to the comparison (Fig. 2.29), the chemical 

shifts of the 1H signals in the region 1.5-3.0 ppm are only slightly shifted when the solvent 

was changed, and the locations of both axial and equatorial 2-H were identified, δ(2-Ha) = 

2.07 ppm, δ(2-He) = 2.14 ppm. Hence, this sample was used for the 1H NMR VT experiments 
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with a decreasing temperature ramp, and the proton spectroscopies were recorded with each 

temperature decreasing by about 25 °C from 25 °C to -105 °C (298 K to 168 K). 

 

Figure 2.28. 1H NMR spectrum of 0.1 mg lycoctonine (2) in CD3CD2OD at 25 °C and amplification 

 

 

Figure 2.29. Details of 1H NMR spectra comparison of lycoctonine (2) in different solvents at 25 °C 

(upper: CDCl3, lower: CD3CD2OD) 
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Figure 2.30. 1H NMR VT experiments on lycoctonine (2) in CD3CD2OD 

 

The result of these VT experiments (Fig. 2.30) on lycoctonine (2) did not display a 

remarkable change on axial and equatorial 2-H when the temperature decreased, and only an 

extremely weak tendency for a chemical shift change was observed (< 0.1 ppm). In fact, all 

the proton signals on the carbons of the skeleton do not display any notable change during the 

process. This may suggest that the twist conformations, especially that of the A-ring, are both 

inflexible and stable. 

Additionally, the solubility of lycoctonine (2) in the deuterated ethanol became poor 

when the low temperature was below −74 °C even though only 0.1 mg of the analyte was 

used. The signals all became broader in the NMR spectrum at −105 °C (Fig. 2.30) offering no 

useful information as the probe-operating temperature approached the freezing point of the 

deuterated ethanol (~160 K). 
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2.3. Discussion 

2.3.1. Analysis on the coupling pattern in the A-rings of norditerpenoid alkaloids 

Comparison of the coupling patterns of 1H signals of 1-Ha, 2-H and 3-H in the free bases 

with those in the salts, especially 1-Ha, can help to reveal if the conformation of the A-ring 

has changed (Pelletier et al, 1974; Pelletier et al, 1977). Well-separated 1H signals in the A-

ring, particularly 1-Ha, 2-Ha and 3-Ha, were analysed for understanding the A-ring 

conformations of these selected alkaloids in the NMR solvent solutions. 

All the 1-H signals (on axial position) of the free bases (1-5) were displayed as doublets 

of doublets (Fig. 2.31) that was a result of coupling with 2-Ha (3Jaa ~8-10 Hz, dihedral angle 

~180°) and 2-He (3Jae ~5-7 Hz, dihedral angle ~60°). 

 

 
 

A/E-rings in the norditerpenoid 

alkaloid free bases 

  
aconitine (1) 

3Jaa = 8.1 Hz (2-Ha) 
3Jae = 5.7 Hz (2-He) 

lycoctonine (2) 

3Jaa = 10.0 Hz (2-Ha) 
3Jae = 7.5 Hz (2-He) 

   

   

lappaconitine (3) 

3Jaa = 10.3 Hz (2-Ha) 
3Jae = 6.9 Hz (2-He) 

crassicauline A (4) 

3Jaa = 10.5 Hz (2-Ha) 
3Jae = 6.6 Hz (2-He) 

MLA (5) 

3Jaa = 9.9 Hz (2-Ha) 
3Jae = 7.1 Hz (2-He) 

Figure 2.31. A/E-ring structure and 1H NMR expansion of 1-H of the selected norditerpenoid free bases 
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3-Ha of lycoctonine (2) 3-Ha of lappaconitine (3) 

 
 

3-He and 3-Ha of crassicauline A (4) 

Figure 2.32. 1H NMR expansion of 3-H of the selected norditerpenoid alkaloid free bases (2-4) and A/E-rings skeletal of lycoctonine (2) and lappaconitine (3)
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The shapes of the well-separated 3-Ha signal were normally displayed as triplets (Fig. 

2.32) as 3-Ha was geminally coupled to 3-He (2Jgem = 12-14 Hz, except in aconitine that bears 

a 3-OH substituent on the equatorial position) and were vicinally coupled with 2-Ha (3Jaa = 12-

14 Hz) and 2-He (3Jae = 4-5 Hz). 3-He signal of crassicauline A (4) was also a well-separated 

peak, and it displayed a different coupling pattern from that of 3-Ha signal, which is like a 

doublet that is coupled with 3-Ha (2Jgem = 13.5 Hz), 2-Ha (3Jae = 5.3 Hz) and 2-He (3Jee = 3.3 

Hz) as theoretically expected. Small long-range coupling constants displayed on 3-Ha signals 

of lycoctonine (2) and lappaconitine (3). These 3-Ha can possibly couple with 1-Ha, 5-Ha or 19-

H (both axial and equatorial are possible) in the 4-bond range (4J). 1-H signals of both 

lycoctonine (2) and lappaconitine (3) displayed no small coupling constants. 5-Ha of 

lycoctonine (2) and lappaconitine (3), 19-He of lycoctonine (2) and 19-Ha of lappaconitine (3) 

were overlapping signals. 19-He of lappaconitine (3) displayed as a broad doublet with a 

coupling constant of 11.7 Hz. Therefore, the origin of the 4J coupling constant of 3-Ha of 

lappaconitine (3) was hard to determine. 19-Ha of lycoctonine (2) showed a small coupling 

constant of 1.8 Hz, which matched the small coupling constant of 3-Ha, and therefore the origin 

of the long-range 4J coupling constant of 3-Ha was identified to be 19-Ha. 

The 3Jaa (1-Ha/2-Ha) ~10 Hz were obviously smaller than 3Jaa (2-Ha/3-Ha) ~14 Hz in these 

selected free bases, which suggests that the dihedral angles ∠(1-Ha)−C1−C2−(2-Ha) are 

obviously different from ∠(3-Ha)−C3−C2−(2-Ha). Therefore, the A-ring in these natural 

products in solution should be twisted (Fig. 2.33). This was supported by the results of the 

single-crystal studies in Chapter 4. This was considered to be the result of the interactions 

between 12-He' and 1-OMe on the axial position, which were close to each other in space 

proven by NOESY, and this repulsive force may make C1 become flattened decreasing dihedral 

angle of ∠(1-Ha)−C1−C2−(2-Ha) and 3Jaa (1-Ha/2-Ha) moving away from the true axial-axial 

about the cyclohexane ring, resulting in the A-rings becoming twisted.  
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Figure 2.33. A/E-rings in the selected norditerpenoid alkaloid free bases (1-5): key bond angles change 

leads to A-ring twist 

 

As for 2-Ha, it was supposed to be an apparent quartet of doublets except aconitine (1), in 

which 2Jgem (2-He), 3Jaa (1-Ha/2-Ha) and 3Jaa (2-Ha/3-Ha) were supposed to be large values (12-

14 Hz) and almost equal to each other, together with a relatively small coupling caused by 3-

He (3Jae ~5-6 Hz). However, the coupling patterns of 2-Ha in the spectra of the selected 

norditerpenoid alkaloids (2-5) were complicated (Fig. 2.34). This is the result as 3Jaa (2-Ha/3-

Ha) were not equal to 3Jaa (1-Ha/2-Ha) leading to the qd multiplets turned to tdd multiplets. 

 

 
lycoctonine (2) lappaconitine (3) 

2Jgem ~14.5 Hz (2-He) 
3Jaa ~14.5 Hz (3-Ha) 
3Jaa = 10.0 Hz (1-Ha) 
3Jae = 4.9 Hz (3-He) 

2J
gem ~12.4 Hz (2-He) 

3Jaa ~12.4 Hz (3-Ha) 
3Jaa = 10.3 Hz (1-Ha) 
3Jae = 5.0 Hz (3-He) 

  

crassicauline A (4) MLA (5) 

2J
gem ~13.5 Hz (2-He) 

3Jaa ~13.5 Hz (3-Ha) 
3Jaa = 10.5 Hz (1-Ha) 
3Jae = 4.7 Hz (3-He) 

2J
gem ~14.7 Hz (2-He) 

3Jaa ~14.7 Hz (3-Ha) 
3Jaa = 10.5 Hz (1-Ha) 
3Jae = 5.2 Hz (3-He) 

Figure 2.34. 1H NMR expansion: 2-Ha of the selected norditerpenoid alkaloids free bases (2-5) 
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Figure 2.35. Coupling pattern of 2-Ha of crassicauline A (4, free base) 

 

As the signal of 2-Ha in crassicauline A (4) was the most well-separated 2-Ha signal among 

the four selected alkaloids without 3-OH, this multiplet was used as an example to demonstrate 

the coupling pattern of 2-Ha (Fig. 2.35), and it almost matched the prediction as well as the 

analyses on 1-H and 3-Ha. The coupling constants of 2Jgem (2-Ha/2-He) and 3Jaa (2-Ha/3-Ha) 

could be slightly different, but they were hard to differentiate clearly due to their difference 

being too small (~1 Hz). 2-Ha and 3-H in aconitine (1) were overlapped with other signals. 2-

Ha at 2.38 ppm was overlapped with N-1A at 2.39 ppm and 19-Ha at 2.35 ppm, and 3-H at 3.77 

ppm was overlapped with 16-OMe at 3.75 ppm. The accurate chemical shifts of these 

overlapping signals were extracted from HSQC spectral data. 

 

2.3.2. Coupling constant changes in A-ring caused by conformational flip 

When the norditerpenoid alkaloids were protonated, the conformations of the A-ring 

changed from a twisted chair to a boat, and this conformational flip leads to the orientations of 

protons and oxygenated groups on the A-ring being changed. When the alkaloids were 

acidified, 1-OMe as well as 3-OH in aconitine (1), that were in the equatorial positions became 

axial, and 1-H that was on the axial position became equatorial (Fig. 2.36). 
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Figure 2.36. Orientation labels in the A/E-rings changed when the norditerpenoid alkaloids were 

protonated 

 

  

 

 
1-Ha (free base) 1-He (salt)  2-Hb (salt) 

aconitine (1)  aconitine HCl (6) 

 

     

1-Ha (free base) 1-He (salt)  2-He (free base) 2-Hb (salt) 

lappaconitine (3)  lappaconitine HBr (7) 

Figure 2.37. Coupling pattern comparison between norditerpenoid alkaloids free base (1 and 3) and their 

salts (6 and 7) 

 

When the A-ring adopts a chair conformation with 1-H on the axial position, dihedral 

angle ∠(1-Ha)−C1−C2−(2-Ha) was ~180° leading a large coupling constant (3Jaa ~8-10 Hz) and 

dihedral angle ∠(1-Ha)−C1−C2−(2-He) was ~60° leading a relatively small coupling constant 

(3Jae ~5-7 Hz). When the conformation changed, 1-H was on the equatorial position, dihedral 

angle ∠(1-He)−C1−C2−(2-Hb) was ~60° (2-Ha became 2-Hb) and ∠(1-He)−C1−C2−(2-Hf) (2-
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He became 2-Hf) was also ~60° (orientation labels “b” and “f” are the abbreviation of bowsprit 

and flagpole, respectively, which are used to describe the protons on the carbons at the flap of 

a cyclohexane ring in a boat conformation). When conformations of the A-rings flip, the 

coupling patterns of 1-H change from a broad doublet of doublets to a fine doublet of doublets 

or even a fine triplet when 3Jee(1-He/2-Hb) = 3Jae(1-He/2-Hf) if ideal (Fig. 2.37). 

For 2-Ha in the free bases without 3-OH flipped to the bowsprit position, thus 2-Hb, when 

the A-ring conformation changed, they would no longer show 3Jaa large coupling with 1-H and 

3-Ha as both were on the equatorial positions once the molecules were protonated. Therefore, 

the coupling pattern of 2-Hb would be supposed to be a large doublet [large 2Jgem (2-Hf)] with 

small coupling constant (3Jae by 1-He and 3-Ha, 3Jee by 3-He). As for 2-Ha in the free bases with 

3-OH, such as aconitine HCl salt (6), only 3Jae (1-He) should display, as 3Jae (3-Ha) is not 

applicable as the axial position is occupied by 3-OH (Fig. 2.36). 

Analyses on acquired 1H NMR data of 1-H and 2-Ha(b) of aconitine (1), lappaconitine (3), 

aconitine HCl (6) and lappaconitine HBr (7) were carried out (Fig 2.37). The coupling patterns 

of the 1-He of aconitine HCl (6) and lappaconitine HBr (7) were different from those of 

aconitine (1) and lappaconitine (3) free bases. The 1-He of aconitine HCl (6) and lappaconitine 

HBr (7) displayed as broad singlets, which were doublets of doublets before protonation. The 

2-Ha of lappaconitine (3) displayed as a triplet of doublets of doublets, and the 2-Hb of 

lappaconitine HBr (7) was a broad doublet. 

That the A-ring in the salt of aconitine (6) was in a boat conformer was proven by NOESY, 

but the key NOESY correlation that is able to prove the conformation of the A-ring of 

lappaconitine HBr (7) was not obtained. The coupling pattern of 1-He of lappaconitine HBr (7) 

is similar to that of 1-He of aconitine HCl (6), and the coupling pattern of 2-Hb of lappaconitine 

HBr (7) is similar to that of 2-Hb of aconitine HCl (6), therefore the A-ring in lappaconitine 

HBr (7) was proven to adopt a boat conformation. 

This conformational flip of the A-rings of the norditerpenoid alkaloids on protonation is 

related to some physicochemical properties of these natural products, e.g. pKa (Fig. 1.6). 
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2.4. Conclusions 

The NMR spectroscopies including 1H, 13C, COSY, HSQC, NOESY of the selected five 

free bases (1-5) and two acidified norditerpenoid alkaloids (6 and 7) were collected and the 

comprehensive conformational analyses were achieved with coupling constants and NOESY 

data analysis. The A-rings of these natural product free bases (1-5) adopted chair 

conformations, which was proven by NOESY analyses. Further evidence showed that the A-

rings in these compounds with 1-OMe and 3-CH2 (2-5) were twisted, where 3Jaa(1-Ha/2-Ha) 

were not equal to 3Jaa(2-Ha/3-Ha), and they were about 9-10 Hz and 13-14 Hz, respectively. 

The through space interactions between 12-He' and 1-OMe, as shown by the NOESY cross 

peaks, were considered to be one of the reasons leading to ring twist. These twisted 

conformations of A-rings were inflexible and stable. When the solution temperature was 

decreased significantly, 1H signals of both axial and equatorial 2-H of lycoctonine (2) displayed 

only slight changes, and this result revealed the stability of the bond angles which can 

sensitively alter the related coupling constants. 

The coupling patterns of 1-Ha in all five selected norditerpenoid alkaloid free bases (1-5) 

displayed doublets of doublets. The coupling patterns of 2-Ha of lycoctonine (2), lappaconitine 

(3), crassicauline A (4) and MLA (5), which do not bear a 3-OH substituent, displayed as 

triplets of doublets of doublets. The A-rings of aconitine HCl (6) and lappaconitine HBr (7) 

adopted boat conformations. This conclusion was confirmed by observation of the difference 

between the coupling patterns of 1-H signals of the free bases (1-5) and those of 1-Ha signals 

of the salts (6-7). The coupling patterns of 1-He in the salts (6-7) displayed as broad singlets. 

In conclusion, the A/E-rings in the five selected norditerpenoid alkaloid free bases (1-5) 

adopt twisted-chair/twisted-chair conformations (NMR analyses only prove the E-rings of the 

free bases adopt a chair conformation; the twisted-chair conformations of the E-rings were 

determined by X-ray data, see Chapter 4), and this is the consequence of 12-He' generating a 

through-space repulsive force on equatorial 1-OMe. To avoid this force (to be away from 12-

He'), the A-ring must flip to boat conformation so that the orientation of 1-OMe changes from 

equatorial (in free bases) to axial (in salts) when the norditerpenoid alkaloids are protonated. 
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Chapter 3. Synthesis and NMR studies of analogues of norditerpenoid alkaloids 

 

3.1. Introduction 

 

 

Figure 3.1. The selected norditerpenoid alkaloids and the skeleton of norditerpenoid alkaloids 

 

Table 3.1. Key 1H NMR data of 2-H in the selected norditerpenoid alkaloid free bases (CDCl3, ppm) 

Compound 2-He 2-Ha Δδ2-H* 

Aconitine (1) 2.01 2.38 0.37 

Lycoctonine (2) 2.08 2.15 0.07 

Lappaconitine (3) 2.11 2.23 0.12 

Crassicauline A (5) 1.95 2.29 0.34 

MLA (5) 2.02 2.10 0.08 

* Absolute value. 
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According to the assignments of the selected norditerpenoid alkaloid free bases in Chapter 

2, all these well-known alkaloids, aconitine (1), lycoctonine (2), lappaconitine (3), 

crassicauline (4) and methyllycaconitine (5, MLA, Fig. 3.1) displayed an uncommon chemical 

shift of axial and equatorial 2-H, in which the chemical shifts of 2-Ha are slightly larger than 

those of 2-He (key 1H NMR data are shown in Table 3.1) whereas normally around a 

cyclohexane δ (He) > δ (Ha) (Williams and Fleming, 2007). 

For two protons attached to the same carbon of a cyclohexane ring in a chair conformation, 

it is widely known that the chemical shift of the equatorial proton is larger than that of its 

geminal axial proton, and this is the result of the magnetic anisotropic effect (Fig. 3.2, Williams 

and Fleming, 2007). 

 

 

Figure 3.2. Demonstration of the magnetic anisotropic effect in a cyclohexane ring (left) and 3D drawing 

of the A/E-rings in the selected norditerpenoid alkaloid free bases (right) 

 

sp3 σ bond C2−C3 of a cyclohexane produces a deshielding conical area (Fig. 3.2, left, the 

cone is shown in blue), inside which is a deshielding field (−) and outside which is a shielding 

field (+). The 1-He is in the deshielding field, thus its chemical shift increases. Due to easy ring 

flip of the cyclohexane, the chemical shifts of these chemically equivalent axial and equatorial 

1-H are not easy to be separated nor differentiated. When the temperature decreased and the 

rate of free rotation of the cyclohexane ring decreased, the axial and equatorial proton signals 

are able to be separated, in which chemical shifts of the axial and equatorial protons were 1.13 

ppm and 1.61 ppm, respectively (at –103 °C, in CS2, calibrated with TMS, 60 MHz; Garbisch 

and Griffith, 1968), and their difference is 0.48 ppm (absolute value). Hence, the chemical shift 

size order of the axial and equatorial protons attached to the same carbon of the cyclohexane 
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ring is revealed, and the chemical shift of the equatorial proton is ~0.5 ppm larger than that of 

the axial proton. 

Compared with the 1H NMR data of cyclohexane, the abnormal chemical shifts that the 

axial and equatorial 2-H of the selected norditerpenoid alkaloid free bases (1–5) displayed lead 

to a hypothesis that some effect may act on these 2-H through space. The tertiary amine 

nitrogen is assumed to be, at least in part, responsible for this ambiguity as it is close to the 2-

Ha in space. Thus, NMR analysis should focus on the A/E-[3.3.1]azabicycle of the 

norditerpenoid alkaloids. As the structure of the polycyclic norditerpenoid alkaloids consist of 

several methylene and methine groups, this leads to a degree of overlapping of the many 1H 

signals. To obtain a model molecule with a simplified structure of the norditerpenoid alkaloids 

that can be investigated for the 1H NMR properties of the A/E-[3.3.1]azabicycle, which may 

contain fewer overlapping signals, synthetic disconnections were conducted on the structure of 

MLA (5) shown in Fig. 3.3. This suggests that the A/E-[3.3.1]azabicyclic analogues can be 

accessed through a double Mannich reaction. 

 

 

Figure 3.3. Disconnection of MLA (5) 
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Not only the N-atom, the oxygens bearing lone-pair electrons near C2 or the A/E-rings in 

space were also considered to have opportunities to influence electron density of the axial or 

equatorial 2-H of the selected norditerpenoid alkaloids (1–5). Therefore, 1-OMe, 6-OMe, 7-

OH, 18-OH were designed to be accessed to the A/E [3.3.1]azabicycle, and the disconnections 

are shown in Fig. 3.4. These O-atoms disconnections on the analogues of MLA (5) can also be 

important for the structure-activity relationship (SAR) studies as the heteroatoms can form 

important H-bonds with target receptors.  
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Figure 3.4. Disconnections to access key O-atoms in the A/E [3.3.1]azabicycle related to MLA (5) 

3.2. Results and discussion 

 

3.2.1. Investigation of 1H NMR effect of steric compression 

3.2.1.1. Synthesis and analyses of [3.3.1]azabicycles 

To obtain an A/E-bicyclic analogue of norditerpenoid alkaloids, a double Mannich 

reaction was designed. Commercially available β-keto ester (6) was treated with ethylamine 

(1.1 eq.) and formaldehyde (2.2 eq.) in ethanol and the mixture was heated under reflux for 2 

h giving [3.3.1]azabicycle (8, Fig. 3.5, Grangier et al., 1998). The keto form of a β-keto ester 

is not reactive in a Mannich reaction, but its enol tautomer is the nucleophile in the Mannich 

reaction. To investigate the reactivity of the β-keto ester (6), NMR analysis on this molecule 

was carried out to demonstrate keto (6) : enol (7) ratio in solution. 

 

 

Figure 3.5. Tautomerism of ethyl 2-oxocyclohexane-1-carboxylate (6, keto) and ethyl 2-hydroxy cyclohex-

1-ene-1-carboxylate (7, enol) and double Mannich reaction of synthesis for [3.3.1]azabicycle (8) 

 

 

Figure 3.6. 1H NMR expansions keto (6) and enol (7) (CDCl3, ppm) 
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According to the 1H NMR spectroscopy (Fig. 3.6), both signature signals of the keto (6) 

and the enol (7) are displayed. The signal at 3.37 ppm is assigned to 1-H of the keto (6), which 

is deshielded by the ketone group at C2 and the carbonyl of 1-ester group. Another proton 

signal well downfield at 12.25 ppm is assigned to vinyl alcohol 2-OH of the enol (7), and the 

integral ratio between these two signals is ~1:4 (keto:enol), so the enol form (7) is the primary 

component (~80%) of these keto-enol tautomers in solution proving these tautomer mixture is 

reactive in the Mannich reaction. In 13C NMR spectrum (Fig. 3.7), a signal at 206.32 ppm is 

assigned to C2 a ketone group of keto form (6), and another signal at 97.79 ppm is assigned to 

vinyl carbon C1 of the enol form (7). 

 

 
Figure 3.7. 13C NMR spectrum of the keto (6) and the enol (7) (CDCl3, ppm) 

 

HSQC, COSY and HMBC were used to assign all the 1H and 13C signals. HSQC was 

applied to indicate the C-H one-bond connections, and the accurate chemical shifts of those 

overlapping signals were extracted from HSQC. The 1-H of the keto (6) has a COSY (Fig. 3.8) 

correlation with 6-HA and 6-HB, and it also has HMBC (Fig. 3.9) correlation carbonyl carbon 

of the 1-ester, both 3-HA and 3-HB were COSY correlated with 4-HA. C1 shows a HMBC 

correlation with 3-HB, and the carbonyl carbon of the 1-ester was HMBC correlated with 

protons attached to O-1 and C6, and protons attached to O-1 are COSY correlated to those 
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attached to O-2. Therefore, the keto form (6) was fully assigned. O-Ethyl groups of the keto 

form (6) and of the enol form (7) are overlapped. 



 

91 

 

Figure 3.8. COSY expansion of the keto (6) and the enol (7) 
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Figure 3.9. HMBC expansion of the keto (6) and the enol (7)
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Figure 3.10. 1H NMR expansions enol (7) 

 

As for the enol form (7), 3-H and 6-H are triplets and 4-H and 5-H are quintets (Fig. 

3.10). 3-H is COSY correlated with 4-H, and 5-H is COSY correlated with 6-H (Fig. 3.8). The 

ester carbonyl displays HMBC correlations with protons attached to O-1 carbon and 6-H, and 

C2 shows HMBC correlation with 2-OH and 4-H (Fig. 3.9). 

The double Mannich reaction was conducted as designed. The crude product was purified 

by chromatography over silica gel, and a single spot was displayed on TLC (petroleum ether: 

ethyl acetate = 20:1 v/v, target compound Rf = 0.35, stained with p-anisaldehyde solution or 

iodine vapour). Positive mode ESI-MS (m/z) [M+H]+ found 240.1603, C13H22NO3 requires 

240.1600 and [M+Na]+ found 262.1410, C13H21NO3Na requires 262.1419 and [2M+Na]+ 

found 501.3066, C26H42N2O6Na requires 501.2941, and the [2M+Na]+ was the most stable MS 

ion with 100% intensity. 

1H, 13C, HMBC, COSY and NOESY spectroscopies (Fig. 3.11−3.15) were used to assign 

the product (8). 

1-Ester carbonyl carbon displayed HMBC correlations with O-1 methylene group, 2-H 

(both axial and equatorial) and 8-Ha (Fig. 3.13). O-1 has COSY correlation with O-2 that is a 

triplet at 1.29 ppm (Fig. 3.14), so the two upfield triplets can be differentiated (Fig. 3.11), the 

other triplet is assigned to N-2, which has COSY correlations to N-1. 4-H, 5-H, 6-H, 7-H and 

8-H have COSY correlations to their vicinal protons. Also, C6 and C8 have HMBC 

correlations with 4-He and 2-He, respectively. 
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Figure 3.11. 1H NMR expansion of double Mannich product (8) (CDCl3, ppm) 

 

 

Figure 3.12. 13C NMR spectrum of double Mannich product (8) (CDCl3, ppm) 

 

It is uncommon that one of the 7-H is significantly deshielded giving a chemical shift of 

2.86 ppm, and this deshielding effect cannot be generated through bond as there is no 

substituents attached to C6 or C8. This unusual chemical shift of 7-Ha of A/E-[3.3.1] 

azabicyclic analogues were reported but have not been explained (Barker et al, 2002; Arias-

Perez, 1995). If these [3.3.1]azabicycles adopted a chair/chair conformation, the N-atom is 

close to 7-Ha and it may have a certain through-space effect acting on the 7-Ha.  

NOESY spectrum (Fig. 3.15) of the [3.3.1]azabicycle (8) was obtained. 2-Ha is correlated 

with 4-Ha. 2-He and 4-He are correlated with 8-He and 6-He, respectively. Therefore, the 

piperidine ring of this molecule (8) can be determined to adopt a chair conformer, but not 

evidence provided by NOESY spectrum can prove that the cyclohexane ring in this molecule 

(8) adopts a chair conformation. 

Analyses on the coupling pattern was carried out for further investigating the 

conformation of the cyclohexane ring of product (8). 
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Figure 3.13. HMBC expansions of [3.3.1]azabicycle (8) 
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Figure 3.14. COSY expansion of [3.3.1]azabicycle (8) 
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Figure 3.15. NOESY expansion of [3.3.1]azabicycle (8)
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Figure 3.16. Newman projections of the C4, C5 and C6 of the [3.3.1]azabicycles in two different 

conformations demonstrating the key differences of bond angles 

 

The coupling pattern of the 5-H attached to bridgehead C5 is related to the conformation of 

the molecule (8). The 5-H is coupling with 4-Ha, 4-He, 6-Ha and 6-He. If the [3.3.1]azabicycle (8) 

adopts a chair/chair conformation, dihedral angles ∠(4-Ha)−C4−C5−(5-H), ∠(4-He)−C4−C5−(5-

H), ∠(6-Ha)−C6−C5−(5-H) and ∠(6-He)−C6−C5−(5-H) are the same and equal to ~60° (Fig. 

3.16). Therefore, two small 3Jae (4-Ha and 6-Ha) and two even smaller 3Jee (4-He and 6-He) are 

supposed to be displayed in the coupling pattern of the equatorial 5-H according to the Karplus 

relationship (Williams and Fleming, 2007), and overall the signal should look like a broad singlet. 

If the bicycle (8) adopts a boat/chair conformation, dihedral angles ∠(4-Ha)−C4−C5−(5-H), ∠(4-

He)−C4−C5−(5-H), ∠(6-Ha)−C6−C5−(5-H) are still the same and equal to ~60° (6-Ha in the 

cyclohexane ring adopting a boat conformation is 6-He in the cyclohexane ring adopting a chair 

conformation), but 6-He is now at the eclipsed position of the equatorial 5-H (Hx-Hx), so ∠(6-

He)−C6−C5−(5-H) is ~0° that generates a large coupling constant, so the signal of 5-H should 

look like a doublet when the conformation is boat/chair. The coupling pattern of the 5-H of the 

compound (8) is shown in Fig. 3.17, which displays as a dq peak (5.3 Hz, 3.0 Hz). The 4-Ha was 

supposed to cause a coupling constant of ~6 Hz (3Jae) on the equatorial 5-H as same as that is 

caused by 6-Ha, but it is only 3.0 Hz. As no large coupling constant of 5-H was found, the 

cyclohexane ring of this [3.3.1]azabicycle (8) is proven to adopt a chair conformation. 
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The coupling patterns of 7-Ha and 7-He are different (Fig. 3.17). The 7-Ha couples with 7-

He (2Jgem = 12.4 Hz), 6-Ha (3Jaa = 12.4 Hz), 8-Ha (3Jaa = 12.4 Hz), 6-He (3Jae = 6.1 Hz) and 8-He 

(3Jae = 6.1 Hz), and therefore it shows as a qt. The 7-He couples with 7-Ha (2Jgem = 12.4 Hz), 6-

Ha (3Jae = 6.1 Hz), 8-Ha (3Jae = 6.1 Hz), 6-He (3Jee = 3.0 Hz) and 8-He (3Jae = 3.0 Hz), and therefore 

it shows as a dtt. The coupling constants of 6-Ha and 8-Ha that are caused by 7-Ha are equal to 

12.4 Hz, and this suggested that dihedral angles ∠(6-Ha)−C6−C7−(7-Ha) and ∠(8-

Ha)−C8−C7−(7-Ha) are the same, thus this chair conformation of the cyclohexane ring is true 

(not twisted). 

 

 

Figure 3.17. Analyses of coupling patterns of key 1H NMR signals of double Mannich product (8) 
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Additionally, the multiplicities of the 7-Ha and the 7-He are arranged in definite patterns 

when the cyclohexane ring of the azabicycle (8) adopts a true-chair conformation. 

The small coupling constant of 3Jee ~3 Hz may not be detected in some certain conditions, 

e.g. poor shimming, poor slovent solubility. The 7-He should normally show as 11-lines with a 

small coupling constant of ~3 Hz (3Jee caused by 6-He and 8-He), and it could also show as 10-

lines with a coupling constant of ~3 Hz (3Jee caused by 6-He or 8-He), or 5-lines with a coupling 

constant of ~6 Hz (3Jae caused by 6-Ha or 8-Ha), or a (less possible) dd peak with a coupling 

constant of ~6 Hz (only one of the 3Jae caused by 6-Ha or 8-Ha is detected and none of the 3Jee 

caused by 6-He and 8-He is detected), or (even less possible) a doublet with a coupling constant 

of ~14 Hz (2Jgem). 

The signal of the 7-Ha should display as 9-lines (both 3Jae caused by 6-Ha and 8-Ha are 

detected) with small coupling constant of ~6 Hz, or (less possible) 8-lines (only one of the 3Jae 

caused by 6-Ha or 8-Ha is detected) with small coupling constant of ~6 Hz, or (even less possible) 

a quartet with small coupling constant of ~14 Hz (none of the 3Jae caused by 6-Ha or 8-Ha is 

detected). Therefore, signals of the 7-Ha and the 7-He can be differentiated and assigned based 

on their multiplicities. 

 

 

Figure 3.18. Key 1H NMR data of the selected norditerpenoid alkaloid free bases and their synthetic 

[3.3.1]azabicycle (8), Δδ are absolute values (CDCl3, ppm) 

 

Similar to those of axial and equatorial 2-H of the selected norditerpenoid alkaloids (1−5, 

Fig. 3.18), the chemical shift of the 7-Ha of [3.3.1]azabicycle (8) is larger than that of the 7-He 

(the 2-H of norditerpenoid alkaloids correlates to the 7-H of the [3.3.1]azabicycle 8) suggesting 

there are similar through-space effects occurring on the 2-Ha and the 7-Ha, and the 7-Ha of 

compound (8) is much deshielded showing a significantly larger Δδ7-H compared with Δδ2-H of 



 

101 

the selected norditerpenoid alkaloids (1−5). To understand if this is a solvent effect, NMR spectra 

of compound (8) including 1H, 13C and HSQC were obtained in different solvents, and details of 

both axial and equatorial 7-H are given in Table 3.2. 

 

Table 3.2. δ7-H (ppm) of [3.3.1]azabicycle (8) in three different deuterated solvents 

Solvent CDCl3 CD3OD d6-DMSO 

δ (7-Ha) 2.86 2.88 2.77 

δ (7-He) 1.53 1.52 1.45 

Δδ7-H* 1.33 1.36 1.32 

* Absolute value. 

 

It is obvious that the 7-Ha of azabicycle (8) is significantly deshielded in CDCl3, CD3OD 

and d6-DMSO, thus the effect acting on 7-Ha is not a solvent effect. 

 

 

Figure 3.19. Synthesis of 7-alkyl substituted [3.3.1]azabicycles (10), (12) and (15) 

 

To support the 1H NMR assignment of 7-Ha and 7-He of the azabicycle (8), 7-alkyl 

substituted [3.3.1]azabicycle (10), (12) and (15) were synthesized using double Mannich 
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reactions (Fig. 3.19). In these [3.3.1]azabicycles (10), (12) and (15), the bulky 7-alkyl groups 

will preferentially adopt the equatorial positions, and then the chemical shifts of 7-Ha can be 

demonstrated whether their values are large or small. As the yields of products (10) and (12) 

are modest (11% and 4%, respectively), N,N-bis(ethoxymethyl)ethanamine (14) was used with 

ketone activator MeSiCl3 to react β-keto ester (13) building the product (15) with a yield of 

75% (Brimble and Brocke, 2005). 

Comprehensive NMR analyses on 7-alkyl [3.3.1]azabicycles (10), (12) and (15) were 

carried out including 1H, 13C, HSQC, COSY, HMBC and NOESY. The key NOESY 

correlations of compounds (10), (12) and (15) are shown in Fig. 3.20, which determined that 

the piperidine rings of these [3.3.1]azabicycles (10), (12) and (15) adopt chair conformations. 

The 7-H of the products (10), (12) and (15) are in the axial position as bulky 7-alkyl groups 

prefer to be equatorial, and all the δ7-H of them display large values, which is similar to the 

chemical shift of the 7-Ha of azabicycle (8). These NMR data are given in Table 3.3. Therefore, 

assignments of the 7-Ha at 2.86 ppm and that of the 7-He at 1.53 ppm shown in the 1H NMR 

spectrum of the [3.3.1]azabicycle (8) were confirmed. 

 

Table 3.3. δ7-H (ppm) of four different [3.3.1]azabicycles (8), (10), (12) and (15) (CDCl3) 

(8) 7-iPr (10) 
7-Me (12) 

(ethyl ester) 

7-Me (15) 

(methyl ester) 

δ (7-Ha) 2.86 
3.02 3.42 3.42 

δ (7-He) 1.53 

 

 

 

Figure 3.20. Key NOESY correlations of the 7-alkyl substituted [3.3.1]azabicycles (10), (12) and (15) 
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This rare through-space effect that occurred to the 2-Ha of the selected norditerpenoid 

alkaloid free bases (1−5) and the 7-Ha of the synthetic [3.3.1]azabicycle (8), (10), (12) and (15) 

is known as steric compression (Winstein et al., 1965), in which the lone-pair electrons of the 

N-atoms push the electron cloud surrounding 7-Ha away decreasing their electron density 

leading to the deshielding effect. The N-atoms are required to be identified to be near 7-Ha for 

showing this effect. These [3.3.1]azabicycles are then required to be proven to adopt chair/chair 

conformations with the N-ethyl groups in the equatorial positions for giving opportunities to 

the N-atoms, especially its lone-pair electrons, to be close to 7-Ha. 

Single-crystal X-ray diffraction (XRD) is one of the most reliable techniques for 

investigation of conformation and configuration (De Camp and Pelletier, 1977). 

 

 

Figure 3.21. Synthesis of [3.3.1]azabicyclic DNP derivatives (16−18) 

 

As these [3.3.1]azabicyclic analogues (8), (10) and (15) are oils, 2,4-DNPH was used to 

treat these ketones (8), (10) and (15) for obtaining crystalline DNP derivatives (16−18, Fig. 

3.21, Campbell et al., 2008; Penning and Christoffers, 2013). NMR analyses were carried out 

on these DNP derivatives (16−18) showing no significant difference between the chemical 

shifts of the 7-Ha of ketone reactants (10), (12), and (15) and those of the DNP derivatives 
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(16−18). The unusually large chemical shifts of 7-Ha are shown in Table 3.4. These large values 

suggests both the ketones (10), (12), and (15) and their DNP derivatives (16−18) adopt the 

same conformations. 

 

Table 3.4. δ7-H (ppm) of [3.3.1]azabicycles (10), (12), and (15) and their DNPH derivatives 

(16−18) (CDCl3) 

ketones 

(8) 7-iPr (10) 7-Me (15) 

δ (7-Ha) 2.86 

3.02 3.42 

δ (7-He) 1.53 

DNP 

derivatives 

(16) 7-iPr (17) 7-Me (18) 

δ (7-Ha) 2.89 

2.97 3.28 

δ (7-He) 1.58 

 

Key NOESY correlations of the DNP derivatives (16−18) are shown in the Fig. 3.22. 

NOESY correlations of 6-Ha/8-Ha and 6-He/4-He were displayed in the NOESY spectra of the 

DNP derivatives (16) and (17), so their cyclohexane rings are determined to adopt chair 

conformations. NOESY spectrum of DNP (18) did not provide helpful evidence for 

conformational identification of the [3.3.1]azabicyclic part. All the hydrazine protons of the 

DNP derivatives (16−18) are NOESY correlated with 5-H, and the 6-H' (or 6-H'') attached to 

the aromatic rings of the DNP derivatives (16−18) show NOESY correlations with the (ethyl 

or methyl) ester groups. Hence, the 9-imine groups of these DNP derivatives (16−18) are 

determined to be E-configurations. NOESY data of these DNP derivatives (16−18) that can 

confirm the conformations of the piperidine rings were not acquired. However, the piperidine 

rings of these compounds (16−18) are likely to adopt chair conformations as the 1H NMR effect 

of steric compression is always displayed. 

These NOESY analyses were also carried out to guarantee that the solution conformations 

and crystal conformations of the DNP derivatives (16−18) are consistent. 
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Figure 3.22. Key NOESY correlations of the [3.3.1]azabicyclic derivatives (16−18) 

 

DNP derivatives (16−18) were recrystallized and XRD data were obtained (Fig. 3.23; 

details see Chapter 4). In general, all the [3.3.1]azabicyclic DNP derivatives (16), (17), (18a) 

and (18b) adopt true-chair/true-chair conformations with the N-ethyl groups in the equatorial 

positions, and the 9-imine groups adopt E-configurations. For 7-alkyl substituted derivatives 

(17), (18a) and (18b), 7-iPr and 7-Me are in the equatorial positions. These conclusions based 

on the XRD data are consistent with NMR studies of all the synthetic [3.3.1]azabicycles (8), 

(10), (15-18). 
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Figure 3.23. Single-crystal XRD data of the [3.3.1]azabicyclic derivatives (16), (17), (18a) and (18b); 

upper left, upper right, lower left and lower right, respectively). Configurations of (18a) and (18b) are 

1R,5R,7S,E and 1S,5S,7R,E, respectively. The crystal structures are drawn in ORTEP style. Atom 

colours: black = C, red = O, blue = N, white = H, yellow dashed-bond = H bond. 

 

The crystal structures (16), (17), (18a) and (18b) are viewed from two different angles in 

the capped-stick and space-filling styles (Fig. 3.24). In the capped-stick style, uncertainty of 

atoms is not displayed and all the atoms are regarded as centroids with the same radii, and this 

style represents clear frames of molecules (Barbour, 2017). As for space-filling style, the radii 

of the presented atoms are proportional to the Van der Waals radii of the atoms, and this style 

is able to show the real relationship between the atoms in space and how these atoms occupy 

space (Corey and Pauling, 1953; Barbour, 2017). The 7-Ha of the crystal structures (16), (17), 

(18a) and (18b) are sitting right on the top of the N-atoms (Fig. 3.24, the first and the third 

columns), and the van de Waals radii of these 7-Ha and those of the N-atoms are overlapped 

shown in the space-filling style (Fig. 3.24, the second column).  
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Figure 3.24. [3.3.1]Azabicyclic frames of crystal [3.3.1]azabicyclic derivatives (16), (17), (18a) and 

(18b), the first to the fourth row, respectively. The first column shows views from the side drawn in 

capped-stick style, and the second column also shows the views from the side drawn in space-filling 

style, which are correlated to the first column. The third column shows views from the front of the N-

atoms drawn in capped stick style. Atom colours: dark grey = C, blue = N, light grey = H 

 

To prove the rare steric compression occurring on the 7-Ha of synthetic [3.3.1]azabicycles 

is caused by the lone-pair electrons of the N-atoms, a mono-Mannich reaction was designed 

and conducted (Fig. 3.25). The reaction conducted under reflux only provided the azabicycle 

(8), even when less than one equivalent of paraformaldehyde was used. Therefore, a relatively 

mild condition was applied, and eventually the reaction worked with a modest yield. This 
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reaction was not further optimized as this condition (as indicated in Fig. 3.25) produced enough 

analyte (19) for NMR analyses. 

 

 

Figure 3.25. Design and synthesis of mono-Mannich product (19) 

 

After purification, a single spot was shown on TLC (DCM: MeOH = 40:1 v/v, target 

compound Rf = 0.2, stained with p-anisaldehyde solution and iodine vapour, respectively). 

[M+H]+ found 228.1602, C12H22NO3 requires 228.1594. NMR analyses (1H, 13C, HSQC, 

COSY, HMBC) of the mono-Mannich product were carried out. 1H, 13C spectra are shown in 

Fig. 3.26 and Fig. 3.27. 

HSQC was used to show the C-H one-bond connections, and the accurate chemical shifts 

of those overlapping signals were extracted from HSQC. COSY helps to assign ethyl groups 

of 1-ester and N-ethyl group. 1'-HA and 1'-HB have HMBC (Fig. 3.28) correlations with C1, C6 

and N-1. Therefore, C1, C6, C1', N-1, N-2, O-1 and O-2 and protons attached to these C-atoms 

are assigned. To assign C3, C4 and C5, assignment of β-keto ester (6, keto tautomer) was used 

to compare with the mono-Mannich product (19). The C3, C4 and C5 of these two compounds 

(8) and (19) experience similar magnetic environments. The final assignments are shown in 

Table 3.5. 
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Figure 3.26. 1H NMR expansion of mono-Mannich product (19) (CDCl3, ppm) 

 

 

Figure 3.27. 13C NMR spectrum of mono-Mannich product (19) (CDCl3, ppm) 

 

Table 3.5. Key NMR data comparison between compounds (6, 19 and 8) (CDCl3, ppm) 

 

(6) 
δC3 δC4 δC5 

41.57 27.12 23.31 

(18) 

δC3 δC4 δC5 

41.12 27.26 22.38 

- 
δ5-H 

1.77; 1.68; Δδ5-H* = 0.09 

(8) - 
δ7-H 

2.86, 1.53; Δδ7-H* = 1.33 

* Absolute value. 
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Figure 3.28. HMBC expansion of mono-Mannich product (19) 
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The C5 of the mono-Mannich product (19) is assigned and the assignments of two 5-H 

are determined by HSQC. Compared with the chemical-shift difference between the axial and 

equatorial 7-H of the double Mannich product (8) (1.33 ppm), Δ5-H [5-H is correlated to the 7-

H of the double Mannich product (8)] of the mono-Mannich product (19) is significantly small 

(0.09 ppm), which proved that a significant 1H NMR effect of steric compression on 7-Ha of 

[3.3.1]azabicycles requires that the N-atom is close to 7-Ha in space. 

Furthermore, a 7,7-dimethyl [3.3.1]azabicycle (21) was obtained by a double Mannich 

reaction (Fig. 3.29). As two bulky methyl groups are introduced to C7, the cyclohexane ring 

of this compound (21) can not remain in a chair conformation but flips to a boat conformation. 

 

 

Figure 3.29. Synthesis of 7,7-dimethyl [3.3.1]azabicycle (21) 

 

 

Figure 3.30. Key COSY, HMBC and NOESY correlations of 7,7-dimethyl [3.3.1]azabicycle (21) 

 

After purification, comprehensive NMR analyses were carried out on 7,7-dimethyl 

[3.3.1]azabicycle (21) including 1H, 13C, HSQC, COSY, HMBC and NOESY, and full 

assignment of 1H and 13C signals and configurations of methylene protons were achieved. Key 

2D NMR correlations are given in Fig. 3.30. Also the piperidine ring was confirmed to adopt 

chair conformation by NOESY correlations of 2-Ha/4-Ha, 2-He/8-He and 4-He/6-He. Compared 
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with the coupling pattern of the 5-H of the [3.3.1]azabicycle (8, Fig. 3.31), which has been 

proven to adopt a chair/chair conformation, coupling pattern of 5-H of the 7,7-dimethyl 

[3.3.1]azabicycle (21) displayed a dq with large a coupling constant (10.5 Hz) that originates 

from eclipsed 6-He, (Newman projections are given in Fig. 3.16), and the overall shape of this 

signal is like a broad doublet, which proves that the cyclohexane ring of the 7,7-dimethyl 

[3.3.1]azabicycle (21) adopts a boat conformation. 

 

 

Figure 3.31. Coupling patterns of 5-H of [3.3.1]azabicycles (8 and 21, left and and right respectively) 

 

 

Figure 3.32. Partial 1H NMR data of [3.3.1]azabicycle (8) (CDCl3, ppm) and key NOESY correlations 

 

Moreover, the chemical shift of 8-Ha of azabicycle (8) is uncommonly larger than that of 

8-He shown in CDCl3, CD3OD and d6-DMSO, these assignments are supported by NOESY 

correlation of 2-He/8-He (Fig. 3.32). This is considered to be a result that the oxygens of the 

1-ester generate a steric compression deshielding 8-Ha (Fig. 3.32). This 1,3-interaction (Van 
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der Waals force) between a proton and an O-atom leading to a deshielding effect has been 

previously reported (Büchi et al, 1971; Williams and Fleming, 2007). 

 

3.2.1.2. Synthesis and analyses of [3.3.1]azabicyclic diol (access lycoctonine 18-OH) 

9-Ketone group of azabicycle (8) may have a long-range anisotropic effect on axial or 

equatorial protons. To eliminate this suspicion, the ketone (8) was treated with LAH to reduce 

both 1-ester and 9-ketone groups to give diol (22, Fig. 3.33). After purification, a single spot 

showed on TLC (DCM: MeOH = 11:1 v/v; target compound TLC Rf = 0.25, stained with 

iodine vapour), and [M+Na]+ found 222.1450, C11H21NO2Na requires 222.1470. 1H, 13C, 

HSQC, COSY, HMBC and NOESY spectroscopies of this diol (22) in CDCl3, CD3OD, d6-

DMSO and D2O were obtained. 

 

 

Figure 3.33. Reduction of [3.3.1]azabicycle (8) producing diol (22) [access of lycoctonine (2) 18-OH] 

 

The chemical shifts of axial and equatorial 7-H of diol (22) in 4 different solvents in 

comparison with those of ketone (8) are given in Table 3.6. 9-Ketone of azabicycle (8) has no 

obvious magnetic effect on 7-Ha or 7-He as chemical shifts of 7-Ha remains at large values 

when the 9-ketone of the compound (8) is reduced to 9-OH of the diol (22), which are 

displayed in CDCl3, CD3OD and d6-DMSO. Compared with δ (7-Ha) and Δδ7-H of the diol (22) 

in CDCl3, CD3OD and d6-DMSO, those values are significantly decreased by ~0.5 ppm when 

the solvent is D2O (Table 3.6 and Fig. 3.34). This may suggest a conformational change as the 

key requirement for showing significant 1H NMR effect of steric compression is the N-atom, 

especially its lone-pair electrons, is close to 7-Ha in space. 
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Table 3.6. Key 1H NMR data of diol (22) in different solvents in comparison with ketone (8) (ppm) 

Compound Solvent δ (7-Ha) δ (7-He) Δδ7-H* 

(8) CDCl3 2.86 1.53 1.33 

(22) 

CDCl3 2.59 1.48 1.11 

CD3OD 2.58 1.42 1.16 

d6-DMSO 2.47 1.29 1.18 

D2O 

(with 2 drops of d6-DMSO) 
2.04 1.59 0.45 

* Absolute value. 

 

 

Figure 3.34. 1H NMR expansion of diol (22) in CDCl3 (upper) and D2O (lower) (ppm) 

 

 

Figure 3.35. Key NOESY correlations of diol (22) 
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NOESY analyses confirmed all the orientations of protons of the diol (22) in all the 4 

solvents, and key NOESY correlations are shown in Fig. 3.35. 

In CDCl3, CD3OD and D2O, 9-OH is identified to be in the axial positon as NOESY 

correlates of 2-Ha/9-H and 4-Ha/9-H; also, the piperidine rings are determined to adopt chair 

conformations in all the four solvents due to NOESY correlations 2-Ha/9-H, 4-Ha/9-H, 2-He/8-

He and 4-He/6-He. As for diol (22) in d6-DMSO, 9-OH is NOESY correlated with 6-Ha and 8-

Ha confirming 9-OH is in the axial positon, and combined with NOESY correlations of 2-

He/8-He and 4-He/6-He, the cyclohexane ring is determined to adopt a chair conformation. 

Therefore, the 7-Ha of the diol (22) experiences the effect of steric compression showing 

uncommonly large chemical shifts in CDCl3, CD3OD and d6-DMSO, and together with 

NOESY analyses in these solvents, the solution conformations of the diol (22) in these 

solvents are proven to be chair/chair. Moreover, a [3.3.1]azabicycle shows an obvious 1H 

NMR effect of steric compression when it adopt a true-chair/true-chair conformation (see 

Chapter 4). Therefore, the solution conformations of the diol (22) in CDCl3, CD3OD and d6-

DMSO are confirmed to be true chair/true chair. 

To identify the conformation of the cyclohexane ring of the diol (22) in D2O, coupling 

pattern of key 8-He was analysed. The 8-He has been proven to be close to 2-He in space by 

NOESY correlation 8-He/2-He (Fig. 3.35). If the cyclohexane ring adopts a chair conformation 

(Fig. 3.36), the 8-He is the proton that is close to 2-He in space and its coupling pattern should 

look like a doublet caused by a large coupling constant being 2Jgem ~14 Hz (8-Ha), and it also 

couples with 7-Ha and 7-He (typically 3Jae ~6 Hz and 3Jee ~3 Hz, both dihedral angles ~60°). 

If the cyclohexane ring of the diol (22) adopts boat conformation, 8-Ha, which is the 8-He of 

the cyclohexane ring adopting a chair conformation, is the proton that is close to 2-He, and its 

coupling pattern should look like a triplet due to both 2Jgem ~14 Hz (8-Ha) and 3Jaa ~14 Hz (7-

Hf, dihedral angle ~180°) are large coupling constants, and it also couples with 7-Hb that gives 

a small coupling constant (dihedral angle ~60°). 
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Figure 3.36. Newman projections of bond C8−C7 in the diol (22) 

 

The coupling pattern of 8-He of the diol (22) shows as a dd peak (Fig. 3.37), as this 8-He 

couples with 8-Ha (2Jgem = 13.5 Hz) and 7-Ha (3Jae = 7.0 Hz), and the coupling constant caused 

by 7-He (small 3Jee) is not displayed. Therefore, the cyclohexane ring of the diol (22) is 

determined to adopt a chair conformation. Coupling patterns of 6-Ha and 8-Ha were also 

analysed, and both of them contribute large and equal coupling constants to the 7-Ha (3Jaa = 

13.5 Hz), and this proved that the cyclohexane ring of the diol (22) adopts a true-chair 

conformation. 

The 7-Ha of the diol (22) is overlapped with the 5-H (Fig. 3.37), but it has 8-lines that 

confirms this is the signal of the 7-Ha (3Jae caused by 6-He is not shown). Therefore the 

orientations of the axial and equatorial 7-H of the diol (22) are assigned. The significant 

decrease of the δ (7-Ha) of the diol (22) in D2O is considered that D2O (water) molecules form 

H-bonds with the lone-pair electrons of the N-atom, and then the lone-pair electrons are no 

longer sit right on the top of the 7-Ha so the effect is decreased. 

In addition, 1,3-interaction (Van der Waals force) acting on 6-Ha and 8-Ha of the diol (22) 

caused by the O-atom of the 9-OH are also observed, which leads to the chemical shifts of 6-

Ha and 8-Ha being larger than those of 6-He and 8-He, respectively (Fig. 3.38). These results 

were obtained in CDCl3, CD3OD, d6-DMSO and D2O. 
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Figure 3.37. Key coupling pattern analyses of diol (22) in D2O 

 

 

Figure 3.38. Partial 1H NMR data of diol (22) in CDCl3 (ppm) 

 

3.2.1.3. Analyses of protonated [3.3.1]azabicycles 

The [3.3.1]azabicycle (8) was separately dissolved in d4-acetic acid and conc. HCl aq. 

solution to obtain protonated compounds (23−25, Fig. 3.39), which are ketone salts (23) and 

(24), and ketal (hydrate) salt (25), respectively. Additionally, the ketone salt (24) was 

dissolved in D2O or D2O/H2O containing solutions (wet CD3OD and wet d6-DMSO) and the 

ketal salt (25) was generated. 1H, 13C, HSQC, COSY, HMBC and NOSEY spectroscopies of 

each of these salts (23−25) were obtained. 
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Figure 3.39. Acidification of [3.3.1]azabicyle (8)  

 

In comparison with the 1H NMR data of the free base (8), 1H NMR signals of α-N-atom 

protons of the salt (23), 2-H, 4-H and N-1, shift to downfield (shown in Table 3.7), which is 

the result of the inductive effect of the N-atom increasing as it is protonated (Williams and 

Fleming, 2007). 

 

Table 3.7. Key 1H NMR data of free base (8) its acetate salt (23) (ppm) 

 free base (8) (CDCl3) acetate salt (23) (d4-acetic acid) 

N-1 2.41 3.35 

2-Ha 2.93 4.01 

2-He 3.22 4.15 

4-Ha 2.57 3.66 

4-He 3.15 4.12 

 

 

Figure 3.40. Key 1H NMR data (ppm) and key NOESY correlations of ketone acetate salt (23) 
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NOESY analyses indicated the orientations of the 2-H, 4-H, 6-H, and 8-H of acetate salt 

(23, Fig. 3.40), and also prove that the piperidine ring adopts a chair conformation. The 

chemical shifts of axial and equatorial 7-H show a difference of 0.70 ppm (Fig. 3.40), which 

mean the deuterium charged on the N-atom is able to provide steric compression acting on the 

7-Ha leading to a deshielding effect. The conformation of this salt is determined to be true-

chair/true-chair due to the obvious 1H NMR effect of steric compression is displayed. Also, a 

broad singlet-like signal of 5-H of this acetate salt (23) is also shown (Fig. 3.41), which 

supports the conclusion that this acetate salt (23) adopts a true-chair/true-chair conformation.  

Assignments of axial and equatorial 7-H are based on analysis of the coupling pattern of 

the 7-He (7-Ha is overlapped with 6-He and 8-He), which shows as 11-lines (Fig. 3.41) that is 

same as the coupling pattern of the 7-He of the free base (8) (Fig. 3.17). 

In addition, a 1,3-interaction (Van der Waals force) originated from the O-atoms of the 

1-ester of this acetate salt (23) acting on the 8-Ha leading to the chemical shift of the 8-Ha is 

larger than that of the 8-He is displayed (Fig. 3.40), which is similar to that shown in the free 

base (8, Fig. 3.32), δ (8-Ha) = 2.53 ppm > δ (8-He) = 2.24 ppm.  

 

 

Figure 3.41. Coupling patterns of the 5-H and the 7-He of the acetate salt (23) 

 

XRD data of the chloride salt (24) are acquired, which shows that this salt (24) adopts a 

true-boat/true-chair crystal conformation with the N-ethyl in the equatorial position (Fig. 3.42, 

details see Chapter 4). However, NMR spectroscopic analyses on the crystalline chloride-salt 
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(24) in d4-acetic acid gave similar results to those of acetate salt (23) in d4-acetic acid. NMR 

data of the chloride salt (24) shows a significant Δδ7-H = 0.87 ppm, δ (7-Ha) = 2.60 ppm and δ 

(7-He) = 1.73 ppm, suggesting the solution conformation of this chloride salt (24) in d4-acetic 

acid is true-chair/true-chair. 

 

 

Figure 3.42. Crystal structures of 1S,5S-[3.3.1]azabicyclic hydrochloride (24) 

 

The crystal conformation of the synthetic [3.3.1]azabicyclic chloride salt (24) is different 

from its solution conformation. However, both crystal and solution conformations of the A/E-

rings of the protonated norditerpenoid alkaloids are twisted chair/(twisted) chair (the E-rings, 

namely the piperidine rings, of the natural alkaloids are proved to adopt a twisted-chair 

conformation in crystal, and they have been proven to adopt chair conformations in D2O, but no 

evidence was obtained to show whether the chair conformations are twisted in solution. See 
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Chapter 2 for studies of solution conformations and see Chapter 4 for studies of crystal 

conformations). 

When the crystalline ketone chloride salt (24) was dissolved in D2O (or D2O/H2O 

containing solvents, CD3OD and d6-DMSO), the ketal (hydrate) salt (25) was generated. 

NMR spectroscopies, including 1H, 13C, HSQC, COSY, HMBC and NOESY, of this ketal 

salt (25) in D2O were obtained. The 13C signal of the C9 of the ketone acetate-salt (23) at 208.66 

ppm was shifted to 95.55 ppm (Fig. 3.43), suggesting the 9-ketone group was hydrated. Both 

1H and 13C NMR spectra of this ketal salt (25) in D2O were externally calibrated by TMSP (Fig. 

3.44). 

 

 

Figure 3.43. 13C NMR (full spectra) comparison between ketone acetate-salt (23, in d4-acetic acid, ppm, 

upper) of ketal chloride-salt (25, in D2O, ppm, lower) 

 

The NOESY spectrum of the ketal salt (25) was used to assign the orientations of the axial 

and equatorial 2-H, 4-H, 6-H and 8-H, and key NOESY correlations are given in Fig. 3.45. 

Signal of 5-H of this salt (25) displayed as a broad singlet (Fig. 3.46), which proves that this salt 

(25) adopts chair/chair conformation. 
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Figure 3.44. External calibration of 1D NMR spectroscopies of ketal salt (25) in D2O with TMSP (ppm) 

 

 

Figure 3.45. Key NOESY correlations of the ketal salt (25) in D2O  

 

The assignments of the orientations of the axial and equatorial 7-H of this ketal salt (25) 

are based on the coupling analyses of coupling-pattern analyses of 7-Ha (Fig. 3.46). The 

coupling pattern of the 7-Ha shows as 9-lines. Thus, the orientations of the axial and equatorial 

7-H of this ketal salt (25) are assigned. Also, the coupling constants of the 7-Ha caused by 6-Ha 

and 8-Ha are equal to 14.1 Hz (Fig. 3.46), suggesting that the cyclohexane ring of this ketal salt 

(25) adopts a true-chair/true chair conformation. 
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Figure 3.46. Analyses of coupling patterns of key 1H NMR signals of ketal salt (25) 

 

 

 

Figure 3.47. 1H NMR (expansion) comparison between ketone acetate-salt (23, in d4-acetic acid, ppm, 

upper) and ketal chloride-salt (25, in D2O, ppm, lower) 
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Compared with the chemical shifts of the axial and equatorial 7-H of the ketone salt (24), 

the chemical shift of the 7-Ha of the ketal salt (25) is smaller than that of the 7-He (Fig. 3.47), 

and similar results were obtained in the 1H NMR spectroscopies of the ketal salt (25) in CD3OD 

and d6-DMSO (with 2 drops of D2O) given in Table 3.8. As the solution conformation of the 

ketal salt (25) has been confirmed to be true chair/true chair, the reason why the 7-Ha of the 

ketal salt (25) experiences less steric compression in wet or protic solvents is considered to be 

related to intermolecular H-bond formation. 

 

Table 3.8. Key 1H NMR data of the salt (23−25) (ppm) 

Compound Solvent 7-Ha 7-He Δδ7-H* 

ketone acetate salt (23) d4-acetic acid 2.42 1.72 0.70 

ketone chloride salt (24) d4-acetic acid 2.60 1.73 0.87 

Ketal chloride salt (25) 

D2O 1.72 1.83 0.11 

CD3OD**, *** 1.78 1.89 0.11 

d6-DMSO 

(with 2 drops of D2O) 
1.55 1.90 0.35 

* Absolute value; 

** Wet solvent, a large HDO residual peak at 4.85 ppm is displayed; 

*** Both the axial and equatorial 7-H show as fully overlapping signals and their orientations were 

assigned by comparison data with those of salt (25) in D2O and d6-DMSO. 

 

 

 

Figure 3.48. Key 1H NMR data of ketal salt (25) in D2O (ppm, signals of the 2-He and 4-He are 

overlapped) 
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Furthermore, 1,3-interaction (Van der Waals force) acting on 6-Ha and 8-Ha of the ketal 

salt (25) in D2O caused by the O-atom of 9β-OH are shown (chemical shifts of 6-Ha and 8-Ha 

are larger than those of 6-He and 8-He, respectively Fig. 3.48). However, neither 2-Ha nor 4-

Ha experience this effect from 9α-OH (chemical shifts of 2-Ha and 4-Ha are smaller than those 

of 2-He and 4-He, respectively). This is likely to be the result that the O-atom of 9α-OH 

forming H-bonds with D2O/H2O and the lone-pair electrons surrounding the O-atom of the 

9α-OH are less localized. 

In addition, a conformational isomer of the protonated [3.3.1]azabicycle (25) may also 

exist in D2O. In the 1H NMR spectrum of this salt (25), there are signals displayed with small 

integrals (Fig. 3.47, lower). A dq signal at 2.46 ppm near the 8-Ha of the salt (25) at 2.39 ppm 

is considered to be 5-H of the conformational isomer of the salt (25), which is also close to 5-

H of the salt (25) at 2.23 ppm, and its multiplicity is as same as that of 5-H of the 7,7-dimethyl 

[3.3.1]azabicycle (21, Fig. 3.31). Therefore, the conformation of this isomer of salt (26) is 

considered to be boat/chair or chair/boat. Moreover, a quartet at 3.36 ppm near N-1 signal of 

the salt (25) at 3.26 ppm is considered to be N-1 signal of this isomer of the salt (25). The 

integration ratio between the integration of the 5-H of the conformational isomer at 2.46 ppm 

and that of the 8-Ha of the salt (25) at 2.39 ppm is ~1:9.5 (Fig. 3.47). No reliable 13C signal 

nor 2D NMR correlation of this isomer, especially HSQC, are displays possibly caused by the 

low concentration of this conformational isomer of this ketal salt (25). 

 

3.2.1.4. Synthesis and analyses of methylated [3.3.1]azabicycles 

 

 

Figure 3.49. Methylation of [3.3.1]azabicycle (8)  
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[3.3.1]Azabicycle (8) was methylated by MeI (5.0 eq.) heated under reflux for 24 h (Fig. 

3.49). After purification, a pure methylated product (26) was obtained as an oil and it showed 

a single spot on TLC (DCM: MeOH = 10:1 v/v; target compound TLC Rf = 0.2; stained with 

Dragendorff’s reagent). Positive mode ESI-MS (m/z) found [M]+ at 254.1733, cal. 

[C14H24NO3]+ requires 254.1751 (weight of electron ≈ 0.00055 Da, 254.17562 – 0.00055 ≈ 

254.1751 Da, difference = 7 ppm). 

NMR analyses (1H, 13C, HSQC, HMBC and NOESY) were carried out for signal 

assignments and conformational identification. As the N-atom is quaternaised, the inductive 

effect of the N-atom increases leading to N-1 being deshielded and its chemical shift increased, 

and 1H signals of N-1 and O-1 are overlapped (Fig. 3.50). 1H signals of 5-H and N-Me are 

overlapped. 13C signals of N-1 and C2 are overlapped (Fig. 3.51). HSQC spectrum was used 

to indicate C-H one-bond correlations separating overlapping 1H signals, from which accurate 

chemical shifts of the overlapping signals were extracted (Fig. 3.52). 

 

 

Figure 3.50. 1H NMR expansion of methylated [3.3.1]azabicycle (26) 

 

 

Figure 3.51. 13C NMR spectrum of methylated [3.3.1]azabicycle (26)  
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Figure 3.52. HSQC expansion of methylated [3.3.1]azabicycle (26)  
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13C signal at 207.19 ppm is assigned to 9-ketone carbon and the 13C signal at 169.55 ppm 

is assigned to 1-ester carbon (Fig. 3.51). The 1-ester carbon has HMBC correlations with protons 

attached to O-2 and C2 (both axial and equatorial) (Fig. 3.53). O-1 shows COSY correlation 

with O-2 (Fig. 3.54), thus O-2 is differentiated from N-2, and N-2 has COSY correlation with 

N-1. 2-Ha is HMBC correlated with C8, and 8-H, 7-H, 6-H, 5-H and 4-H have COSY 

correlations to their vicinal protons. Both 2-Ha and 4-H, which displays as one signal, are HMBC 

correlated with N-Me. The quaternary 13C signal at 57.19 ppm is assigned to C1 (Fig. 3.52). 

Therefore, all the 1H and 13C signals of this methylated [3.3.1]azabicycle (26) have been 

assigned. 

 

 

Figure 3.53. HMBC expansions of methylated [3.3.1]azabicycle (26)  
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Figure 3.54. COSY expansion of the methylated [3.3.1]azabicycle (26)  
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Figure 3.55. NOESY expansion of the methylated [3.3.1]azabicycle (26)  
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The 2-Ha has a NOESY (Fig. 3.55) correlation with the 4-H (4-Ha), and it is also NOESY 

correlated with the 8-He and the 7-Ha, so the piperidine ring is determined to adopt a boat 

conformation. The 7-Ha experiences the effect of steric compression [δ (7-Ha) = 2.84 ppm > δ 

(7-He) = 1.87 ppm, Δδ7-H = 0.97 ppm) and it is close to the 2-Ha in space, thus the cyclohexane 

ring adopts a chair conformation. The 6-He is NOESY correlated with 4-H (4-He). The N-2 has 

NOESY correlations with both 2-Ha and 2-He, but the N-Me only show NOESY correlation with 

the 2-He suggesting the N-Me is in the flagpole position and the N-Et is in the bowsprit position. 

The effect of the steric compression acting on the 7-Ha should be caused by the N-Et. If the 

piperidine ring adopt a true-boat conformation, the the N-Et is far away from the 7-Ha in space, 

therefore, the boat-like piperidine ring has to be flattened allowing N-Et to be close to the 7-Ha 

in space leading to the exhibition of the effect of steric compression on the 7-Ha. 

 

 

Figure 3.56. Analyses of coupling patterns of the methylated [3.3.1]azabicycle (26)  

 

Compared with the coupling pattern (Fig. 3.17) of the 7-Ha of the [3.3.1]azabicycle (8), 

coupling pattern of the 7-Ha of the methylated [3.3.1]azabicycle (26) is slightly different (Fig. 

3.56). Both the 6-Ha and 8-Ha contribute equal coupling constants of 3Jaa = 13.8 Hz to the 7-

Ha, which suggests that the cyclohexane ring adopt a true-chair conformation. The values of 

the 2Jgem of the axial and equatorial 7-H of the methylated derivative (26) are 16.1 Hz, which 
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is larger than that of the 2Jgem the axial and equatorial 7-H of the azabicycle (8) (12.4 Hz, Fig. 

3.17). This may suggest that the ∠(7-Ha)–C7–(7-He) of the methylated derivative (26) is 

different from that of the azabicycle (8). 

 

3.2.1.5. Synthesis and analyses of [4.3.1]- and [3.2.1]azabicycles 

To investigate whether ring size influences the 1H NMR steric compression, [4.3.1]- and 

[3.2.1]azabicyclic analogues (29) and (34) were synthesized using double Mannich reactions 

(Fig. 3.57 and Fig. 3.58). The refluxing time of the double Mannich reaction for synthesizing 

[3.3.1]azabicycle (8) is 2 h, and it is 4 h for synthesizing [4.3.1]azabicycle (28), and the 

traditional double Mannich reaction is not able to produce [3.2.1]azabicycle (34). The reason 

why the reactivity of β-keto esters (6), (27) and (32) in Mannich reactions is different is 

correlated to the tautomer ratio between keto from and enol form of these three reactants. 

NMR analyses (Fig. 3.59) on the β-keto esters (6), (27) and (32) revealed that the ratios 

between the keto from and enol form were ~1:4 (~80% enol form), ~5:1 (~17% enol form) 

and ~29:1 (~3% enol form), respectively. These ratios were obtained by measuring 

integrations of the keto signature-signal 1-H and the enol signature-signal 2-OH. As content 

of enol form of a β-keto ester decreased, the difficulty for conducting a Mannich reaction with 

this β-keto ester increases. 

A double Mannich reaction was used to produce [4.3.1]azabicycle (28). The reaction was 

conducted heating under reflux for 4 h, and a single spot was shown on TLC (petroleum ether: 

ethyl acetate = 20:1 v/v, target compound Rf = 0.2, stained with p-anisaldehyde solution) after 

purification. Positive mode ESI-MS (m/z) [M+H]+ found 240.1624, C13H22NO3 requires 

240.1594 and [M+Na]+ found 262.1428, C13H21NO3Na requires 262.1414. 

To obtain [3.2.1]azabicycle (34), N,N-bis(ethoxymethyl)ethanamine (14) was used with 

ketone activator MeSiCl3, and the reaction was conducted at 20° C for 20 h providing target 

compound (34) (Brimble and Brocke, 2005). After purification, a single spot was shown on 

TLC (petroleum ether: ethyl acetate = 7:1 v/v; target compound TLC Rf = 0.25, stained with 

Dragendorff’s reagent or p-anisaldehyde solution). Positive mode ESI-MS (m/z) [M+H]+ 

found 226.1448, C12H20NO3 requires 226.1438, [M+Na]+ found 248.1265, C12H19NO3Na 

requires 248.1257. 
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Figure 3.57. Synthetic scheme of [4.3.1]azabicyclic analogues 

 

 

Figure 3.58. Synthetic scheme of [3.2.1]azabicyclic analogues 
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Figure 3.59. 1H NMR expansions of three different starting material reactants for double 

Mannich reactions (CDCl3, ppm) 
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Figure 3.60. Orientation labelling of protons attaching to cyclopentane ring. 

 

Axial (a) and equatorial (e) are suitable for describing orientations of protons attached to 

a six-membered ring (e.g. cyclohexane) in a true-chair conformation. If ring size changed (e.g. 

cyclopentane and cycloheptane), protons attached to the ring are better to be described as 

pseudo-axial (a') and pseudo-axial (e') (Moss, 1996). Exo and endo are also suitable to be 

sused to describe orientations of protons attached to bicycles. In this study, a (a') and a (e') are 

preferred for remaining consistency with labelling used in the mono ring-system. The proton 

labelling of a cyclopentane is given in Fig. 3.60, which is also used in the five-membered C-

ring of norditerpenoid alkaloids (see Chapter 2). 

NMR analyses (1H, 13C, HSQC, COSY, HMBC and NOESY) were carried out on the 

[4.3.1]- and [3.2.1]azabicyclic analogues (28) and (34). 

 

 

Figure 3.61. Key NOESY correlations of [4.3.1]- and [3.2.1]azabicyclic analogues, (28) and (34) 
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Key NOESY correlations of [4.3.1]- and [3.2.1]azabicyclic analogues (28) and (34) are 

shown in Fig. 3.61, which confirmed all the orientation assignments and proved that the 

piperidine rings of both analogues (28) and (34) adopt chair conformation. As 3-Ha' and 4-Ha' 

are experiencing the 1H NMR effect of steric compression (Table 3.9), the cycloheptane ring 

of the [4.3.1]azabicyclic analogues (28) should adopt a (twisted-) chair conformation. 

7-H of the [3.3.1]azabicycle (8) correlate to 3-H and 4-H of the [4.3.1]azabicycle (28). 

The 7-Ha of the [3.3.1]azabicycle (8) correlated to 6-He' and 7-He' of [3.2.1]azabicycle (34), 

and the 7-He of the [3.3.1]azabicycle (8) correlates to 6-Ha' and 7-Ha' of [3.2.1]azabicycle (34).  

When the ring size changes from six membered to seven- or five-membered, the intensity 

of the 1H NMR effect of steric compression are significant decreased. Compared with the Δδ7-

H (1.33 ppm) of [3.3.1]azabicycle (8), Δδ3-H and Δδ4-H of the [4.3.1]azabicycle (28) are 0.68 

ppm and 0.45 ppm, respectively. δ (3-Ha') > δ (3-He') and δ (4-Ha') > δ (4-He') indicating these 

3-Ha' and 4-Ha' are experiencing steric compression, but the intensity of this effect decreased. 

As for [3.2.1]azabicycle (34), Δδ7-H = 0.13 ppm, and δ (7-He') > δ (7-Ha'), and 6-He displays as 

one signal. This shows that the intensity of effect of steric compression in the [3.2.1]azabicycle 

(34) is even weaker in comparison with that is shown in the [4.3.1]azabicycle (28). The key 

1H NMR data are shown in Table 3.9. 

 

Table 3.9. Key 1H NMR of [3.3.1]-, [3.4.1]- and [3.2.1]azabicycle, (8), (28) and (34) (CDCl3, ppm) 

[3.3.1]azabicycle (8) [4.3.1]azabicycle (28) [3.2.1]azabicycle (34) 

δ (7-Ha) 2.86 δ (3-Ha') 2.04 δ (4-Ha') 1.96 δ (6-He') 1.95 δ (7-He') 2.38 

δ (7-He) 1.53 δ (3-He') 1.36 δ (4-He') 1.51 δ (6-Ha') 1.95 δ (7-Ha') 2.25 

Δδ7-H* 1.33 Δδ3-H* 0.68 Δδ4-H* 0.45 Δδ6-H 0.00 Δδ7-H* 0.13 

* Absolute value. 

 

Both [4.3.1]azabicycle (28) and [3.2.1]azabicycle (34) were acidified and were DNP 

derivatized to obtain crystalline products (30), (31), (35) and (36). Detailed NMR analyses 

were carried out on their DNP derivatives (30) and (35), which provided similar result to that 

of ketones (28) and (34) shown in Table 3.10.  
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Table 3.10. Key NOESY correlations of [4.3.1]- and [3.2.1]azabicyclic DNP derivatives; key 1H NMR 

of [3.4.1]- and [3.2.1]azabicycle, (28) and (34), and their DNP derivatives, (30) and (35) (CDCl3, ppm) 

 

[4.3.1]azabicyclic DNP derivative (30) [4.3.1]azabicyclic DNP derivative (35) 

δ (3-Ha') 2.05 δ (4-Ha') 1.95 δ (6-He') 2.07 δ (7-He') 2.37 

δ (3-He') 1.42 δ (4-He') 1.39 δ (6-Ha') 1.94 δ (7-Ha') 2.19 

Δδ3-H* 0.63 Δδ4-H* 0.56 Δδ6-H 0.13 Δδ7-H* 0.18 

[4.3.1]azabicycle (28) [3.2.1]azabicycle (34) 

δ (3-Ha') 2.04 δ (4-Ha') 1.96 δ (6-He') 1.95 δ (7-He') 2.38 

δ (3-He') 1.36 δ (4-He') 1.51 δ (6-Ha') 1.95 δ (7-Ha') 2.25 

Δδ3-H* 0.68 Δδ4-H* 0.45 Δδ6-H 0.00 Δδ7-H* 0.13 

* Absolute value. 

 

DNP derivatization on the [4.3.1]azabicycle (28) with 1.2 eq. DNPH catalysed with 0.5 

eq. TFA, which were used for providing [3.3.1]azabicyclic DNP derivatives (16) and (17), did 

not work. Rather, the [4.3.1]azabicycle (28) was treated with 5.0 eq. DNPH catalysed with 0.2 

eq. conc. H2SO4 under reflux for 4.5 days and eventually DNP derivative (30) was obtained. 

After this reaction, this recipe was applied on the synthesis of 7-Me [3.3.1]azabicyclic DNP 

derivative (18) and [3.2.1]azabicyclic DNP derivative (35). 

NMR analyses on the chloride salts (31) and (36) were attempted in different solvents 

(D2O, d4-acetic acid, d6-DMSO, CD3OD and d6-acetone), but all these data showed more than 

one components, which could be conformational isomers or their free bases, and full 

assignments were not able to be achieved. 



 

138 

Compounds (30), (31), (35) and (36) were attempted to recrystallized, and single crystals 

of [4.3.1]azabicyclic DNP derivative (30) and those of [4.3.1]azabicyclic chloride salt (31) 

were obtained followed with XRD analyses (see Chapter 4). To date, single crystals of DNP 

derivative and chloride salt of [3.2.1]azabicycle (35) and (36) were not acquired. 

 

3.2.1.6. Synthesis and analyses of [3.3.1]oxabicycle 

 

 

Figure 3.62. Synthesis of [3.3.1]oxabicycle (38) 

 

To finish this topic of the 1H NMR effect of steric compression, a [3.3.1]oxabicyclic 

tetrahydropyran ether (38) was synthesized to investigate whether the O-atom is able to cause 

the effect of steric compression (Fig. 3.62, Mannich and Brose, 1923). Tetramethylol-

cyclohexanol (37) was heated to melt at 160 oC, and then anhydrous gaseous HCl was slowly 

pumped into the round-bottom flask with the melted reactant for 10 min. Then the reaction 

was heated at 160 oC for 15 min to remove residual HCl. After cooling to 20 oC, water was 

added to crude products. The aqueous solution was extracted with chloroform (as the original 

paper reported that the product is not soluble in chloroform) and was extracted with ethyl 

acetate (separated from polar impurities), then the combined ethyl acetate extracts were 

concentrated by evaporation forming a white solid ether (38). MS (m/z) [M+H]+ found 

203.1281, C10H19O4 requires 203.1283 and [M+Na]+ found 225.1104, C10H18O4Na requires 

225.1103. The products was recrystallized from ethyl acetate for ~14h and its single crystals 

were obtained. XDR data (see Chapter 4) of this ether (38) show a true-chair/true-chair 

conformation with 9-OH in the equatorial position. 

Detailed NMR analyses of this tetrahydropyran (38) were then carried out. C-H one-bond 

links were indicated by HSQC (Fig. 3.63). 7-Ha is COSY correlated with 6-He (8-He) (Fig. 
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3.64, upper). 2-He (4-He) has a NOESY correlation with 8-He (6-He) (Fig. 3.64, lower), and 9-

H in the axial positon is NOESY correlated with 6-Ha (8-Ha), therefore orientations of 2-H, 4-

H, 6-H, 8-H, 9-H are assigned. 

The signal of 6-He (8-He) that has been proven to be in the α-orientation by NOESY 

shows as a dd peak (Fig. 3.65), which is coupled with 6-Ha (8-Ha, 2Jgem = 13.5 Hz) and 7-Ha 

(3Jae = 6.5 Hz), determining that the solution conformation of this [3.3.1]oxabicycle (38) 

adopts a chair/chair conformation. 

The 7-H signal at 2.32 ppm is significant larger than the other 7-H signal at 1.51 ppm 

(Fig. 3.63), therefore, the 7-H at 2.32 ppm is experiencing the effect of the steric compression 

(Δδ7-H = 0.81 ppm) caused by the O-atom lone-pair electrons, and the solution conformation 

of this ether (38) should be true-chair/true-chair as same as its crystal conformation. 

To confirm the orientations of axial and equatorial 7-H, coupling patterns of 7-Ha and 7-

He were analysed (Fig. 3.65). The signal of 7-He at 1.51 ppm displays as a dt peak (5-lines), 

which is a result that it is coupled with 7-Ha (2Jgem = 13.5 Hz), 6-Ha and 8-Ha (3Jae = 6.5 Hz). 

The signal of 7-Ha at 2.32 ppm shows as a qt peak (9-lines), and it is coupling with 7-He (2Jgem 

= 13.5 Hz), 6-Ha, 8-Ha (3Jaa = 13.5 Hz), 6-He and 8-He (3Jae = 6.5 Hz).  

 

 

Figure 3.65. Analyses of coupling patterns of key 1H NMR signals of [3.3.1]oxabicycle (38) in CD3OD 
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Figure 3.63. HSQC expansion of [3.3.1]oxabicycle (38) 
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Figure 3.64. Key COSY (upper) and NOESY (lower) correlations of [3.3.1]oxabicycle (38) 
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Table 3.11. δ7-H (ppm) of [3.3.1]azabicycle (38) in four different deuterated solvents 

Solvent CD3OD d6-DMSO d6-acetone D2O 

δ (7-Ha) 2.32 2.18 2.35 2.16 

δ (7-He) 1.51 1.38 1.43 1.57 

Δδ7-H* 0.81 0.80 0.92 0.59 

* Absolute value. 

 

NMR analyses on the [3.3.1]oxabicycle (38) in d6-DMSO, d6-acetone and D2O were also 

carried out, and key 1H NMR data are given in Table 3.11. Compared with Δδ7-H (0.81 ppm) 

that is obtained from [3.3.1]oxabicycle (38) in CD3OD, Δδ7-H acquired from d6-DMSO and 

d6-acetone are similar (0.80 ppm and 0.92, respectively). However, Δδ7-H acquired from D2O 

solution decreased (0.59 ppm) suggesting D2O (H2O) may form H-bond with the ether O-atom 

resulting in the oxygen lone-pair electrons are not fully overlapping with the 7-Ha leading to 

the intensity of the effect of steric compression decreases. 

 

 

Figure 3.66. Key 1H NMR data of [3.3.1]oxabicycle (38) in CD3OD (ppm) 

 

The 1,3-interaction (Van der Waals force) from the O-atom of 9α-OH acting on 2-Ha and 

4-Ha through space is observed, which leads to chemical shifts of 2-Ha and 4-Ha are larger 

than those of 2-He and 4-He (Fig. 3.66). 
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3.2.2. Access O-atoms to A/E-[3.3.1]azabicycle 

3.2.2.1. Access 1-OMe/1-OH 

 

 

Figure 3.67. Design of accessing 1-OMe 

 

To access 1-OMe (in norditerpenoid alkaloid numbering), which is synthesis of 6-OMe 

[3.3.1]azabicycles (Fig. 3.67), 3-OMe cyclohexan-1-one (39) was used to build 4-OMe β-keto 

ester (40, Fig. 3.68). After purification, a tailing single-spot was showed on TLC (petroleum 

ether: ethyl acetate = 3:1 v/v, the target compound Rf = 0.5, stained with p-anisaldehyde 

solution). Positive mode ESI-MS (m/z) [M+H]+ found 201.1126, C10H17O4 requires 201.1121 

and [M+Na]+ found 223.0941, C10H16O4Na requires 223.0941. 

 

 

Figure 3.68. Synthesis of 4-OMe β-keto ester 

 

1H NMR spectroscopy of the product (Fig. 3.69) shows there are at least three 

components as three singlets in region ~3.3 ppm, which are supposed to be singles of 4-OMe 

groups. One of this components should be an enol tautomer as a singlet at 12.19 ppm is 

showed, which is considered to be the signature single 2-OH of the enol form (41). 13C NMR 

spectroscopy (Fig. 3.70) confirmed this idea. Only one single in region ~100 ppm (at 97.38 

ppm) is displayed that is signature signal C2 of the enol form (41), and two ketone signals in 

region 200~210 ppm are displayed, which should be C2 of the keto forms (40a) and (40b). 
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Figure 3.69. 1H NMR spectrum of tautomers (40), (41a) and (41b) (CDCl3, ppm) 

 

 

 

Figure 3.70. 13C NMR spectrum of tautomers (40), (41a) and (41b) (CDCl3, ppm) 

 

 

 

Figure 3.71. 1H NMR expansion of tautomers (40a), (40b) and (41) (CDCl3, ppm) 
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Only 4-H of tautomers (40a), (40b) and (41) and 1-H of ketos (40a) and (40b) are the 

protons attached to CH groups, and δ4-H are larger than δ1-H due to inductive effect of 4-OMe 

groups, and δ4-H are supposed to be ~3.5 ppm. Therefore, CH signals at 3.56, 3.66 and 3.76 

ppm are assigned to 4-H (Fig. 3.71). The possible conformations of these tautomers (40a), 

(40b) and (41) are listed in Fig. 3.72. If 4-OMe are in the equatorial positions, coupling 

patterns of 4-H should have two 3Jaa (~13 Hz; 3-Ha and 5-Ha) and two 3Jae (~6 Hz; 3-He and 

5-He); If 4-OMe are in the axial positions, coupling patterns of 4-H should have two 3Jae (~6 

Hz; 3-Ha and 5-Ha) and two 3Jee (~3 Hz; 3-He and 5-He). Analyses of coupling patterns on 

signals of these 4-H of the tautomers (40a), (40b) and (41) (Fig. 3.73) show no large 3Jaa > 10 

Hz. Therefore, 4-OMe groups of the tautomers (40), (41a) and (41b) are in the axial positions, 

and then the conformations of them are determined. 

 

 

Figure 3.72. Possible conformations of tautomers (40a), (40b) and (41) 

 

 

Figure 3.73. Analyses of coupling patterns of 4-H (3.76, 3.66, 3.56 ppm, left to right, respectively, in 

CDCl3) of tautomers (40a), (40b) and (41) 
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Figure 3.74. HSQC expansion of tautomers (40a), (40b) and (41) 
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1H and 13C signals of these tautomers (40a), (40b) and (41) are differentiated by both 1H 

and 13C integrals. The integral of 1H signal 2-OH of the enol (41) at 12.19 ppm is normalized 

as 1 H, which is as same as that of 4-H at 3.56 ppm, and those of 4-H at 3.66 ppm and 3.76 

ppm are 0.3 H and 0.24 H, respectively.  

Δδ3-H, Δδ5-H and Δδ6-H of two keto forms (40a) and (40b) are different (Fig. 3.74). When 

the 1-ester is axial, the O-atoms of the ester generate Van der Waals force acting on 3-Ha and 

5-Ha deshielding these proton signal leading to their chemical shifts increase, and Δδ3-H and 

Δδ5-H of the keto with an axial 1-ester should be larger than those of the keto with an equatorial 

1-ester. Correspondingly, when the 1-ester is equatorial, the O-atoms of the ester generate Van 

der Waals force only acting on 6-Ha leading to Δδ6-H of the keto with an equatorial 1-ester is 

larger than that of the keto with an equatorial 1-ester. Therefore, signals of 3-H, 5-H and 6-H 

with large Δδ3-H and Δδ5-H and small Δδ6-H are assigned to the keto with an axial 1-ester (40a), 

and signals of 3-H, 5-H and 6-H with small Δδ3-H and Δδ5-H and large Δδ6-H are assigned to the 

keto with an equatorial 1-ester (40b). Integral of 1H signal 3-HB of the keto with an axial 1-

ester (40a) is 0.30 H, and that of 3-HB of the keto with an equatorial 1-ester (40a) is 0.24 H. 

Hence, the content ratio between the enol form (41), the keto with an axial 1-ester (40a) and 

the keto with an equatorial 1-ester (40b) are 100:30:24. 

Furthermore, COSY and HMBC spectra of these tautomers (40a), (40b) and (41) are 

obtained for full assignment of all the signals, and key correlations are shown in Fig. 3.75 

supported by spectroscopic details that given in Fig. 3.76 and Fig. 3.77. 

 

 

Figure 3.75. Key COSY and HMBC correlations of tautomers (40a), (40b) and (41) (CDCl3) 
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Figure 3.76. COSY expansion of tautomers (40a), (40b) and (41) 
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Figure 3.77. HMBC expansion of tautomers (40a), (40b) and (41) 
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Figure 3.78. Accessing 1-OMe: synthesis of 6-OMe [3.3.1]azabicycle 

 

The mixture of a tautomers (40a), (40b) and (41) were used to conduct a double Mannich 

reaction with ketone-activator MeSiCl3 (Fig. 3.78). After purification, pure product (42) was 

obtained and a single spot showed on TLC (petroleum ether: ethyl acetate = 10:1 v/v; target 

compound TLC Rf = 0.2, stained with iodine vapour and ninhydrin solution). Positive mode 

ESI-MS (m/z) [M+H]+ found 270.1719, C14H24NO4 requires 270.1700, and [M+Na]+ found 

292.1535, C14H23NO4Na requires 292.1519.  

1H, 13C, HSQC, COSY, HMBC and NOESY spectroscopies were used to indentify the 

structure of 6-OMe [3.3.1]azabicycle (42), and key 2D NMR correlations are shown in Fig. 

3.79, and this molecule (42) is determined to be adopt true-chair/true-chair conformation as 1H 

NMR effect of steric compression acting on 7-Ha is displayed, δ (7-Ha) = 2.98 ppm, δ (7-He) = 

1.79 ppm, Δδ7-H = 1.19 ppm. Therefore, 1β-OMe has no obvious impact on the effect of steric 

compression acting on the 7-Ha of synthetic [3.3.1]azabicycle (42). 

 

 

Figure 3.79. Key 2D NMR correlations of 6-OMe [3.3.1]azabicycle (42) 

 

The product (42) has an axial 6-OMe that is different from the selected norditerpenoid 

alkaloids (1−5). The reasons why only 6β-OMe [3.3.1]azabicycle (42) was formed are 

explained with mechanism of this reaction (Fig. 3.80). 
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Figure 3.80. Mechanism of double Mannich reaction activated by MeSiCl3 

 

Due to steric hindrance generated by 4β-OMe of the 1,2-enol (41) on the top face, iminium 

ion may prefer to form bond with C1 from bottom face. 

 

 
Figure 3.81. Synthetic scheme of 6-OH [3.3.1]azabicycle (46) 
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To access 1-OH (in norditerpenoid alkaloid numbering), namely synthesise of 6-OH 

[3.3.1]azabicycle (46, Fig. 3.81), 3-OBn cyclohexan-1-one (43) was used to build 4-OBn β-

keto ester followed with a double Mannich reaction, and then Bn group was planned to be 

eliminated by hydrogenation giving 6-OH [3.3.1]azabicycle (46). Similar to the tautomers 

(40a), (40b) and (41), tautomers (44a), (44b) and (45) are obtained as products of 4-OBn β-

keto ester. NMR analyses determined conformations of these tautomers (44a), (44b) and (45), 

which are indicated to be as same as those of 4-OMe tautomers (40a), (40b) and (41), 

respectively. 1H integral ratio (45: 44a: 44b) ≈ 100:18:19 following from the integrations of 4-

H (45), 4-H (44a) and 4-H (44b). 

 

 

Figure 3.82. Mechanism of forming 6-OH [3.3.1]azabicycle (46) 

 

The mixture of these 4-OBn tautomers (44a), (44b) and (45) were used as reactants in a 

double Mannich reaction with ketone-activator MeSiCl3 preparing 6-OBn [3.3.1]azabicycle. 

After purification, a single spot showed on TLC (petroleum ether: ethyl acetate = 10:1 v/v; 

target compound TLC Rf = 0.2, stained with iodine vapour or ninhydrin solution). NMR 

analyses determined that the major product is the 6-OH [3.3.1]azabicycle (46), supported by 

MS data, positive mode ESI-MS (m/z) [M+H]+ found 256.1551, C13H22NO4 requires 256.1543. 

The Si-atom of MeSiCl3 can from a bond with the O-atom of 6-OBn group, and Si−O bond 

breaks eliminating the benzyl group when the reaction is quenched by basic aq. NaHCO3 (Fig. 

3.82). 
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1H NMR spectrum of 6-OH [3.3.1]azabicycle (46) displays 1H NMR effect of steric 

compression acting on 7-Ha, δ (7-Ha) = 3.43 ppm, δ (7-He) = 1.88 ppm, Δδ7-H = 1.55 ppm, 

which indicats this molecule (46) adopts a true-chair/true-chair conformation supported by 2D 

NMR analyses, and key 2D NMR correlations are shown in Fig. 3.83. 

 

 

Figure 3.83. Key 2D NMR correlations of 6-OH [3.3.1]azabicycle (46) 

 

3.2.2.2. Access 6-OMe 

 

 

Figure 3.84. synthetic scheme of accessing 6-OMe 

 

To access 6-OMe as well as C6 (in norditerpenoid alkaloid numbering) to synthetic 

[3.3.1]azabicycle, a Wittig reaction was conducted to prepare Z-alkene (47, Fig. 3.84). 

Methoxytrimethyl-phosphonium chloride was treated with n-BuLi to form phosphonium ylide, 

and then [3.3.1]azabicycle (8) was added to form the alkene (47). After purification, a single 

spot showed on TLC (petroleum: ethyl acetate = 15:1 v/v; target compound TLC Rf = 0.3, 

stained with iodine vapour or ninhydrin solution). Positive mode ESI-MS [M+H]+ found 

268.1945, C15H26NO3 requires 268.1907.  



 

154 

1H NMR  spectrum displays a singlet at 5.78 ppm, which is the signature signal of alkene 

(1'-H). The ketone 13C signal of C9 of reactant (8) at 212.83 ppm disappears, and signature 

signals of the olefin at 120.73 ppm (C9) and 136.30 (C1') display suggesting this reaction 

works. 1H NMR data show a large Δδ7-H = 1.24 ppm, δ (7-Ha) = 2.74 ppm, δ (7-He) = 1.50 ppm, 

thus this compound (47) adopts a true-chair/true-chair conformation. HSQC, COSY, HMBC 

and NOESY, analyses were carried out for full assignments. NOESY correlation of 1'-H/5-H 

indicates that the 9- alkene is Z-configuration (Fig. 3.85). 

 

 

Figure 3.85. Key NOESY correlations of Z-alkene (47) 

 

The Wittig product (47) was hydrogenated giving epimers (48a) and (48b). Positive ESI-

MS (m/z) [M+H]+ found 270.2102, C15H28NO3 requires 270.2064. The epimers (48a) and (48b) 

were separated by chromatography over silica gel (petroleum ether: ethyl acetate = 15:1 v/v; 

the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile 

phase; stained with Dragendorff’s reagent or iodine vapour), and pure epimers (48a) and (48b) 

has TLC Rf of 0.3 and 0.25, respectively.  

NMR analyses were carried out on both epimers (48a) and (48b). 1H NMR spectra of both 

of these epimers display large Δδ7-H. Epimers (48a): δ (7-Ha) = 2.55 ppm, δ (7-He) = 1.42 ppm, 

Δδ7-H = 1.13 ppm. Epimers (48b): δ (7-Ha) = 2.64 ppm, δ (7-He) = 1.43 ppm, Δδ7-H = 1.21 ppm. 

Therefore these epimers (48a) and (48b) are in true-chair/true-chair conformations. The 

confurations of 9-methoxylmethyl group of them were determined by NOESY spectroscopies, 

and key NOESY correlations are shown in Fig. 3.86. 
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Figure 3.86. Key NOESY correlations of epimers (48a) and (48b) 

 

As correlations of 1'-H/6-Ha and 1'-H/8-Ha are displayed in the NOESY spectrum of 

epimer (48a), 9-methoxylmethyl of epimer (48a) is identified to be β-configuration. A 

correlation of 1'-H/2-Ha is shown in the NOESY spectrum of epimer (48b), so 9-

methoxylmethyl of epimer (48b) is determined to be α-configuration. 

 

3.2.2.4. Access 7-OH 

 

 

Figure 3.87. Synthetic scheme of accessing 7-OH 

 

Ethynyltrimethylsilane was treated with n-BuLi to prepare (trimethylsilyl)ethyn-1-ide, 

which was then reacted with additional [3.3.1]azabicycle (8) to give an alkyne (49, Fig. 3.87, 

Grangier et al., 1998). After purification, TLC monitoring showed a single spot (petroleum: 

ethyl acetate = 40:1 v/v; target compound TLC Rf = 0.25, stained with iodine vapour or p-
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anisaldehyde solution). Positive mode ESI-MS (m/z) [M+H]+ found 360.1966, C18H31NO3Si 

requires 360.1971. 1H NMR spectrum shows a singlet with 9H at 0.13 ppm that is signal of 

methyl groups attached to Si-atom, and 13C NMR spectrum also displays a correlating signal at 

0.04 ppm with a high integral. 13C signal at 91.65 ppm (C2') and 107.82 ppm (C1') as signature 

signals of alkyne are displayed, and the signature signal of 9-ketone group of the reactant (8) 

at 212.83 ppm disappears. A large Δδ7-H = 1.18 ppm is displays, δ (7-Ha) = 2.60 ppm, δ (7-He) 

= 1.42 ppm, so this alkyne (49) adopts a true-chair/true-chair conformation. 2D NMR analyses 

were carried out for full assignments. Orientations of protons attached to C2, C4, C6, C8 and 

C9 are determined by NOESY, and key NOESY correlations are given in Fig. 3.88, by which 

9β-hydroxy and 9α-((trimethylsilyl)ethynyl) were indicated. 

 

 

Figure 3.88. Key NOESY correlations alkyne (49) 

 

To obtain a [3.3.1]azabicycle analogue with 5-H and 7-OH (in norditerpenoid alkaloid 

numbering), tertiary 9-OH of the alkyne (49) is required to be removed. The alkyne (49) was 

hydrogenated to prepare compound (50), and then the hydrogenated product (50) was 

deoxygenated by treatment of boron trifluoride acetic acid complex in acetic acid under reflux 

forming vinyl (51, Wilson and Shedrinsky, 1982), and the mechanism of this deoxygenation 

(Fig. 3.89) is similar to that of Peterson olefination (Peterson, 1968). Deoxygenation of tertiary 

propargylic alcohol alkyne (49) is extremely difficult. The alkyne group electron-donating 

effect decreases the acidity of the tertiary alcohol, which is not conducive to removing its 

proton with base (e.g. NaH) for reacting e.g. with TsCl, MsCl in order to make a good leaving 

group. Also, elimination of OTs or OMs (if formed) is hard as the bridgehead 5-H must also 

be eliminated forming the double bond Δ5,9 at the bridgehead carbon. 

https://www.sigmaaldrich.com/catalog/substance/borontrifluorideaceticacidcomplex1879137361511
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Figure 3.89. Mechanism of deoxygenation 

 

 

 

Figure 3.90. Structures and 1H NMR spectrum of epimers (51a) and (51b) (CDCl3, ppm) 

 

Both 1H and 13C NMR spectra show that the product consists of two 9-epimers (51a) and 

(51b) and some impurities (Fig. 3.90 and Fig. 3.91). The 1H NMR spectrum displays two 

overlapping vinyl signature signals at 5.97 ppm and 6.03 ppm, and both of them are ddd peaks 

with J = 17.0, 10.4, 8.6 Hz. The signal at 5.97 ppm is HSQC correlated with 13C signals at 116.46 

ppm and 116.59 ppm (Fig. 3.92), and the signal at 6.03 ppm is HSQC correlated with 13C signals 

at 138.24 ppm and 138.43 ppm. In the 13C NMR spectrum, there are three signals displayed in 

the region 174-177 ppm, which are carbonyl signals of 1-esters, and one of signals does not 

originate from target epimers (51a) and (51b). Only the vinyl groups will be hydroborated in the 

next step, so the mixture was not further purified. 
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Figure 3.91. 13C NMR spectrum of epimers (51a) and (51b) 

 

The overlapping 1H signals of 1'-H of the epimers (51a) and (51b) have COSY correlations 

with 2'-H and 9-H (Fig. 3.93). According to HSQC spectrum (Fig. 3.92), methylene signals 

with large Δδ (1.09-1.30 ppm) is assigned to 7-H, δ (7-Ha) = 2.60-2.81 ppm and δ (7-He) = 1.51 

ppm, and this indicates that these epimers (51a) and (51b) adopt true-chair/true-chair 

conformations.  

In the HSQC spectrum, there are two main groups of crosspeaks. Signals of the protons 

that are not attached to heteroatoms are in region 1.00-2.21 ppm, which contains signals of 5-

H, 6-H, 7-He, 8-H and two CH3. Signals of the protons attached C-atom neighbouring to N-

atom are in region 2.21-3.20 ppm, which are signals of 2-H, 4-H and N-1, and signals of 7-Ha 

and 9-H are also in this region. 

1'-H of epimer (51a) has NOESY correlations with two signals in region 2.21-3.20 ppm 

(Fig. 3.94), which are considered to be 2-Ha and 4-Ha, thus a 9β-vinyl is assigned to the epimer 

(51a). 1'-H of epimer (51b) is NOESY correlated with two signals in region 1.00-2.21 ppm, 

which are 6-Ha and 8-Ha, and then a 9α-vinyl is assigned to the epimer (51b). 

In the 1H NMR spectrum (Fig. 3.90), integrals of overlapping 1'-H signals and overlapping 

2'-H signals are normalized to 1H and 2H, respectively, and integral of signals of O-1 is 3.2H, 

so the content of the desired epimers (51a) and (51b) is ~2/3.2 = 63% if all the impurities are 

the analogues of the target products (51a) and (51b) with ethyl ester groups. Integral ratio of 

1H signals of 1'-H of α-vinyl (51a) and β-vinyl (51b) are ~0.60/0.28 ≈ 2:1, thus the content 

ratio of these epimers (51a) and (51b) is ~2:1. 
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Figure 3.92. HSQC expansion of epimers (51a) and (51b) 

 

 

Figure 3.93. HSQC expansion of epimers (51a) and (51b) 
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Figure 3.94. NOESY expansion and key NOESY correlations of epimers (51a) and (51b) 

 

The mixture of α-vinyl (51a) and β-vinyl (51b) was hydroborated by borane THF complex 

followed with oxygenation by hydrogen peroxide in one pot. After purification, 9α-

hydroxyethyl product (52) was obtained as the major product. The mixture shows in both 1H 

and 13C NMR spectra is considered to be the conformational isomer 9β-hydroxyethyl product. 

Key 2D NMR correlations of the major compound (52) are shown in Fig. 3.95. The major 

product (52) has a large Δδ7-H (1.21 ppm), δ (7-Ha) = 2.70 ppm and δ (7-He) = 1.49 ppm, so this 

compound adopts a true-chair/true-chair conformation. Assignment of configuration of C9 is 

achieved by NOESY analyses showing correlations of 1'-H/2-Ha and 1'-H/4-Ha. 

 

 

Figure 3.95. Key 2D NMR correlations compound (52)  
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3.3. Conclusions 

 

A/E-[3.3.1]azabicyclic analogue (8) was synthesized by a double Mannich reaction. 1H 

NMR data show an uncommonly large Δδ7-H (1.33 ppm, CDCl3), and similar results are 

obtained in CD3OD and d6-DMSO. To help in the assignment of axial and equatorial 7-H of 

analogue (8), 7-iPr [3.3.1]azabicycle (10) and 7-Me [3.3.1]azabicycles (12, ethyl ester) and 

(15, methyl ester) were synthesized. Their 1H NMR data show that chemical shifts of 7-Ha are 

large values ~3.00 ppm. The solution conformation of [3.3.1]azabicycle (8) was analysed by 

NMR spectroscopies, and combined with conclusions from studies of [4.3.1]- and 

[3.2.1]azabicycles (28) and (34), the solution conformation of [3.3.1]azabicycle (8) is 

determined to be true chair/true chair. Analogues (8), (10) and (15) were treated with 2,4-

DNPH to obtain crystalline DNP derivatives (16), (17) and (18) for XRD analyses, which show 

that these DNP derivatives adopt true-chair/true-chair conformations with equatorial N-ethyl 

groups. Thus, the solution and the crystal conformations of these analogues are the same. 

The unusually large deshielding effect acting on the 7-Ha of [3.3.1]azabicycles is known 

as effect of steric compression. This effect is caused by the N-atom lone-pair electrons that 

generate a repulsive force acting on the 7-Ha push the electron cloud around the 7-Ha away. 

This effect is proven by NMR data of the mono-Mannich analogue (19), which has a cleaved 

piperidine ring and the deshielding effect does not display. 

[3.3.1]Azabicyclic analogue (8) was reduced by LAH giving diol (22), and it NMR data 

proved that it is in a true-chair/true-chair conformation with a large Δδ7-H (1.33 ppm) in CDCl3, 

and similar values were obtained from solutions of CD3OD and d6-DMSO. However, the Δδ7-

H (0.45 ppm) decreased in D2O presumably by forming a H-bond with the N-atom. 

[3.3.1]Azabicyclic analogue (8) was acidified by d4-acetic acid and conc. ac. HCl, 

respectively. When the salts are dissolved in d4-acetic acid, acetate ketone salt (23) and 

hydrochloride ketone salt (24) were obtained, and both of them display large Δδ7-H (0.70 ppm 

and 0.87 ppm, respectively), thus their solution conformations are true-chair/true-chair, and 

NOESY correlations show that the N-ethyl groups are in the equatorial positions. The axial 

proton or deuterium on the N-atoms are able to cause steric compression of 7-Ha. 
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Hydrochloride ketone salt (24) was recrystallized, and XDR data show this crystal (24) 

adopts a true-boat/true-chair crystal conformation, which is similar to crystal conformations of 

the A/E-rings of the selected norditerpenoid alkaloid salts (see Chapter 4). When the crystal 

(24) was dissolved in wet solvents or protic solvents, e.g. D2O, CD3OD (containing H2O/D2O) 

and d6-DMSO (containing H2O/D2O), the ketone group is hydrolysed and hydrochloride ketal 

salt (25) were obtained, and the significantly deshielding effect on 7-Ha are decreased. 

Coupling-parttern analyses on the key 1H signals and NOESY spectroscopy in D2O proved this 

ketal salt (25) is in true-chair/chair conformation. No evidence was found to prove the whether 

the chair conformation of the piperidine ring of ketal salt (25) is a true-chair conformation. The 

reason why the intensity of steric compression is decreased in wet or protic solvents is related 

to H-bond formation. The solution conformation [true-chair/(true-) chair] of protonated 

[3.3.1]azabicycle is different from that of its crystal conformation (true-boat/true-chair). In 

pharmacological importance, The solution conformation of protonated [3.3.1]azabicycles is 

different from those of norditerpenoid alkaloid salts (boat/chair). 

[3.3.1]Azabicyclic analogue (8) was methylated by MeI giving quaternary ammonium 

(26). NOESY and coupling-pattern analyses of this compound (26) indicate it adopts a 

chair/mono-flattened-boat conformation with the N-ethyl group in the bowsprit position and 

the N-methyl group in the flagpole position. As a large Δδ7-H (0.97 ppm, CDCl3) displayed, the 

N-ethyl group has to generate steric compression acting on 7-Ha, thus the piperidine ring has 

to be in a mono-flattened conformation with the N-atom flattened. 

[4.3.1]- and [3.2.1]azabicycles (28) and (34) were synthesized to investigate the impact 

on the steric compression by changing ring sized of the cyclohexane ring. [4.3.1]azabicycle 

(28) shows Δδ3-H = 0.68 ppm and Δδ4-H = 0.45 ppm (CDCl3, 3-H and 4-H of this molecule 

correlate to 7-H of [3.3.1]azabicycle). As 3-Ha' and 4-Ha' are not sitting on the top of the lone-

pair electrons, the intensity of the effect of steric compression is decreased. [3.2.1]azabicycle 

(34) has Δδ6-H = 0.00 ppm and Δδ7-H = 0.13 ppm (CDCl3, 6-H and 7-H of this molecule correlate 

to 7-H of [3.3.1]azabicycle), and intensity of effect of steric compression is further decreased 

in this molecule (34) as 7-He' and 8-He' are away from the N-atom. Therefore, the effect of steric 



 

163 

compression is concluded to be related to the distance between the lone-pair electrons of the 

N-atoms and the compressed protons. A significant effect of steric compression shows when 

the N-atoms lone-pair electrons are close to the compressed protons, and this effect is decreased 

when the N-atoms lone-pair electrons and the compressed protons are staggered. 

Chemical shifts of 2-Ha (2-H of norditerpenoid alkaloids is correlating to 7-H) of the 

selected norditerpenoid alkaloids (1−5) are larger than those of 2-He, but their Δδ2-H are much 

smaller than Δδ7-H of synthetic analogue (8), which means these 2-Ha are also experiencing the 

effect of steric compression, but the intensity of these effects displayed in the natural product 

alkaloids (1−5) is decreased. The A-ring of the natural products (1−5) adopt twisted-chair 

conformations (both in solution and in crystal, see Chapter 2 and Chapter 4), and the lone-pair 

electrons of the N-atom are not sitting right on the top of 2-Ha leading to intensity of steric 

compression decreases. 

A [3.3.1]oxabicyclic tetrahydropyran ether (38) was obtained, and both its solution 

conformation and its crystal conformation are true-chair/true-chair. 1H NMR data of this 

molecule display large Δδ7-H in CD3OD (0.81 ppm), d6-DMSO (0.80 ppm) and d6-acetone (0.92 

ppm), suggesting that the lone-pair electrons of the ether O-atom is also able to cause the steric 

compression. The Δδ7-H become small when this ether (38) is dissolved in D2O (0.59 ppm), 

which is the result of formation of H-bond between ether O-atom and D2O/ H2O. 

1-OMe, 1-OH, 6-OMe, 7-OH and 18-OH (in norditerpenoid alkaloid numbering) were 

accessed to [3.3.1]azabicycle producing [3.3.1]azabicyclic analogues (42), (46), (48b), (52) 

and diol (22). 6-OMe and 6-OH [3.3.1]azabicycles (42) and (46) have 6β-OMe and 6β-OH, 

respectively, which are not the desired molecules for mimicking synthesis of MLA (5) that 

bears 1α-OMe. Naturally occurred norditerpenoid alkaloids bearing 1β-oxygen functionalities 

are rare, e.g. delphirine (1-epi-neoline) (see Chapter 1. Pelletier and Etse, 1989). All the 1H 

NMR data of four [3.3.1]azabicyclic analogues (22), (42), (46), (48b) and (52) give large Δδ7-

H, therefore the introduced methoxyl or hydroxyl groups have no influence on the effect of 

steric compression acting on 7-Ha. 
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Chapter 4. Single-crystal X-ray diffraction studies of norditerpenoid alkaloids 

and their synthetic analogues 

 

4.1. Introduction 

Max von Laue was awarded the Nobel Prize in Physics in 1914 for the first demonstration 

of the diffraction of X-rays by crystals, and the Nobel Prize in Physics in 1915 was awarded to 

Sir William Henry Bragg and William Lawrence Bragg (Bragg father and son) for their joint 

contribution on the development of X-ray diffraction (XRD) methods. Since their great 

discovery, XRD has been used by scientists to identify complex chemical structures. To 

evaluate the structures of the norditerpenoid alkaloids, which contain 6 bridged rings with 

different oxygen substituted functionalities, single-crystal XRD analysis (if their single-

crystals are available) is extremely helpful as it can accurately display the actual intramolecular 

arrangement of atoms in space, including details of configuration and conformations (Ladd and 

Palmer, 2013). 

 

 

Figure 4.1. Structures of aconitine (1a), demethanol aconinone HI (2), lycoctonine (3a) and des-

(oxymethylene)-lycoctonine HI (4) reported in the 1950s without configurational assignments 
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Aconitine (1a, Fig. 4.1) was the first norditerpenoid alkaloid isolated from Aconitum in 

1833 (Nyirimigabo et al., 2015), but its structure was not fully revealed and confused chemists 

for more than a century. Wiesner almost achieved structural evaluation, but there was 

controversy in his structural identification by chemical analysis as to whether 1-methoxyl and 

3-OH should exchange positions (Wiesner et al., 1959a). The evidence that promoted the final 

structural correction of this molecule was on the basis of the X-ray single-crystal data of 

demethanol aconinone hydriodide (2, Wiesner et al., 1959b; Przybylska and Marion, 1959). 

Since lycoctonine (3a, Fig. 4.1) was first isolated by Hübschmann in 1865 (Stern, 1954), 

natural products chemists endeavoured to completely evaluate its structure, and the major 

progress was achieve by Marion in 1950s. In fact, his early work related to structural 

identification of this compound can be tracked to 1946 with Manske (Marion and Manske, 

1946). Without strong evidence, the positon of oxygenated groups in the lycoctonine (3a) were 

still of uncertainty (Edwards and Marion, 1952, 1954), and the evidence of this 10-year 

structural evaluation work was obtained by X-ray analysis of the des-(oxymethylene)-

lycoctonine hydriodide (4, Przybylska and Marion, 1956).  

In fact, the configuration or conformation was not the main point to be concerned in the 

early structural studies using X-ray analysis. Chemical analysts mainly focused on the 

identification of planar structures. Although the crystal structure of des-(oxymethylene)-

lycoctonine hydriodide (4) was obtained, stereochemistry was not discussed in the original 

paper, and an incorrect 1β-methoxyl was assigned in lycoctonine (3b, Fig. 4.2), which was then 

wrongly connected to other structures of alkaloids, such as browniine (5), chasmanine (6a) and 

neoline (7a). Browniine (5) was incorrectly assigned with a 1β-configuration correlated by 

lycoctonine bearing 1β-OMe (3b), and then browniine (5a) was correlated to chasmanine (6a) 

followed with correlation between chasmanine (6a) and neoline (7a) (Benn et al., 1963; 

Achmatowicz Jr et al., 1965; Edwards et al., 1966; Marion et al., 1966). 
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Figure 4.2. Correlation of five norditerpenoids with incorrect configurational assignments. Arrows 

indicate the correlation relationship 

 

In the following decades, natural products chemists paid more attention to indicating 

configurations of the O-atom-containing substituents in the norditerpenoids, especially 

oxygenated groups on C1. 

To correct the wrong configurational assignment, Pelletier and co-workers obtained XRD 

data of delphisine hydrochloride (8, Fig. 4.3, Pelletier et al., 1974a), in which a 1α-hydroxyl 

was displayed. This natural product was chemically correlated to chasmanine (6b) and neoline 

(7b), thus 1α-oxygenated functionalities were assigned to these alkaloids (6b), (7b) and (8) 

which supported the previous assignment of neoline (7b) by Wiesner (Wiesner et al., 1960; 

Pelletier et al., 1974b; Pelletier et al., 1976a). 

After that, Pelletier, with help from Marion and Edwards, revised the configuration of C1 

from 1β- to 1α-orientation in the 37 norditerpenoid alkaloids involving lycoctonine (3c) and 

browniine (5b), and this revision was primarily supported by the X-ray analysis of browniine 

perchlorate (9), 2 derivatives of lycoctonine (10a) and (10b), 14-OBz chasmanine (11) (De 

Camp and Pelletier, 1977a; Pelletier et al., 1981; Cygler et al., 1982a, b; Edwards and 

Przybylska, 1982). 
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Figure 4.3. Configurational correction works of norditerpenoids based on X-ray analysis. Arrows 

indicate the correlation relationship 

 

X-ray analysis can offer unique information for structural evaluation of the norditerpenoid 

alkaloids (De Camp and Pelletier, 1977b), and thus it is regarded as the supreme method for 

the identification of the alkaloids with new skeleta (Joshi and Pelletier, 1987; Wang and Chen, 

2010). In this Chapter, the single-crystal XRD data of the selected norditerpenoid alkaloids and 

their synthetic bicyclic analogues are reported. Especially the conformations of the bioactivity-

related A/E rings in these natural products were established. 

  



 

169 

4.2. Results 

4.2.1. Single-crystal XRD studies of synthetic azabicyclic DNP derivatives 

The X-ray analysis of the [3.3.1]azabicycles (12−14, Fig. 4.4) is essential because their 

crystal structural information is a key link in the evidence showing the 1H NMR effect of steric 

compression. The N-atom, indeed especially its lone-pair electrons, in the synthetic 

[3.3.1]azabicycles (12−14) were assumed to be close to 7-Ha in space leading to the steric 

compression. This would require chair/chair conformations of both rings in these molecules, 

and N-ethyl groups should be on the equatorial positions. Also, 7-alkyl substituents of 

compounds (12−14) should adopt equatorial positions. Although 2D NOESY and analysis on 

coupling constants of these compounds (12−14) helped to understand the conformations of 

these molecules, the 3D structural drawings (Fig. 4.4) used for displaying NMR analysis on 

conformations were based on the ideal bond length and bond angles. Details of the 

conformations of these synthetic bicyclic analogues should be further investigated by X-ray 

analysis, which will be used to compare with the crystal structures of norditerpenoid alkaloids 

and accordingly gain a better understanding of these naturally occurring products. 

 

 

Figure 4.4. Key NOESY correlation of [3.3.1]azabicycles (12−14) 

 

These synthetic [3.3.1]azabicycles (12−14) are oils, and so these ketone-containing 

molecules were treated with 2,4-dinitrophenylhydrazine (2,4-DNPH) in order to obtain 

crystalline hydrazones for X-ray analysis. 
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[3.3.1]Azabicyclic DNP derivative: Ethyl (1S,5S,E)-9-(2-(2,4-

dinitrophenyl)hydrazinylidene)-3-ethyl-3-azabicyclo[3.3.1]nonane-1-carboxylate (15) 

 

____________________ 

* The chirality of the synthetic products is not indicated in the reaction formulae in this Chapter. 

 

 

Figure 4.5. Crystal structure of 1S,5S,E-[3.3.1]azabicyclic DNP derivative (15). The crystal structure 

was drawn in the ORTEP style. Atom colours:  black = C, red = O, blue = N, white = H; same as the 

following figures of crystal structures. ORTEP drawing show the atom position with a 50% probability 

for each ellipsoid 
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The first crystal structure obtained was [3.3.1]azabicyclic DNP derivative (15) 

recrystallized from methanol for ~3 days (Fig. 4.5). In this crystal structure, a clear chair/chair 

conformation was displayed, and N-ethyl group was confirmed to be in the equatorial position. 

The 1-ester group in this molecule showed an S-configuration, however this product is a 

mixture of 1S- and 1R-esters as the absolute configuration of the [3.3.1]azabicycle (12) was not 

part of the synthetic scheme, and individual crystals may contain only one optical isomer. In 

addition, the crystal structure also confirmed the configuration of the imine as E (trans) in 

agreement with the NOESY result. 

 

7-iPr-[3.3.1]azabicyclic DNP derivative: Methyl (1R,5R,7S,E)-9-(2-(2,4-

dinitrophenyl)hydrazinylidene)-3-ethyl-7-isopropyl-3-azabicyclo[3.3.1]nonane-1-carboxylate 

(16) 

 

 

 

The yellow needle-like 7-iPr [3.3.1]azabicyclic DNP derivative (16) was recystallized 

from methanol/ethyl ether for ~2 days, and then X-ray analysis was carried out (Fig. 4.6). 

Similar to the DNP derivative (15), a typical chair/chair conformer and an equatorial N-ethyl 

group was demonstrated in this DNP derivative (16). More importantly, the 7-iPr group was 

shown to be on the equatorial position. In this crystal structure, the 1R-methyl ester was 

observed, but the absolute configuration of this position cannot be decided for the same reason 

stated above. In addition, an imine with E-configuration and an H-bond between hydrazine and 

2''-nitro group were displayed in this crystal. Due to the N-alkyl free rotation, the methyl group 

of the N-ethyl was not displayed in a certain position by ORTEP following XRD (Fig. 4.6). 

 



 

172 

 

Figure 4.6. Crystal structure of 1R,5R,7S,E-7-iPr [3.3.1]azabicyclic DNP derivative (16). Yellow 

dashed bond = H bond.  

 

7-Me-[3.3.1]azabicyclic DNP derivatives: Methyl (1R,5R,7S,E)-9-(2-(2,4-

dinitrophenyl)hydrazinylidene)-3-ethyl-7-methyl-3-azabicyclo[3.3.1]nonane-1-carboxylate 

(17a) and methyl (1S,5S,7R,E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-7-methyl-3-

azabicyclo[3.3.1]nonane-1-carboxylate (twin-packed) (17b) 

 

 

 



 

173 

The single-crystals of 7-Me substituted azabicyclic DNP derivatives (17a) and (17b) were 

recrystallized from ethanol/ethyl ether for ~4 days, and the crystal structures with 1R- (17a) 

and 1S-ester (17b) were displayed that were packed in the same unit cell (Fig. 4.7). The 

absolute configuration of the reactant (14) in this reaction was not evaluated, thus the products 

are mixtures of enantiomers. Additionally, no intermolecular interaction was displayed 

between these enantiomers (17a) and (17b). 

In order to show these twin-packed crystal structures in a better view, two crystal 

structures in the same cell were separated and presented in the similar perspective (Fig. 4.8). 

In the crystal structures of both enantiomers (17a) and (17b), the chair/chair conformers, the 

equatorial N-ethyl groups, the equatorial 7-Me and the E-configuration of 9-imine are clearly 

displayed. The reason this crystal packed in this way was not investigated. It could be a natural 

property of this compound or it could be influenced by the solvent used for recrystallization. 

 

 

Figure 4.7. Crystal structure of twin-packed 7-Me [3.3.1]azabicyclic DNP derivatives (17a) and (17b) 

in the same unit cell (only crystal structures with more than one component in the same unit cell will be 

shown in their unit cells in this Chapter) 
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Figure 4.8. Crystal structure of 1R,5R,7S,E- and 1S,5S,7R,E-7-Me [3.3.1]azabicyclic DNP derivatives 

(17a and 17b, upper and lower, respectively) 
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For [3.3.1]azabicyclic compounds (12−16), (17a) and (17b), their stereoisomers only have 

two forms, and are enantiomers rather than diastereomers although each of them contains two 

or more chiral centres. Chiral centres C1 and C5 are bridgehead carbons, their configurations 

are related to each other, namely the molecule can only have 1R,5R- and 1S,5S-stereoisomers. 

The configuration of the imine is always E in both isomers as a consequence of steric hindrance 

between the ester groups and the bulky phenylhydrazines. For the 7-alkyl substituted bicycles 

(13), (14), (16), (17a) and (17b), 7-alkyl was proved to be in the equatorial position on the 

chair-shaped cyclohexane ring, then the configurational assignment of C7 is only related to the 

positon of the 5-ester, thus configuration of C7 can only be S when the molecule has 1R,5R; or 

it is 7R when the molecule has 1S,5S. Therefore, these chiral centres in each of these 

azabicycles are related to each other, and each of these molecules only have two stereoisomers 

if these molecules remained in chair/chair conformations, which is theoretically expected and 

was indicated by this X-ray analysis. The two stereoisomers of each of these [3.3.1]azabicycles 

(12−16), (17a) and (17b) are enantiomers on the basis of the comparison between 3D structures 

of 1R,5R,7S- and 1S,5S,7R-isomers of each of them (Fig 4.9). These mixtures of enantiomers 

were not further separated. 

 

 

Figure 4.9. Conformational structures of [3.3.1]azabicyclic part of each of compound (12−16, 17a and 

17b; R1 and R2 are indicated in Fig. 4.10) 
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Figure 4.10. Structures of [3.3.1]azabicycles (12−16), (17a) and (17b) and their key 1H NMR data 

(CDCl3, ppm) 

 

As X-ray analysis of DNP derivatives (15), (16), (17a) and (17b) was carried out to 

understand the conformation of the synthetic [3.3.1]azabicyclic analogues (12−14), 

consistency of conformation between the reactants and products is required. According to the 

work reported in Chapter 3, one of the key conditions for the clear exhibition of the 1H NMR 

effect of steric compression is that the compressed proton has to be overlapped with lone-pair 

electrons in space, which requires both rings to adopt true-chair conformations. All the 7-Ha in 

these azabicycles showed large chemical shifts and thus all of these protons experience 

compression (Fig. 4.10). Each pair of the reactants (12−14) and products (15), (16), (17a) and 

(17b) showed similar chemical shifts respectively indicating the scales of this pressure between 

each pair of the reactants and products are similar. Thus, these [3.3.1]azabicycles (12−14) and 

their DNP derivatives (15), (16), (17a) and (17b) have the same chair/chair conformation that 

results in steric compression. Additionally, the ketone carbonyls on C9 were replaced by imines 

in the DNP derivatives, but the sp2 orbital remained that would not therefore change the 

conformations of these molecules.  

In summary, these [3.3.1]azabicycles (12−16), (17a) and (17b) are in true-chair/true-chair 

conformation with an N-ethyl group on the equatorial position, and, where present, 7-alkyls are 

on the equatorial position. This conclusion is in agreement with previous NOESY analysis (see 

Chapter 3). 
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[4.3.1]Azabicyclic DNP derivative: Methyl (1R,6R,E)-10-(2-(2,4-

dinitrophenyl)hydrazinylidene)-8-ethyl-8-azabicyclo[4.3.1]decane-1-carboxylate (19a) and 

methyl (1S,6S,E)-10-(2-(2,4-dinitrophenyl)hydrazinylidene)-8-ethyl-8-

azabicyclo[4.3.1]decane-1-carboxylate (twin-packed) and (19b) 

 

 

Figure 4.11. Synthesis of [4.3.1]azabicyclic DNP derivatives (19a) and (19b) and key NMR data (CDCl3, 

ppm) 

 

[4.3.1]Azabicycle (18) was reacted with DNP catalysed by conc. sulfuric acid heated 

under refluxg for 4.5 days (Fig. 4.11). After workup, purification and recrystallization from hot 

methanol/ether ~7 days, needle-like yellow single-crystals (19) were acquired.  

Twin-packed crystal structures in one unit cell in this crystal were stereoisomers (19a) and 

(19b, Fig. 4.12), and no intermolecular interaction was displayed between them. Chair 

conformations of piperidine rings with equatorial N-ethyls were displayed in both isomers with 

hydrazone imines in the E-configuration, and these two stereoisomers can be distinguished as 

1R- and 1S-esters (Fig. 4.13). 

Unlike the twin-packed crystal structures of 7-Me [3.3.1]azabicyclic DNP (17a) and 

(17b), these two crystal stereoisomers (19a) and (19b) in the same unit cell were not mirror 

images, on the basis of comparison between them in different view angles (Fig. 4.14). 

Compared with the cyclohexane, cycloheptane has higher ring strain, thus a higher energy state, 

therefore the conformations of the cycloheptane ring are less stable, more flexible and more 

various (Hendrickson, 1961).  
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Figure 4.12. Crystal structure of twin-packed [4.3.1]azabicyclic DNP derivatives (19a) and (19b) in 

the same unit cell 

 

 

Figure 4.13. Crystal structure of 1R,6R,E- and 1S,6S,E-[4.3.1]azabicyclic DNP derivatives (19a and 19b, 

left and right, respectively) 
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Figure 4.14. Comparison between bicyclic parts (carbon skeleta) in the different stereoisomers 

(19a and 19b, 1R,6R- and 1S,6S-, left and right, respectively) 
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NMR spectroscopic (500 MHz; CDCl3; calibrated with TMS; 25 oC) study of the 

[4.3.1]azabicycle (18, Fig. 4.11) showed that the difference of chemical shifts between axial 

and equatorial 3-H was slightly greater than those of between two 4-H, suggesting that the 3-

H was influenced more by steric compression than 4-H, and thus it may, on average, sit closer 

to the N-atom. This theoretically preferred conformation of [4.3.1]azabicycle revealed by NMR 

was similar to that found of 1S,6S-isomer of compound (19b, Fig. 4.14, right). On the basis of 

NMR and X-ray analysis, a precise 3D drawing of [4.3.1]azabicycle in a chair/chair 

conformation is shown in Fig. 4.15. The computer projections of cycloheptane boat and chair 

conformations were reported by Bocian et al. (1975). In their J. Am. Chem. Soc. paper they 

especially drew attention to the eclipsed hydrogens at the “stern”, the left side of the projection 

(Fig. 4.15) of the boat and also the chair conformations. In the twist-chair conformation, these 

previously eclipsed hydrogen atoms are now staggered. 

 

 

Figure 4.15. 3D drawing of [4.3.1]azabicycle (19b), example with 1S,6S 

 

4.2.2. Single-crystal XRD studies of acidified synthetic azabicyclic derivatives 

As all norditerpenoid alkaloids and their synthetic analogues included in this study contain 

amino groups, they are basic. Whereas many free-base amines, including the synthetic 

analogues made here, are liquids, most amine salts are solids suitable for crystal formation. 

Pharmaceutically, the alkaloids that have been applied in the clinic are salts, e.g. lappaconitine 

hydrobromide (20a, allapinin, Fig. 4.16), rather than their free bases due to the high 

lipophilicity of free bases. Once protonated, the role of the tertiary amine in the norditerpenoids 

changes from H-bond acceptor to H-bond donor. Due to the high hindrance in the cage-like 
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[3.3.1]azabicycles, the conformations of the bicycles are likely to change, which is important 

for chemical and biological activities that are determined by the shapes of the molecules. 

In the previous work (Pelletier et al., 1974a), it has been reported that A-rings with 1α -

OMe can flip from a chair to a boat conformation with H-bond formation between the proton 

on the amine and O-atom of 1-OMe. When the 1α-OMe was replaced with 1α-OH, the free 

base of these natural products showed a boat-like A-ring with an H-bond between 1-OH and 

the amine nitrogen (as acceptor), such as in delphisine (21, Fig. 4.16, Pelletier and Djarmati, 

1976). Therefore, the model synthetic azabicyclic analogues were treated with acid, and the X-

ray analysis was carried out after recrystallization of the salts. 

 

 

Figure 4.16. Lappaconitine HBr (20a) and delphisine (21) and their structural details of A/E-rings 

 

[3.3.1]Azabicycle hydrochloride: (1S,5S)-1-(Ethoxycarbonyl)-3-ethyl-9-oxo-3-

azabicyclo[3.3.1]nonan-3-ium chloride (22a) 
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The oily [3.3.1]azabicycle (12) was dissolved in an excess of conc. HCl aq. solution 

(≥35%) in methanol (5 mL, pH ≤2), and then immediately all the solvent was removed by 

evaporation producing a white solid. This hydrochloride was recrystallized from ethyl 

acetate/chloroform/ methanol for ~3 weeks followed with formation of blocky brown single-

crystals (22a) and the crystal structure (in the unit cell) is shown in Fig. 4.17. 

 

 

Figure 4.17. Crystal structure of 1S,5S-[3.3.1]azabicyclic hydrochloride (22a) in the unit cell. Green = 

chloride ion 

 

According to different views of this crystal (Fig. 4.18), this crystal structure (22a) 

displayed a boat/chair conformation with an equatorial N-ethyl group, and the 1-ester showed 

an S-configuration thus this crystal was 1S,5S. No intra- or intermolecular interaction was 

displayed in the unit cell, and the chloride ion was close in space to the proton on the amine 

group. The conformational flip is considered to be the result of hindrance as the charged proton 

introduced. Unlike naturally occurring norditerpenoid alkaloids, these synthetic 

[3.3.1]azabicycles (12) and (22a) have no oxygen groups on C6−C8 (correlating to C1−C3 in 

the norditerpenoid alkaloids), but the cyclohexane ring can flip into a boat conformation. This 

indicates that conformational change by acidification of the azabicyclic system, at least in the 

crystal form, does not necessarily require stabilization by an H-bond between the hydrogen on 

the charged N-atom and an oxygenated group on the A-ring. 
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Figure 4.18. Crystal structures of 1S,5S-[3.3.1]azabicyclic hydrochloride (22) in two different views 
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Figure 4.19. Acidification of the [3.3.1]azabicycle (12) 

 

Combined with X-ray analysis and the NMR spectroscopic studies in Chapter 3, the 

conformations of the protonated [3.3.1]azabicycle (12) between in crystal and in solution were 

confirmed. The protonated compound (12) displayed a boat/chair conformation in the crystal 

(22a, Fig. 4.19) but it adopted chair/chair conformations in different solutions (22b) and (23). 

In comparison with the norditerpenoids, compound (12) has no oxygenated functionality on 

the cyclohexane (A) ring, and it still clearly demonstrated that this cyclohexane ring flipped 

into a boat conformation in the crystal on acidification and that this does not require 

stabilization by an intramolecular H-bond, at least in the solid phase. As for in solution, this 

salt adopted a chair/chair conformation, but the natural products were in boat/chair 

conformations. 

 

[4.3.1]Azabicycle hydrochloride: (1S,6S)-8-Ethyl-1-(methoxycarbonyl)-10-oxo-8-

azabicyclo[4.3.1]decan-8-ium chloride (24) 

 

 

 

The same acidification process was applied to the [4.3.1]azabicycle (18), and the brown 

needle-like crystals (24) were obtained after recrystallization from methanol/acetonitrile for ~6 

weeks (Fig. 4.20). 
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Figure 4.20. Crystal structure of 1S,6S-[4.3.1]azabicyclic hydrochloride (24) in the unit cell (left) and the 

expansion of the structure (right) 

 

Only the crystal structure of the 1S,6S-stereoisomer of HCl salt (24) was obtained (Fig. 

4.20), and no inter- or intramolecular interaction was found in the unit cell. A highly twisted-

boat piperidinium ring was displayed (Fig. 4.21), with an N-ethyl on the bowsprit (equatorial) 

position and the charged proton on the flagpole (axial) position. The counterion of this salt, 

chloride, was observed to be close to the proton on the amino group. 

 

 

Figure 4.21. Crystal structure (in different views) of 1S,6S-[4.3.1]azabicyclic hydrochloride (24) 
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4.2.3. Single-crystal XRD studies of a synthetic [3.3.1]oxabicycle 

[3.3.1]Oxabicyclic analogue: ((1R,5S,9s)-9-Hydroxy-3-oxabicyclo[3.3.1]nonane-1,5-diyl) 

dimethanol (26) 

 

 

 

For further investigation of the [3.3.1]bicyclic motif containing a 3-heteroatom with lone-

pair electrons, which could also lead to the effect of steric compression on 7-Ha, 

tetrahydroxymethyl cyclohexanol (25) was cyclized by acid catalyzation to prepare an oxygen 

analogue [3.3.1]oxabicycle (26, Mannich and Brose, 1923). A white single-crystal of this 

tetrahydropyran ether (26) was recrystallized from ethyl acetate ~14 h. XRD data of this 

compound demonstrated that it adopted a chair/chair conformation with 9-OH group in the 

equatorial positon (Fig. 4.22). 

 

 

Figure 4.22. Crystal structure of [3.3.1]oxabicycle (26) 
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4.2.4. Single-crystal XRD studies of norditerpenoid alkaloid free bases 

Single-crystal XRD of the free bases of aconitine (1b, Fig. 4.23), lycoctonine (3c), 

lappaconitine (27a) and crassicauline A (28, bulleyaconitine A) were obtained. 

 

 

Figure 4.23. Norditerpenoid alkaloid free bases: aconitine (1b), lycoctonine (3c), lappaconitine (27a), 

crassicauline A (28, bulleyaconitine A) and methyllycaconitine (29, MLA). 

 

Aconitine (1b) 

Aconitine (1b) (~20mg) was fully dissolved in hot methanol/diethyl ether in a small vial, 

then the solvents were allowed to partially evaporate at 20 oC. After ~3 days, a single crystal 

of aconitine had been recrystallized and XRD analysis was carried out (Fig. 4.24). The 

conformations of A-, B-(C5−C11), C-, D-, E- and F-rings in this molecule are best described 

as twisted chair, twisted boat, envelope (C14 at the flap), mono-flattened boat (C15 flattened), 

twisted chair and true half chair, respectively, and the B'-ring (C7−C8−C9−C10−C11−C17) is 

in a twisted-chair conformation. This is similar to the previous X-ray analysis on this compound 

(1b), in which conformations of A- and E-rings were reported to be chairs rather than twisted-

chairs (Codding, 1982). The configurational information is as follows:  1α-OMe, 3α-OH, 4β-
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CH2OMe, 5β-H, 6α-OMe, 7β-H, 8β-OAc, 9β-H, 10β-H, 13β-OH, 14α-OBz, 15α-OH, 16β-

OMe, 17α-H, and N-ethyl is on the equatorial position. This configurational assignment is in 

agreement with previous studies (Codding, 1982; Gao et al., 2010). 

 

 
Figure 4.24. Crystal structure of aconitine (1b) 

 

Lycoctonine monohydrate (3d) 

Single-crystals of lycoctonine (3c) were recrystallized from methanol/diethyl ether (~48 

h), and they displayed as a monohydrate (3d, Fig. 4.25), in which a water molecule (as 

acceptor) formed an intermolecular H-bond with 18-OH, and another intramolecular H-bond 

between 8-OH and 6-OMe was also implied (Fig. 4.26). The conformations of this compound 

were recorded as the same as those of aconitine (1b), and they are similar to the previous 

crystallographic studies of this compound (Takayama et al., 1987; Rajnikant and Lal, 2001). 

Compared with the rings in aconitine (1b), the distorted nature of the A/E-rings in crystalline 

lycoctonine (3d) was more obvious, and its F-ring was more twisted and therefore the F-ring 

of lycoctonine (3d) adopts a twisted half-chair conformation. The configurational information 

is as follows: 1α-OMe, 4β-CH2OH, 5β-H, 6β -OMe, 7β-OH, 8β-OAc, 9β-H, 10β-H, 13β-H, 

14α-OMe, 16β-OMe, 17α-H and N-ethyl is in the equatorial position. 
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Figure 4.25. Crystal structure of lycoctonine monohydrate (3d) in the unit cell 

 

 

Figure 4.26. Crystal structure of lycoctonine monohydrate (3d) 
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Lappaconitine monohydrate (27b) 

A single-crystal of lappaconitine (27a) was recrystallized from methanol/diethyl ether for 

~5 weeks and XRD data of the monohydrate (27b) were acquired (Fig. 4.27). 

 

 

Figure 4.27. Crystal structure of lappaconitine monohydrate (27b) in the unit cell. 

 

The conformations of the rings in this compound were highly similar to those in 

lycoctonine (3d), and this conformational indication was similar to reported data (Wang et al., 

2007; Tashkhodzhaev, 2010). In this crystal (Fig. 4.28), two intramolecular H-bonds were 

formed between amide proton/carbonyl oxygen and 8-OH/14-OMe, and two intermolecular H-

bonds were implied between 8-OH/H2O (donor) and 9-OH/H2O (acceptor), respectively (Fig. 

4.29). 

The configurational information of substitutions was recorded as: 1α-OMe, 4β-(2-

(acetylamino)-benzoate), 5β-H, 7β-H, 8β-OH, 9β-OH, 10β-H, 13β-H, 14α-OMe, 16β-OMe, 

17α-H and N-ethyl is in the equatorial position. 



 

191 

 

Figure 4.28. Crystal structure of lappaconitine monohydrate (27b) 

 

 

Figure 4.29. Expansion of crystal structure of lappaconitine monohydrate (27b) (only partial atoms of 

the structure that are related to the formation of H-bonds are displayed) 
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Crassicauline A (28) 

A single-crystal of crassicauline A (28) was recrystallized from methanol/diethyl ether for 

~1 week. Similar to the crystal of aconitine (1b), no hydrogen-bonding interaction was implied 

in this crystal (Fig. 4.30). The conformational details of the rings in this compound (28) are 

similar to those in lycoctonine (3d) and lappaconitine (27b), the only difference was a true-

half-chair five-memberred C-ring was observed. The orientations are as follows: 1α-OMe, 4β-

CH2OMe, 5β-H, 6α-OMe, 7β-H, 8β-OAc, 9β-OH, 10β-H, 13β-OH, 14α-(4-methoxybenzoate), 

16β-OMe, 17α-H and N-ethyl is in the equatorial position. The crystal structure of this 

compound has not previously been reported. Due to the free rotation, the methyl of 6-OMe was 

not displayed in a certain position by ORTEP. Recrystallization of MLA free base (29) was 

attempted from many solvent systems, but unfortunately only microcrystals have been obtained 

to date, which are not acceptable for single-crystal XRD. 

 

 

Figure 4.30. Crystal structure of crassicauline A (28) 
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4.2.5. Single-crystal XRD studies of norditerpenoid alkaloid salts 

In order to determine the ring conformations of these alkaloids in their protonated states, 

a short series of crystalline salts was prepared for X-ray crystallography. Single-crystal XRD 

data of protonated norditerpenoid alkaloids: aconitine HCl (30a, Fig. 4.31), lappaconitine HBr 

(20a) and MLA HClO4 (31a) were acquired. 

 

 

Figure 4.31. Norditerpenoid alkaloid salts: aconitine hydrochloride (30a), lappaconitine hydrobromide 

(20a) and methyllycaconitine perchlorate (31a). 

 

Aconitine hydrochloride trihydrate (30b) 

Aconitine (1b) in methanol was treated with conc. HCl aq. solution dropwise to pH = 2, 

and all the solvents and the excess of HCl were removed by evaporation. Aconitine 

hydrochloride (30a) was recrystallized from dichloromethane/ethyl acetate at 20 oC, then the 

single-crystal was acquired after ~1 week. The XRD data of this compound displayed a 

trihydrate (30b) in the unit cell with a total of three H-bonds implied (Fig. 4.32). The H2O 

molecule (a) (Fig. 4.32) formed an intermolecular H-bond with the carbonyl of 14-OBz of the 

salt. There were another two H2O molecules, (b) and (c), which were close to each other, and 

two intermolecular H-bonds were implied between them, and these two H2O molecules were 

the H-bond donor and acceptor to each other. Unlike the acidified synthetic azabicycles (22a) 

or (24), the chloride ion was not close to the proton on the amine in this salt (30b), but it was 

near to the complexed H2O molecule (b) in the cell. The accurate positions of H2O molecules 

(b) and (c) are not certain, rather they could be at (d) and (e), respectively. 
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Figure 4.32. Crystal structure of aconitine hydrochloride trihydrate (30b) in the unit cell 

 

 

Figure 4.33. Crystal structure of aconitine hydrochloride trihydrate (30b) 
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Compared with conformations in the crystal structure of aconitine (1b), the A-ring was 

clearly flipped into a boat conformation that was not obviously twisted, in which 1-OMe and 

3-OH were occupying the axial positions on the boat-like A-ring. No more significant 

conformational differences between the crystal structures of aconitine (1b) and its salt (30b) 

were observed on the other rings. 

 

Lappaconitine hydrobromide monohydrate (20b) 

Lappaconitine HBr (20a) was recrystallized from methanol/diethyl ether for ~1 week then 

XRD data were recorded demonstrating a monohydrate (20b, Fig. 4.34), in which 9-OH 

produced an H-bond with the H2O molecule (as acceptor), and an intramolecular H-bond 

between amide proton and carbonyl oxygen. Moreover, another H-bond between the proton on 

the amine nitrogen and the oxygen of 1-OMe was implied. 

 

 

Figure 4.34. Crystal structure of lappaconitine hydrobromide monohydrate (20b) in the unit cell. 

Brown = bromide ion 
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Figure 4.35. Crystal structure of lappaconitine hydrobromide monohydrate (20b) 

 

In contrast to the crystal structure of lappaconitine (27b, Fig. 4.28), however, the only 

significant change of ring conformation in its hydrobromide monohydrate (20b) was that the 

A-ring was flipped into a twisted-boat conformer stabilized by the H-bond between charged 

proton and 1-OMe (Fig. 4.35), which agreed with the reported crystallographic studies 

(Birnbaum, 1970; Turdybekov et al., 2003; Sun et al., 2009). The bromide ion was displayed 

to be close to the complexed water molecule rather than the proton on the amino group, which 

is similar to the chloride ion of the crystal of aconitine HCl (30b, Fig. 4.33). Due to the free 

rotation, the methyl of 16-OMe was not displayed in a certain position by ORTEP. 
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Methyllycaconitine perchlorate monomethanol dihydrate (31b) 

Many different attempts at recrystallization of MLA free base (29) made no breakthrough, 

however, two single-crystals of MLA perchlorate (31a) were acquired. White block-like 

crystals of MLA perchlorate (Fig. 4.1) recrystallized from methanol/diethyl ether for ~2 weeks 

generated a dihydrate with a methanol molecule packed in the unit cell (31b, Fig. 4.36).  

 

 

Figure 4.36. MLA perchlorate monomethanol dihydrate (31b) in the unit cell 

 

Three intermolecular H-bonds were implied (Fig. 4.37), which were ester carbonyl/H2O 

(a), H2O (a, acceptor)/H2O (b, donor), H2O (b, donor)/MeOH. Like lappaconitine HBr, an 

intramolecular H-bond between the proton on the amine and the oxygen of 1-OMe was also 

implied. The perchlorate ion was close to the proton on the amino group in this crystal unit cell. 

As in the crystal structure of lappaconitine HBr (20b, Fig. 4.35), the boat-like A-ring in this 

crystal was also displayed. Orientations of the functionalities were as follows: 1α-OMe, 4β-(2-

(3β-methyl-2, 5-dioxopyrrolidin-1-yl) benzoate), 5β-H, 6β-OMe, 7β-OH, 8β-OH, 9β-H, 10β-

H, 13β-H, 14α-OMe, 16β-OMe, 17α-H and N-ethyl is in the equatorial position. 

Crystallographic studies on the free base or salt of MLA have not been reported. Due to 

the free rotation, the complexed methanol as well as the O-atoms of the perchlorate were not 

displayed in some certain positions by ORTEP. 
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Figure 4.37. Crystal structure of MLA perchlorate monomethanol dihydrate (31b) 

 

Methyllycaconitine perchlorate monoacetonitrile dichloroform solvate (31c) 

Moreover, another white needle-like single-crystal of MLA perchlorate (31a) was also 

obtained, which was recrystallized from methanol/ethyl acetate/chloroform /acetonitrile for ~5 

days. XRD data of this crystal showed a monoacetonitrile dichloroform solvate (31c Fig. 4.38 

and 4.39), and curiously, none of intermolecular nor intramolecular H-bond was implied in the 

unit cell, including the important interaction between the proton on the amine and oxygen of 

1-OMe. The perchlorate ion was shown to be away from the proton on the amine in the cell. 

The descriptions of the conformations of all the rings in this crystal are the same as that of 

MLA perchlorate monomethanol dihydrate (31b). Due to the free rotation, the accurate 

positions of the two complexed chloroform molecules were not certain by ORTEP. 
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Figure 4.38. Crystal structure of MLA perchlorate monoacetonitrile dichloroform solvate (31c) in the 

unit cell 

 

 

Figure 4.39. Crystal structure of MLA perchlorate monoacetonitrile dichloroform solvate (31c) 
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4.3. Discussion 

4.3.1. Descriptions of conformations 

In previous crystallographic studies of hexacyclic norditerpenoid alkaloids, the 

conformational descriptions of the six rings were sometimes confused or they were reported 

without any details. These descriptions are discussed here in order to establish a standard 

nomenclature for the rings involved in the norditerpenoid alkaloid structure (five-membered, 

six membered and seven-membered). In the naturally occurring norditerpenoids, natural 

products chemists normally consider these alkaloids to be constructed of six fused rings that 

are normally labelled A−F, and they are six-, seven-, five-, six-, six- and five-membered 

respectively (Fig. 4.40, Pelletier and Page, 1986; Yunusov, 1991; Yunusov, 1993; Wang et al., 

2010). The B-ring is regularly specified as a seven-membered ring (shown in blue). However, 

some scientists, refer to the B-ring as a six-membered ring shown in red. In this work, this ring 

is referred to as the B'-ring following the previous research (Przybylska, 1961; Birnbaum, 1970; 

Codding, 1982). Therefore, there are four six-membered (A-, B'-, D- and E-), two five-

membered (C- and F-) and one seven-membered (B-) ring in the norditerpenoid alkaloids. 

 

 

Figure 4.40. Ring labelling and ring size of norditerpenoid alkaloids 

 

Usually, the fine differences between the different conformations in the crystal structures 

are unnoticed, but here this information is related to the explanation why the 1H NMR effect 

of steric compression was not displayed in the selected norditerpenoid alkaloids. 
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Figure 4.41. Upper: tendency of energy change on the conformational conversion of 

cyclohexane (Hendrickson, 1961; Eliel, 1962; Jensen et al., 1962).  

Lower: Conformational conversion of cyclohexane and nomenclature, including their point 

groups. The labels of protons, e.g. (in abbreviation) a, e, f, b, x, and s, on rings were from Eliel 

(1962) and an IUPAC publication (Moss, 1996), and the notes of equatorial and axial of the 

protons on the boat conformer were added that were not mentioned in the sources. In chair: a 

= axial, e = equatorial; in boat: f = flagpole, b = bowsprit, x: eclipsed, s: this is also f, but 

sometime it is labelled as s for highlighting bowsprit-flagpole (s-f) interaction. x: this is also 

axial, but sometimes it is labelled as x for highlighting the eclipsed (x-x) relationship; in the 

cyclopentane and cycloheptane and twisted conformers of cyclohexane: prefix of pseudo- or 

quasi- is used, e.g. a' = pseudo-axial; e' = quasi-equatorial.  
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Eleven possible conformations of cyclohexane were catalogued based on previous reports 

(Fig. 4.41, Eliel, 1962; Moss, 1996). Conformations of 2-, 3- and 7-form are rarely observed 

in crystal structures (Fig. 4.41). The 2- and 7-forms, both known as half chair/boat, 

(Hendrickson, 1961) could be easily identified in the XRD data, as their four and five C-atoms 

are (almost) on the same plane, respectively. The 3-form, D2 (known as a twist boat) is the one 

of the boat-like conformers with the lowest energy (Hx-Hx are most staggered as well as Hs-Hf, 

θ reaches θmax), but its C-skeleton is highly twisted. This conformation at c-point is an extreme 

form in the period of b→d, thus it cannot be distinguished from 10-form. Therefore, the 

description of “twisted boat” will be used to indicate 10-form in this work. 

The two twisted conformers (6- and 10-conformers) in the remaining eight forms can be 

distinguished by measuring torsion angles θC2−C3−C5−C6 (absolute value, Table 4.1). Here 

θC2−C3−C5−C6 in the 1-, 4-, 5-, 8-, 9- and 11-conformers are supposed to be 0° in theory, however 

the absolute parallel relationship does not exist as atoms are not theoretical centroids. These 

conformational descriptions are not thoroughly objective. A tolerance of 4° of angle error was 

allowed in a previous study (Birnbaum, 1970), in which the descriptions can be alternatively 

decorated by “fairly close to” if these angles fall within the scale of the tolerance. For the 

conformers with θC2−C3−C5−C6 > 4°, they will be noted herein as twisted chair/boat. 

All the last six conformers (1-, 4-, 5-, 8-, 9- and 11-conformers) have θC2−C3−C5−C6 ≤4°. The 

true-chair/boat conformers (1- and 11-form, D3d and C2v, respectively, Fig. 4.41, Moss, 1996) 

are also rarely observed, however, the conformations with slightly flattened (in degree) (or 

twisted) C1 (or/and C4) should be considered as true conformers. To differentiate whether 

flattened or not, or if the scale of flattening is obvious, the reference is suggested to be the axial 

protons in the chair-like conformer or the flagpole protons in the boat-like conformer. On 

observation of C1, C2, C3, C5, C6, the C1 at the flap can be clearly described as flattened if 

C1-H1 is (nearly) vertical to the bottom plane PC2−C3−C5−C6, which is relevant to the dihedral 

angle θαβ (α = PC2−C3−C5−C6 and β = PC1−C2−C6). 

In the ideal true chair/boat, θαβ ≈ 55°, when the carbon on the flap became flattened, the 

θαβ decreased, then it reached ~35° once the bond was vertical to PC2−C3−C5−C6 (θαβ ≈ 35° at this 
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moment). The tolerance of 4° was added to 35°. Therefore, the apex C1 will be described as 

flattened if the θαβ ≤ 39°. (See Chapter 5 for calculations). 

The same method will be applied on both the flapped atoms of a six-membered ring, 

measuring θαβ and θαγ (γ = PC3−C4−C5) and the last six conformations (1-, 4-, 5-, 8-, 9- and 11-

conformers) with fine differences can be distinguished. Additionally, the C2, C3, C5 and C6 

can never be in the same plane in real data, thus the arithmetic mean of the dihedral angles will 

be used. For example, for calculation of θαβ, PC2−C3−C6 (α1) and PC2−C5−C6 (α2) will be used for 

calculation. 

 

Table 4.1. Method for description of six-membered-ring conformations in crystal structures 

Conformation θC2−C3−C5−C6 θαβ  θαγ Description (form No̲.) 

chair-like 

≤ 4° >39°  >39° true chair, D3d (1) 

≤ 4° one >39° and one ≤ 39° mono-flattened chair (4) 

≤ 4° ≤ 39°  ≤ 39° diflattened chair (5) 

> 4° -  - twisted chair (6) 

boat-like 

≤ 4° one >39° and one ≤ 39° mono-flattened boat (8) 

≤ 4° ≤ 39°  ≤ 39° diflattened boat (9) 

≤ 4° >39°  >39° true boat, C2v (11) 

> 4° -  - twisted boat (10) 

 

The method for identification of types of conformations in the six-membered ring is given 

in Table 4.1, in which 2-, 3, and 7-forms are not involved due to the only low possibility that 

they can be displayed in crystal data. Conformations of saturated five-membered rings, such as 

cyclopentane, are well-described in previous studies (Brutcher and Bauer, 1962; Eliel, 1962; 

Moss, 1996; Birnbaum, 1970), in which four conformations are listed: planar, envelope (CS), 

half chair (C2) and twisted half-chair (Fig. 4.42). 

An envelope conformer was described by IUPAC to be four atoms in the same plane and 

the other atom at the apex out of the reference plane (Moss, 1996), therefore, an envelope 

conformation can be confirmed if the torsion angle θC2−C3−C4−C5 ≤4° (absolute value) and C1 is 

at the flap. 



 

204 

When the θC2−C3−C4−C5 > 4°, the shape of a five-membered ring will be a true or twisted 

half-chair. A true half-chair conformer requires the projected distances a1 = a1 and b1 = b2 (Fig. 

4.42, Brutcher and Bauer, 1962), and this is not easy to measure in the crystal data. 

Alternatively, if the distance from C3 to PC1−C2−C5 (c1) is approximately equal to that from C4 

to PC1−C2−C5 (c2), the conformation will be considered as a true half-chair. This method is 

summarised in Table 4.2. 

 

Figure 4.42. Conformations of cyclopentane 

 

Table 4.2. Judgment method for conformations of five-membered rings in crystal structures 

θC2−C3−C4−C5 Relationship of c1 and c2 Description (code) 

≤ 4° - envelope (CS) 

> 4° c1 ≈ c2 true half chair (C2) 

> 4° c1 ≠ c2 twisted half chair 

 

As for conformations of seven-membered rings, e.g. cycloheptane, they are known to be 

highly flexible and varied, but only chair and boat conformers are preferred due to the relatively 

low energy states (Hendrickson, 1961). In fact, the seven-membered B-rings in the 

norditerpenoid alkaloids always adopt twisted-boat conformations. 

According to these conformation descriptions, the conformations of the crystal structures 

containing [3.3.1]bicycles, both the selected norditerpenoid alkaloids and their synthetic 

analogues are given in detail shown in Table 4.3 and Table 4.4, in which dihedral and torsion 

angles are in absolute values.
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Table 4.3. Conformations in the crystalline synthetic [3.3.1]bicycle containing analogues. Dihedral and torsion angles are in degrees (°), projected 

distances are in Å 

No. Compound Conformation 

A-

ring 
θC6−C5−C1−C8 

θα1β (°) 

α1 = PC1−C6−C8 

β = PC6−C7−C8 

θα2β 

α2 = PC5−C6−C8 

β = PC6−C7−C8 

θα1γ 

α1 = PC1−C5−C6 

γ = PC1−C5−C9 

θα2γ 

α2 = PC1−C5−C8 

γ = PC1−C5−C9 
 

θαβ [(θα1β + θα2β)/2] θαβ [(θα1γ+ θα2γ)/2] 

E-

ring 
θC4−C5−C1−C2 

θα1β 

α1 = PC1−C2−C4 

β = PC2−C4−N (O) 

θα2β 

α2 = PC2−C4−C5 

β = PC2−C4−N (O) 

θα1γ 

α1 = PC1−C2−C5 

γ = PC1−C5−C9 

θα2γ 

α2 = PC1−C4−C5 

γ = PC1−C5−C9 
 

θαβ [(θα1β + θα2β)/2] θαβ [(θα1γ+ θα2γ)/2] 

15 [3.3.1]azabicyclic DNP derivative Conformation 

A-

ring 
4.71 ~4 

36.17 40.78 63.16 58.45 
~true chair 

38.48 ~39 60.81 > 39 

E-

ring 
3.91 < 4 

55.33 51.25 54.56 50.56 

true chair 

53.29 > 39 52.56 > 39 

16 7-iPr [3.3.1]azabicyclic DNP derivative Conformation 

A-

ring 
1.90 < 4 

41.39 43.28 59.66 57.75 
true chair 

43.34 > 39 58.71 > 39 

E-

ring 
0.06 < 4 

47.70 47.64 54.93 54.87 

true chair 

47.66 > 39 54.90 > 39 
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17a 1R-7-Me [3.3.1]azabicyclic DNP derivatives Conformation 

A-

ring 
0.43 < 4 

41.48 41.02 58.22 58.68 
true chair 

41.25 > 39 58.45 > 39 

E-

ring 
0.85 < 4 

48.73 49.64 53.98 54.87 

true chair 

49.19 > 39 54.43 > 39 

17b 1S-7-Me [3.3.1]azabicyclic DNP derivatives Conformation 

A-

ring 
1.16 < 4 

43.21 42.02 57.81 59.01 
true chair 

42.62 > 39 58.41 > 39 

E-

ring 
1.34 < 4 

48.05 49.38 54.10 55.41 

true chair 

48.72 > 39 54.76 > 39 

26 [3.3.1]oxabicyclic analogue Conformation 

A-

ring 
0.24 < 4 

40.64 40.40 58.74 58.99 
true chair 

40.52 > 39 58.87 > 39 

E-

ring 
0.40 < 4 

49.62 49.20 53.75 53.35 

true chair 

49.41 > 39 53.55 > 39 

22 [3.3.1]azabicyclic hydrochloride Conformation 

A-

ring 
3.39 < 4 

49.69 46.33 56.28 52.89 
true boat 

48.01 > 39 54.59 > 39 

E-

ring 
1.50 < 4 

47.75 46.24 59.02 57.53 

true chair 

47.00 > 39 58.28 > 39 
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Table 4.4. Conformations in crystalline selected norditerpenoid alkaloids. Dihedral and torsion angles are in degrees (°), projected distances are in Å 

No. Compound  Conformation 

A-ring θC1−C11−C4−C3 

θα1β  

α1 = PC1−C3−C4 

β = PC1−C2−C3 

θα2β  

α2 = PC1−C3−C17 

β = PC1−C2−C3 

θα1γ 

α1 = PC1−C4−C11 

γ = PC4−C5−C11 

θα2γ 

α2 = PC2−C4−C11 

γ = PC4−C5−C11 
 

θαβ [(θα1β + θα2β)/2] θαβ [(θα1γ+ θα2γ)/2] 

B-ring   

B'-ring θC7−C8−C10−C11 

θα1β  

α1 = PC7−C8−C11 

β = PC7−C11−C17 

θα2β  

α2 = PC7−C10−C11 

β = PC7−C11−C17 

θα1γ 

α1 = PC7−C8−C10 

γ = PC8−C9−C10 

θα2γ 

α2 = PC8−C10−C11 

γ = PC8−C9−C10 
 

θαβ [(θα1β + θα2β)/2] θαβ [(θα1γ+ θα2γ)/2] 

C-ring θC9−C10−C12−C13 
c1 (projected distance from C10 to PC9−C13−C14) c2 (projected distance from C12 to P C9−C13−C14)  

 relationship between c1 and c2 

D-ring θC8−C9−C13−C16 

θα1β 

α1 = PC8−C9−C13 

β = PC9−C14−C13 

θα2β 

α2 = PC9−C13−C16 

β = PC9−C14−C13 

θα1γ 

α1 = PC8−C9−C16 

γ = PC8−C15−C16 

θα2γ 

α2 = PC8−C13−C16 

γ = PC8−C15−C16 
 

θαβ [(θα1β + θα2β)/2] θαβ [(θα1γ+ θα2γ)/2] 

E-ring θC19−C4−C11−C17 

θα1β 

α1 = PC4−C17−C19 

β = PC17−C19−N 

θα2β 

α2 = PC11−C17−C19 

β = PC17−C19−N 

θα1γ 

α1 = PC4−C11−C17 

γ = PC4−C5−C11 

θα2γ 

α2 = PC4−C11−C19 

γ = PC4−C5−C11 
 

θαβ [(θα1β + θα2β)/2] θαβ [(θα1γ+ θα2γ)/2] 

F-ring θC5−C6−C7−C17 
c1 (projected distance from C6 to PC5−C7−C11) c2 (projected distance from C7 to PC5−C7−C11) 

 
relationship between c1 and c2 
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1b Aconitine Conformation 

A-ring 6.79 > 4 - - twisted chair 

B-ring - twisted boat 

B'-ring 7.02 > 4 - - twisted chair 

C-ring 3.43 < 4 - 
envelope 

(C14 at the flap) 

D-ring 1.24 < 4 
62.30 63.70 18.54 17.29 mono-flattened boat 

(C15 is flattened) 63.00 > 39 17.92 < 39 

E-ring 12.58 > 4 - - twisted boat 

F-ring 8.92 > 4 
1.142 1.232 true half chair 

(C11 at the flap) 1.142 ≈ 1.232 (Δ = 0.09) 

3d Lycoctonine monohydrate Conformation 

A-ring 9.28 > 4 - - twisted chair 

B-ring - twisted boat 

B'-ring 5.36 > 4 - - twisted chair 

C-ring 1.15 < 4 - 
envelope 

(C14 at the flap) 

D-ring 1.12 < 4 
62.12 61.07 16.82 17.82 mono-flattened boat 

(C15 is flattened) 61.60 > 39 17.32 < 39 

E-ring 16.33 > 4 - - twisted chair 

F-ring 18.52 > 4 
0.999 1.228 twisted half chair 

(C11 at the flap) 0.999 ≠ 1.228 (Δ = 0.229) 
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27b Lappaconitine monohydrate  Conformation 

A-ring 12.44 > 4 - - twisted chair 

B-ring - twisted boat 

B'-ring 6.42 > 4 - - twisted chair 

C-ring 3.18 < 4 - 
envelope 

(C14 at the flap) 

D-ring 3.84 < 4 
65.77 61.91 16.36 19.78 mono-flattened boat 

(C15 is flattened) 63.84 > 39 18.07 < 39 

E-ring 16.58 > 4 - - twisted chair 

F-ring 18.05 > 4 
0.986 1.209 twisted half chair 

(C11 at the flap) 0.986 ≠ 1.209 (Δ = 0.223) 

28 Crassicauline A Conformation 

A-ring 10.56 > 4 - - twisted chair 

B-ring - twisted boat 

B'-ring 11.74 > 4 - - twisted chair 

C-ring 7.31 > 4 
1.097 1.144 true half chair 

(C14 at the flap) 1.097 ≈ 1.044 (Δ = 0.047) 

D-ring 6.08 > 4 
65.07 58.99 21.10 26.54 twisted boat 

with a flattened C15 62.03 > 39 23.82 < 39 

E-ring 14.11 > 4 - - twisted chair 

F-ring 9.88 > 4 
1.121 1.228 twisted half chair 

(C11 at the flap) 1.121 ≠ 1.228 (Δ = 0.107) 
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30b Aconitine hydrochloride trihydrate Conformation 

A-ring 4.21 ~4 
44.37 48.57 47.28 51.51 

~true boat 
46.47 > 39 49.40 > 39 

B-ring - twisted boat 

B'-ring 8.08 > 4 - - twisted chair 

C-ring 3.07 < 4 - - 
envelope  

(C14 at the flap) 

D-ring 1.66 < 4 
61.56 63.25 16.83 15.32 mono-flattened boat 

(C15 is flattened) 62.41 > 39 16.08 < 39 

E-ring 8.62 > 4 - - twisted chair 

F-ring 5.04 > 4 
1.145 1.191 true half chair 

(C11 at the flap) 1.145 ≈ 1.191 (Δ = 0.046) 

20b Lappaconitine HBr monohydrate Conformation 

A-ring 10.68 > 4 - - twisted boat 

B-ring - twisted boat 

B'-ring 4.61 ~4 

66.66 61.68 36.98 32.39 ~mono-flattened 

chair 

(C9 is flattened) 64.17 > 39 34.69 < 39 

C-ring 1.17 < 4 - - 
envelope  

(C14 at the flap) 

D-ring 0.07 < 4 
61.65 62.46 20.47 19.78 mono-flattened boat 

(C15 is flattened) 62.06 > 39 20.13 < 39 

E-ring 13.61 > 4 - - twisted chair 

F-ring 16.02 > 4 
0.971 1.161 twisted half chair 

(C11 at the flap) 0.971 ≠ 1.161 (Δ = 0.190) 
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31b MLA perchlorate monomethanol dihydrate Conformation 

A-ring 6.51 > 4 - - twisted boat 

B-ring - twisted boat 

B'-ring 7.40 > 4 - - twisted chair 

C-ring 3.17 < 4 - - 
envelope  

(C14 at the flap) 

D-ring 2.36 < 4 
62.32 59.93 22.89 25.03 mono-flattened boat 

(C15 is flattened) 61.13 23.96 

E-ring 12.40 > 4 - - twisted chair 

F-ring 13.58 > 4 
1.029 1.187 twisted half chair 

(C11 at the flap) 1.029 ≠ 1.187 (Δ = 0.158) 

31c MLA perchlorate monoacetonitrile dichloroform solvate Conformation 

A-ring 7.15 > 4 - - twisted boat 

B-ring - twisted boat 

B'-ring 7.38 > 4 - - twisted chair 

C-ring 3.03 < 4 - - 
envelope  

(C14 at the flap) 

D-ring 3.41 < 4 
62.95 59.51 23.30 26.38 mono-flattened boat 

(C15 is flattened) 61.23 > 39 24.84 < 39 

E-ring 12.65 > 4 - - twisted chair 

F-ring 14.44 > 4 
0.999 1.175 twisted half chair 

(C11 at the flap) 0.999 ≠1.175 (Δ = 0.176) 
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4.3.2. The orientation of C7 in the norditerpenoid alkaloids 

In these selected norditerpenoid alkaloids, the orientation is popularly assigned as 7β (Fig. 

4.43, left, Wang et al., 2010). 7-H of crassicauline A (28) has been NOESY correlated with 19-

Ha (see Chapter 2), which proves that this 7-H cannot be β-orientated (as drawn typically). In 

fact, a rare crystallography-based assignment of 7α-OH in the important des-(oxymethylene)-

lycoctonine HI (4, Fig. 4.1) was reported (Fig. 4.43, middle, Przybylska, 1961), but it was not 

favoured because the 7-OH in the acquired XRD data was not towards the same direction of 

typically β-orientated 7-H protons, compare with e.g. 6β-OMe and 8β-OH in MLA (29, Fig. 

4.44). However, all the 7-H/7-oxygen functional groups displayed in the crystal data of these 

alkaloids in this work do not show a typical β-orientation (Fig. 4.45). Also, there is a 7,8-

methylenedioxy group in elatine (32), therefore the 7-OH and 8-OH of MLA (29) are on the 

same face (β), and the positional relationship of these two hydroxyl is axial (8-OH)-equatorial 

(7-OH) rather than axial-axial. Therefore, it is more appropriate and precise to draw the 7-

substituents in the plane of the paper, which has also been used in the major structural revision 

of these alkaloids reported in the J. Am. Chem. Soc. (Fig. 4.43, right, Pelletier et al., 1981). 

 

 

Figure 4.43. Frameworks of norditerpenoid alkaloids 

 

 
Figure 4.44. MLA (29) and elatine (32) 
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Figure 4.45. Details of the 7-substituent from XRD data of the selected norditerpenoid alkaloids 
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Figure 4.46. XRD data of the A/B/F-ring frames of the selected norditerpenoid alkaloids. Drawing in 

the capped sticks style. Colours:  dark grey = C, light grey = H, red = O 
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It can be useful to view the structures of these natural products with different drawings, as 

this may help understanding with regard to the complete pictures of these complex hexacycles 

(Fig. 4.47). 

 

 

Figure 4.47. Different drawings of norditerpenoid alkaloids for displaying the relative orientations of 

C6, C7 and C8. Aconitine (1b) is used as an example 

 

4.3.3. Decrease of the effect of steric compression on 2-Ha in the norditerpenoid alkaloids 

The existence of the effect of steric compression on 7-Ha of [3.3.1]azabicycles caused by 

the lone-pair electrons of N-atom was demonstrated in Chapter 3, however, this effect observed 

on 2-H (correlating to the 7-H of the synthetic [3.3.1]azabicyclic analogues, numbering is 

shown in Fig. 4.48) was significantly decreased in the selected norditerpenoid alkaloids (free 

bases), suggesting that there are conformational differences between A/E-rings of the alkaloids 

and their synthetic [3.3.1]azabicyclic analogues. 

In comparison with the shapes of the synthetic [3.3.1]bicycles, the A/E-rings of the 

norditerpenoids were obviously twisted (Fig. 4.49), in which the bridgehead carbons (C1 and 

C5 in the synthetic compounds, C4 and C11 in the alkaloids) are overlaid to show the nature 

of the ring twist. Also, all the frames in Fig. 4.49 are overlaid as shown in Fig. 4.50 to display 

this conformational difference. 

 

Figure 4.48. Numbering of A/E-bicycles in norditerpenoid alkaloids and their synthetic analogues 
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Figure 4.49. Details of frames in the A/E-[3.3.1]azabicycles in the norditerpenoid alkaloids and their 

synthetic analogues in the crystal. Drawing in the capped sticks style. Colours:  dark grey = C, red = O, 

blue = N 
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Figure 4.50. Overlaid frames in the A/E-[3.3.1]azabicycles in the norditerpenoid alkaloids and their 

synthetic analogues in the crystal. Colours:  frames: blue = the norditerpenoid alkaloids, yellow = 

synthetic [3.3.1]azabicycles, purple = synthetic [3.3.1]oxabicycle; atoms:  light blue = N, red = O 

 

 

Figure 4.51. True-chair/true-chair and twisted-chair/twisted-chair conformations of [3.3.1]azabicycle. 

Colours:  white = C, grey = H, blue = N, purple = lone-pair electrons 

 

The nature of twist in the A/E-rings is the key for explaining the effect of steric 

compression in these natural products. In a [3.3.1]azabicycle with a true-chair/true-chair 

conformer, the lone-pair electrons are sitting on the compressed proton, this results in 

exhibition of steric compression (Fig. 4.51). If the bicycle is twisted, the electrons are staggered 

and the compression on the effect can be decreased or even cancelled, which depends on the 

intensity of the twist of both rings. To quantify this intensity, a torsion angle θC6−C4−C2−C8 was 

employed (absolute value, numbering of synthetic analogues), which is positively correlated to 

both θC6−C5−C1−C8 and θC4−C5−C1−C2, which was used to determine if the ring is twisted. 
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The torsion angles in the crystals of synthetic [3.3.1]bicycles, including the 

tetrahydropyran ether (26), were measured and are shown in Table 4.5. The conformations of 

all these analogues can be described as true chair/chair except the cyclohexane ring of the 

derivative (15) is slightly twisted. Comparison between this derivative (15) and its 7-alkyl 

substituted analogues, indicates that substituents on the cyclohexane ring can help to stabilize 

the conformation to remain in the true-chair shape (Fig. 4.52). The symmetrical oxygen 

analogue (26) adopted a true-chair/true-chair conformation, in comparison with the slightly 

twisted-chair in the cyclohexane ring of [3.3.1]azabicycles (12) and (15). 

 

Table 4.5. Torsion angle measurement in the synthetic [3.3.1]azabicycles (free bases), absolute value (°) 

Compound θC6−C5−C1−C8 θC4−C5−C1−C2 Description θC6−C4−C2−C8 

[3.3.1]azabicyclic DNP 

derivative (15) 
4.71 3.91 

twisted chair/true 

chair 
4.31 

7-iPr [3.3.1]azabicyclic 

DNP derivative (16) 
1.90 0.06 

true chair/true chair 

0.94 

1R-7-Me 

[3.3.1]azabicyclic DNP 

derivatives (17a) 

0.43 0.85 0.71 

1S-7-Me 

[3.3.1]azabicyclic DNP 

derivatives (17b) 

1.16 1.34 1.06 

[3.3.1]oxabicycle (26) 0.04 0.24 0.11 

 

 

Figure 4.52. Key NMR data of synthetic [3.3.1]azabicycles (CDCl3, ppm) 
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The same measurement was done on the crystals of the selected norditerpenoid alkaloid 

free bases (Table 4.6), and the torsion angles (θC1−C17−C19−C3) of the natural products were 

obviously larger than those in the synthetic analogues (θC6−C4−C2−C8), which means that the A/E-

azabicycles in these alkaloids are clearly more twisted than those of the synthetic analogues. 

Moreover, due to 3-OH, which assists in the stabilization of the conformation of the A-ring, 

aconitine (1b) showed a relatively small torsion angle (θC1−C11−C4−C3) compared to the other three 

alkaloids. However, the torsion angle (θC1−C17−C19−C3) of aconitine (1b) is large suggesting that 

the lone-pair electrons of the amine in aconitine (1b) are on the staggered position of 2-Ha like 

the other three alkaloids. In this way, the effect of steric compression was decreased in these 

norditerpenoid alkaloid free bases (1b), (3d), (27b) and (28). 

 

Table 4.6. Torsion angle measurement in the norditerpenoid alkaloids (free bases), absolute value (°) 

Compound θC1−C11−C4−C3 θC17−C11−C4−C19 Description θC1−C17−C19−C3 

Aconitine (1b) 6.79 12.22 

twisted 

chair/twisted 

chair 

9.81 

Lycoctonine (3d) 9.28 16.33 13.34 

Lappaconitine (27b) 12.44 16.56 15.19 

Crassicauline A (28) 10.56 14.11 12.65 

 

In these alkaloid free bases, 1-oxygenated functionalities are close to 12-He' (α) in space, 

and this interaction is the main reason leading to the A-ring twisting (Birnbaum, 1970; Pelletier 

and Djarmati, 1976; Pelletier et al., 1976b). In this study, the NOESY correlations connecting 

to 19-Ha in these alkaloids were revealed (see Chapter 2), and this suggests that proton or 

oxygenated functional groups on C7 and on the 6α-position are close to 19-Ha, which produced 

sufficient repulsion to push away C19 leading to the E-ring in these norditerpenoid alkaloids 

adopting a twisted-chair conformation. These interactions from C6, C7, and C12 do not exist 

in the synthetic analogues, thus the conformations of the analogues are not obviously twisted. 
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4.3. Conclusions 

According to the single-crystal XRD data in this Chapter, conformations of the selected 

norditerpenoid alkaloid free bases and their synthetic [3.3.1]bicyclic analogues (both 

azabicycles and oxabicycle) are given in Table 4.7. 

 

Table 4.7. Crystal conformations of the selected norditerpenoid alkaloid free bases and their synthetic 

analogue free bases 

Norditerpenoid alkaloid free bases [3.3.1]bicyclic analogue free bases 

ring conformation ring conformation 

A-ring (cyclohexane) twisted chair A-ring (cyclohexane) true chair 

E-ring (piperidine) twisted chair E-ring (piperidine) true chair 

 

In the selected norditerpenoid alkaloid free bases, both the A- and the E-ring are twisted, 

which is considered to be a result that a repulsive force generated by 12-He' acting on 1α-OMe, 

and another repulsive force generated by 6α-orientated proton or 6α-oxygenated functionality 

acting on 19-Ha, respectively. As synthetic [3.3.1]bicycles only contain the A- (cyclohexane 

ring) and E-ring (piperidine ring), those through-space interactions do not exist in these 

synthetic analogues. Therefore, the synthetic [3.3.1]bicycles adopt true-chair/true-chair 

conformations. These conclusions about crystal conformations of both the alkaloid free bases 

and the synthetic [3.3.1]bicycle free bases are in agreement with those about solution 

conformation both the alkaloid free bases and the synthetic [3.3.1]bicycle free bases (see 

Chapter 2 and Chapter 3). 

When the selected alkaloids and their synthetic [3.3.1]azabicycle (12) are protonated, their 

crystal conformations of the A-rings (cyclohexane rings) are changed from chair to boat, and 

this conformation flip caused by the protonation is displayed in crystals and in solutions (see 

Chapter 2). Protonated [3.3.1]azabicyclic analogue (22) displays boat/chair crystal 

conformation, however, its solution conformation is true chair/true chair (see Chapter 3). 

In crystals of the selected norditerpenoid alkaloid salts and their synthetic 

[3.3.1]azabicyclic salts (22), the A-rings (cyclohexane rings) adopting boat conformations are 
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considered to be nature of these molecules, as the N-H increase the intramolecular hindrance 

leading to the ring flip. The energy state of a molecule in solution is higher than that of the 

molecule in solid state, and this is considered to be related to the reason why the crystal 

conformations and solution conformations of salt (22) are different. For the selected 

norditerpenoid alkaloids in the solution, conformations of their A-rings flip from chair to boat 

on protonation to avoid the repulse force generated by 12-He' acting on 1α-OMe (Pelletier et 

al, 1974b). The synthetic analogue (22) lacks this force, so its cyclohexane ring remains in the 

chair conformation even if this chair/chair solution conformation is not favoured. 

In crystal structures of the norditerpenoid alkaloid salts, H-bonds between the O-atoms of 

the N-H are often implied, which help to stabilize the A-rings remaining in boat conformations. 

A strong H-bond has a bond angle of ~180°, and the stability of an H-bond decreases with the 

bond angle decrease and the bond length increase (Jeffrey, 1997). In XRD data, H-bonds are 

implied by calculation rather than by experimental detection. Hence, although the H-bonds 

between the O-atoms (of both 1-OMe and 3-OH) and the N-H of the XRD data of aconitine 

hydrochloride trihydrate (30b), and that between the O-atom of 1-OMe and the N-H of the 

XRD data of MLA perchlorate monoacetonitrile dichloroform solvate (31c) are not implied in 

this work, those intramolecular H-bonds may possibly exist. 
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Chapter 5. Experimental 

5.1. General methods 

Chemicals and materials 

All the norditerpenoid alkaloids used in Chapter 2 are commercially available. Aconitine 

(95%) and crassicauline A (98%) were purchased from Sigma-Aldrich (UK), lappaconitine 

hydrobromide (98.2%) was purchased from Carbosynth (UK), lycoctonine (98.5%) and 

methyllycaconitine perchlorate (98.7%) were purchased from Latoxan (France). 

3-(Methoxy)cyclohexan-1-one (98.5%), 3-(benzyloxy)cyclohexan-1-one (98.5%) and 

2,4-dinitrophenylhydrazine (~70%, wet with ~30% water) were purchased from Fluorochem 

(UK). All other chemicals (e.g. in Chapter 3) were purchased from Sigma-Aldrich (UK) and 

used as received. 

Deuterated solvents including d4-acetic acid, d6-acetone, d-chloroform, d4-methanol, d6-

DMSO and deuterium oxide (D2O) were used for NMR experiments (99.8% D atom, 

Cambridge Isotope Laboratories, Inc., USA). All other solvents were of HPLC grade, ≥99.9% 

purity (Fisher Scientific, UK and VWR, UK) including anhydrous solvents (Sigma-Aldrich, 

UK and Acros Organic, UK). Petroleum ether (Fisher Scientific, UK) specifically refers to the 

40-60 °C distillate. 

 

Instrumentation 

1H NMR spectra were recorded on a Bruker Avance III (1H Larmor precession frequencies 

400 and/or 500 MHz) spectrometers at 25 °C. Chemical shifts were expressed in parts per 

million (ppm) downfield shift from tetramethylsilane (TMS) or 3-(trimethylsilyl)-propionic-

2,2,3,3-d4 acid sodium salt (TMSP) as internal or external standards, and residual (protio) 

solvent peaks were also used as internal standards if required. Chemical shifts (δH) were 

reported as position (accurate δH of overlapping signals were extracted from 2D NMR spectra, 

e.g. HSQC, COSY and NOESY), relative integral, multiplicity and assignment. Multiplicity 

was abbreviated: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, m = multiplet; 

br = broad. Coupling constants (J) are line separations (absolute values expressed in Hertz, 

Hz), rounded and rationalised to 0.1 Hz. 

13C NMR spectra were recorded with complete proton decoupling on Bruker Avance III 

(13C Larmor precession frequencies 100 and/or 125 MHz) spectrometers at 25 °C as well as 2D 

NMR experiments including HSQC, HMBC and H2BC. Chemical shifts are expressed in ppm 
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downfield shift from TMS or TMSP as internal or external standards, and solvent peaks were 

also used as internal standards if required, and they were reported as position (δC), number of 

attached protons (CH3, CH2, CH, quat = quaternary) and assignment. 

Positive-ion [M+H]+ mode-mass spectrometry was performed on samples dissolved in 

methanol, using Bruker micrOTOF and Agilent Q-TOF mass spectrometers equipped with 

electrospray ionisation (ESI) sources. Negative-ion [M-H]⁻ mode mass spectrometry was 

performed, on samples dissolved in methanol, on an Agilent ESI-Q-TOF mass spectrometer. 

High resolution-mass spectrometry (HR-MS) was within 5 ppm error unless otherwise stated. 

Intensity data for the compounds were collected at 150-152 K on a Rigaku SuperNova, 

EosS2 single crystal diffractometer monochromated Cu-Kα radiation (λ = 1.54184 Å). Unit 

cell determination, data collection and data reduction were performed using the CrysAlisPro 

software (CrysAlisPro 1.171.38.41 -1.171.40.43a, Rigaku OD, 2015-2019). For all structures 

an empirical absorption correction using spherical harmonics was employed. The structures 

were solved with SHELXT and refined by a full-matrix least-squares procedure based on F2 

(SHELXL-2014-18) (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were placed onto calculated positions and refined using a riding model. 

Removal of solvents by evaporation in the procedures specifically refers to the use of a 

Buchi R-114 rotary evaporator with warming samples to 40 °C on a Buchi B-480 water bath 

and in vacuo (50-500 millibar). 

 

Chromatography 

Flash chromatography (Still et al., 1978) in Chapter 3 was performed using silica gel 60A 

35-70 micron (Fluorochem Ltd, UK and Sigma-Aldrich, UK) with the indicated solvents. Thin 

layer chromatography (TLC) was performed using 0.2 mm thick precoated silica gel plates 

(Merck KGaA 60 F254). Compounds were visualised by ultraviolet (UV, λ = 254 nm) and by 

staining with different reagent(s) including iodine vapour, potassium permanganate aq. 

solution (0.05M), p-anisaldehyde solution (p-anisaldehyde: conc. aq. H2SO4: H2O: acetic acid 

= 3:2:50:40, v/v), ninhydrin solution (0.2% w/v ninhydrin in ethanol) or Dragendorff's reagent:  

bismuth subnitrate (1.7 g), acetic acid (20 mL), water (80 mL) and 50% w/v solution of 

potassium iodide in water (100 mL) were mixed and stored as a stock solution. Stock solution 

(10 mL) and acetic acid (20 mL) were mixed and made up to 100 mL with water to give 

Dragendorff's solution.  



 

227 

5.2. Synthesis and structural identification (No. is the compound numbering in Chapter 3) 

 

1. Tautomers of ethyl 2-oxocyclohexane-1-carboxylate (6, keto) and ethyl 2-

hydroxycyclohex-1-ene-1-carboxylate (7, enol) 

 

 

 

Ethyl 2-oxocyclohexane-1-carboxylate (6, keto): δH (500 MHz; CDCl3; calibrated with 

TMS): 1.28 (3H, t, J = 7.2 Hz, OCH2CH3), 1.68 (1H, m, 5-HA), 1.84 (1H, m, 4-HA), 1.87 (1H, 

m, 5-HB), 1.97 (1H, m, 4-HB), 2.11 (1H, m, 6-HA), 2.16 (1H, m, 6-HB), 2.37 (1H, ddd, J = 14.9, 

10.3, 5.5 Hz, 3-HA), 2.51 (1H, dt, J = 12.1, 5.5 Hz, 3-HB), 3.37 (1H, dd, J = 9.7, 5.8 Hz, 1-H) 

and 4.21 (2H, m, OCH2CH3); δC (125 MHz; CDCl3; calibrated with TMS): 14.17 (CH3, 

OCH2CH3), 23.31 (CH2, C5), 27.12 (CH2, C4), 29.98 (CH2, C6), 41.57 (CH2, C3), 57.25 (CH, 

C1), 61.09 (CH2, OCH2CH3), 170.02 (quat, COOEt) and 206.32 (quat, C2). 

Ethyl 2-hydroxycyclohex-1-ene-1-carboxylate (7, enol): δH (500 MHz; CDCl3; calibrated 

with TMS): 1.30 (3H, t, J = 7.1 Hz, OCH2CH3), 1.60 (2H, quin, J = 6.0 Hz, 5-H), 1.68 (2H, 

quin, J = 6.0 Hz, 4-H), 2.22 (2H, t, J = 6.3 Hz, 6-H), 2.27 (2H, t, J = 6.3 Hz, 3-H), 4.21 (2H, q, 

J = 7.1 Hz, OCH2CH3) and 12.25 (1H, s, OH); δC (125 MHz; CDCl3; calibrated with TMS): 

14.32 (CH3, OCH2CH3), 21.97 (CH2, C4), 22.42 (CH2, C5 or C6), 22.44 (CH2, C5 or C6), 29.11 

(CH2, C3), 60.15 (CH2, OCH2CH3), 97.79 (quat, C1), 172.01 (quat, C2) and 172.80 (quat, 

COOEt). 

1H integral ratio (keto: enol) ≈ 1:4 following from the 1H integrals of 1-H (6, keto) and 2-

OH (7, enol). 
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2. Ethyl 3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (8, Grangier et al., 1998) 

 

 

 

 

 

Ethyl 2-oxocyclohexane-1-carboxylate (50 μL, 0.30 mmol), ethylamine aq. solution (66-

72% w/w, 28 μL, 0.33 mmol), formaldehyde aq. solution (37-40% w/w, 54 μL, 0.66 mmol) 

and EtOH (2 mL) were added with stirring at 20 oC. The solution was then heated under reflux 

for 2 h when TLC monitoring showed the reaction was complete (petroleum ether: ethyl acetate 

= 20:1 v/v, target compound Rf = 0.35, stained with p-anisaldehyde solution or iodine vapour). 

After the solvent was removed by evaporation, the crude product was purified by 

chromatography over silica gel (petroleum ether: ethyl acetate = 20:1 v/v; mobile phase was 

basified conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase) giving a pale yellow 

oil (60 mg, 79%). MS (m/z) [M+H]+ found 240.1603, C13H22NO3 requires 240.1600 and 

[M+Na]+ found 262.1410, C13H21NO3Na requires 262.1419 and [2M+Na]+ found 501.3066, 

C26H42N2O6Na requires 501.2941. 

δH (500 MHz; CDCl3; calibrated with TMS): 1.10 (3H, t, J = 7.2 Hz, NCH2CH3), 1.29 

(3H, t, J = 7.2 Hz, OCH2CH3), 1.53 (1H, dtt, J = 12.4, 6.1, 3.0 Hz, 7-He), 2.08 (1H, ddddd, 

13.9, 12.4, 6.1, 5.3, 1.7 Hz, 6-Ha), 2.14 (1H, ddt, J = 13.9, 5.8, 3.0 Hz, 6-He), 2.24 (1H, ddt, J 

= 14.0, 6.1, 3.0 Hz, 8-He), 2.41 (2H, qd, J = 7.2, 2.4 Hz, NCH2CH3), 2.46 (1H, dq, J = 5.3, 3.0 

Hz, 5-H), 2.53 (1H, dddd, J = 14.0, 12.4, 6.1, 1.7 Hz, 8-Ha), 2.57 (1H, br ddd, J = 11.1, 3.0, 1.3 
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Hz, 4-Ha), 2.86 (1H, qt, J = 12.4, 6.1 Hz, 7-Ha), 2.93 (1H, dd, J = 11.4, 1.7 Hz, 2-Ha), 3.15 (1H, 

dt, J = 11.1, 3.0 Hz, 4-He), 3.22 (1H, dd, J = 11.4, 2.4 Hz, 2-He) and 4.21 (2H, q, J = 7.2 Hz, 

OCH2CH3). δC (125 MHz; CDCl3; calibrated with TMS): 12.73 (CH3, NCH2CH3), 14.15 (CH3, 

OCH2CH3), 20.56 (CH2, C7), 34.19 (CH2, C6), 36.84 (CH2, C8), 47.23 (CH, C5), 51.12 (CH2, 

NCH2CH3), 58.84 (quat, C1), 59.94 (CH2, C4), 61.10 (CH2, OCH2CH3), 61.67 (CH2, C2), 

171.24 (quat, COOEt) and 212.83 (quat, C9). 

δH (500 MHz; CD3OD; calibrated with TMS): 1.11 (3H, t, J = 7.2 Hz, NCH2CH3), 1.26 

(3H, t, J = 7.1 Hz, OCH2CH3), 1.52 (1H, dtt, J = 12.4, 6.1, 3.1 Hz, 7-He), 2.03 (1H, m, 6-Ha), 

2.18 (1H, m, 6-He), 2.24 (1H, m, 8-He), 2.40 (1H, m, 5-H), 2.41 (2H, m, NCH2CH3), 2.48 (1H, 

m, 8-Ha), 2.52 (1H, m, 4-Ha), 2.88 (1H, m, 7-Ha), 2.90 (1H, m, 2-Ha), 3.23 (1H, m, 4-He), 3.23 

(1H, m, 2-He) and 4.16 (2H, q, J = 7.2 Hz, OCH2CH3). δC (125 MHz; CD3OD; calibrated with 

TMS): 13.05 (CH3, NCH2CH3), 14.45 (CH3, OCH2CH3), 21.52 (CH2, C7), 35.32 (CH2, C6), 

37.99 (CH2, C8), 48.71 (CH, C5), 52.20 (CH2, NCH2CH3), 60.26 (quat, C1), 61.00 (CH2, C4), 

62.20 (CH2, OCH2CH3), 62.88 (CH2, C2), 172.66 (quat, COOEt) and 214.64 (quat, C9). 

δH [(400 MHz; d6-DMSO; calibrated with residual DMSO (2.50 ppm)]: 1.04 (3H, t, J = 

7.2 Hz, NCH2CH3), 1.18 (3H, t, J = 7.2 Hz, OCH2CH3), 1.45 (1H, m, 1H, dtt, J = 12.1, 5.9, 2.7 

Hz, 7-He), 1.95 (1H, m, 6-Ha), 2.10 (1H, ddq, J = 13.7, 5.5, 2.7 Hz, 6-He), 2.18 (1H, dq, J = 

13.7, 2.7 Hz, 8-He), 2.35 (2H, m, NCH2CH3), 2.37 (1H, m, 8-Ha), 2.37 (1H, m, 5-H), 2.45 (1H, 

br dd, J = 11.1, 3.2 Hz, 4-Ha), 2.77 (1H, qt, J = 12.1, 5.9 Hz, 7-Ha), 2.81 (1H, dd, J = 11.5, 1.5 

Hz, 2-Ha), 3.16 (1H, dt, J = 11.2, 2.2 Hz, 4-He), 3.22 (1H, dd, J = 2.2, 11.4 Hz, 2-He) and 4.21 

(2H, qd, J = 7.2, 1.1 Hz, OCH2CH3). δC [100 MHz; d6-DMSO; calibrated with d6-DMSO (39.52 

ppm)]: 12.51 (CH3, NCH2CH3), 14.01 (CH3, OCH2CH3), 19.97 (CH2, C7), 33.57 (CH2, C6), 

36.12 (CH2, C8), 46.46 (CH, C5), 50.49 (CH2, NCH2CH3), 58.27 (quat, C1), 59.21 (CH2, C4), 

60.48 (CH2, OCH2CH3), 61.10 (CH2, C2), 170.46 (quat, COOEt) and 212.16 (quat, C9). 
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3. Methyl 3-ethyl-7-isopropyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (10) 

 

 

 

 

 

A solution of methyl 5-isopropyl-2-oxocyclohexane-1-carboxylate (9, 420 mg, 2.12 

mmol), ethylamine aq. solution (66-72% w/w, 0.20 mL, 2.33 mmol) and paraformaldehyde 

(140 mg, 4.66 mmol) in MeOH (16 mL) was stirred and heated under reflux for 2 h under an 

atmosphere of anhydrous nitrogen. TLC showed the reaction was complete (petroleum ether: 

ethyl acetate = 20:1 v/v, Rf = 0.3, stained with p-anisaldehyde solution). After the solvents were 

removed by evaporation, the crude products were acidified with aq. HCl (1M) to pH = 2 

followed by washing with DCM (3 × 5 mL), then the aqueous layer was basified with sat. 

NaHCO3 aq. solution (pH = 8) and extracted with DCM (3 × 5 mL). The organic phase was 

combined, dried (Na2SO4), filtered and then the solvents were removed by evaporation. The 

crude product was purified by chromatography over silica gel (petroleum ether: ethyl acetate 

= 20:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the 

prepared mobile phase) producing a colourless oil (10, 63 mg, 11%). MS (m/z) [M+H]+ found 

268.1913, C15H26NO3 requires 268.1913 and [M+Na]+ found 290.1723, C15H25NO3Na requires 

290.1732. δH (500 MHz; CDCl3; calibrated with TMS): 0.89 (3H, d, J = 6.1 Hz, 2'-HA), 0.90 

(3H, d, J = 6.1 Hz, 2'-HB), 1.10 (3H, t, J = 7.2 Hz, NCH2CH3), 1.28 (1H, m, 1'-H), 1.72 (1H, 
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td, J = 12.9, 6.0 Hz, 6-Ha), 2.13-2.29 (3H, m, 6-He, 8-Ha and 8-He), 2.41 (2H, q, J = 7.2 Hz, 

NCH2CH3), 2.45 (1H, br quin, J = 2.6 Hz, 5-H), 2.55 (1H, br dd, J = 11.2, 2.4 Hz, 4-Ha), 2.93 

(1H, br dd, J = 11.2, 2.5 Hz, 2-Ha), 2.93 (1H, br dd, J = 11.4, 1.9 Hz, 2-Ha), 3.02 (1H, tq, J = 

12.4, 6.0 Hz, 7-Ha), 3.14 (1H, br td, J = 11.2, 2.4 Hz, 4-He), 3.22 (1H, dd, J = 11.4, 2.5 Hz, 2-

He) and 3.75 (3H, s, OCH3). δC (125 MHz; CDCl3; calibrated with TMS): 12.69 (CH3, 

NCH2CH3), 20.24 (CH3, C2'A), 22.38 (CH3, C2'B), 33.76 (CH, C1'), 37.01 (CH, C7), 38.35 

(CH2, C6), 41.17 (CH2, C8), 47.08 (CH, C5), 51.04 (CH2, NCH2CH3), 52.25 (CH3, OCH3), 

58.66 (quat, C1), 59.75 (CH2, C4), 61.59 (CH2, C2), 171.67 (quat, COOMe) and 213.10 (quat, 

C9). 

 

4. Ethyl 3-ethyl-7-methyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (12) 

 

 

 

 

 

A solution of methyl 5-isopropyl-2-oxocyclohexane-1-carboxylate (11, 200 mg, 1.09 

mmol), ethylamine aq. solution (66-72% w/w, 0.10 mL, 1.20 mmol) and paraformaldehyde 

(173 mg, 2.40 mmol) in the EtOH (8 mL) were stirred and heated under reflux for 2 h under an 

atmosphere of anhydrous nitrogen. TLC showed the reaction was complete (petroleum ether: 

ethyl acetate = 20:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% 
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v/v of the prepared mobile phase; target compound Rf = 0.25, stained with potassium 

permanganate solution). After the solvents were removed by evaporation, the products were 

acidified with aq. HCl (1M) to pH = 2 followed by washing with DCM (3 × 20 mL), then the 

aqueous layer was basified with sat. NaHCO3 aq. solution (pH = 8) and extracted with DCM 

(3 × 20 mL). The organic phase was combined, dried (Na2SO4), filtered and then the solvents 

were removed by evaporation. The crude product was purified by chromatography over silica 

gel (petroleum ether: ethyl acetate, 20:1 v/v; the mobile phase was basified with conc. aq. 0.880 

ammonia, 0.5% v/v of the prepared mobile phase) producing a yellow oil (12, 11 mg, 4%). MS 

(m/z) [M+H]+ found 254.1752, C14H24NO3 requires 254.1757 and [M+Na]+ found 276.1573, 

C14H23NO3Na requires 276.1576. δH (500 MHz; CDCl3; calibrated with TMS): 0.88 (3H, d, J 

= 6.7 Hz, 1'-H), 1.10 (3H, t, J = 7.2 Hz, NCH2CH3), 1.29 (3H, t, J = 7.2 Hz, OCH2CH3), 1.68 

(1H, m, 6-Ha), 2.09-2.24 (3H, m, 6-He, 8-Ha and 8-He), 2.40 (2H, m, NCH2CH3), 2.42 (1H, m, 

5-H), 2.54 (1H, d, J = 11.2 Hz, 4-Ha), 2.93 (1H, dd, J = 11.5, 2.0 Hz, 2-Ha), 3.16 (1H, dt, J = 

11.2, 2.0 Hz, 4-He), 3.23 (1H, dt, J = 11.5, 2.0 Hz, 2-He), 3.42 (1H, tq, J = 12.3, 6.1 Hz, 7-Ha) 

and 4.21 (2H, q, J = 7.2 Hz, OCH2CH3). δC (125 MHz; CDCl3; calibrated with TMS): 12.73 

(CH3, NCH2CH3), 14.15 (CH3, OCH2CH3), 22.01 (CH3, C1'), 26.28 (CH, C7), 42.56 (CH2, C6), 

44.99 (CH2, C8), 47.30 (CH, C5), 51.13 (CH2, NCH2CH3), 58.54 (quat, C1), 59.65 (CH2, C4), 

61.14 (CH2, OCH2CH3), 61.46 (CH2, C2), 171.03 (quat, COOEt) and 212.93 (quat, C9). The 

mixtures showed in both NMR spectra were assigned as conformational isomers. 

 

5. N,N-bis(ethoxymethyl)ethanamine (14, Brimble and Brocke, 2005) 

 

 

 

Freshly distilled ethylamine (14.2 g, 315 mmol) was slowly added to a solution of pre-

dried paraformaldehyde (18.9 g, 630 mmol), oven-dried potassium carbonate (43.5 g, 315 
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mmol) in anhydrous ethanol (120 mL) at 0 oC with magnetic stirring, and the mixture was 

vigorously stirred for 2 days at 20 oC. The suspension was filtered, and the filtered residue was 

rinsed with anhydrous ethanol (20 mL). The crude product was firstly purified by fractional 

vacuum distillation through Vigreux column at 90 oC →130 oC, 400 millibar mainly in order 

to remove the excess of alcohol, and then the Vigreux column was removed and the products 

were further purified by fractional vacuum distillation (130→150 oC, 100-110 millibar) 

followed by collecting the fraction with a boiling point of 100-105 oC forming the clear liquid 

target amine (14, 21.3 g, 41%). δH (500 MHz; CDCl3; calibrated with TMS): 1.11 (3H, t, J = 

7.2 Hz, NCH2CH3), 1.19 (3H × 2, t, J = 7.1 Hz, OCH2CH3 × 2), 2.89 (2H, q, J = 7.2 Hz, 

NCH2CH3), 3.44 (2H × 2, q, J = 7.1 Hz, OCH2CH3 × 2) and 4.30 (2H × 2, s, NCH2O × 2). δC 

(125 MHz; CDCl3; calibrated with TMS): 13.69 (CH3, NCH2CH3), 15.25 (CH3 × 2, OCH2CH3 

× 2), 43.81 (CH2, NCH2CH3), 62.58 (CH2 × 2, OCH2CH3 × 2) and 84.27 (CH2 × 2, NCH2O × 

2). 

 

6. Methyl 3-ethyl-7-methyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (15) 
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To a solution of methyl 2-oxocyclopentane-1-carboxylate (13, 94 mg, 0.55 mmol) and 

N,N-bis(ethoxymethyl)ethanamine (14, 179 mg, 1.10 mmol) in acetonitrile (2 mL) trichloro-

methylsilane (217 mg, 1.11 mmol)was added followed by stirring for 20 h at 20 oC. The 

reaction was quenched with sat. aq. NaHCO3 (pH = 8) and extracted with ethyl acetate (3 × 10 

mL). The combined organic layers were washed with brine (10 mL), dried (Na2SO4) and 

filtered, and then the solvents were removed by evaporation. The crude products were purified 

by chromatography over silica gel (petroleum ether: ethyl acetate = 20:1 v/v; the mobile phase 

was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target 

compond TLC Rf = 0.25, stained with Dragendorff's reagent and p-anisaldehyde solution, 

respectively) giving a yellow oil-like product (15, 26 mg, 73%). MS (m/z) [M+H]+ found 

240.1618, C13H22NO3 requires 240.1594 and [M+Na]+ found 262.1448, C13H21NO3Na requires 

262.1414. δH [(500 MHz; CDCl3; calibrated with residual CHCl3 (7.26 ppm)]: 0.87 (3H, d, J = 

6.7 Hz, 1'-H), 1.09 (3H, t, J = 7.2 Hz, NCH2CH3), 1.66 (1H, tdd, J = 13.8, 6.0, 1.5 Hz, 6-Ha), 

2.09-2.23 (3H, m, 6-He, 8-Ha and 8-He), 2.39 (2H, qd, J = 7.2, 2.0 Hz, NCH2CH), 2.42 (1H, m, 

5-H), 2.54 (1H, m, 4-Ha), 2.92 (1H, dd, J = 11.4, 2.1 Hz, 2-Ha), 3.15 (1H, dt, J = 11.2, 2.1 Hz, 

4-He), 3.23 (1H, dt, J = 11.4, 2.1 Hz, 2-He), 3.42 (1H, tt, J = 12.3, 6.0 Hz, 7-Ha) and 3.74 (3H, 

s, OCH3). δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 12.80 (CH3, NCH2CH3), 

22.11 (CH3, C1'), 26.40 (CH, C7), 42.70 (CH2, C6), 45.18 (CH2, C8), 47.39 (CH, C5), 51.25 

(CH2, NCH2CH3), 52.34 (CH3, OCH3), 58.90 (quat, C1), 59.75 (CH2, C4), 61.59 (CH2, C2), 

171.60 (quat, COOMe) and 212.93 (quat, C9). The mixtures observed in both NMR spectra 

were considered to be conformational isomers. 

 

7. Ethyl (E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-3-azabicyclo[3.3.1]nonane-

1-carboxylate (16, Penning and Christoffers, 2013) 
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2,4-Dinitrophenylhydrazine (412 mg, 2.08 mmol) and TFA (119 mg, 1.04 mmol) were 

added to a solution of ethyl 3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (8, 415 

mg, 1.73 mmol) in THF (12 mL), and the final solution was stirred and heated under reflux for 

3 h under an atmosphere of anhydrous nitrogen. After the solution was cooled to 20 oC, about 

7 mL of solvent was removed by evaporation. The residue was basified with sat. aq. NaHCO3 

(pH = 8) and extracted with DCM (3 × 15 mL), and then the combined organic layers were 

washed with brine (10 mL), dried (Na2SO4) and filtered, and then the solvents were removed 

by evaporation. The crude product was purified by chromatography over silica gel (petroleum 

ether: ethyl acetate = 10:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 

0.5% v/v of the prepared mobile phase; target compound TLC Rf = 0.3, stained with iodine 

vapour or ninhydrin solution) giving an orange-solid product (16, 472 mg, 65%). MS (m/z) 

[M+H]+ found 420.1934, C19H26N5O6 requires 420.1878 and [M+Na]+ found 442.1729, 

C19H25N5O6Na requires 442.1697. δH (500 MHz; CDCl3; calibrated with TMS): δH (500 MHz; 

CDCl3; calibrated with TMS): 1.11 (3H, t, J = 7.2 Hz, NCH2CH3), 1.36 (3H, t, J = 7.2 Hz, 

OCH2CH3), 1.58 (1H, m, 7-He), 1.93 (1H, tt, J = 12.2, 6.0 Hz, 6-Ha), 2.14 (1H, m, 6-He), 2.16 

(1H, m, 8-He), 2.40 (2H, q, J = 7.2 Hz, NCH2CH3), 2.42 (1H, m, 4-Ha), 2.49 (1H, J = 12.9, 6.0, 

1.1 Hz, 8-Ha), 2.89 (2H, m, 7-Ha and 2-Ha), 3.11 (1H, m, 5-H), 3.16 (1H, m, 4-He), 3.19 (1H, 

m, 2-He), 4.30 (2H, qd, J = 7.1, 1.9 Hz, OCH2CH3), 7.80 (1H, d, J = 9.5 Hz, 6'-H), 8.28 (1H, 

dd, J = 9.5, 2.6 Hz, 5'-H), 9.11 (1H, d, J = 2.6 Hz, 3'-H) and 11.17 (1H, s, NH). δC (125 MHz; 
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CDCl3; calibrated with TMS): 12.54 (CH3, NCH2CH3), 14.37 (CH3, OCH2CH3), 20.85 (CH2, 

C7), 32.45 (CH2, C6), 33.22 (CH, C5), 36.38 (CH2, C8), 51.54 (CH2, NCH2CH3), 52.34 (quat, 

C1), 58.42 (CH2, C4), 61.13 (CH2, OCH2CH3), 61.82 (CH2, C2), 116.20 (CH, C6'), 123.48 

(CH, C3'), 129.10 (quat, C2'), 129.97 (CH, C5'), 137.88 (quat, C4'), 145.40 (quat, C1'), 163.86 

(quat, C9) and 172.12 (quat, COOEt). 

 

8. Methyl (E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-7-isopropyl-3-

azabicyclo[3.3.1]nonane-1-carboxylate (17) 

 

 

 

 

 

2,4-Dinitrophenylhydrazine (55 mg, 0.19 mmol) and TFA (11 mg, 0.10 mmol) were added 

to a solution of methyl 3-ethyl-7-isopropyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate 

(10, 43 mg, 0.16 mmol) in THF (3 mL), and the final solution was stirred and heated under 

reflux for 3 h under an atmosphere of anhydrous nitrogen. The solution was basified with sat. 

aq. NaHCO3 (pH = 8) and extracted with DCM (3 × 10 mL), and then the combined organic 
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layers were washed with brine (5 mL), dried (Na2SO4) and filtered, and then the solvents were 

removed by evaporation. The crude product was purified by chromatography over silica gel 

(petroleum ether: ethyl acetate = 10:1 v/v; the mobile phase was basified with conc. aq. 0.880 

ammonia, 0.5% v/v of the prepared mobile phase; target compound TLC Rf = 0.2, stained with 

iodine vapour or ninhydrin solution) giving an orange-solid product (17, 44 mg, 61%). MS 

(m/z) [M+H]+ found 448.2206, C21H30N5O6 requires 448.2191 and [M+Na]+ found 470.2026, 

C21H29N5O6Na requires 470.2010. δH (500 MHz; CDCl3; calibrated with TMS): 0.89 (3H, d, J 

= 6.1 Hz, 2'-HA), 0.91 (3H, d, J = 6.1 Hz, 2'-HB), 1.10 (3H, t, J = 7.2 Hz, NCH2CH3), 1.26 (1H, 

m, 1'-H), 1.93 (1H, td, J = 13.4, 4.1 Hz, 6-Ha), 2.13 (1H, m, 8-Ha), 2.19 (1H, m, 6-He), 2.20 

(1H, m, 8-He), 2.40 (3H, m, 4-Ha and NCH2CH3), 2.89 (1H, br d, J = 11.3 Hz, 2-Ha), 2.97 (1H, 

m, 7-Ha), 3.12 (1H, m, 5-H), 3.14 (1H, m, 4-He), 3.18 (1H, m, 2-He), 3.84 (3H, s, OCH3), 7.77 

(1H, d, J = 9.6 Hz, 6''-H), 8.29 (1H, dd, J = 9.6, 2.5 Hz, 5''-H), 9.12 (1H, d, J = 2.5 Hz, 3''-H) 

and 11.16 (1H, s, NH). δC (125 MHz; CDCl3; calibrated with TMS): 12.48 (CH3, NCH2CH3), 

20.18 (CH3, C2'A), 20.28 (CH3, C2'B), 33.33 (CH, C5), 34.12 (CH, C1'), 36.67 (CH2, C6), 37.43 

(CH, C7), 40.68 (CH2, C8), 51.35 (CH2, NCH2CH3), 52.22 (CH3, OCH3), 52.54 (quat, C1), 

58.23 (CH2, C4), 61.65 (CH2, C2), 116.16 (CH, C6''), 123.46 (CH, C3''), 129.14 (quat, C2''), 

130.05 (CH, C5''), 137.92 (quat, C4''), 145.34 (quat, C1''), 163.83 (quat, C9) and 172.57 (quat, 

COOMe). 

 

9. Methyl (E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-7-methyl-3-

azabicyclo[3.3.1]nonane-1-carboxylate (18, Campbell et al., 2008) 
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2,4-Dinitrophenylhydrazine (91 mg, 0.46 mmol) and conc. H2SO4 solution (15 μL, 0.10 

mmol) were added to a solution of methyl 3-ethyl-7-methyl-9-oxo-3-azabicyclo[3.3.1] nonane-

1-carboxylate (15, 22 mg, 0.09 mmol) in MeOH (3 mL) at 0 oC, and the final solution was 

stirred and heated under reflux for 3 h under an atmosphere of anhydrous nitrogen. The solution 

was basified with sat. aq. NaHCO3 (pH = 8) and extracted with DCM (3 × 10 mL), and then 

the combined organic layers were washed with brine (5 mL), dried (Na2SO4) and filtered, and 

then the solvents were removed by evaporation. The crude product was purified by 

chromatography over silica gel (petroleum ether: ethyl acetate = 20:1 v/v; the mobile phase 

was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target 

compound TLC Rf = 0.32, stained with iodine vapour and ninhydrin solution) giving an orange-

solid product (18, 20 mg, 53%)*. MS (m/z) [M+H]+ found 420.1902, C19H26N5O6 requires 

420.1878 and [M+Na]+ found 442.1720, C19H25N5O6Na requires 442.1697. δH (500 MHz; 

CDCl3; calibrated with TMS): 0.81 (3H, d, J = 6.6 Hz, 1'-H), 1.13 (3H, t, J = 7.1 Hz, 

NCH2CH3), 1.42 (1H, m, 6-Ha), 2.01 (1H, m, 8-Ha), 2.08 (1H, m, 6-He), 2.10 (1H, m, 8-He), 

2.32 (1H, m, 4-Ha), 2.33 (2H, m, NCH2CH3), 2.82 (1H, br d, J = 11.3 Hz, 2-Ha), 3.03 (1H, m, 

5-H), 3.09 (1H, d, J = 11.2 Hz, 4-He), 3.13 (1H, d, J = 11.4 Hz, 2-He), 3.28 (1H, tq, J = 12.2, 

6.1 Hz, 7-Ha), 3.76 (3H, s, OCH3), 7.70 (1H, d, J = 9.5 Hz, 6''-H), 8.22 (1H, d, J = 9.5 Hz, 5''-

H), 9.03 (1H, d, J = 2.5 Hz, 3''-H) and 11.08 (1H, s, NH). δC [125 MHz; CDCl3; calibrated with 

CDCl3 (77.16 ppm)]: 12.60 (CH3, NCH2CH3), 22.49 (CH3, C1'), 26.71 (CH, C7), 33.57 (CH, 
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C5), 40.94 (CH2, C6), 44.78 (CH2, C8), 51.56 (CH2, NCH2CH3), 52.32 (CH3, OCH3), 52.74 

(quat, C1), 58.19 (CH2, C4), 61.59 (CH2, C2), 116.26 (CH, C6''), 123.56 (CH, C3''), 129.26 

(quat, C2''), 130.17 (CH, C5''), 138.04 (quat, C4''), 145.45 (quat, C1''), 163.70 (quat, C9) and 

172.54 (quat, COOMe). 

____________________ 

* There was an orange solid of 42 mg in total was obtained after purification, and there 

were three main components displaying in both 1H and 13C NMR spectra, which are the 

target product, the conformational isomer of the target product, and the by-product, 1-(2,4-

dinitrophenyl)-2-(propan-2-ylidene)hydrazine derived from acetone. The ratio of 1H 

integrals of these components was 20:4:17, therefore the yield is 53%. The total content 

of the isomer was too low to be analysed with NMR in detail, and the structure of the by-

product was further confirmed by X-ray analysis. These products were therefore not 

purified further after the purification by flash chromatography over silica gel as the X-ray 

data of the target compound were acquired. 

 

* 1-(2,4-dinitrophenyl)-2-(propan-2-ylidene)hydrazine 
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MS (m/z) [M-H]⁻ found 237.0614, C9H9N4O4 requires 237.0623, and MS (m/z) 

[M+HCOO]⁻ found 283.0669, C10H11N4O6 requires 283.0679. δH (500 MHz; CDCl3; 

calibrated with TMS): 2.02 (3H, s, 2'-H), 2.11 (3H, s, 3'-H), 7.89 (1H, d, J = 7.1 Hz, 6''-

H), 8.22 (1H, m, 5''-H), 9.05 (1H, d, J = 2.4 Hz, 3''-H) and 10.95 (1H, br s, NH). δC [125 

MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 17.17 (CH2, C2'), 25.64 (CH2, C3'), 

116.49 (CH, C6), 123.69 (CH, C3), 129.07 (quat, C2), 130.12 (CH, C5), 137.76 (quat, 

C4), 145.27 (quat, C1) and 155.36 (quat, C1'). The single-crystal crystallographic structure 

is displayed as follows: 

 

10. Ethyl 1-[(ethylamino)methyl]-2-oxocyclohexane-1-carboxylate (19) 

 

 

 

 

 

A solution of ethyl 2-oxocyclohexane-1-carboxylate (6, 532 mg, 3.13 mmol), ethylamine 

aq. solution (0.24 mL, 2.82 mmol) and paraformaldehyde (85 mg, 2.82 mmol) in the EtOH (10 

mL) were stirred and heated for 3 h at 40 oC under an atmosphere of anhydrous nitrogen. TLC 

monitoring showed the reaction was complete (DCM: MeOH = 40:1 v/v, target compound Rf 

= 0.2, stained with p-anisaldehyde solution and iodine vapour, respectively). After the solvent 

was removed by evaporation, the crude product was purified by chromatography over silica 

gel (DCM: MeOH = 40:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 

0.5% v/v of the prepared mobile phase) producing pale yellow oil-like product of the mono-

Mannich reaction (19, 37 mg, 5%). MS (m/z) [M+H]+ found 228.1602, C12H22NO3 requires 
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228.1594. δH (500 MHz; CDCl3; calibrated with TMS): 1.04 (3H, t, J = 7.1 Hz, NCH2CH3), 

1.27 (3H, t, J = 6.8 Hz, OCH2CH3), 1.68 (3H, m, 4-HA, 5-HA and 6-HA), 1.77 (1H, m, 5-HB), 

2.00 (1H, m, 4-HB), 2.42 (1H, m, 6-HB), 2.43 (1H, m, 3-HA), 2.58 (1H, m, 3-HB), 2.60 (2H, m, 

NCH2CH3), 2.73 (1H, d, J = 11.7 Hz, 1'-HA), 2.92 (1H, d, J = 11.7 Hz, 1'-HB), 4.23 (2H, m, 

OCH2CH3). δC (125 MHz; CDCl3; calibrated with TMS): 14.15 (CH3, OCH2CH3), 15.15 (CH3, 

NCH2CH3), 22.38 (CH2, C5), 27.26 (CH2, C4), 34.77 (CH2, C6), 41.12 (CH2, C3), 44.60 (CH2, 

NCH2CH3), 53.76 (CH2, C1'), 61.23 (CH2, OCH2CH3), 62.19 (quat, C1), 172.06 (quat, COOEt) 

and 209.24 (quat, C2). 

 

11. Ethyl 3-ethyl-7,7-dimethyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (21) 

 

 

 

 

 

Methyl 5,5-dimethyl-2-oxocyclohexane-1-carboxylate (20, 50 μL, 0.29 mmol), 

ethylamine aq. solution (66-72% w/w, 27 μL, 0.32 mmol), formaldehyde aq. solution (37-40% 

w/w, 52 μL, 0.64 mmol) and MeOH (2 mL) were added together successively with stirring. 

The round-bottom flask with reactants was heated and stirred under reflux on a heating mantle 

for 2 h under an atmosphere of anhydrous nitrogen. TLC showed the reaction was complete 

(petroleum spirit: ethyl acetate, 2:1 v/v; the mobile phase was basified with conc. aq. 0.880 
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ammonia, 0.5% v/v of the prepared mobile phase; target compound Rf = 0.24, stained with 

potassium permanganate solution). After the solvents were removed by evaporation, the 

products were acidified with aq. HCl (1M) to pH = 2 followed by washing with DCM (3 × 5 

mL), then the aqueous layer was basified with aq. NaHCO3 (pH = 8) and extracted with DCM 

(3 × 5 mL). The organic phase was combined, dried (Na2SO4), filtered and then the solvents 

were removed by evaporation. The crude product was purified by chromatography over silica 

gel (petroleum ether: ethyl acetate = 30:1 → petroleum ether: ethyl acetate = 20:1 v/v; the 

mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile 

phase), and finally a pure colourless oil (21, 10 mg, 14%) was obtained. MS (m/z) [M+Na]+ 

found 276.1559, C14H23NO3Na requires 276.1576. δH [500 MHz; CDCl3; calibrated with 

residual CHCl3 (7.26 ppm)]: 0.94 (3H, s, 2'-H), 1.00 (3H, s, 1'-H), 1.08 (3H, t, J = 7.2 Hz, 

NCH2CH3), 1.89 (1H, ddd, J = 13.3, 10.5, 2.8 Hz, 6-He), 2.12 (1H, dd, J = 13.3, 2.2 Hz, 6-Ha), 

2.17 (1H, dd, J = 13.1, 2.8 Hz, 8-He), 2.37 (1H, m, 4-Ha), 2.40 (1H, m, 8-Ha), 2.45 (1H, dq, J 

= 10.5, 2.8 Hz, 5-H), 2.52 (2H, q, J = 7.2 Hz, NCH2CH3), 2.62 (1H, d, J = 11.0 Hz, 2-Ha), 2.93 

(1H, dd, J = 10.5, 2.8 Hz, 4-He), 3.02 (1H, dd, J = 11.0, 2.8 Hz, 2-He) and 3.74 (3H, s, OCH3). 

δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 12.68 (CH3, NCH2CH3), 27.83 

(CH3, C2'), 29.23 (quat, C7), 31.83 (CH3, C2'), 44.53 (CH2, C6), 44.80 (CH, C5), 47.26 (CH2, 

C8), 50.31 (CH2, NCH2CH3), 52.34 (CH3, OCH3), 57.84 (quat, C1), 62.59 (CH2, C4), 63.74 

(CH2, C2), 172.75 (quat, COOMe) and 216.33 (quat, C9). 

 

12. 3-Ethyl-1-(hydroxymethyl)-3-azabicyclo[3.3.1]nonan-9-ol (22)  

 

 

 

Lithium aluminium hydride (410 mg, 10.75 mmol, 1.6 eq.) was added to a solution of the 

ethyl 3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (8, 513 mg, 2.15 mmol) in 
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anhydrous THF (50 mL) at 0 °C, then the mixture was warmed to 20 °C and stirred under an 

atmosphere of anhydrous nitrogen for 4 h. The reaction mixture was diluted with anhydrous 

THF (30 mL) and then quenched by the dropwise addition of water (20 mL) cooled in an ice-

bath at 0 °C. The organic solvent (40 mL) was removed by evaporation and the remaining aq. 

solution was extracted with DCM (3 × 30 mL). The combined organic layers were washed with 

sat. aq. brine (50 mL), dried (Na2SO4), filtered and then the solvents were removed by 

evaporation. The crude product was purified by chromatography over silica gel (DCM: MeOH 

= 11:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the 

prepared mobile phase; target compound TLC Rf = 0.25, stained with iodine vapour) to give 

the title compound as a colourless oil (22, 78 mg, 18%). [M+Na]+ found 222.1450, 

C11H21NO2Na requires 222.1470.  

 

 

 

δH (500 MHz; CDCl3; calibrated with CDCl3): 1.04 (3H, t, J = 7.2 Hz, NCH2CH3), 1.28 

(1H, dd, J = 13.4, 6.2 Hz, 8-He), 1.48 (1H, m, 7-He), 1.52 (1H, m, 6-He), 1.83 (1H, br m, 2-Ha), 

1.86 (1H, br m, 5-H), 1.91 (1H, m, 6-Ha), 2.01 (1H, dtd, J = 13.4, 6.2, 2.0 Hz, 8-Ha), 2.19 (1H, 

br m, 4-Ha) 2.25 (2H, br m, NCH2CH3), 2.59 (1H, m, 7-Ha), 2.64 (1H, d, J = 11.1 Hz, 2-He), 

2.98 (1H, d, J = 10.8 Hz, 4-He), 3.37 (1H, d, J = 10.8 Hz, 1'-HA), 3.43 (1H, d, J = 10.8 Hz, 1'-

HB) and 3.72 (1H, br d, J = 2.0 Hz, 9-H). δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 

ppm)]: 12.83 (CH3, NCH2CH3), 20.59 (CH2, C7), 24.02 (CH2, C6), 26.59 (CH2, C8), 36.27 

(quat, C1), 28.29 (CH, C5), 52.56 (CH2, NCH2CH3), 58.43 (CH2, C4), 60.52 (CH2, C2), 71.30 

(CH2, C1'), and 75.52 (CH, C9). 
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δH (500 MHz; CD3OD; calibrated with TMS): 1.05 (3H, t, J = 7.1 Hz, NCH2CH3), 1.35 

(1H, dd, J = 13.5, 6.5 Hz, 8-He), 1.42 (1H, m, 7-He), 1.48 (1H, dd, J = 13.5, 6.5 Hz, 6-He), 1.75 

(1H, tdd, J = 13.5, 6.5, 2.4 Hz, 8-Ha), 1.81 (1H, br m, 5-H), 1.96 (1H, m, 2-Ha), 1.99 (1H, br 

m, 6-Ha), 2.19 (1H, m, 4-Ha), 2.25 (2H, br m, NCH2CH3), 2.58 (1H, br m, 7-Ha), 2.83 (1H, d, 

J = 9.5 Hz, 2-He), 3.00 (1H, d, J = 8.5 Hz, 4-He), 3.28 (1H, d, J = 11.0 Hz, 1'-HA), 3.34 (1H, d, 

J = 11.0 Hz, 1'-HB) and 3.56 (1H, br d, J = 3.6 Hz, 9-H). δC (125 MHz; CD3OD; calibrated with 

TMS): 13.13 (CH3, NCH2CH3), 21.77 (CH2, C7), 25.35 (CH2, C6), 28.03 (CH2, C8), 37.69 

(CH, C5), 39.85 (quat, C1), 53.76 (CH2, NCH2CH3), 59.97 (CH2, C4), 62.02 (CH2, C2), 69.91 

(CH2, C1') and 73.98 (CH, C9). 

 

 

 

δH [500 MHz; d6-DMSO; calibrated with residual DMSO (2.50 ppm)]: 0.97 (3H, br t, J = 

7.2 Hz, NCH2CH3), 1.23 (1H, dd, J = 13.0, 6.5 Hz, 8-He), 1.29 (1H, m, 7-He), 1.35 (1H, br dd, 

J = 12.6, 4.9 Hz, 6-He), 1.58 (1H, tdd, J = 13.0, 6.5, 2.2 Hz, 8-Ha), 1.69 (1H, br m, 5-H), 1.85 

(1H, br m, 2-Ha), 1.89 (1H, m, 6-Ha), 2.04 (1H, br d, J = 10.0 Hz, 4-Ha), 2.14 (2H, br s, 

NCH2CH3), 2.47 (1H, br m, 7-Ha), 2.73 (1H, d, J = 10.1 Hz, 2-He), 2.88 (1H, d, J = 10.0 Hz, 
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4-He), 3.08 (1H, dd, J = 10.6, 5.5 Hz, 1'-HA), 3.17 (1H, dd, J = 10.6, 5.5 Hz, 1'-HB), 3.37 [1H, 

m (overlapped with HDO peak), 9-H], 4.29 (1H, br s, CH2OH) and 4.43 (1H, br s, 9-OH). δC 

[125 MHz; d6-DMSO; calibrated with d6-DMSO (39.52 ppm)]: 12.28 (CH3, NCH2CH3), 20.65 

(CH2, C7), 24.32 (CH2, C6), 27.01 (CH2, C8), 35.91 (CH, C5), 38.50 (quat, C1), 52.16 (CH2, 

NCH2CH3), 58.62 (CH2, C4), 60.83 (CH2, C2), 67.64 (CH2, C1') and 70.92 (CH, C9). 

 

 

 

δH [500 MHz; D2O/d6-DMSO (2 drops); calibrated with residual DMSO (2.71 ppm)(Babij 

et al., 2016)]: 1.12 (3H, t, J = 7.2 Hz, NCH2CH3), 1.45 (1H, dd, J = 13.0, 7.0 Hz, 8-He), 1.59 

(1H, m, 7-He), 1.60 (1H, m, 6-He), 1.62 (1H, tdd, J = 13.0, 7.0, 2.5 Hz 8-Ha), 1.91 (1H, tt, J = 

13.5, 7.0 Hz, 6-Ha), 2.02 (1H, m, 5-H), 2.04 (1H, m, 7-Ha), 2.25 (1H, br d, J = 12.0 Hz, 2-Ha), 

2.46 (3H, m, 4-Ha and NCH2CH3), 3.02, (1H, d, J = 12.0 Hz, 2-He), 3.17(1H, d, J = 12.0 Hz, 

4-He), 3.32 (1H, d, J = 11.3 Hz, 1'-HA), 3.46 (1H, d, J = 11.3 Hz, 1'-HB) and 3.75 (1H, d, J = 

2.5 Hz, 9-H). δC [125 MHz; D2O/d6-DMSO (2 drops); calibrated with d6-DMSO (39.39 ppm)]: 

12.46 (CH3, NCH2CH3), 20.49 (CH2, C7), 24.14 (CH2, C6), 27.19 (CH2, C8), 36.33 (CH, C5), 

39.86 (quat, C1), 55.47 (CH2, NCH2CH3), 59.65 (CH2, C4), 61.46 (CH2, C2), 68.81 (CH2, C1') 

and 72.29 (CH, C9).  

 

13. 1-(Ethoxycarbonyl)-3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonan-3-ium acetate salt (23) 
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Ethyl 3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (8, 20 mg) was dissolved in 

d4-acetic acid (0.8 mL) the title ketone (23) was produced. δH [500 MHz; d4-acetic acid; 

calibrated with residual acetic acid (2.05 ppm)]: 1.29 (3H, t, J = 7.2 Hz, OCH2CH3), 1.38 (3H, 

t, J = 7.2 Hz, NCH2CH3), 1.72 (1H, m, 7-He), 2.12 (1H, tdd, J = 14.3, 5.8, 5.2 Hz, 6-Ha), 2.35 

(1H, m, 6-He), 2.41 (1H, m, 8-He), 2.42 (1H, m, 7-Ha), 2.58 (1H, td, J = 14.3, 5.8 Hz, 8-Ha), 

2.83 (1H, tt, J = 5.2, 2.4 Hz, 5-H), 3.35 (2H, qd, J = 7.2, 2.4 Hz, NCH2CH3), 3.66 (1H, dd, J = 

13.2, 5.2 Hz, 4-Ha), 4.01 (1H, d, J = 13.4 Hz, 2-Ha), 4.12 (1H, m, 4-He), 4.15 (1H, m, 2-He) and 

4.26 (2H, q, J = 7.2 Hz, OCH2CH3). δC [125 MHz; d4-acetic acid; calibrated with d4-acetic acid 

(20.00 ppm)]: 9.98 (CH3, NCH2CH3), 14.30 (CH3, OCH2CH3), 18.45 (CH2, C7), 33.93 (CH2, 

C6), 36.80 (CH2, C8), 45.11 (CH, C5), 55.30 (CH2, NCH2CH3), 57.03 (CH2, C4), 58.06 (quat, 

C1), 58.20 (CH2, C2), 63.24 (CH2, OCH2CH3), 170.15 (quat, COOEt) and 208.66 (quat, C9). 

 

14. 1-(Ethoxycarbonyl)-3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonan-3-ium chloride (24) 
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A solution of ethyl 3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (8, 225 mg) 

in MeOH (2 mL) was treated with conc. aq. HCl solution (37%, w/w) to pH = 2, then all the 

solvents and the excess of HCl were removed by evaporation to give the ketone as its HCl salt 

(24). δH [500 MHz; d4-acetic acid; calibrated with residual acetic acid (2.05 ppm)]: 1.30 (3H, 

t, J = 7.2 Hz, OCH2CH3), 1.47 (3H, t, J = 7.1 Hz, NCH2CH3), 1.74 (1H, m, 7-He), 2.15 (1H, m, 

6-Ha), 2.48 (1H, br d, J = 13.3 Hz, 6-He), 2.55 (1H, m, 8-He), 2.60 (1H, m, 7-Ha), 2.61 (1H, m, 

8-Ha), 2.82 (1H, m, 5-H), 3.44 (2H, q, J = 7.1 Hz, NCH2CH3), 3.64 (1H, br d, J = 9.7 Hz, 4-

Ha), 4.01 (1H, br d, J = 13.5 Hz, 2-Ha), 4.16 (1H, m, 2-He), 4.19 (1H, m, 4-He) and 4.27 (2H, 

q, J = 7.2 Hz, OCH2CH3). δC [125 MHz; d4-acetic acid; calibrated with d4-acetic acid (20.00 

ppm)]: 10.12 (CH3, NCH2CH3), 14.31 (CH3, OCH2CH3), 19.35 (CH2, C7), 33.52 (CH2, C6), 

36.46 (CH2, C8), 45.28 (CH, C5), 55.62 (CH2, NCH2CH3), 57.47 (CH2, C4), 57.98 (quat, C1), 

58.55 (CH2, C2), 63.34 (CH2, OCH2CH3), 169.91 (quat, COOEt) and 208.26 (quat, C9). 

 

15. 1-(Ethoxycarbonyl)-3-ethyl-9,9-dihydroxy-3-azabicyclo[3.3.1]nonan-3-ium chloride (25) 

 

 

 

 

 

The ketone (24) HCl salt was dissolved in the indicated solvents and the title ketal (25, 

hydrate) salt was generated. δH (500 MHz; D2O; calibrated with TMSP): 1.29 (3H, t, J = 7.2 

Hz, OCH2CH3), 1.37 (3H, t, J = 7.2 Hz, NCH2CH3), 1.72 (1H, qt, J = 14.1, 7.0 Hz, 7-Ha), 1.83 
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(1H, m, 7-He), 1.85 (1H, m, 6-He), 2.00 (1H, dd, J = 14.1, 7.0 Hz, 8-He), 2.15 (1H, ddddd, J = 

14.1, 13.1, 7.0, 4.2, 1.8 Hz, 6-Ha), 2.23 (1H, tt, J = 4.2, 2.2 Hz, 5-H), 2.39 (1H, tdd, J = 14.1, 

7.0, 2.0 Hz, 8-Ha), 3.26 (2H, q, J = 7.2 Hz, NCH2CH3), 3.50 (1H, br ddd, 13.2, 4.2, 1.8 Hz, 4-

Ha), 3.64 (2H, m, 4-He and 2-Ha), 3.82 (1H, d, J = 13.4 Hz, 2-He) and 4.26 (2H, qd, J = 7.2, 1.0 

Hz, OCH2CH3). δC (125 MHz; D2O; calibrated with TMSP): 11.90 (CH3, NCH2CH3), 16.05 

(CH3, OCH2CH3), 20.73 (CH2, C7), 27.97 (CH2, C6), 32.66 (CH2, C8), 41.39 (CH, C5), 51.96 

(quat, C1), 57.47 (CH2, C4), 57.93 (CH2, C2), 58.73 (CH2, NCH2CH3), 66.03 (CH2, OCH2CH3), 

95.55 (quat, C9) and 176.04 (quat, COOEt). 

δH (500 MHz; CD3OD; calibrated with TMS): 1.30 (3H, t, J = 7.2 Hz, OCH2CH3), 1.10 

(3H, t, J = 7.2 Hz, NCH2CH3), 1.78 (1H, m, 7-Ha), 1.88 (1H, m, 6-He), 1.89 (1H, m, 7-He), 1.94 

(1H, m, 8-He), 2.20 (1H, m, 6-Ha), 2.40 (1H, m, 8-Ha), 2.45 (1H, m, 5-H), 3.23 (1H, m, 4-Ha), 

3.24 (2H, m, NCH2CH3), 3.55 (1H, m , 4-He), 3.60 (1H, m, 2-Ha), 3.75 (1H, m, 2-He) and 4.24 

(2H, qd, J = 7.2, 1.0 Hz, OCH2CH3). δC [125 MHz; d6-DMSO; calibrated with CD3OD (49.50 

ppm)]: 10.53 (CH3, NCH2CH3), 14.86 (CH3, OCH2CH3), 19.95 (CH2, C7), 26.92 (CH2, C6), 

32.93 (CH2, C8), 34.69 (CH, C5), 50.69 (quat, C1), 55.85 (CH2, C4), 56.50 (CH2, C2), 57.73 

(CH2, NCH2CH3), 63.78 (CH2, OCH2CH3), 96.99 (quat, C9) and 174.77 (quat, COOEt). 

δH [500 MHz; d6-DMSO/D2O (2 drops); calibrated with residual DMSO (2.50 ppm)]: 1.20 

(3H, m, OCH2CH3), 1.24 (3H, m, NCH2CH3), 1.55 (1H, br m, 7-Ha), 1.68 (1H,br m, 6-He), 1.78 

(1H, br dd, J = 13.7, 5.2 Hz, 8-He), 1.90 (1H, m, 7-He), 2.21 (1H, m, 6-Ha), 2.03 (1H, br m, 5-

H), 2.25 (1H, m, 8-Ha), 3.11 (2H, m, NCH2CH3), 3.25 (1H, br d, J = 12.0 Hz, 4-Ha), 3.45 (1H, 

m, 2-Ha), 3.47 (1H, m , 4-He), 3.55 (1H, br d, J = 13.2 Hz, 2-He) and 4.14 (2H, m, OCH2CH3). 

δC [125 MHz; d6-DMSO/D2O (2 drops); calibrated with d6-DMSO (39.52 ppm)]: 9.72 (CH3, 

NCH2CH3), 14.25 (CH3, OCH2CH3), 17.87 (CH2, C7), 25.41 (CH2, C6), 29.88 (CH2, C8), 38.65 

(CH, C5), 49.19 (quat, C1), 54.10 (CH2, C4), 55.02 (CH2, C2), 55.62 (CH2, NCH2CH3), 61.75 

(CH2, OCH2CH3), 91.92(quat, C9) and 172.29 (quat, COOEt). 
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16. 1-(Ethoxycarbonyl)-3-ethyl-3-methyl-9-oxo-3-azabicyclo[3.3.1]nonan-3-ium iodide (26) 

 

 

 

 

 

A solution of ethyl 3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (8, 101 mg, 

0.42 mmol) and methyl iodide (0.13 mL, 2.09 mmol) in THF (3 mL) was heated under reflux 

under an atmosphere of anhydrous nitrogen for 24 h. After the solvent and the excess of methyl 

iodide were removed by evaporation, the residue was washed Et2O (5 × 2 mL) and EtOAc (5 

× 2 mL). The crude product was purified by chromatography over silica gel (DCM: MeOH = 

10:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared 

mobile phase; target compound TLC Rf = 0.2, stained with Dragendorff's reagent) giving the 

title compound (26, 23 mg, 15%). [M]+ found 254.1733, cal. [C14H24NO3]+ requires 254.1751 

(254.17562 – 0.00055 ≈ 254.1751 Da, difference = 7 ppm). δH (500 MHz; CDCl3; calibrated 

with TMS): 1.35 (3H, t, J = 7.2 Hz, OCH2CH3), 1.54 (3H, t, J = 7.2 Hz, NCH2CH3), 1.87 (1H, 

dt, J = 16.1, 5.0 Hz, 7-He), 2.07 (1H, tt, J = 13.8, 5.0 Hz, 6-Ha), 2.35 (1H, m, 6-He), 2.38 (1H, 

m, 8-He), 2.47 (1H, td, J = 13.8, 5.0 Hz, 8-Ha), 2.84 (1H, dtt, J = 16.1, 13.8, 5.0 Hz, 7-Ha), 3.15 

(4H, m, 5-H and NCH3), 4.24 (1H, d, J = 13.8 Hz, 2-He), 4.31 (2H, m, OCH2CH3), 4.35 (2H, 

m, NCH2CH3), 4.43 (2H, d, J = 7.1 Hz, 4-H) and 4.56 (1H, d, J = 13.8 Hz, 2-Ha). δC (125 MHz; 

CDCl3; calibrated with TMS): 8.96 (CH3, NCH2CH3), 14.12 (CH3, OCH2CH3), 16.68 (CH2, 
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C7), 36.08 (CH2, C6), 38.50 (CH2, C8), 42.21 (CH, C5), 47.90 (CH3, NCH3), 57.19 (quat, C1), 

63.22 (CH2, OCH2CH3), 63.98 (CH2, C4), 65.33 (CH2 × 2, C2 and NCH2CH3) and 169.55 (quat, 

COOEt) and 207.19 (quat, C9). 

 

17. Tautomers of methyl 2-oxocycloheptane-1-carboxylate (27, keto) and methyl 2-

hydroxycyclohept-1-ene-1-carboxylate (28, enol) 

 

 

 

Methyl 2-oxocycloheptane-1-carboxylate (27, keto): δH (500 MHz; CDCl3; calibrated with 

TMS): 1.45 (1H, m, 6-HA), 1.47 (1H, m, 5-HA), 1.59 (1H, m, 4-HA), 1.85 (1H, m, 5-HB), 1.87 

(2H, m, 4-HB and 7-HA), 1.94 (1H, m, 6-HB), 2.11 (1H, m, 7-HB), 2.60 (2H, m, 3-H), 3.56 (1H, 

dd, J = 10.5, 3.8 Hz, 1-H) and 3.72 (3H, s, OCH3); δC (125 MHz; CDCl3; calibrated with TMS): 

24.27 (CH2, C4), 27.40 (CH2, C7), 28.01 (CH2, C6), 29.67 (CH2, C5), 43.09 (CH2, C3), 52.09 

(CH3, OCH3), 58.86 (CH, C1), 171.02 (quat, COOMe) and 208.99 (quat, C2). 

Methyl 2-hydroxycyclohept-1-ene-1-carboxylate (28, enol): δH (500 MHz; CDCl3; 

calibrated with TMS): 1.48 (2H, m, 6-H), 1.62 (2H, m, 4-H), 1.74 (2H, quin, J = 5.9 Hz, 5-H), 

2.40 (2H, m, 7-H), 2.44 (2H, m, 3-H), 3.75 (3H, s, OCH3) and 12.66 (1H, s, OH); δC (125 MHz; 

CDCl3; calibrated with TMS): 24.38 (CH2, C7), 24.68 (CH2, C4), 27.40 (CH2, C6), 32.03 (CH2, 

C5), 35.37 (CH2, C3), 51.52 (CH3, OCH3), 101.54 (quat, C1), 173.43 (quat, COOMe) and 

179.70 (quat, C2). 

1H integral ratio (keto: enol) ≈ 5:1 following from the 1H integrals of 1-H (27, keto) and 

2-OH (28, enol). 
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18.  Methyl 8-ethyl-10-oxo-8-azabicyclo[4.3.1]decane-1-carboxylate (29, Mckay et al., 2010) 

 

 

 

 

 

A solution of methyl 5-isopropyl-2-oxocyclohexane-1-carboxylate (27, 511 mg, 3.01 

mmol), aq. ethylamine (66-72% w/w, 0.28 mL, 3.31 mmol) and formaldehyde aq. solution (37-

40% w/w, 0.54 mL, 6.65 mmol) in MeOH (20 mL) were stirred and heated under reflux for 4 

h under an atmosphere of anhydrous nitrogen. TLC showed the reaction was complete 

(petroleum ether: ethyl acetate = 20:1 v/v, Rf = 0.2, stained with p-anisaldehyde solution). After 

the solvents were removed by evaporation, the crude products were acidified with aq. HCl 

(1M) to pH = 2 followed by washing with DCM (3 × 20 mL), then the aqueous layer was 

basified with sat. NaHCO3 aq. solution (pH = 8) and extracted with DCM (3 × 20 mL). The 

organic phase was combined, dried (Na2SO4), filtered and then the solvents were removed by 

evaporation. The crude compound was purified by column chromatography over silica gel 

(petroleum ether: ethyl acetate = 20:1 v/v; the mobile phase was basified with conc. aq. 0.880 

ammonia, 0.5% v/v of the prepared mobile phase) producing a colourless oil (29, 459 mg, 

64%). MS (m/z) [M+H]+ found 240.1624, C13H22NO3 requires 240.1594 and [M+Na]+ found 

262.1428, C13H21NO3Na requires 262.1414. δH (500 MHz; CDCl3; calibrated with TMS): 1.11 
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(3H, t, J = 7.2 Hz, NCH2CH3), 1.36 (1H, dtdd, J = 15.0, 10.3, 3.6, 1.4 Hz, 3-He'), 1.51 (1H, m, 

4-He'), 1.69 (1H, m, 5-He'), 1.75 (1H, m, 5-Ha'), 1.85 (1H, ddd, J = 13.5, 10.5, 3.1 Hz, 2-He'), 

1.96 (1H, m, 4-Ha'), 2.04 (1H, m, 3-Ha'), 2.41 (1H, ddd, J = 13.5, 10.5, 3.1 Hz, 2-Ha'), 2.47 (2H, 

q, J = 7.2 Hz, NCH2CH3), 2.58 (1H, dd, J = 11.5, 4.4 Hz, 7-Ha), 2.70 (1H, quin, J = 3.6 Hz, 6-

H), 2.83 (1H, d, J = 11.5 Hz, 9-Ha), 2.88 (1H, m, 9-He), 2.89 (1H, m, 7-He) and 3.74 (3H, s, 

OCH3). δC (125 MHz; CDCl3; calibrated with TMS): 12.62 (CH3, NCH2CH3), 26.00 (CH2, C4), 

26.25 (CH2, C3), 32.45 (CH2, C5), 33.54 (CH2, C2), 48.47 (CH, C6), 51.50 (CH2, NCH2CH3), 

52.34 (CH3, OCH3), 58.45 (CH2, C7), 61.50 (CH2, C9), 62.09 (quat, C1), 172.95 (quat, 

COOMe) and 208.75 (quat, C10). 

 

19. Methyl (E)-10-(2-(2,4-dinitrophenyl)hydrazinylidene)-8-ethyl-8-

azabicyclo[4.3.1]decane-1-carboxylate (30) 

 

 

. 

 

 

2,4-Dinitrophenylhydrazine (425 mg, 1.46 mmol) and conc. H2SO4 solution (40 μL, 0.73 

mmol) were added to a solution of methyl 8-ethyl-10-oxo-8-azabicyclo[4.3.1]decane-1-
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carboxylate (29, 70 mg, 0.29 mmol) in MeOH (8 mL) at 0 oC, and the final solution was stirred 

and heated under reflux under an atmosphere of anhydrous nitrogen. After 4.5 days, TLC 

monitoring showed the reactant of [4.3.1]azabicycle was fully reacted and the target compound 

was generated (petroleum ether: ethyl acetate = 3:1 v/v, target compound TLC Rf = 0.8, stained 

with p-anisaldehyde). After the solution cooled to 20 oC, 4 mL solvent was removed by 

evaporation. The rest of the solution was basified with sat. aq. NaHCO3 (pH = 8) and extracted 

with DCM (3 × 15 mL), and then the combined organic layers were washed with brine (15 

mL), dried (Na2SO4) and filtered, and then the solvents were removed by evaporation. The 

dryness was purified by chromatography over silica gel (petroleum ether: ethyl acetate = 30:1 

v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared 

mobile phase; target compound TLC Rf = 0.25, stained with iodine vapour and ninhydrin 

solution) giving an orange-solid product (30, 16 mg, 13%). MS (m/z) [M+H]+ found 420.1903, 

C19H26N5O6 requires 420.1878, and [M+Na]+ found 442.1706, C19H25N5O6Na requires 

442.1697. δH (500 MHz; CDCl3; calibrated with TMS): 1.11 (3H, t, J = 7.1 Hz, NCH2CH3), 

1.39 (1H, m, 4-He'), 1.42 (1H, m, 3-He'), 1.79 (1H, ddd, J = 10.1, 7.8, 2.9 Hz, 5-He), 1.91 (1H, 

m, 2-He'), 1.95 (2H, m, 5-Ha' and 4-Ha'), 2.05 (1H, m, 3-Ha'), 2.44 (1H, m, 7-Ha), 2.45 (2H, m, 

NCH2CH3), 2.51 (1H, ddd, J = 13.1, 8.2, 3.8 Hz, 2-Ha), 2.78 (1H, d, J = 11.0 Hz, 9-Ha), 2.86 

(1H, dd, J = 11.0, 2.3 Hz, 9-He), 2.90 (1H, br dt, J = 11.4, 1.9 Hz, 7-He), 3.19 (1H, m, 6-H), 

3.80 (3H, s, OCH3), 7.75 (1H, d, J = 9.5 Hz, 6'-H), 8.29 (1H, dd, J = 9.5, 2.6 Hz, 5'-H), 9.12 

(1H, d, J = 2.6 Hz, 3'-H) and 11.24 (1H, s, NH). δC (125 MHz; CDCl3; calibrated with TMS): 

12.41 (CH3, NCH2CH3), 25.83 (CH2, C3), 26.07 (CH2, C4), 30.51 (CH2, C5), 34.50 (CH, C6), 

26.80 (CH2, C2), 51.74 (CH2, NCH2CH3), 52.32 (CH3, OCH3), 55.55 (quat, C1), 58.05 (CH2, 

C7), 61.92 (CH2, C9), 116.26 (CH, C6'), 123.42 (CH, C3'), 129.36 (quat, C2'), 130.11 (CH, 

C5'), 138.05 (quat, C4'), 145.20 (quat, C1'), 160.08 (quat, C10) and 173.98 (quat, COOMe). 
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20. Tautomers of ethyl 2-oxocyclopentane-1-carboxylate (32, keto) and ethyl ethyl 2-

hydroxycyclopent-1-ene-1-carboxylate (33, enol) 

 

 

 

Ethyl 2-oxocyclopentane-1-carboxylate (32, keto): δH (500 MHz; CDCl3; calibrated with 

TMS): 1.29 (3H, t, J = 7.2 Hz, OCH2CH3), 1.88 (1H, m, 4-HA), 2.14 (1H, m, 4-HB), 2.30 (2H, 

m, 5-H), 2.32 (2H, m, 3-H), 3.15 (1H, t, J = 9.0 Hz, 1-H) and 4.20 (2H, q, J = 7.2 Hz, 

OCH2CH3); δC (125 MHz; CDCl3; calibrated with TMS): 14.18 (CH3, OCH2CH3), 20.98 (CH2, 

C4), 27.40 (CH2, C5), 38.09 (CH2, C3), 54.81 (CH, C1), 61.38 (CH2, OCH2CH3), 169.45 (quat, 

COOEt) and 212.47 (quat, C2). 

Ethyl 2-hydroxycyclopent-1-ene-1-carboxylate (33, enol): δH (500 MHz; CDCl3; 

calibrated with TMS): 1.29 (3H, m, OCH2CH3), 1.87 (2H, m, 4-H), 2.49 (2H, m, 5-H), 2.53 

(2H, m, 3-H), 4.21 (2H, m, OCH2CH3) and 10.43 (1H, s, OH); δC (125 MHz; CDCl3; calibrated 

with TMS): 14.42 (CH3, OCH2CH3), 19.11 (CH2, C4), 26.89 (CH2, C5), 32.57 (CH2, C3), 59.83 

(CH2, OCH2CH3), 100.37 (quat, C1), 170.03 (quat, COOEt) and 176.27 (quat, C2). 

1H integral ratio (keto: enol) ≈ 29:1 following from the 1H integrals of 1-H (32, keto) and 

2-OH (33, enol). 

 

21. Ethyl 3-ethyl-8-oxo-3-azabicyclo[3.2.1]octane-1-carboxylate (34, Brimble and Brocke, 

2005) 

 

 



 

255 

 

 

To a solution of ethyl 2-oxocyclopentane-1-carboxylate (32, 253 mg, 1.64 mmol) and N,N-

bis(ethoxymethyl)ethanamine (533 mg, 3.28 mmol) in acetonitrile (5 mL) was added 

trichloromethylsilane (642 mg, 3.28 mmol) at 0 oC followed by stirring for 20 h at 20 oC. The 

reaction was quenched with sat. aq. NaHCO3 (pH = 8) and extracted with ethyl acetate (3 × 15 

mL). The combined organic layers were washed with brine (15 mL), dried (Na2SO4) and 

filtered, then the solvents were removed by evaporation. The crude products were purified by 

chromatography over silica gel (petroleum ether: ethyl acetate = 7:1 v/v; the mobile phase was 

basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target 

compound TLC Rf = 0.25, stained with Dragendorff's reagent or p-anisaldehyde solution) 

giving a pale yellow oil product (34, 183 mg, 50%). MS (m/z) [M+H]+ found 226.1448, 

C12H20NO3 requires 226.1438, [M+Na]+ found 248.1265, C12H19NO3Na requires 248.1257. δH 

(500 MHz; CDCl3; calibrated with TMS): 1.09 (3H, t, J = 7.1 Hz, NCH2CH3), 1.28 (3H, t, J = 

7.2 Hz, OCH2CH3), 1.95 (2H, m, 6-Ha' and 6-He'), 2.25 (1H, ddd, J = 12.6, 10.1, 6.1 Hz, 7-Ha'), 

2.36 (1H, m, 5-H), 2.38 (1H, m, 7-He'), 2.51 (1-H, m, 4-Ha), 2.55 (2H, m, NCH2CH3), 2.70 (1H, 

d, J = 10.9 Hz, 2-Ha), 3.00 (1H, ddd, J = 10.5, 4.0, 2.7 Hz, 4-He), 3.15 (1H, dd, J = 11.0, 2.7 

Hz, 2-He) and 4.21 (2H, q, J = 7.2 Hz, OCH2CH3). δC (125 MHz; CDCl3; calibrated with TMS): 

12.66 (CH3, NCH2CH3), 14.19 (CH3, OCH2CH3), 21.86 (CH2, C6), 27.61 (CH2, C7), 46.42 

(CH, C5), 49.78 (CH2, NCH2CH3), 57.65 (quat, C1), 61.13 (CH2, C4), 61.17 (CH2, OCH2CH3), 

62.24 (CH2, C2), 170.45 (quat, COOEt) and 213.80 (quat, C8). 
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22. Ethyl (E)-8-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-3-azabicyclo[3.2.1]octane-1-

carboxylate (35) 

 

 

 

 

 

2,4-Dinitrophenylhydrazine (212 mg, 0.75 mmol) and conc. H2SO4 solution (22 μL, 0.10 

mmol) were added to a solution of ethyl 3-ethyl-8-oxo-3-azabicyclo[3.2.1]octane-1-

carboxylate (34, 33 mg, 0.15 mmol) in MeOH (5 mL) at 0 oC, and the final solution was stirred 

and heated under reflux for 3 h under an atmosphere of anhydrous nitrogen. After the solution 

cooled to 20 oC, about 2 mL solvent was removed by evaporation. The solution was basified 

with sat. aq. NaHCO3 (pH = 8) and extracted with DCM (3 × 10 mL), and then the combined 

organic layers were washed with brine (5 mL), dried (Na2SO4) and filtered, and then the 

solvents were removed by evaporation. The crude product was purified by chromatography 

over silica gel (petroleum ether: ethyl acetate = 5:1 v/v; the mobile phase was basified with 

conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target compound TLC Rf = 

0.35, stained with iodine vapour or ninhydrin solution) giving an orange-solid product (22 mg, 
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37%). Product were (35, 26 mg) obtained after purification and the by-product of 1-(2,4-

dinitrophenyl)-2-(propan-2-ylidene)hydrazine was displayed. The ratio of 1H integrals between 

the target product and the by-product was 5:1, thus the yield is 37%. MS (m/z) [M+H]+ found 

406.1755, C18H24N5O6 requires 406.1721. δH (500 MHz; CDCl3; calibrated with TMS): 1.10 

(3H, t, J = 7.1 Hz, NCH2CH3), 1.36 (3H, t, J = 7.1 Hz, OCH2CH3), 1.94 (1H, tdd, J = 12.0, 6.4, 

4.7 Hz, 6-Ha'), 2.07 (1H, m, 6-He'), 2.19 (1H, m, 7-Ha'), 2.35 (1H, m, 4-Ha), 2.37 (1H, m, 7-He'), 

2.55 (2H, q, J = 7.1 Hz, NCH2CH3), 2.64 (1H, d, J = 10.7 Hz, 2-Ha), 2.99 (1H, ddd, J = 10.3, 

4.1, 1.6 Hz, 4-He), 3.18 (1H, m, 2-He), 3.19 (1H, m, 5-H), 4.31 (2H, qd, J = 7.1, 4.0 Hz, O 

CH2CH3), 7.84 (1H, d, J = 9.5 Hz, 6'-H), 8.29 (1H, dd, J = 9.5, 2.6 Hz, 5'-H), 9.11 (1H, d, J = 

2.6 Hz, 3'-H) and 11.02 (1H, s, NH). δC (125 MHz; CDCl3; calibrated with TMS): 12.44 (CH3, 

NCH2CH3), 14.42 (CH3, OCH2CH3), 25.40 (CH2, C6), 29.81 (CH2, C7), 36.62 (CH, C5), 50.18 

(CH2, NCH2CH3), 54.58 (quat, C1), 58.70 (CH2, C4), 61.14 (CH2, OCH2CH3), 62.64 (CH2, 

C2), 116.20 (CH, C6'), 123.56 (CH, C3'), 129.07 (quat, C2'), 130.01 (CH, C5'), 137.86 (quat, 

C4'), 145.38 (quat, C1'), 168.39 (quat, C8) and 171.05 (quat, COOEt). 

 

23. ((1R,5S,9s))-9-Hydroxy-3-oxabicyclo[3.3.1]nonane-1,5-diyl) dimethanol (38, Mannich 

and Brose, 1923) 
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The tetramethylolcyclohexanol (37, 1.0 g) was heated to melt at 160 oC, and then the 

anhydrous gaseous HCl (conc aq. HCl in a dropping funnel was added dropwise into a three-

necked round-bottomed flask with conc. aq. H2SO4, and the generated gaseous HCl was 

pipelined into a Dreschel gas washing bottle containing conc. aq. H2SO4 forming the anhydrous 

gaseous HCl) was slowly pumped into the round-bottom flask with the melted reactant for 10 

min. Then the reaction was heated at 160 oC for 15 min to remove residual HCl. After cooling 

to 20 oC, water (10 mL) was added to crude products. The aqueous solution was extracted with 

chloroform (3 × 10 mL) and was extracted with ethyl acetate (5 × 15 mL), then the combined 

ethyl acetate extracts were concentrated by evaporation forming a white solid ether (38, 142 

mg, 16%). MS (m/z) [M+H]+ found 203.1281, C10H19O4 requires 203.1283 and [M+Na]+ found 

225.1104, C10H18O4Na requires 225.1103. 

δH (500 MHz; CD3OD; calibrated with TMS): 1.44 (2H, tdd, J = 13.5, 6.5, 2.4 Hz, 6-Ha 

and 8-Ha), 1.51 (1H, dt, J = 13.5, 6.5 Hz, 7-He), 1.78 (2H, dd, J = 13.5, 6.5 Hz, 6-He and 8-He), 

2.32 (1H, qt, J = 13.5, 6.5 Hz, 7-Ha), 3.33 (2H, d, J = 11.1 Hz, O-1A and O-1'A), 3.37 (2H, d, J 

= 11.1 Hz, O-1B and O-1'B), 3.52 (1H, s, 9-H), 3.53 (2H, d, J = 11.4 Hz, 2-He and 4-He) and 

3.84 (2H, d, J = 11.4, 2.4 Hz, 2-Ha and 4-Ha). δC (125 MHz; CD3OD; calibrated with TMS): 

21.66 (CH2, C7), 34.20 (CH2 × 2, C6 and C8), 40.71 (quat × 2, C1 and C5), 67.84 (CH2 × 2, 

O-1 and O-1'), 70.07 (CH2 × 2, C2 and C4) and 74.39 (CH, C9). 

δH [500 MHz; d6-DMSO; calibrated with residual DMSO (2.50 ppm)]: 1.35 (2H, m, 6-Ha 

and 8-Ha), 1.38 (1H, m, 7-He), 1.70 (2H, dd, J = 13.0, 5.7 Hz, 6-He and 8-He), 2.18 (1H, qt, J = 

13.0, 5.7 Hz, 7-Ha), 3.15 (2H × 2, m, O-1 and O-1'), 3.29 (1H, d, J = 4.2 Hz, 9-H) 3.38 (2H, m, 

2-He and 4-He) and 3.59 (2H, dd, J = 11.1, 2.1 Hz, 2-Ha and 4-Ha). δC [125 MHz; d6-DMSO; 

calibrated with d6-DMSO (39.52 ppm)]: 20.42 (CH2, C7), 32.91 (CH2 × 2, C6 and C8), 43.44 

(quat × 2, C1 and C5), 65.48 (CH2 × 2, O-1 and O-1'), 68.76 (CH2 × 2, C2 and C4) and 71.15 

(CH, C9). 

δH [500 MHz; d6-acetone; calibrated with residual acetone (2.05 ppm)]: 1.37 (2H, tdd, J = 

13.5, 5.8, 2.5 Hz, 6-Ha and 8-Ha), 1.43 (1H, dt, J = 13.5, 5.8 Hz, 7-He), 1.66 (2H, dd, J = 13.5, 

5.8, 2.5 Hz, 6-He and 8-He), 2.35 (1H, qt, J = 13.5, 5.8 Hz, 7-Ha), 3.36 (2H, d, J = 10.9 Hz, O-
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1A and O-1'A), 3.39 (2H, d, J = 10.9 Hz, O-1B and O-1'B), 3.45 (2H, d, J = 11.2 Hz, 2-He and 4-

He), 3.64 (1H, br s, 9-H) and 3.90 (2H, dd, J = 11.2, 2.5 Hz, 2-Ha and 4-Ha). δC [125 MHz; d6-

acetone; calibrated with d6-acetone (29.84 ppm)]: 21.38 (CH2, C7), 33.82 (CH2 × 2, C6 and 

C8), 39.94 (quat × 2, C1 and C5), 68.27 (CH2 × 2, O-1 and O-1'), 69.32 (CH2 × 2, C2 and C4) 

and 75.83 (CH, C9).  

 

 

 

δH (500 MHz; D2O; calibrated with TMSP): 1.52 (2H, m, 6-Ha and 8-Ha), 1.57 (1H, m, 7-

He), 1.82 (2H, dd, J = 12.8, 5.8 Hz, 6-He and 8-He), 2.16 (1H, tq, J = 12.8, 5.8 Hz, 7-Ha), 3.37 

(2H, d, J = 11.5 Hz, O-1A and O-1'A) 3.42 (2H, d, J = 11.5 Hz, O-1B and O-1'B), 3.58 (1H, s, 9-

H), 3.63 (2H, d, J = 11.2 Hz, 2-He and 4-He) and 3.73 (2H, br d, J = 11.2 Hz, 2-Ha and 4-Ha). 

δC (125 MHz; D2O; calibrated with TMSP): 22.69 (CH2, C7), 35.21 (CH2 × 2, C6 and C8), 

42.03 (quat × 2, C1 and C5), 68.34 (CH2 × 2, O-1 and O-1'), 71.13 (CH2 × 2, C2 and C4) and 

74.32 (CH, C9). 

 

24. Tautomers of ethyl 4-methoxy-2-oxocyclohexane-1-carboxylates (40a and 40b, ketos) 

and ethyl 2-hydroxy-4-methoxycyclohex-1-ene-1-carboxylate (41, enol) (Palanichamy et 

al., 2011) 
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To a solution of 3-methoxycyclohexan-1-one (39, 504 mg, 3.94 mmol) in THF (20 mL) 

was added a solution of LDA (4.93 mL, 4.93 mmol, 1 M solution in THF) dropwise at -78 oC 

over 10 min. After stirring for 45 min, ethyl carbonocyanidate (0.43 mL, 4.33 mmol) was added 

dropwise followed by stirring at -78 oC. After 4 h, TLC monitoring showed the reaction was 

complete (petroleum ether: ethyl acetate = 3:1 v/v, the target compound Rf = 0.5, stained with 

p-anisaldehyde solution). The reaction was quenched with sat. aq. NH4Cl solution and 

extracted with DCM (3 × 20 mL). The combined organic layers were washed with brine (20 

mL), dried (Na2SO4) and filtered, and then solvents were removed by evaporation. The crude 

products were purified by chromatography over silica gel (petroleum ether: ethyl acetate = 30:1 

v/v) to give the product as a clear oil (165 mg, 21%). MS (m/z) [M+H]+ found 201.1126, 

C10H17O4 requires 201.1121 and [M+Na]+ found 223.0941, C10H16O4Na requires 223.0941. 

 

 

 

Keto with axial 4-OMe and axial 1-ester (40a): δH (500 MHz; CDCl3; calibrated with 

TMS): 1.25-1.30 (3H, t, J = 7.2 Hz, OCH2CH3), 1.78 (1H, m, 5-HA), 2.03 (1H, m, 6-HA) 2.12 

(1H, m, 5-HB), 2.19 (1H, m, 6-HB), 2.50 (1H, ddt, J = 13.8, 7.5, 1.0 Hz, 3-HA), 2.84 (1H, ddd, 

J = 13.8, 3.8, 1.0 Hz, 3-HB), 3.33 (3H, s, 4-OMe), 3.31-3.39 (1H, m, 1-H), 3.66 (1H, tt, J = 7.5, 

3.8 Hz, 4-H) and 4.16-4.26 (2H, m, OCH2CH3). δC (125 MHz; CDCl3; calibrated with TMS): 

14.14 (CH3, OCH2CH3), 23.60 (CH2, C6), 27.73 (CH2, C5), 46.62 (CH2, C3), 56.10 (CH3, 4-

OMe), 56.20 (CH, C1), 61.28 (CH2, OCH2CH3), 77.95 (CH, C4), 169.79 (quat, COOEt) and 

203.66 (quat, C2). 
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Keto with axial 4-OMe and equatorial 1-ester (40b): δH (500 MHz; CDCl3; calibrated with 

TMS): 1.25-1.30 (3H, t, J = 7.2 Hz, OCH2CH3), 1.88 (1H, m, 5-HA), 1.90 (1H, m, 6-HA) 2.00 

(1H, m, 5-HB), 2.42 (1H, m, 6-HB), 2.60 (1H, m, 3-HA), 2.68 (1H, ddd, J = 14.0, 6.1, 1.4 Hz, 

3-HB), 3.32 (3H, s, 4-OMe), 3.31-3.39 (1H, m, 1-H), 3.76 (1H, tt, J = 6.1, 3.1 Hz, 4-H) and 

4.16-4.26 (2H, m, OCH2CH3). δC (125 MHz; CDCl3; calibrated with TMS): 14.15 (CH3, 

OCH2CH3), 23.79 (CH2, C6), 27.59 (CH2, C5), 46.36 (CH2, C3), 55.96 (CH3, 4-OMe), 56.66 

(CH, C1), 61.20 (CH2, OCH2CH3), 77.87 (CH, C4), 169.48 (quat, COOEt) and 203.74 (quat, 

C2). 

 

 

 

Enol with axial 4-OMe (41): δH (500 MHz; CDCl3; calibrated with TMS): 1.30 (3H, t, J = 

7.2 Hz, OCH2CH3), 1.70 (1H, m, 5-HA), 1.84 (1H, m, 5-HB) 2.21 (1H, m, 6-HA), 2.33 (1H, m, 

3-HA), 2.38 (1H, m, 6-HB), 2.58 (1H, m, 3-HB), 3.38 (3-H, s, 4-OMe), 3.56 (1H, dtd, J = 6.0, 

5.2, 2.8 Hz, 4-H), 4.16-4.26 (2H, m, OCH2CH3) and 12.19 (1H, s, 2-OH). δC (125 MHz; CDCl3; 

calibrated with TMS): 14.30 (CH3, OCH2CH3), 19.17 (CH2, C6), 26.71 (CH2, C5), 34.86 (CH2, 

C3), 55.99 (CH3, 4-OMe), 60.30 (CH2, OCH2CH3), 74.36 (CH, C4), 97.38 (quat, C1), 169.09 

(quat, C2) and 172.28 (quat, COOEt). 
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1H integral ratio [enol with axial 4-OMe (41): keto with axial 4-OMe (40a): axial 1-ester: 

keto with equatorial 4-OMe and axial 1-ester (40b)] ≈ 100:30:24 following from the 

integrations of 4-H (41, enol with axial 4-OMe), 4-H (40a, keto with axial 4-OMe and axial 1-

ester) and 4-H (40b, keto with equatorial 4-OMe and axial 1-ester). 

 

25. Ethyl 3-ethyl-6-methoxy-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (42) 

 

 

 

 

 

To a solution of tautomers of ethyl 4-methoxy-2-oxocyclohexane-1-carboxylates and 

ethyl 2-hydroxy-4-methoxycyclohex-1-ene-1-carboxylates (40a, 40b, and 41, 124 mg, 0.62 

mmol) and N,N-bis(ethoxymethyl)ethanamine (202 mg, 1.24 mmol) in acetonitrile (2 mL) 

trichloromethyl-silane (244 mg, 1.24 mmol) was added followed by stirring for 20 h at 20 oC. 

The reaction was quenched with sat. aq. NaHCO3 (pH = 8) and extracted with ethyl acetate (3 

× 10 mL). The combined organic layers were washed with brine (10 mL), dried (Na2SO4) and 

filtered, then the solvents were removed by evaporation. The crude products were purified by 

chromatography over silica gel (petroleum ether: ethyl acetate = 10:1 v/v; the mobile phase 

was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target 
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compound TLC Rf = 0.2, stained with iodine vapour and ninhydrin solution) giving a pale 

yellow oil-like product (42, 31 mg, 19%). MS (m/z) [M+H]+ found 270.1719, C14H24NO4 

requires 270.1700, and [M+Na]+ found 292.1535, C14H23NO4Na requires 292.1519. δH (500 

MHz; CDCl3; calibrated with TMS): 1.09 (3H, t, J = 7.2 Hz, NCH2CH3), 1.28 (3H, t, J = 7.1 

Hz, OCH2CH3), 1.79 (1H, br m, 7-He), 2.05 (1H, m, 8-He), 2.41 (2H, quin, J = 7.2 Hz, 

NCH2CH3), 2.52 (1H, dd, J = 11.5, 3.7 Hz, 4-Ha), 2.69 (1H, m, 8-Ha), 2.71 (1H, m, 5-H), 2.89 

(1H, d, J = 11.4 Hz, 2-Ha), 2.98 (1H, td, J = 12.8, 11.7, 6.0 Hz, 7-Ha), 3.12 (1H, br dd, J = 11.5, 

2.2 Hz, 4-He), 3.22 (1H, br dd, J = 11.4, 2.1 Hz, 2-He), 3.32 (3H, s, OCH3), 3.85 (1H, m, 6-H) 

and 4.21 (2H, quin, J = 7.1 Hz, OCH2CH3). δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 

ppm)]: 12.73 (CH3, NCH2CH3), 14.29 (CH3, OCH2CH3), 26.06 (CH2, C7), 31.84 (CH2, C8), 

50.97 (CH2, NCH2CH3), 51.81 (CH, C5), 56.07 (CH3, OCH3), 56.71 (CH2, C4), 58.65 (quat, 

C1), 61.29 (CH2, OCH2CH3), 62.10 (CH2, C2), 85.29 (CH, C6), 171.04 (quat, COOEt) and 

209.78 (quat, C9). 

 

26. Tautomers of 4-(benzyloxy)-2-oxocyclohexane-1-carboxylates (44a and 44b, ketos) and 

4-(benzyloxy)-2-hydroxycyclohex-1-ene-1-carboxylate (45, enol) 

 

 

 

To a solution of 3-(benzyloxy)cyclohexan-1-one (43, 490 mg, 2.45 mmol) in THF (20 

mL) was added a solution of LDA (1.47 mL, 2.94 mmol, 2 M solution in THF) dropwise at -

78 oC over 10 min. After stirring for 45 min, ethyl carbonocyanidate (0.27 mL, 2.70 mmol) 

was added dropwise followed by stirring at -78 oC. After 4 h, TLC monitoring showed the 

reaction was complete (petroleum ether: ethyl acetate = 10:1 v/v, the target compound Rf = 0.4, 

stained with p-anisaldehyde solution), the reaction was quenched with sat. aq. NH4Cl solution 

and extracted with DCM (3 × 20 mL). The combined organic layers were washed with brine 
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(20 mL), dried (Na2SO4), filtered, and the solvents were removed by evaporation. The crude 

products were purified by chromatography over silica gel (petroleum ether: ethyl acetate = 25:1 

v/v) to give the target compounds as a clear oil (145 mg, 22%). MS (m/z) [M+H]+ found 

277.1448, C16H21O4 requires 277.1434, [M+Na]+ found 299.1276, C16H20O4Na requires 

299.1254. 

 

 

 

Keto with axial 4-OBn and axial 1-ester (44a): δH (500 MHz; CDCl3; calibrated with 

TMS): 1.18-1.23 (3H, m, OCH2CH3), 1.76 (1H, m, 5-HA), 1.95 (1H, m, 6-HA), 2.08 (1H, m, 5-

HB), 2.17 (1H, m, 6-HA), 2.52 (1H, m, 3-HA), 2.79 (1H, ddd, J = 13.7, 4.1, 1.2 Hz, 3-He), 3.26-

3.31 (1H, m, 1-H), 3.78 (1H, tt, J = 7.6, 3.8 Hz, 4-H), 4.09-4.18 (2H, m, OCH2CH3), 4.42-4.50 

(2H, m, OCH2Ph) and 7.18-7.29 (5H, m, OCH2Ph). δC [125 MHz; CDCl3; calibrated with 

CDCl3 (77.16 ppm)]: 14.26 or 14.28 (CH3, OCH2CH3), 23.83 (CH2, C6), 28.17 (CH2, C5), 

47.16 (CH2, C3), 56.35 (CH, C1), 61.35 or 61.41 (CH2, OCH2CH3), 70.44 (CH2, OCH2Ph), 

75.89 (CH, C4), 125.00-140.00 (CH × 5, C2'-6'), 138.06 or 138.12 (quat, C1'), 169.91 (quat, 

COOEt) and 203.78 (quat, C2). 

 

 

 

Keto with axial 4-OBn and equatorial 1-ester (44b): δH (500 MHz; CDCl3; calibrated with 

TMS): 1.18-1.23 (3H, m, OCH2CH3), 1.84 (1H, m, 6-HA), 1.85 (1H, m, 5-HA), 1.96 (1H, m, 5-
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HB), 2.42 (1H, m, 6-HB), 2.55 (1H, m, 3-He), 2.67 (1H, ddd, J = 14.1, 6.2, 1.3 Hz, 3-Ha), 3.26-

3.31 (1H, m, 1-H), 3.86 (1H, tt, J = 6.2, 3.4 Hz, 4-H), 4.09-4.18 (2H, m, OCH2CH3), 4.42-4.50 

(2H, m, OCH2Ph) and 7.18-7.29 (5H, m, OCH2Ph). δC [125 MHz; CDCl3; calibrated with 

CDCl3 (77.16 ppm)]: 14.26 or 14.28 (CH3, OCH2CH3), 24.02 (CH2, C6), 28.39 (CH2, C5), 

46.78 (CH2, C3), 56.72 (CH, C1), 61.35 or 61.41 (CH2, OCH2CH3), 70.16 (CH2, OCH2Ph), 

75.68 (CH, C4), 125.00-140.00 (CH × 5, C2'-6'), 138.06 or 138.12 (quat, C1'), 169.62 (quat, 

COOEt) and 203.91 (quat, C2). 

 

 

 

Enol with axial 4-OBn (45): δH (500 MHz; CDCl3; calibrated with TMS): 1.22 (3H, t, J = 

7.2 Hz, OCH2CH3), 1.67 (1H, m, 5-HA), 1.81 (1H, m, 5-HB) 2.14 (1H, m, 6-HA), 2.34 (1H, m, 

3-HA), 2.36 (1H, m, 6-HB), 2.54 (1H, m, 3-HA), 3.68 (1H, dtd, J = 6.7, 5.3, 2.8 Hz, 4-H), 4.09-

4.18 (2H, m, OCH2CH3), 4.50 (2H, dd, J = 20.8, 11.9 Hz, OCH2Ph), 7.18-7.29 (5H, m, 

OCH2Ph) and 12.12 (1H, s, 2-OH). δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 

14.42 (CH3, OCH2CH3), 19.50 (CH2, C6), 27.35 (CH2, C5), 35.43 (CH2, C3), 60.43 (CH2, 

OCH2CH3), 70.32 (CH2, OCH2Ph), 72.37 (CH, C4), 97.54 (quat, C1), 127.70 (CH × 2, C2' and 

C6'), 127.75 (CH, C4'), 128.55 (CH × 2, C3' and C5'), 138.54 (quat, C1'), 169.29 (quat, C2) 

and 172.40 (quat, COOEt). 

1H integral ratio [Enol with axial 4-OBn (45): keto with axial 4-OBn and axial 1-ester 

(44a): keto with axial 4-OBn and equatorial 1-ester (44b)] ≈ 100:18:19 following from the 

integrations of 4-H (45, enol with axial 4-OBn), 4-H (44a, keto with axial 4-OBn and axial 1-

ester) and 4-H (44b, keto with axial 4-OBn and equatorial 1-ester). 
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27. Ethyl 3-ethyl-6-hydroxy-9-oxo-3-azabicyclo[3.3.1]nonane-1-carboxylate (46) 

 

 

 

 

 

A solution of tautomers of ethyl 4-methoxy-2-oxocyclohexane-1-carboxylates and ethyl 

2-hydroxy-4-methoxycyclohex-1-ene-1-carboxylates (44a, 44b and 45, 103 mg, 0.45 mmol) 

and N,N-bis(ethoxymethyl)ethanamine (122 mg, 0.75 mmol) in acetonitrile (2 mL) was added 

trichloromethylsilane (148 mg, 0.75 mmol) followed by stirring for 20 h at 20 oC. The reaction 

was quenched with sat. aq. NaHCO3 (pH = 8) and extracted with ethyl acetate (3 × 10 mL). 

The combined organic layers were washed with brine (10 mL), dried (Na2SO4) and filtered, 

then the solvents were removed by evaporation. The crude products were purified by 

chromatography over silica gel (petroleum ether: ethyl acetate = 10:1 v/v; the mobile phase 

was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target 

compound TLC Rf = 0.2, stained with iodine vapour or ninhydrin solution) giving a pale yellow 

oil product (46, 16 mg, 12%). MS (m/z) [M+H]+ found 256.1551, C13H22NO4 requires 

256.1543. δH (500 MHz; CDCl3; calibrated with TMS): 1.02 (3H, t, J = 7.2 Hz, NCH2CH3), 

1.23 (3H, t, J = 7.1 Hz, OCH2CH3), 1.88 (1H, br m, 7-He), 2.07 (1H, m, 8-He), 2.35 (2H, qd, J 

= 7.2, 2.1 Hz, NCH2CH3), 2.45 (1H, dd, J = 11.8, 3.6 Hz, 4-Ha), 2.71 (1H, m, 5-H), 2.83 (1H, 
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m, 8-Ha), 2.86 (1H, m, 2-Ha), 3.14 (1H, dt, J = 11.7, 2.4 Hz, 4-He), 3.20 (1H, dd, J = 11.6, 2.4 

Hz, 2-He), 3.43 (1H, m, 7-Ha), 4.17 (2H, qd, J = 7.1, 3.7 Hz, OCH2CH3) and 4.63 (1H, m, 6-

H). δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 12.64 (CH3, NCH2CH3), 14.27 

(CH3, OCH2CH3), 30.81 (CH2, C7), 31.52 (CH2, C8), 50.83 (CH2, NCH2CH3), 55.54 (CH, C5), 

58.21 (CH2, C4), 58.24 (quat, C1), 61.54 (CH2, OCH2CH3), 62.20 (CH2, C2), 64.98 (CH, C6), 

171.49 (quat, COOEt) and 207.62 (quat, C9). 

 

28. Ethyl (Z)-3-ethyl-9-(methoxymethylene)-3-azabicyclo[3.3.1]nonane-1-carboxylate (47, 

Chepiga et al., 2013) 

 

 

 

 

 

Methoxytrimethyl-phosphonium chloride (2.15 g, 6.07 mmol) was added to a dried round-

bottomed flask with THF (20 mL). This suspension was cooled to -78 °C, and n-BuLi (3.29 

mL, 2M, 6.58 mmol) was added dropwise forming an orange solution. After 1h, the ketone (8, 

1.21 g, 5.06 mmol) in THF (10 mL) was added slowly at -78 °C over 10 min, then the final 

solution was allowed to reach 20 oC over 2 h and it was stirred at 20 oC for 14 h. The resulting 

solution was quenched with sat. aq. NH4Cl, then it was extracted with ethyl acetate (3 × 50 

mL). The combined organic layers were washed with brine (50 mL), dried (Na2SO4) and 
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filtered, and then the solvent was removed by evaporation. The crude product was purified by 

chromatography over silica gel (petroleum: ethyl acetate = 15:1 v/v; the mobile phase was 

basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target 

compound TLC Rf = 0.3, stained with iodine vapour or ninhydrin solution) yielding a pure 

product as a yellow oil (47, 486 mg, 34%). MS (m/z) [M+H]+ found 268.1945, C15H26NO3 

requires 268.1907. δH [500 MHz; CDCl3; calibrated with residual CHCl3 (7.26 ppm)]: 1.03 

(3H, t, J = 7.1 Hz, NCH2CH3), 1.27 (3H, t, J = 7.2 Hz, OCH2CH3), 1.50 (1H, dtt, J = 12.5, 6.4, 

2.3 Hz, 7-He), 1.66 (1H, tddd, J = 12.5, 6.4, 4.8, 1.8 Hz, 6-Ha), 1.81 (1H, m, 6-He), 1.84 (1H, 

m, 8-He), 2.16 (1H, m, 4-Ha), 2.17 (1H, m, 5-H), 2.26 (1H, m, 8-Ha), 2.28 (2H, m, NCH2CH3), 

2.62 (1H, dd, J = 10.9, 2.3 Hz, 2-Ha), 2.74 (1H, qt, J = 12.5, 6.4 Hz, 7-Ha), 2.92 (1H, br d, J = 

10.9 Hz, 2-He), 2.95 (1H, m, 4-He), 3.43 (3H, s, OCH3), 4.11 (2H, qd, J = 7.2, 4.0 Hz, 

OCH2CH3) and 5.78 (1H, s, 1'-H); δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 

12.71 (CH3, NCH2CH3), 14.20 (CH3, OCH2CH3), 21.79 (CH2, C7), 33.60 (CH2, C6), 35.11 

(CH2, C8), 36.19 (CH, C5), 46.02 (quat, C1), 52.33 (CH2, NCH2CH3), 59.64 (CH3, OCH3), 

60.57 (CH2, OCH2CH3), 60.75 (CH2, C4), 61.93 (CH2, C2), 120.73 (quat, C9), 136.30 (CH, 

C1') and 175.80 (quat, COOEt). 

 

29. Ethyl 3-ethyl-9-(methoxymethyl)-3-azabicyclo[3.3.1]nonane-1-carboxylates (48a) and 

(48b) 

 

 

 

A suspension of ethyl (Z)-3-ethyl-9-(methoxymethylene)-3-azabicyclo[3.3.1]nonane-1-

carboxylate (47, 101 mg) and palladium on charcoal catalyst (10% w/w, 12 mg) in MeOH (4 

mL) was stirred and degasified 5 times with H2. After that, the suspension was stirred and 

heated under reflux under an atmosphere of H2 for 4 days. The catalyst was filtered and rinsed 

with MeOH (5 mL), then the solvent was removed by evaporation. MS (m/z) [M+H]+ found 
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270.2102, C15H28NO3 requires 270.2064. The crude product was purified by chromatography 

over silica gel (petroleum ether: ethyl acetate = 15:1 v/v; the mobile phase was basified with 

conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; stained with Dragendorff's 

reagent or iodine vapour) affording ethyl 3-ethyl-9β-(methoxymethyl)-3-azabicyclo 

[3.3.1]nonane-1-carboxylate (48a, 24 mg, 48%, TLC Rf = 0.3) and ethyl 3-ethyl-9α-

(methoxymethyl)-3-azabicyclo [3.3.1]nonane-1-carboxylate (48b, 36 mg, 71%, TLC Rf = 

0.25). 

 

 

 

 

Ethyl 3-ethyl-9β-(methoxymethyl)-3-azabicyclo[3.3.1]nonane-1-carboxylate (48a): δH 

(500 MHz; CDCl3; calibrated with TMS): 0.96 (3H, t, J = 7.2 Hz, NCH2CH3), 1.18 (3H, t, J = 

7.1 Hz, OCH2CH3), 1.42 (1H, m, 7-He), 1.43 (1H, m 6-He), 1.58 (1H, t, J = 13.8, 6.8, 5.0, 1.7 

Hz, 6-Ha), 1.71 (1H, dd, J = 13.8, 6.8 Hz, 8-He), 1.82 (1H, tdd, J = 13.8, 6.8, 2.3 Hz, 8-Ha), 

1.88 (1H, dq, J = 5.0, 2.7 Hz, 5-H), 2.05 (1H, m, 9-H), 2.13 (1H, dt, J = 11.0, 2.5 Hz, 4-Ha), 
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2.18 (2H, q, J = 7.2 Hz, NCH2CH3), 2.29 (1H, dd, J = 10.7, 2.3 Hz, 2-Ha), 2.55 (1H, qt, J = 

13.8, 6.8 Hz, 7-Ha), 2.83 (1H, d, J = 10.7 Hz, 2-He), 2.95 (1H, br d, J = 11.0 Hz, 4-He), 3.23 

(3H, s, OCH3), 3.30 (1H, dd, J = 9.0, 5.9 Hz, 1'-HA), 3.42 (1H, t, J = 9.0 Hz, 1'-HB) and 4.04 

(2H, q, J = 7.1 Hz, OCH2CH3); δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 

12.75 (CH3, NCH2CH3), 14.32 (CH3, OCH2CH3), 20.94 (CH2, C7), 24.57 (CH2, C6), 27.32 

(CH2, C8), 30.61 (CH, C5), 42.75 (CH, C9), 44.23 (quat, C1), 52.53 (CH2, NCH2CH3), 58.98 

(CH3, OCH3), 60.47 (CH2, OCH2CH3), 60.50 (CH2, C4), 63.17 (CH2, C2), 72.00 (CH2, C1') 

and 176.13 (quat, COOEt). 

Ethyl 3-ethyl-9α-(methoxymethyl)-3-azabicyclo[3.3.1]nonane-1-carboxylate (48b): δH 

(500 MHz; CDCl3; calibrated with TMS): 0.98 (3H, t, J = 7.1 Hz, NCH2CH3), 1.18 (3H, t, J = 

7.1 Hz, OCH2CH3), 1.43 (1H, m, 7-He), 1.63 (1H, m 6-He), 1.74 (1H, m, 8-He), 1.75 (1H, m, 

6-He), 1.88 (1H, m, 8-Ha), 1.90 (1H, m, 5-H), 2.05 (1H, m, 9-H), 2.23 (3H, m, 4-Ha and 

NCH2CH3), 2.35 (1H, dd, J = 11.8, 2.5 Hz, 2-Ha), 2.60 (1H, m, 4-He), 2.64 (1H, qt, J = 13.0, 

6.3 Hz, 7-Ha), 2.84 (1H, d, J = 11.8 Hz, 2-He), 3.19 (1H, m, 1'-HA), 3.22 (3H, s, OCH3), 3.40 

(1H, t, J = 9.1 Hz, 1'-HB) and 4.04 (2H, m, OCH2CH3); δC [125 MHz; CDCl3; calibrated with 

CDCl3 (77.16 ppm)]: 12.71 (CH3, NCH2CH3), 14.31 (CH3, OCH2CH3), 21.78 (CH2, C7), 30.57 

(CH, C5), 32.84 (CH2, C6), 37.04 (CH2, C8), 42.41 (quat, C1), 44.31 (CH, C9), 52.51 (CH2, 

C4), 52.88 (CH2, NCH2CH3), 54.99 (CH2, C2), 58.95 (CH3, OCH3), 60.32 (CH2, OCH2CH3), 

71.84 (CH2, C1') and 176.39 (quat, COOEt). 

 

30. Ethyl 3-ethyl-9β-hydroxy-9α-((trimethylsilyl)ethynyl)-3-azabicyclo[3.3.1]nonane-1-

carboxylate (49, Grangier et al., 1998) 
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A solution of ethynyltrimethylsilane (1.95 g, 19.17 mmol) in anhydrous THF (80 mL) was 

cooled to -78 °C. After 10 min, n-BuLi (10.39 mL, 2M, 20.77 mmol) was added dropwise to 

the solution followed by stirring at -78 °C for 1 h. The ketone (8, 3.82 g, 15.97 mmol) in 

anhydrous THF (20 mL) was added slowly at -78 °C for over 20 min, then the final solution 

was allowed to reach 20 oC in 2h when it was stirred for 14 h. The resulting solution was 

quenched by the addition of sat. aq. NH4Cl, then it was extracted with ethyl acetate (3 × 50 

mL). The combined organic layers were washed with brine (50 mL), dried (Na2SO4) and 

filtered, and then the solvents were removed by evaporation. The crude product was purified 

by chromatography over silica gel (petroleum: ethyl acetate = 40:1 v/v; the mobile phase was 

basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; target 

compound TLC Rf = 0.25, stained with iodine vapour or p-anisaldehyde solution) yielding a 

pure product as a colourless oil (49, 4.37 g, 80%). MS (m/z) [M+H]+ found 360.1966, 

C18H31NO3Si requires 360.1971. δH [500 MHz; CDCl3; calibrated with residual CHCl3 (7.26 

ppm)]: 0.13 (9H, s, TMS), 1.06 (3H, t, J = 7.1 Hz, NCH2CH3), 1.29 (3H, t, J = 7.1 Hz, 

OCH2CH3), 1.42 (1H, dt, J = 13.2, 6.6 Hz, 7-He), 1.53 (1H, J = 13.2, 6.6 Hz, 6-He), 1.71 (1H, 

dd, J = 13.2, 6.6 Hz, 8-He), 1.95 (1H, dq, J = 5.1, 2.7 Hz, 5-H), 2.17 (1H, m 6-Ha), 2.20 (1H, 

m, 8-Ha), 2.32 (2H, quin, J = 7.1 Hz, NCH2CH3), 2.60 (1H, m, 7-Ha), 2.63 (1H, m, 2-Ha), 2.67 

(1H, m, 4-Ha), 2.84 (1H, br d, J = 11.5 Hz, 4-He), 3.15 (1H, d, J = 11.5 Hz, 2-He), 4.19 (2H, m, 

OCH2CH3) and 4.68 (1H, s, OH); δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: 

0.03 (CH3 × 3, TMS), 12.66 (CH3, NCH2CH3), 14.38 (CH3, OCH2CH3), 20.12 (CH2, C7), 24.70 



 

272 

(CH2, C6), 30.08 (CH2, C8), 38.85 (CH, C5), 49.63 (quat, C1), 52.16 (CH2, NCH2CH3), 56.50 

(CH2, C4), 57.38 (CH2, C2), 61.12 (CH2, OCH2CH3), 70.76 (quat, C9), 91.65 (quat, C2'), 

107.82 (quat, C1') and 176.65 (quat, COOEt). 

 

31. Ethyl 3-ethyl-9β-hydroxy-9α-(2-(trimethylsilyl)ethyl)-3-azabicyclo[3.3.1]nonane-1-

carboxylate (50) 

 

 

 

 

 

A suspension of ethyl 3-ethyl-9β-hydroxy-9α-((trimethylsilyl)ethynyl)-3-azabicyclo 

[3.3.1] nonane-1-carboxylate (49, 4.33 g) and palladium on charcoal catalyst (10% w/w, 439 

mg) in MeOH (100 mL) was stirred and degasified 5 times with H2. After that, the suspension 

was stirred under an atmosphere of H2 at 20 oC for 14 h. The catalyst was filtered and rinsed 

with MeOH (15 mL), then the solvent was removed by evaporation. The crude product was 

purified by chromatography over silica gel (petroleum: ethyl acetate = 50:1 v/v; the mobile 

phase was basified with conc. aq. 0.880 ammonia, 0.5% v/v of the prepared mobile phase; 

target compound TLC Rf = 0.2, stained with iodine vapour or p-anisaldehyde solution) yielding 

the pure product as a colourless oil (50, 2.58 g, 59%). MS (m/z) [M+H]+ found 342.2498, 

C18H36NO3Si requires 342.2459, and [M+Na]+ found 364.2285, C18H35NO3SiNa requires 
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364.2278. δH [500 MHz; CDCl3; calibrated with residual CHCl3 (7.26 ppm)]: −0.04 [9H, s, 

Si(CH3)3], 0.36 (1H, td, J = 13.8, 4.6 Hz, 2'-HA), 0.63 (1H, td, J = 13.8, 3.6 Hz, 2'-HB), 1.05 

(3H, t, J = 7.2 Hz, NCH2CH3), 1.17 (1H, td, J = 14.0, 3.6 Hz, 1'-HA), 1.27 (3H, t, J = 7.1 Hz, 

OCH2CH3), 1.46 (1H, m, 7-He), 1.50 (1H, m, 6-He), 1.63 (1H, dd, J = 13.0, 6.6 Hz, 8-He), 1.93 

(1H, m, 5-H), 1.94 (1H, m, 1'-HB), 2.20 (1H, dqt, J = 13.3, 6.6, 1.9 Hz, 6-Ha), 2.27 (1H, m, 4-

Ha), 2.32 (2H, quin, J = 7.2 Hz, NCH2CH3), 2.38 (1H, tdd, J = 13.0, 6.6, 2.6 Hz, 8-Ha), 2.57 

(1H, dd, J = 12.0, 2.6 Hz, 2-Ha), 2.60 (1H, qt, J = 13.1, 6.6 Hz, 7-Ha), 2.77 (1H, dd, J = 11.2, 

2.5 Hz, 4-He), 3.07 (1H, d, J = 12.0 Hz, 2-He), 3.44 (1H, s, OH) and 4.17 (2H, q, J = 7.1 Hz, 

OCH2CH3); δC [125 MHz; CDCl3; calibrated with CDCl3 (77.16 ppm)]: -1.73 [CH3 × 3, 

Si(CH3)3], 7.52 (CH2, C2'), 12.79 (CH3, NCH2CH3), 14.37 (CH3, OCH2CH3), 20.49 (CH2, C7), 

26.40 (CH2, C6), 28.52 (CH2, C1'), 32.78 (CH2, C8), 34.06 (CH, C5), 50.18 (quat, C1), 52.26 

(CH2, NCH2CH3), 55.42 (CH2, C4), 56.73 (CH2, C2), 60.08 (CH2, OCH2CH3), 72.99 (quat, C9) 

and 177.25 (quat, COOEt). 

 

32. Ethyl 3-ethyl-9-vinyl-3-azabicyclo[3.3.1]nonane-1-carboxylates (51a and 51b, Wilson 

and Shedrinsky, 1982) 

 

 

 

To a solution of ethyl 3-ethyl-9β-hydroxy-9α-(2-(trimethylsilyl)ethyl)-3-azabicyclo 

[3.3.1]nonane-1-carboxylate (231 mg, 0.68 mmol) in acetic acid (5 mL), boron trifluoride-

acetic acid complex (0.47 mL, 3.38 mmol) was added and the solution was stirred and heated 

under reflux for 3 h under an atmosphere of anhydrous nitrogen. After that the solution was 

cooled and diluted with CHCl3 (20 mL) and water (20 mL), followed with basification by sat. 

aq. Na2CO3 (pH = 10) and extracted with CHCl3 (3 × 15 mL). The combined organic layers 

were washed with brine (15 mL), dried (Na2SO4) and filtered, and then solvent was removed 
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by evaporation. The crude product was purified chromatography over silica gel (petroleum: 

ethyl acetate = 50:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% 

v/v of the prepared mobile phase; target compound TLC Rf = 0.2, stained with iodine vapour 

or p-anisaldehyde solution) yielding the product as a pale yellow oil (62 mg). MS (m/z) 

[M+Na]+ found 274.1777, C15H25NO2Na requires 274.1778. 

1H NMR [500 MHz; CDCl3; calibrated with residual CHCl3 (7.26 ppm)] displayed signals 

of 5.97 ppm and 6.03 ppm, and both of them showed as doublet of doublet of doublets with the 

same J = 17.0, 10.4, 8.6 Hz, therefore they were assigned to the 1'-H on the different 

configurational isomers. A multiplet from 5.01-5.10 ppm was also displayed and its integral 

was twice as that of the total integrals of both 1'-H, therefore this multiplet was considered to 

be composed of the four protons of the 2'-H. 13C NMR [125 MHz; CDCl3; calibrated with 

CDCl3 (77.16 ppm)] showed TMS group (−1.73 ppm) and the signal of C9 (72.99 ppm) in the 

reactant (attached with a hydroxyl group) disappeared, and signals of 116.46, 116.59, 138.24 

and 138.43 ppm were displayed. The first two were assigned to C2' as they showed HSQC 

correlation with the multiplet of 2'-H, and the final two were assigned to C1' as they showed 

HSQC correlation with the multiplet of 1'-H. This demonstrated that the reactants were 

completely reacted. 9-OH and TMS groups of the reactant were eliminated and the targeted 

vinyl group was formed. The signal of 5.97 ppm showed a NOESY correlation to 2-H or 4-H 

(2.37-2.42 ppm) and the signal of 6.03 ppm showed a NOESY correlation to 8-H (2.00-2.04 

ppm), therefore the signal of 5.97 ppm was assigned to the epimer with an α-vinyl group and 

the signal of 6.03 ppm was assigned to the epimer with a β-vinyl group. The vinyl group 

showed two configurations in a ratio ≈ 2:1 (α-vinyl: β-vinyl) following from the 1H integrals 

of 5.97 ppm and 6.03 ppm. As (at least) three components were displayed in the 1H and 13C 

spectra and nearly all the 1H signals from 1.50 ppm to 3.00 ppm were overlapped, these 

compounds were not fully assigned. As the impurity has no alkene group, and its polarity was 

closely similar to the desired products, the products was not purified further and they were used 

directly in the following experiment. 
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33. Ethyl 3-ethyl-9α-(2-hydroxyethyl)-3-azabicyclo[3.3.1]nonane-1-carboxylate (52, Wu et 

al., 2017) 

 

 

 

 

 

The borane-THF complex (0.31 mL, 1M, 0.31 mmol) was added to a solution of the 9α/β-

epimeric mixtures of ethyl 3-ethyl-9-vinyl-3-azabicyclo[3.3.1]nonane-1-carboxylates (51a and 

51b, 110 mg, ~63%, 0.28 mmol) in THF (3 mL) at 20 oC, and the mixture was stirred at 20 oC 

for 2h under an atmosphere of anhydrous nitrogen. After the reaction was quenched by the 

addition of water, potassium hydroxide (0.34 mL, 1M, 0.34 mmol) and hydrogen peroxide 

(0.34 mL, 37%) were added, and the solution was stirred at 20 oC for 10 min. After that the 

aqueous layer was extracted with ethyl acetate (3 × 10 mL), and the combined organic layers 

were washed with brine (5 mL), dried (Na2SO4) and filtered, and then the solvents were 

removed by evaporation. The crude product was purified by chromatography over silica gel 

(DCM: MeOH = 30:1 v/v; the mobile phase was basified with conc. aq. 0.880 ammonia, 0.5% 

v/v of the prepared mobile phase; target compound TLC Rf = 0.25, stained with iodine vapour) 

yielding a product as a pale yellow oil (52, 56 mg, 75%). MS (m/z) [M+H]+ found 270.2061, 

C15H28NO3 requires 270.2064, and [M+Na]+ found 292.1873, C15H27NO3Na requires 292.1883. 

δH [500 MHz; CDCl3; calibrated with residual CHCl3 (7.26 ppm)]: 1.04 (3H, t, J = 7.2 Hz, 

NCH2CH3), 1.25 (3H, t, J = 7.1 Hz, OCH2CH3), 1.35 (1H, dtd, J = 14.0, 7.6, 3.0 Hz, 1'-HA), 
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1.49 (1H, m, 7-He), 1.67 (1H, m, 6-Ha), 1.71 (1H, m, 1'-HB), 1.50 (1H, m, 6-Ha), 1.76 (1H, dq, 

J = 6.1, 3.1 Hz, 5-H), 1.82 (1H, m, 6-He), 1.83 (2H, m, 8-He and 8-Ha), 1.92 (1H, m, 9-H), 2.29 

(2H, m, NCH2CH3), 2.32 (1H, m, 4-Ha), 2.37 (1H, d, J = 11.7 Hz, 2-Ha), 3.66 (1H, dd, J = 11.2, 

2.5 Hz, 4-He), 2.70 (1H, m, 7-Ha), 2.96 (1H, d, J = 11.7 Hz, 2-He), 3.63 (2H, m, 2'-HA and 2'-

HB) and 4.12 (2H, q, J = 7.1 Hz, OCH2CH3); δC [125 MHz; CDCl3; calibrated with CDCl3 

(77.16 ppm)]: 12.71 (CH3, NCH2CH3), 14.34 (CH3, OCH2CH3), 21.79 (CH2, C7), 32.54 (CH2 

or CH, C1' or C5), 32.55 (CH2 or CH, C1' or C5), 33.16 (CH2, C6), 37.72 (CH2, C8), 38.73 

(CH, C9), 46.60 (quat, C1), 52.29 (CH2, C4), 52.84 (CH2, NCH2CH3), 54.03 (CH2, C2), 60.47 

(CH2, OCH2CH3), 72.99 (CH2, C2') and 176.99 (quat, COOEt). The mixture showed in both 

1H and 13C NMR spectra was considered to be conformational isomers of the desire product. 

 

5.3. Recrystallization 

Conditions of recrystallization obtaining single-crystals for the X-ray diffraction studies 

in Chapter 5 are shown in Table 5.1. Generally, the selected hot solvent(s) were added dropwise 

to a glass vial (10 mL) containing the indicated sample (5-25 mg) heated on a water bath (40-

60 °C) with slow shaking until the sample was fully dissolved, and then the glass vial was 

covered with foil, allowed to cool to 20 oC, and then to partially evaporate at 20 oC for the 

required period. After the single-crystals were formed (in solution), the X-ray data were then 

recorded with a Rigaku SuperNova X-Ray single-crystal diffractometer at 150 K. 

 

Table 5.1. Conditions of recrystallization experiments 

Entry 
Compound name(s) (No̲., related to numbering in Chapter 4) 

Solvent system Time (approximate) Appearance and colour 

1 

Ethyl (1S,5S,E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-3-azabicyclo[3.3.1] nonane-1-

carboxylate (15) 

MeOH 3 days block-shaped, yellow 

2 

Methyl (1R,5R,7S,E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-7-isopropyl-3-azabicyclo 

[3.3.1]nonane-1-carboxylate (16) 

MeOH/Et2O 2 days needle-shaped, yellow 
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3 

Methyl (1R,5R,7S,E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-7-methyl-3-azabicyclo 

[3.3.1]nonane-1-carboxylate (17a) and methyl (1S,5S,7R,E)-9-(2-(2,4-dinitrophenyl) 

hydrazinylidene)-3-ethyl-7-methyl-3-azabicyclo[3.3.1]nonane-1-carboxylate (twin-packed) (17b) 

MeOH/Et2O 4 days needle-shaped, yellow 

4 
1-(2,4-dinitrophenyl)-2-(propan-2-ylidene)hydrazine 

MeOH/Et2O 3 days block-shaped, orange 

5 

Methyl (1R,6R,E)-10-(2-(2,4-dinitrophenyl)hydrazinylidene)-8-ethyl-8-azabicyclo[4.3.1]decane-

1-carboxylate (19a) and methyl (1S,6S,E)-10-(2-(2,4-dinitrophenyl)hydrazinylidene)-8-ethyl-8-

azabicyclo [4.3.1]decane-1-carboxylate (twin-packed) and (19b) 

MeOH/Et2O a week needle-shaped, yellow 

6 
(1S,5S)-1-(Ethoxycarbonyl)-3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonan-3-ium chloride (22a) 

EtOAc/CHCl3/MeOH 3 weeks block-shaped, brown 

7 
(1S,6S)-8-Ethyl-1-(methoxycarbonyl)-10-oxo-8-azabicyclo[4.3.1]decan-8-ium chloride (24) 

MeOH/MeCN 6 weeks needle-shaped, brown 

8 
((1R,5S,9s)-9-Hydroxy-3-oxabicyclo[3.3.1]nonane-1,5-diyl) dimethanol (26) 

EtOAc 14 h block-shaped, white 

9 

Aconitine (1b) 

MeOH/Et2O 3 days block-shaped, white 

10 
Lycoctonine monohydrate (3d) 

MeOH/Et2O 3 days needle-shaped, white 

11 
Lappaconitine monohydrate (27b) 

MeOH/Et2O 5 weeks block-shaped, white 

12 
Crassicauline A (28) 

MeOH/Et2O 1 week block-shaped, white 

13 
Aconitine hydrochloride trihydrate (30b) 

DCM/EtOAc 1 week needle-shaped, light brown 

14 
Lappaconitine hydrobromide monohydrate (20b) 

MeOH/Et2O 1 week needle-shaped, white 

15 

Methyllycaconitine perchlorate monomethanol dihydrate (31b) 

MeOH/Et2O 2 weeks block-shaped, white 

16 

Methyllycaconitine perchlorate monoacetonitrile dichloroform solvate (31c) 

EtOAc/CHCl3/MeOH/MeCN 5 days needle-shaped, white 
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5.4. Theoretical calculation of dihedral angles 

In a theoretical true chair/boat conformation of cyclohexane, C2, C3, C5 and C6 are in the 

same plane. All the lengths of C−C bonds are the same, and all the bond angles are same and 

equal to 109.5°. Establish a spatial coordinate system on the blue part of cyclohexane in the 

true chair/boat conformer with C6 at (0, 0, 0) and PC2–C3–C5–C6 is on the xy plane (Fig. 5.1). 

Based on the known, AB = BC = DE = AE, and ∠ABC = ∠BAE = 109.5°. 

 

Figure 5.1. Establishment of a spatial coordinate system on the true chair/boat conformer of cyclohexane 

ring for theoretical dihedral angle calculation. 

 

The projected point of A on the xy plane is G. Make a line cross G and it is parallel with 

x axis, and then its intersection with y axis is H. Make a line cross G and it is parallel with y 

axis, and its intersection with the extension line of CB is I. Hence, it is clear that ∠AGH = 

∠AIB = ∠AIC = 90°, BI = GH, and the required dihedral angle equals ∠AHG, assuming AB 

=BC = AE = a, 109.5° = b, BI = GH = x, AI = y. 

 

Due to AB = BC = a, ∠ABC = b, (AC/2)/AB = sin (b/2) ⇔ AC = 2a·sin(b/2). 

 

Due to ∠AIB = ∠AIC = 90°,  

(AI)2 + (BI)2 = (AB)2 ⇔ y2 + x2 = a2 ①;  

(AI)2 + (CI)2 = (AC)2 ⇔ (AI)2 + (BC + BI)2 = (AC)2 ⇔ y2 + (a + x)2 = (AC)2  

⇔ y2 + x2 + a2 + 2ax = [2a·sin(b/2)]2 ⇔ y2 + x2 + a2 + 2ax = 4a2·sin2(b/2) ②. 

② − ① ⇔ a2 + 2ax = 4a2·sin2(b/2) − a2 ⇔ x = a[2·sin2(b/2) − 1], so GH = a[2·sin2(b/2)]. 

Due to AE = AB = a, AH/AB = cos(b/2) ⇔ AH = a·cos(b/2). 
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Due to ∠AGH = 90°, GH/AH = cos∠AHG 

⇔ {a[2·sin2(b/2) − 1]}/[a·cos(b/2)] = cos∠AHG 

⇔ cos∠AHG = [2·sin2(b/2) − 1]/cos(b/2) = − cos(b)/cos(b/2) 

So ∠AGH = arccos[− cos(b)/cos(b/2)] 

 

b = 109.5°, ∠AGH = arccos [−cos(109.5°)/cos(109.5°/2)] ≈ 55°, thus the required 

theoretical dihedral angle in the true chair/boat conformer of cyclohexane is about 55°. 

 

When the ideal true chair/boat conformer becomes flattened and the C1-Ha or C1-Hf bond 

is vertical to the PC2–C3–C5–C6. Establish a spatial coordinate system on the blue part of 

cyclohexane in the true chair/boat conformer with C6 at (0, 0, 0) and PC2−C3−C5−C6 is on the xy 

plane (Fig. 5.2), and F is the centroid of axial/flagpole proton. Based on the known, AB = BC 

= DE = AE, ∠BAE = ∠BAF = ∠EAF = 109.5° and AF is vertical to the xy plane. The extend 

cord of FA intersects xy plane with G, which is also the projected point of A on the xy plane. 

Make a line cross G and it is parallel with x axis, and then its intersection with y axis is H. Then 

it is clear that ∠AGB = ∠AGH = 90°, and the required dihedral angle equals ∠AHG. 

 

 

Figure 5.2. Establishment of a spatial coordinate system on the flattened chair/boat conformer of 

cyclohexane ring for theoretical dihedral angle calculation. 
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Due to ∠BAF = b, so ∠BAG = π − b,  

AG/AH = cos∠BAG ⇔ AG = a·cos(π − b). 

AH is the same as in the previous case, so AH = a·cos(b/2). 

 

Due to ∠AGH = 90°, AG/AH = sin∠AHG 

⇔ sin∠AHG = [a·cos(π − b)]/[a·cos(b/2)] = cos(π − b)/cos(b/2) = cos(b)/cos(b/2) 

So ∠AHG = arcsin[−cos(b)/cos(b/2)]  

 

b = 109.5°, ∠AGH = arcsin[−cos(109.5°)/cos(109.5°/2)] ≈ 35°, thus the required 

theoretical dihedral angle in the stated conformer of cyclohexane is about 35°. 
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Chapter 6. General Conclusions 

 

This project is focused on the 3D structure analyses of certain naturally occurring 

norditerpenoid alkaloids and their synthetic A/E-[3.3.1]azabicycles using a wide range of 

detailed NMR spectroscopic methods together with single-crystal X-ray diffraction (XRD). 

Plants of Aconitum and Delphinium are well-known herbal medicines, and applications of 

processed Aconitum in Traditional Chinese Medicine (TCM) were reviewed according to the 

most modern Chinese Pharmacopoeia (2015 edition). The most widely used species of 

Aconitum are A. carmichaelli Debx. (Chuan’wu) and A. kusnezoffii Reichb. (Cao’wu), and their 

processed main roots are usually used for the treatment of different pains. Aconitum and 

Delphinium are the main natural resources of pharmacologically important norditerpenoid 

alkaloids, and a brief history of these natural products is given focussing on phytochemistry, 

total synthesis and the pharmacology of several well-known norditerpenoids. The C19-

norditerpenoid alkaloid methyllycaconitine (MLA), isolated from Delphinium, is one of the 

most potent competitive antagonists of α7-nicotinic acetylcholine receptors (nAChRs) with 

highly selective targeting of the snake venom toxin α-bungarotoxin (αBgTx) binding sites. 

Related structure-activity relationship (SAR) studies on nAChRs were also reviewed, mainly 

covering aspects of the Beers-Reich and Sheridan nAChR pharmacophores. 

The first theme of this project is detailed NMR analyses of 5 selected norditerpenoid 

alkaloid free bases (aconitine, lycoctonine, lappaconitine, crassicauline A, and MLA, in CDCl3) 

and two salts (aconitine hydrochloride and lappaconitine hydrobromide, in D2O). 1D/2D NMR 

spectroscopies including 1H, 13C, HSQC, COSY, HMBC and NOESY of all the 7 

norditerpenoid alkaloids were obtained for full, unambiguous signal assignments as well as 

conformational studies. Some reported 13C signal assignments of lycoctonine, lappaconitine, 

and crassicauline A (in CDCl3) are in disagreement with those of this study, and the previous 

assignments were corrected in this work supported by COSY and HMBC analytical data. 

Conformations were determined from NOESY and multiplicity of key signals (1-Ha, 2-Ha 

and 3-Ha). NOESY analyses showed that the A-ring of each of the 5 free bases adopt chair 
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conformations, and the conformations of these A-rings are further determined to be twisted-

chair by coupling-pattern analyses showing 3J (1-Ha/2-Ha) ~10 Hz, which is significantly 

different from 3J (2-Ha/3-Ha) ~14 Hz. This conclusion of the solution conformation of the A-

rings of the selected free bases agrees with that summarized from single-crystal XRD data of 

aconitine, lycoctonine, lappaconitine, and crassicauline A. Therefore, both solution and crystal 

conformations of the A-rings of these selected norditerpenoid alkaloid free bases are shown to 

be twisted-chair. No solution NMR spectroscopic evidence was found to prove if the solution 

conformation of E-ring is twisted. However, the single-crystal XRD data further proved that 

the E-rings of the free bases are also in twisted-chair conformations. The reason why the A/E-

rings of these free bases adopt twisted-chair/twisted-chair conformations is that 12-He' and 6α-

H/6α-OR functional groups generate a repulsive force acting on 1-OMe and 19-Ha, respectively 

leading to the twist in the A/E-rings. 

Chemical shifts of 2-Ha of all the 5 free bases are slightly larger than those of 2-He, which 

means these 2-Ha are experiencing the 1H effect of steric compression caused by the lone-pair 

electrons of the amine N-atoms. While this effect is present, it is not large due to the A/E-rings 

adopting twisted-chair/twisted-chair conformations leading to 2-Ha not being fully overlapped 

with the lone-pair electrons of the amine N-atoms. 

Similar analyses were carried out on the protonated norditerpenoid alkaloids, aconitine 

hydrochloride and lappaconitine hydrobromide in D2O, and both of these salts have A-rings in 

boat conformations as indicated by NOESY and coupling pattern analyses. When the A-ring 

flips from chair conformation to boat conformation, 2-Ha becomes 2-Hb, and 2-He becomes 2-

Hf. The chemical shifts of 2-Ha of the 5 free bases are always slightly larger than those of 2-He 

due to the effect of steric compression. The chemical shifts of 2-Hb of aconitine hydrochloride 

and lappaconitine hydrobromide are larger than those of 2-Hf. This is considered to be the result 

of 2-Hb being in the anisotropic deshielding cone generated by σ-bonds C1-C11 and C3-C4. 

Aconitine hydrochloride, lappaconitine hydrobromide, and MLA perchlorate were 

recrystallized and their XRD data show that their A-rings are in boat conformations. This is in 

agreement with the results of NMR analyses on the solution conformations of the protonated 
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norditerpenoid alkaloids. H-bonds are implied between the respective protons charged on the 

N-atoms and the 1-OMe O-atoms of both lappaconitine hydrobromide and MLA perchlorate. 

These H-bonds stabilize the boat conformations of the A-rings. XRD data of aconitine 

hydrochloride do not display an H-bond, rather it is implied between the A- and E-rings. 

However, both O-atoms of 1-OMe and 3-OH are, in theory, able to form an H-bond with the 

proton charge on the N-atom. 

The second research motif is about synthesis and conformational analyses of 

[3.3.1]azabicyclic analogues of MLA. Double Mannich reactions were used to prepare A/E-

[x.y.1]azabicyclic analogues. In the first A/E-[3.3.1]azabicyclic analogue, 1H NMR data 

showed that the chemical shift of 7-Ha is significantly larger than that of 7-He with a large Δδ7-

H (1.33 ppm, CDCl3; 7-H of the [3.3.1]azabicyclic analogue correlates with 2-H of MLA), and 

this unusually large Δδ7-H is proven not to be a solvent effect. Comprehensive NMR analyses 

were carried out on this analogue determining that this molecule is in a true-chair/true-chair 

conformation, supported by XRD data of its DNP derivative. The uncommonly large Δδ7-H is 

the result of the 1H NMR effect of steric compression. The lone-pair electrons of the N-atom 

are sitting right on top of the 7-Ha of this molecule, and these lone-pair electrons push the 

electrons surrounding the 7-Ha away, leading to the chemical shift of the 7-Ha being 

significantly increased. A mono-Mannich reaction product (therefore not closing the piperidine 

ring, not a bicycle) was prepared to test this hypothesis. The N-atom lone-pair electrons are not 

sitting on the 5-Ha (5-H of the mono-Mannich reaction product correlates to 7-H of 

[3.3.1]azabicycle), and its NMR data show that Δδ7-H = 0.09 ppm (CDCl3). NMR data of 

[4.3.1]azabicyclic analogue display Δδ3-H = 0.68 ppm and Δδ4-H = 0.45 ppm (CDCl3, 3-H and 

4-H of this molecule correlate to 7-H of [3.3.1]azabicycle), and NMR data of [3.2.1]azabicycle 

display Δδ6-H = 0.00 ppm and Δδ7-H = 0.13 ppm (CDCl3), 6-H and 7-H of this molecule correlate 

to 7-H of [3.3.1]azabicycle. As 3-Ha and 4-Ha of [4.3.1]azabicycle are not sitting right on top 

of the lone-pair electrons of the N-atom, the intensity of the steric compression effect acting on 

3-Ha and 4-Ha is decreased, and the steric compression effect is further decreased in the 

[3.2.1]azabicycle as 7-Ha and 8-Ha are away from the N-atom. Therefore, the obvious effect of 
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steric compression acting on 7-Ha of [3.3.1]azabicycle shows that only the N-atom, especially 

its lone-pair electrons are close in space to 7-Ha. 

[3.3.1]Azabicyclic analogue was reduced with LAH to obtain a diol (to access the 

norditerpenoid 18-OH). Its NMR data show large Δδ7-H in CDCl3, CD3OD and d6-DMSO (~1.2 

ppm), but the Δδ7-H is decreased to 0.45 ppm in D2O, a result of D2O or H2O forming H-bonds 

with the N-atom lone-pair electrons. Similar results are obtained in the NMR data of protonated 

[3.3.1]azabicycles. Their salts (acetate and hydrochloride) show large Δδ7-H in d4-acetic acid 

(~0.8 ppm) suggesting their solution conformations are true-chair/true-chair, and that the 

proton/deuterium charge on the N-atom causes steric compression on 7-Ha. However, the Δδ7-

H of the hydrochloride salt significantly decreased (0.11 ppm, CD3OD; 0.35 ppm, d6-DMSO; 

and 0.11 ppm, D2O) when dissolved in those protic/wet solvents. NOESY analyses on the 

hydrochloride salt proved that this [3.3.1]azabicyclic salt adopts a true-chair/chair 

conformation in D2O. No NMR evidence was found to prove whether the chair conformation 

of the piperidinium ring of this salt is twisted. The reason for this decrease in chemical shift 

difference in protic solvents is related to H-bond formation. 

XRD data of [3.3.1]azabicyclic hydrochloride determined that it adopts a true-boat/true-

chair conformation which is different from its solution conformation. A protonated 

[3.3.1]azabicycle adopting boat/chair conformation in a crystalline lattice does not require 

stabilization by intramolecular hydrogen bonding; such H-bonds are implied in the XRD data 

of norditerpenoid alkaloid salts. 

N-Methylated [3.3.1]azabicyclic (quaternised) analogue adopts a true-chair/flattened-boat 

conformation in solution with the N-ethyl in the bowsprit position and the N-methyl group in 

the flagpole position. A large Δδ7-H (0.97 ppm, CDCl3) is displayed which is a result of the 

piperidinium ring flattening and now the N-ethyl group generates steric compression on 7-Ha. 

The lone-pair electrons of the ether O-atom of [3.3.1]oxabicyclic tetrahydropyran ether 

are also able to cause steric compression on 7-Ha displaying a large Δδ7-H (~0.85 ppm) in several 

solvents (CD3OD, d6-DMSO, and d6-acetone). Both in solution and in its crystalline form, the 

conformations this [3.3.1]oxabicycle adopted are true-chair/true-chair as proven by 
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comprehensive NMR analyses and XRD data. The Δδ7-H decreases (0.59 ppm) when this 

[3.3.1]oxabicycle is dissolved in D2O as the ether O-atom can form a H-bond with D2O or H2O. 

Its lone-pair electrons are therefore then less localized and less available for steric compression. 

1-OMe, 1-OH, 6-OMe, 7-OH (in norditerpenoid alkaloid numbering) [3.3.1]azabicyclic 

analogues of MLA were synthesized. Synthetic 6-OMe and 6-OH [3.3.1]azabicycles (C6 of 

synthetic [3.3.1]azabicycles correlate to C1 of norditerpenoid alkaloids) bear 1β-OMe and 1β-

OH, which are different from MLA that bears 1α-OMe. All the 1H NMR data of these four 

synthetic [3.3.1]azabicyclic analogues bearing 1-OMe, 1-OH, 6-OMe, 7-OH, respectively (in 

norditerpenoid alkaloid numbering) display large Δδ7-H, suggesting the solution conformations 

of these analogues are true-chair/true-chair that are different from those of the A/E-rings of 

naturally occurring norditerpenoid alkaloids, which are twisted-chair/chair conformations. 

Single-crystal XRD data of 15 crystal structures in this study are detailed in Chapter 4. It 

is notable that XRD data of MLA perchlorate are reported in this study for the first time. 

Methods used for describing conformations of six-membered and five-membered rings are 

studied and they are used to describe conformations of the crystal structures in this work. The 

differences between crystal conformations of the A/E-rings of norditerpenoid alkaloid free 

bases and those of synthetic [3.3.1]azabicycles are demonstrated. 

Experimental details of reproducible experiments are given in Chapter 5, mainly involving 

synthetic procedures, purification methods, HR-ESI-MS data, 1D/2D NMR assignments (1H, 

13C, COSY, HMBC, NOESY) and the various conditions of recrystallization. 

In conclusion, conformational analyses on the selected norditerpenoid alkaloids and their 

synthetic A/E-[3.3.1]azabicycles are achieved by detailed NMR spectroscopies and single-

crystal XRD. A rare through-space 1H NMR effect of steric compression was clearly displayed 

in the “cage-like” synthetic [3.3.1]azabicycles investigated in this study. These analyses will 

contribute to SAR studies of norditerpenoid alkaloids, as the shape of a molecule, which is its 

conformation and hence where its functional groups are positioned in space, determines its 

bioactivities. 
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Appendix I:  Abstracts presented at conferences 

 

Contents 

Date Conference and presentation Place 

5-7/9/2016 APS 7th International PharmSci Conference. Poster Glasgow, UK 

8-10/2/2017 SCT 24th Young Research Fellows Meeting. Poster Paris, France 

31/8-1/9/2017 
25th Annual GP2A Medicinal Chemistry Conference. 

Poster 
Liverpool, UK 

5-7/9/2017 APS 8th International PharmSci Conference. Poster London, UK 

11-15/11/2017 AAPS Annual Meeting and Exposition. Poster San Diego, CA, US 

7/6/2018 
2018 BPS Current Trends in Drug Discovery-Young 

Scientists and Tomorrow’s Medicines. Poster 
London, UK 

20/9/2018 
2018 33rd Heterocyclic and Synthesis Group Postgraduate 

Symposium. Flash poster talk 

GSK, Stevenage, 

UK 

20/11/2018 
RSC The Pharmaceutical Analysis Research Awards and 

Careers Symposium 2018. Poster 
London, UK 

20-22/2/2019 
SCT 26th Young Research Fellows Meeting. Flash poster 

talk (awarded) 
Paris, France 

24/1/2019 
2019 RSC Organic Division South West Regional 

Meeting. Poster 
Cardiff, UK 

3-5/7/2019 

RICT 2019 Interfacing Chemical Biology and Drug 

Discovery:  55th International Conference on Medicinal 

Chemistry. Poster 

Nantes, France 
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Abstract – Many species in the Aconitum family are 

widely used as sources of traditional drugs in 

eastern countries. Lappaconitine (Lapp) is a 

pharmacologically active C18-diterpenoid alkaloid 

obtained from Aconitum. Lapp was introduced 

clinically as an antiarrhythmic drug in Russia in 

1987. Further research showed that Lapp is a 

relatively strong non-addictive analgesic. 

Comprehensive NMR studies of Lapp have been 

undertaken including the Pure shift NMR 

experiment. The corresponding [3.3.1] azabicyclic 

A/E ring system was also synthesized to assist in the 

evaluation of possible solution conformations. We 

propose that Lapp adopts a chair/boat conformation 

rather than a chair/chair shape. 

 

INTRODUCTION 

 

Medicinal applications of toxic plants of the 

Aconitum family are recorded in many eastern countries 

including China, India, Japan, Korea, Vietnam, and 

Turkey [1]. Several toxic components are mainly 

diterpenoid alkaloids isolated from the Aconitum 

family. These alkaloids are pharmacologically potent, 

with C18- and C19-norditerpenoid alkaloids highlighted 

because of their structural complexity and biological 

effects, e.g. aconitine, methyllycaconitine (MLA), and 

lappaconitine (Lapp). Currently, there are over 600 

norditerpenoid alkaloids isolated and identified from 

plants belonged to the species of Aconitum, 

Delphinium, and Spirea. Lapp, also known as 

Allapinin, was first isolated by Rosendahl in the late 

19th Century [2]. Lapp blocks voltage-dependent 

sodium channels which led to Lapp being used 

clinically as an IC antiarrhythmic agent in Russia. 

Moreover, Lapp is reported to be a non-addictive 

analgesic, thus Lapp and its derivatives have the 

potential to be used in the long-term therapy of pain [3]. 

Although Lapp has been used in Russian clinics for 

several years, an absolute structural study of this 

compound, especially conformational analysis, is still 

required. This study is focussed on the 3D structure of 

Lapp including conformation information from NMR 

data [4]. 

 

Materials and Methods 

 

Lappaconitine hydrobromide was purchased from 

Carbosynth and methyllycaconitine perchlorate was 

purchased from Latoxan. Comprehensive NMR 

experiments used a Bruker 500 MHz instrument. A one-

pot reaction was used for the synthesis of the 

corresponding A/E [3.3.1] azabicyclic ring system to 

provide further assistance in NMR conformational 

assignments. 

 

RESULTS AND Discussion 

Accurate chemical shift assignments of Lapp have been 

made and compared with the NMR data from MLA and 

the synthesized [3.3.1] azabicyclic ring system. We 

used these data to investigate the A/E ring 

conformations in Lapp. 

 

 

 

Fig. 1. Lappaconitine and A/E ring conformers 

 

The chemical shift difference between the two non-

equivalent H-2 in MLA is 0.93 ppm (δH-2 = 2.60, 1.67), 

and an even larger difference (1.32 ppm) is observed 

between the two corresponding H-7 protons in the 

synthesized A/E azabicycle. Moreover, the difference 

of chemical shift for H-3 of MLA is 0.63 ppm (δH-3 = 

2.46, 1.83), and that between the two non-equivalent H-

8 of the synthesized A/E ring is 0.28 ppm. In Lapp, the 

chemical shift difference of H-2 is only 0.12 ppm (δH-2 

= 2.29, 2.17), but there is a significant difference of 0.68 

ppm (δH-3 = 2.49, 1.81) between the two H-3 proton 

resonances in Lapp. 

 

CONCLUSIONS 

 

On the basis of these NMR experiments, a 

hypothesis about the conformation of Lapp is proposed 

that the A/E [3.3.1] azabicyclic ring system in Lapp 

adopts a chair/boat conformation, unlike the chair/chair 

shape found in MLA. 
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This study is about detailed NMR spectroscopy of norditerpenoid alkaloids (C18- and 
C19-diterpenoid alkaloids), especially methyllycaconitine (MLA) and its synthetic analogues. 
MLA is isolated from Delphinium plants. MLA is one of the most potent competitive 
antagonists of α7 nicotinic acetylcholine receptors (nAChRs) with highly selective targeting 
of the snake venom toxin α-bungarotoxin (αBgTx) binding sites.(a,b)  Detailed NMR (500 
MHz) data on MLA, including 1H, 13C, DEPT, COSY, HSQC, HMBC, NOESY and 15N-HMBC, and 
on synthetic analogues of MLA, A/E [3.3.1]azabicycles (1-3), have been obtained (Fig. 1). 
The difference between two δ7-H (1.52, 2.84) in synthesized 1 is 1.32 ppm, but the difference 
between two δ2-H (2.04-2.12, 2.12-2.23) in MLA, which correlates to 7-H in the A/E 
analogues, is not that significant. Further NMR studies of 2 and 3 showed that the lone-pair 
electrons of the N-atom effect the 7-Hax leading to its 1H NMR signal being shifted down 
field (deshielded) relative to cyclohexyl signals. These results support the conclusion that 
the conformations of MLA and the analogues 1-3 are different. As the lone-pair electrons 
are not exhibiting the same effect on 7-Hax as in the analogues 1-3, we conclude that MLA 
must exist in a chair-flattened chair conformation. The key NOESY correlations from 19-
methylene (Fig. 1) also provide further support for a chair-distorted chair rather than a 
chair-boat conformation. 

 

 
Fig. 1. Structures of MLA and synthesized A/E [3.3.1]azabicycles with carbon-atom numbering 
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Plants of Aconitum and Delphinium species are used as herbal medicines in several 
traditional medicinal systems even though they are highly toxic. Their biologically active 
components are norditerpenoid alkaloids. Among these natural products, 
methyllycaconitine (MLA, 1, Fig. 1) is highlighted because it is one of the most potent 
competitive antagonists of α7 nAChR with highly selective targeting of the snake venom toxin 
α-bungarotoxin (αBgTx) binding site. 

1H NMR spectrum of 6 showed a large difference between axial and equatorial δH-7 (1.32 
ppm, 7-H in the A/E analogues is correlated to 2-H in the alaloids). This difference is 
significantly larger than that between axial and equatorial H-2 in the alkaloid natural 
products 1-5, and this result reveals the conformation of synthetic A/E [3.3.1]-azabicycle 6 is 
different from those of the alkaloids 1-5. 

Key NMR data are shown in the Fig. 1. NMR studies on 7 and 8 showed that the lone-pair 
electrons of the N-atom could push the electrons on the 7-Hax in the direction from 7-Hax to 
7-C leading to its 1H NMR signal being shifted downfield (deshielded). These results support 
a conclusion that the conformations of norditerpenoids 1-5 and the analogues 6-8 are 
different because the lone-pair electrons are not exhibiting the same effect on 2-Hax in the 
selected alkaloids 1-5. The NOESY spectrum of MLA revealed that both A- and E-rings are 
likely to be in chair conformations, with N-ethyl occupying the equatorial position. Based on 
the NOE correlation 3-Heq/19-Heq, the A-ring should be a typical chair conformer. Hence we 
conclude that the A/E rings in MLA must exist in a chair-flattened chair conformation. 

 

 
Figure 1. Structures of A/E rings in the selected alkaloids and the 3D structures of synthetic analogues. 

 
A rare case of steric compression1 in 1H NMR caused by nitrogen lone-pair electrons has 

been found. This supports the conclusion that the A/E azabicyclic rings in MLA and related 
norditerpenoid alkaloids are in a chair-flattened chair conformation. 
 
Acknowledgement: This work is funded (in part) by the University of Bath. 
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Abstract – Comprehensive NMR spectroscopic 

analysis (500 MHz) has been used to study the 

conformations of A/E [3.3.1]azabicycles in selected 

norditerpenoid (C18- and C19-diterpenoid) alkaloids 

from Aconitum and Delphinium, especially aconitine 

and methyllycaconitine and their synthetic 

analogues. The conformational difference between 

the synthesized A/E [3.3.1]azabicycles (chair-chair) 

and that found in the norditerpenoids (chair-

flattened chair) was established by the significant 

difference in the corresponding 7-H methylene 

signals. 

 

INTRODUCTION 

Plants of Aconitum and Delphinium families are 

used as herbal medicines in several traditional 

medicinal systems even though they are highly toxic. 

Their biologically active components are 

norditerpenoid alkaloids. Among these natural 

products, methyllycaconitine (MLA, 5, Fig. 1) is 

highlighted as it is one of the most potent competitive 

antagonists of α7 nAChR with highly selective 

targeting of the snake venom toxin α-bungarotoxin 

(αBgTx) binding site. 

 

Materials and Methods 

Aconitine 1 (Fig. 1) and crassicauline A 2 

(bulleyaco-nitine A) were from Sigma-Aldrich (UK), 

lappaconitine hydrobromide 3 was from Carbosynth 

(UK), lycoctonine 4 and methyllycaconitine 

perchlorate 5 were from Latoxan (FR), all other 

chemicals are from Sigma-Aldrich (UK). Double 

Mannich reactions were used to synthesize A/E 

[3.3.1]azabicycles (6-8, Fig. 2). Comprehensive NMR 

experiments used a Bruker 500 MHz instrument. 

 

RESULTS AND Discussion 

Key NMR data are shown in the Figs. 1 and 2. 

There is a significant difference between axial and 

equatorial 2-H in the alkaloids 1-5. 1H NMR spectrum 

of 6 showed a large difference between axial and 

equatorial δ7-H 1.32 ppm, (7-H in the A/E analogues, 2-

H in norditerpenoids, Fig. 2). This reveals the 

conformation of synthetic A/E [3.3.1]azabicycle 6 is 

different from those of the alkaloid natural products. 

NMR studies on 7 and 8 showed that the lone-pair 

electrons of the N-atom could push the electrons on the 

7-Hax in the direction from 7-Hax to 7-C leading to its 
1H NMR signal being shifted downfield (deshielded) 

[1]. These results support the conclusion that the 

conformations of norditer-penoids 1-5 and the 

analogues 6-8 are different because the lone-pair 

electrons are not exhibiting the same effect on 2-Hax in 

the selected alkaloids 1-5. The NOESY spectrum of 

MLA revealed that both A- and E-rings are likely to be 

in chair conformations, with N-ethyl occupying the 

equatorial position. Based on the correlation between 3-

Heq/19-Heq in the NOESY spectrum, the A-ring should 

be a typical chair conformer. Hence we conclude that 

the A/E rings in MLA must exist in a chair-flattened 

chair conformation. 

 

 
Fig. 2. Structures of A/E azabicyclic rings in the 

selected norditerpenoid alkaloids and their 

experimental Δδ2-H. 

 

Fig. 2. 3D structures of synthetic A/E 

[3.3.1]azabicycles and A/E bridged rings in MLA. 

 

CONCLUSIONS 

 

A rare case of steric compression [1] caused by 

nitrogen lone-pair electrons has been found. This 

supports the conclusion that the A/E azabicyclic 

rings in MLA and related norditerpenoid alkaloids 

are in a chair-flattened chair conformation unlike the 

chair-chair of synthetic bicycles. 
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Purpose: To identify the exact shape of A/E-rings in norditerpenoid alkaloids especially 
methyllycaconitine (MLA, 1, one of the most potent competitive antagonists of α7 nAChR with 
highly selective targeting of the snake venom toxin α-bungarotoxin binding site) and their 
synthetic A/E [3.3.1]azabicyclic analogues as conformation of the molecules significantly 
contributes to the bioactivities. 
 
Method: Double Mannich reactions were used to synthesize the [3.3.1]azabicyclic analogues 
and DNP derivatives were produced by reacting A/E analogues with 2,4-DNP. All NMR 
spectra were recorded on a Bruker Avance III (500 MHz) spectrometer at ambient 
temperature. 
 
Results: 1H NMR spectrum of 6 showed a large difference between axial and equatorial δH-7 
(1.32 ppm, 7-H in the A/E analogues is correlated to 2-H in the alaloids). This difference is 
significantly larger than that between axial and equatorial H-2 in the alkaloid natural products 
1-5, and this result reveals the conformation of synthetic A/E [3.3.1]-azabicycle 6 is different 
from those of the alkaloids 1-5. 

Key NMR data are shown in the Fig. 1. NMR studies on 7 and 8 showed that the lone-pair 
electrons of the N-atom could push the electrons on the 7-Hax in the direction from 7-Hax to 7-
C leading to its 1H NMR signal being shifted downfield (deshielded). These results support a 
conclusion that the conformations of norditerpenoids 1-5 and the analogues 6-8 are different 
because the lone-pair electrons are not exhibiting the same effect on 2-Hax in the selected 
alkaloids 1-5. The NOESY spectrum of MLA revealed that both A- and E-rings are likely to be 
in chair conformations, with N-ethyl occupying the equatorial position. Based on the NOE 
correlation 3-Heq/19-Heq, the A-ring should be a typical chair conformer. Hence we conclude 
that the A/E rings in MLA must exist in a chair-flattened chair conformation. 
 

 
Figure 3. Structures of A/E rings in the selected alkaloids and the 3D structures of synthetic analogues. 

 
Conclusion: A rare case of steric compression1 in 1H NMR caused by nitrogen lone-pair 
electrons has been found. This supports the conclusion that the A/E azabicyclic rings in MLA 
and related norditerpenoid alkaloids are in a chair-flattened chair conformation. 
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Introduction: NMR spectroscopic analysis was used to study the conformations of A/E 
[3.3.1]azabicycles in selected norditerpenoid alkaloids and their synthetic analogues. The 
conformational difference between the synthesized A/E [3.3.1]azabicycles (chair-chair) and 
that found in the norditerpenoids was established by the significant difference in the 
corresponding 7-H methylene signals of the analogues. The conformation of the analogues 
needs to be evaluated as shape significantly contributes to the bioactivities. 
 
Method: Double Mannich reactions were used to synthesize the [3.3.1]azabicyclic analogues 
and DNP derivatives were produced by reacting A/E analogues with 2,4-DNP. All NMR 
spectra were recorded on a Bruker Avance III (500 MHz) spectrometer at ambient 
temperature. 
 
Result: There is a small difference between axial and equatorial 2-H in the alkaloids 1-5 (Fig. 
1). Proton spectra of 6 showed a large difference between axial and equatorial δ7-H (1.32 ppm, 
7-H in the A/E analogues, 2-H in norditerpenoids). NMR studies on 7 showed that 7-Hax has 
a large δ, thus δ7-H of 6 can be assigned. 2,4-DNP analogues 8 and 9 were used to confirm 
the shape of 6 and 7 displaying 6-9 are in chair/chair conformation. Lone-pair electrons of the 
N-atom in the analogues could push the electrons surrounding the 7-Hax away from the atom 
centre leading to its 1H NMR signal being shifted downfield (deshielded)1. To prove this, E-
ring-cleaved analogue 10 was synthesized, which showed a small difference between the two 
signals of 5-H, which is correlated to 7-H in 6-9. This means the compression from the N-atom 
disappeared when the N-atom is away from the proton. These results support the conclusion 
that the conformations of norditerpenoids 1-5 and their synthetic analogues are different 
because the lone-pair electrons are not exhibiting the same effect on 2-Hax in the selected 
alkaloids. 
 
Fig. 1 Structures of selected norditerpenoids and their analogues with key information used 
for structural evaluation 
 

 

 
Conclusion: A rare case of steric compression1 caused by nitrogen lone-pair electrons has 
been found. The conformation of A/E synthetic analogues have been proved to be chair/chair, 
and it is different from those of the selected naturally occurring norditerpenoid alkaloids. 
 
Acknowledgement: This study is partly funded by the University of Bath. 
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Norditerpenoid alkaloids are the main pharmacological and toxicological components isolated from 
Aconitum and Delphinium plants which are clinically applied in several traditional medicine systems. 
Methyllycaconitine (MLA) is one of the most potent competitive antagonists of α7 nAChR with highly 
selective targeting of the snake venom toxin α-bungarotoxin (αBgTx) binding site. It is important to gain a 
better understanding of the conformations of these natural products as part of a structure-activity 
relationships (SAR) study as the shape of a compound determines its bioactivity.1 This study is on detailed 
NMR spectroscopy and X-ray single crystal diffraction of selected norditerpenoid alkaloids from Aconitum 
and Delphinium, especially on synthetic analogues of MLA. Double-Mannich reactions were used to 
synthesize the (piperidine based) [3.3.1]azabicycles and then 2,4-DNP derivatives and HCl salts were 
prepared. The mono-Mannich reaction product was also synthesized. 

All the selected natural products showed a small difference between axial and equatorial δ2-H, which is 
distinct from the remarkably large separation between the two δ7-H of synthetic [3.3.1]azabicycles where 7-
H correlates with 2-H in the alkaloids. 

1H NMR spectroscopy of [3.3.1]azabicyclic analogue 1 showed large differences between equatorial 
and axial δ7-H (Δδ7-H = 1.32 ppm). To aid in the assignment of 7-H signals, 7-iPr- and two 7-Me-
[3.3.1]azabicycles (2, 3a,b, Et and Me esters) were synthesized, analysing each axial δ7-H. 2,4-DNP derivatives 
4-6 were prepared from these ketones for crystal structures which showed chair-chair conformations. In 
the analogues 1-6, the significant downfield shift of axial δ7-H is due to steric compression from the lone-pair 
electrons of the N-atom pushing electron density away from axial 7-H.2 This was proven in a mono-Mannich 
reaction product 7 (Δδ5-H = 0.12 ppm). On acidification of 1, HCl salt 8 also showed only a small separation 
between δ7-H signals; its crystal structure exhibits a typical boat-chair shape. 

A/E-rings in the free bases of aconitine, crassicauline A, lappaconitine, and lycoctonine display the 
twisted-chair-chair conformation in their crystals, where the N-atom lone-pair electrons do not overlap with 
axial 2-H, thus there is no steric compression. The conformation of the A/E-bicycle in MLA free base was 
also studied by NOESY NMR. As the natural product alkaloids become charged, the A-ring converts into a 
boat conformation displayed in the crystals of aconitine HCl, lappaconitine HBr and MLA HClO4. In 
conclusion, the free bases of selected norditerpenoids and their synthetic [3.3.1]azabicycles were proven 
to exist in chair-chair conformations while the conformation converts into boat-chair on N-alkyl piperidine 
tertiary amine protonation. A rare NMR effect of steric compression has been clearly demonstrated, and its 
existence is related to the angle between the nitrogen lone-pair electrons and the compressed proton. 
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Objectives 
Norditerpenoid alkaloids are the main pharmacological and toxicological components 
isolated from Aconitum and Delphinium plants which are clinically applied in several 
traditional medicine systems. Methyllycaconitine (MLA) is one of the most potent 
competitive antagonists of α7 nAChR with highly selective targeting of the snake 
venom toxin α-bungarotoxin (αBgTx) binding site. The objectives of this study are to 
use detailed NMR spectroscopy and X-ray single crystal diffraction studies of 
selected norditerpenoid alkaloids from Aconitum and Delphinium, especially on 
synthetic [3.3.1]azabicyclic analogues of MLA in order to determine their 
conformations. It is important to gain a better understanding of the conformations of 
these natural products as part of a structure-activity relationships (SAR) study as the 
shape of a compound determines its bioactivity. 
 
Materials and methods 
Mono- and double-Mannich reactions were used to synthesize the (piperidine based) 
[3.3.1]azabicycles and then 2,4-DNP derivatives and HCl salts were prepared. 
 
Results 
All the selected natural products showed a small difference between axial and 
equatorial δ2-H, which is distinct from the remarkably large separation between the 
two δ7-H of synthetic [3.3.1]azabicycles where 7-H correlates with 2-H in the natural 
product alkaloids. 1H NMR spectroscopy of [3.3.1]azabicyclic analogue 1 showed 
large differences between equatorial and axial δ7-H (Δδ7-H = 1.32 ppm). To aid in the 
assignment of 7-H signals, 7-iPr- and two 7-Me-[3.3.1]azabicycles (2, 3a,b, Et and Me 
esters) were synthesized, analysing each axial δ7-H. 2,4-DNP derivatives 4-6 were 
prepared from these ketones for crystal structures which showed chair-chair 
conformations. In the analogues 1-6, the significant downfield shift of axial δ7-H is due 
to steric compression from the lone-pair electrons of the N-atom pushing electron 
density away from axial 7-H. This was proven in a mono-Mannich reaction product 7 
(Δδ5-H = 0.12 ppm). On acidification of 1, HCl salt 8 also showed only a small 
separation between δ7-H signals; its crystal structure exhibits a typical boat-chair 
shape. A/E-rings in the free bases of aconitine, crassicauline A, lappaconitine, and 
lycoctonine display the twisted-chair-chair conformation in their crystals, where the 
N-atom lone-pair electrons do not overlap with axial 2-H, thus there is no steric 
compression. The conformation of the A/E-bicycle in MLA free base was also studied 
by NOESY NMR. As the natural product alkaloids become protonated, the A-ring 
converts into a boat conformation displayed in the crystals of aconitine HCl, 
lappaconitine HBr and MLA HClO4. 
 
Conclusions 
The free bases of selected norditerpenoids and their synthetic [3.3.1]-azabicycles 
were proven to exist in chair-chair conformations while the conformation converts 
into boat-chair on N-alkyl piperidine tertiary amine protonation. A rare NMR effect of 
steric compression has been clearly demonstrated, and its existence is related to the 
angle between the nitrogen lone-pair electrons and the compressed proton. 
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Functional group substituents on norditerpenoid alkaloids, isolated from Aconitum and 
Delphinium, are key to their biological activities.1 Studying the conformations of A/E-
azabicycles will afford a better understanding of these rings as the shape of the compound 
determines its bioactivities. 

 
Fig 1. Synthetic schemes and key 1H NMR spectroscopic data 

1H NMR spectroscopy of analogue 1 showed large differences between two δ7-H (Fig 1). 
To aid in their assignment, 7-iPr- and two 7-Me-[3.3.1]azabicycles (2, 3a,b) were synthesized, 
followed with 2,4-DNP derivatization in order to obtain crystal structures to study their 
conformations (4-6). 

In the analogues 1-6, the significant downfield shift of axial δ7-H is due to steric 
compression from the lone-pair electrons of the N-atom pushing electron density away from 
axial 7-H,2 proven in a mono-Mannich product 7. On acidification of 1, HCl salt 8 showed a 
small distance between δ7-H signals as the cyclohexane ring flipped to a boat conformer. N-
Methylation of 1 produced isomers 9a,b where N-ethyl occupied both the axial and equatorial 
positions, and both N-methyl and N-ethyl sterically compress 7-Hax. Furthermore, [3.4.1]- and 
[3.2.1]azabicycles 10, 11 were also synthesized to investigate the influence of ring size on the 
NMR effect. Moreover, the [3.3.1]oxabicyclic ether 15 was synthesized,3 showing that oxygen 
lone-pair electrons can also generate steric compression (Δδ = 0.80 ppm) at δ7-H as significant 
evidence for a chair-chair conformation. The four 2,4-DNP derivatives of 4, 5, 6, and 12, the 
HCl salts 8 and 13, as well as ether 15, have been recrystallized. 

A rare NMR effect of steric compression has been clearly demonstrated, and its existence 
is related to the angle between the lone-pair electrons and the compressed proton. This steric 
compression effect is not only caused by nitrogen lone-pair electrons, but also by oxygen lone-
pair electrons. This work is funded (in part) by the University of Bath. 
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Purpose 

Plants of Aconitum and Delphinium families are used as herbal medicines in several 

traditional medicinal systems, even though they are highly toxic. The biologically active 

components of these plants are C18- and C19-diterpenoid alkaloids.1 Among these natural 

products, methyllycaconitine (MLA, Fig. 1) is highlighted because it is one of the most potent 

competitive antagonists of α7 nAChR with highly selective targeting of the snake venom toxin 

α-bungarotoxin (αBgTx) binding site.2 Functional group substituents on cyclohexane (A) and 

piperidine (E) rings in the hexacyclic norditerpenoids isolated from Aconitum and Delphinium 

are key to the biological activities of these alkaloids. This study is on detailed NMR 

spectroscopy and X-ray single crystal diffraction of the selected norditerpenoid alkaloids from 

Aconitum and Delphinium, especially the synthetic analogues of MLA. Studying the 

conformations of these [3.3.1]azabicycles will afford a better understanding of the structure-

activity relationships (SAR) of these A/E-bicycles which bear key functional groups in the 

norditerpenoid alkaloids as the shape of the compound determines its bioactivities.2  

 

Methods 

Double-Mannich reactions were used to synthesize the azabicycles and then derivatives, 

2,4-DNP, HCl and MeI, were prepared. The mono-Mannich reaction product was also 

synthesized. 

NMR spectra including:  1H, 13C, COSY, HSQC, HMBC, NOESY, and 15N-HMBC were 

recorded on a Bruker Avance III 500 MHz spectrometer at 25 oC. Data for X-ray single crystal 

structures were collected on a RIGAKU SuperNova at 150K. 

 

 
Fig 1. Synthetic schemes and key 1H NMR spectroscopic data 
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Results 
1H NMR spectroscopy of [3.3.1]azabicyclic analogue 1 showed large differences between 

equatorial and axial δ7-H (Δδ7-H = 1.32 ppm) that is significantly different from (the equivalent 

proton) δ2-H in MLA (Δδ2-H = 0.10 ppm). To aid in the assignment of these signals, 7-iPr- and 

two 7-Me-[3.3.1]azabicycles (2, 3a,b, Et and Me esters) were synthesized whose axial δ7-H 

resonances are 3.02, 3.40, and 3.41 ppm, respectively. NOESY correlation data were obtained 

(Fig 2). 2,4-DNP derivatives were also prepared from these ketones in order to obtain crystal 

structures (Fig 3). These showed A/E chair-chair conformations displayed in the 

[3.3.1]azabicyclic derivatives 4-6.  

In the [3.3.1]azabicyclic analogues 1-6, the significant downfield shift of axial δ7-H is due 

to steric compression from the lone-pair electrons of the N-atom pushing electron density away 

from axial 7-H.3 This was proven in a mono-Mannich product 7 (δ5-H = 1.65 and 1.77 ppm, 

Δδ5-H = 0.12 ppm). On acidification of 1, hydrochloride salt 8 also showed only a small distance 

between δ7-H signals; its crystal structure exhibits a typical boat-chair shape, with the hydrated 

ketal. N-Methylation (quaternisation) of 1 produced isomers 9a,b where N-ethyl occupied both 

the axial and equatorial positions, and both N-methyl and N-ethyl do sterically compress 7-Hax. 

Furthermore, [3.4.1]- and [3.2.1]azabicycles 10, 11 were also synthesized in order to 

investigate the influence of ring size on the effect of steric comparison. As the 7-Hax and 8-Hax 

in [3.4.1]bicycle 10 are not overlapped with the nitrogen lone-pair electrons, the scale of the 

steric compression effect decreased. As in compounds 7 and 8, this effect was not displayed in 

[3.2.1]azabicycle 11 as both 6-Hendo and 7-Hendo are remote from the nitrogen lone-pair 

electrons. The four 2,4-DNP derivatives of 4, 5, 6, and 12, as well as the HCl salt 8, have been 

recrystallized (Fig. 3). 
 

 
Fig 2. Key NOESY correlations of synthesized [3.3.1]azabicycles 

 

 
Fig 3. Crystal structures of derivatives 4, 5, 6 [(1S,5S)- and (1R,5R)-], 12 [(1S,5S)- and (1R,5R)], and 

HCl salt 8 
 

Conclusions 

Free base synthetic [3.3.1]azabicycles were proven to exist in typical chair-chair 

conformations while the conformation converts into boat-chair on tertiary amine protonation, 

not quaternisation. A rare NMR effect of steric compression has been clearly demonstrated, 

and its existence is related to the angle between the nitrogen lone-pair electrons and the 

compressed proton. This steric compression effect is not only caused by nitrogen lone-pair 

electrons, but also by intramolecular alkyl groups, e.g., Me, Et, that are close to the compressed 

proton. This work is funded (in part) by the University of Bath. 
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Purpose 

These studies are about the investigation of the conformational differences between bioactive 
norditerpenoid alkaloids and their synthetic bicyclic analogues. They combine comprehensive NMR and 
X-ray crystallographic analysis. They have led to the demonstration of a rare 1H NMR effect of steric 
compression. 
Introduction 

Norditerpenoid alkaloids (C18- and C19-diterpenoid alkaloids) mainly originate from the medicinal 
plants of Aconitum and Delphinium that are widely used in several traditional medicine systems. The 
A/E [3.3.1]azabicyclic rings bearing the key functionalities are essential for exhibiting bioactivities. An 
obvious difference was observed in the 1H NMR studies between the A/E-rings in the natural products 
and their synthetic [3.3.1]azabicycles from which we concluded that there are key conformational 
differences. 
Methods 

NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer at 25 oC. X-ray single 
crystal analysis was with a RIGAKU SuperNova at 150K. Variations on the Mannich reactions were used 
to synthesize the bicycles. The oxygen analogue [3.3.1]oxabicycle was prepared by acid catalysed 
cyclisation of tetrahydroxymethyl cyclohexanol, following another receipe by C. Mannich et al.1 

Results 
Unusual large NMR shifts of the 7-Hax were observed in the synthetic [3.3.1]azabicycles but they 

were not displayed on the signals of the correlating protons in 5 naturally occurred norditerpenoid 
alkaloids suggesting the existence of key conformational differences. The 5 norditerpenoids were 
recrystallized, and synthetic [3.3.1]azabicycles were treated with 2,4-DNP and HCl to obtain single 
crystals, and X-ray analysis was achieved on over 15 compounds including the first single crystal 
structure of methyllycaconine (MLA) HClO4. Combined with NMR and X-ray analysis, chair/chair 
conformations were displayed in all the free bases, but the natural products were in twisted 
conformations. In terms of pharmacological importance, when the tertiary amines are protonated, the 
cyclohexane rings flip in to boat conformations. 

The unusual shifts was proved to be the results of the NMR effect of steric compression, 2 in which 
the nitrogen atom, especially the lone-pair electrons, has to be close to the compressed proton. It can 
be cancelled once the piperidine ring is cleaved or by conformational flipping of the cyclohexane ring. 
Also, it can be decreased when the lone-pair electrons form H-bonds in water. This effect can be 
achieved by other heteroatoms like oxygen, proven by the analyses of a synthetic [3.3.1]oxabicycle. 
Further analyses on the synthetic [3.4.1] and [3.2.1]azabicycles were also achieved.  

 
Conclusions 

A rare NMR effect of steric compression as well as the conformational differences between A/E-
rings in the norditerpenoid alkaloids and their synthetic [3.3.1]azabicyclic analogues has been clearly 
demonstrated combined with detailed NMR and X-ray analysis. This study is partly funded by University 
of Bath.  
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Appendix II:  Data of single-crystal X-ray determinations 

 

Content 

Code Compound name(s) (No., related to numbering in the Chapter 4) Tables 

s17phar5 
Ethyl (1S,5S,E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-3-

azabicyclo[3.3.1] nonane-1-carboxylate (15) 
1-8 

s17phar6 
Methyl (1R,5R,7S,E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-7-

isopropyl-3-azabicyclo [3.3.1]nonane-1-carboxylate (16) 
2-16 

s18phar4 

Methyl (1R,5R,7S,E)-9-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-7-

methyl-3-azabicyclo [3.3.1]nonane-1-carboxylate (17a) and methyl 

(1S,5S,7R,E)-9-(2-(2,4-dinitrophenyl) hydrazinylidene)-3-ethyl-7-methyl-3-

azabicyclo[3.3.1]nonane-1-carboxylate (twin-packed) (17b) 

17-23 

e17phar4 1-(2,4-dinitrophenyl)-2-(propan-2-ylidene)hydrazine 24-31 

s17phar15 

Methyl (1R,6R,E)-10-(2-(2,4-dinitrophenyl)hydrazinylidene)-8-ethyl-8-

azabicyclo[4.3.1]decane-1-carboxylate (19a) and methyl (1S,6S,E)-10-(2-(2,4-

dinitrophenyl)hydrazinylidene)-8-ethyl-8-azabicyclo [4.3.1]decane-1-

carboxylate (twin-packed) and (19b) 

32-39 

s18phar3 
(1S,5S)-1-(Ethoxycarbonyl)-3-ethyl-9-oxo-3-azabicyclo[3.3.1]nonan-3-ium 

chloride (22a) 
40-47 

s18phar7 
(1S,6S)-8-Ethyl-1-(methoxycarbonyl)-10-oxo-8-azabicyclo[4.3.1]decan-8-ium 

chloride (24) 
48-55 

s18phar11 ((1R,5S,9s)-9-Hydroxy-3-oxabicyclo[3.3.1]nonane-1,5-diyl) dimethanol (26) 56-63 

s17phar9 Aconitine (1b) 64-71 

s17phar8 Lycoctonine monohydrate (3d) 72-79 

s17phar13 Lappaconitine monohydrate (27b) 80-87 

e17phar1 Crassicauline A (28) 88-95 

s18phar2 Aconitine hydrochloride trihydrate (30b) 96-103 

e17phar3 Lappaconitine hydrobrommide monohydrate (20b) 104-111 

s17phar14 Methyllycaconitine perchlorate monomethanol dihydrate (31b) 112-119 

s18phar1 Methyllycaconitine perchlorate monoacetonitrile dichloroform solvate (31c) 120-127 

 

XRD data are given in Volume 2. 


